
Archive ouverte UNIGE
https://archive-ouverte.unige.ch

Article scientifique Article 2004                                     Published version Open Access

This is the published version of the publication, made available in accordance with the publisher’s policy.

On the Mechanism of the cis-trans Isomerization in the Lowest Electronic 

States of Azobenzene: S0, S1, and T1

Cembran, Alessandro; Bernardi, Fernando; Garavelli, Marco; Gagliardi, Laura; Orlandi, Giorgio

How to cite

CEMBRAN, Alessandro et al. On the Mechanism of the cis-trans Isomerization in the Lowest Electronic 

States of Azobenzene: S0, S1, and T1. In: Journal of the American Chemical Society, 2004, vol. 126, n° 

10, p. 3234–3243. doi: 10.1021/ja038327y

This publication URL: https://archive-ouverte.unige.ch/unige:3320

Publication DOI: 10.1021/ja038327y

© This document is protected by copyright. Please refer to copyright holder(s) for terms of use.

https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:3320
https://doi.org/10.1021/ja038327y


On the Mechanism of the cis-trans Isomerization in the
Lowest Electronic States of Azobenzene: S0, S1, and T1

Alessandro Cembran,† Fernando Bernardi,† Marco Garavelli,*,†

Laura Gagliardi,‡ and Giorgio Orlandi*,†,§

Contribution from the Department of Chemistry “G. Ciamician”, UniVersity of Bologna,
Bologna, Italy, the Department of Physical Chemistry “F. Accascina”, UniVersity of Palermo,

Palermo, Italy, and INSTM, UniVersity of Bologna, Bologna, Italy

Received September 4, 2003; E-mail: marco.garavelli@unibo.it; gorlandi@ciam.unibo.it

Abstract: In this paper, we identify the most efficient decay and isomerization route of the S1, T1, and S0

states of azobenzene. By use of quantum chemical methods, we have searched for the transition states
(TS) on the S1 potential energy surface and for the S0/S1 conical intersections (CIs) that are closer to the
minimum energy path on the S1. We found only one TS, at 60° of CNNC torsion from the E isomer, which
requires an activation energy of only 2 kcal/mol. The lowest energy CIs, lying also 2 kcal/mol above the S1

minimum, were found on the torsion pathway for CNNC angles in the range 95-90°. The lowest CI along
the inversion path was found ca. 25 kcal/mol higher than the S1 minimum and was characterized by a
highly asymmetric molecular structure with one NNC angle of 174°. These results indicate that the S1

state decay involves mainly the torsion route and that the inversion mechanism may play a role only if the
molecule is excited with an excess energy of at least 25 kcal/mol with respect to the S1 minimum of the E
isomer. We have calculated the spin-orbit couplings between S0 and T1 at several geometries along the
CNNC torsion coordinate. These spin-orbit couplings were about 20-30 cm-1 for all the geometries
considered. Since the potential energy curves of S0 and T1 cross in the region of twisted CNNC angle,
these couplings are large enough to ensure that the T1 lifetime is very short (∼10 ps) and that thermal
isomerization can proceed via the nonadiabatic torsion route involving the S0-T1-S0 crossing with
preexponential factor and activation energy in agreement with the values obtained from kinetic measures.

1. Introduction

Azobenzene(Ab) canexistin two forms,namely,thecis (Z)
andtrans(E) isomers,which caninterconvertbothphotochemi-
cally and thermally.1-3 Since the two isomersexhibit well-
separatedabsorption bands in the UV-visible region and
different physical properties,such as dielectric constantand
refractiveindex,Ab andits derivativesaregoodcandidatesfor
manyapplicationssuchaslight-triggeredswitches,4 constituents
of erasableholographicdata,imagestoragedevicesandmateri-
alswith photomodulableproperties,5-8 andasa possiblebasis
for a light-poweredmolecularmachine.8 For thesereasons,the

photophysicalandphotochemicalpropertiesof Ab havebeen
andstill are the subjectof a widespreadinterest.1-3,9-25

The low-energyabsorptionspectrumof Ab showsa weak
bandin thevisible andanintensebandin thenearUV spectral
region.In hexanesolutionof theE isomerat roomtemperature,
the former showsa maximumat 432nm (εmax ) 400L mol-1

cm-1) and the latter showsa maximum at 318 nm (εmax )
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22300 L mol-1 cm-1).4,10-14 The former bandis structureless
evenin low-temperaturemixedcrystals15,16andis attributedto
thelowestsingletstate,S1, of nπ* natureandof Bg typein the
C2h symmetrygroup.TheS1r S0 transitionis thensymmetry-
forbiddenandbecomesallowedwhenthemoleculeis distorted
along an au coordinate,such as the (properly symmetrized)
twistingsaroundCN bonds.The secondband,which showsa
rich vibronic structurewith theorigin at362nm(27662cm-1)
in spectrameasuredin dibenzyl single crystal at 20 K,16 is
attributedto the stateS2, of ππ* natureand of Bu symmetry
type.Thus,while theS1r S0 transitionis symmetry-forbidden,
the S2 r S0 transitionis allowedin analogywith the S1 r S0

transitionin stilbene.In the Z azobenzene(Z-Ab) isomer,one
finds two similarbandsin theUV-visibleabsorptionspectrum,
at 440 and260 nm, with similar intensityratio as in E-Ab.4

An importantandstill not understoodpropertyof the Z-E
photoisomerizationof Ab is the dependenceof the quantum
yield of thisprocesson theexcitationwavelength.1-4 In aninert
solventsuchas n-hexane,the quantumyields of the E f Z
photoconversionare0.25and0.12excitingtheS1 andS2 states,17

respectively.Thequantumyieldsof theinverseprocessZf E
are0.53and0.40excitingtheS1 andS2 states,respectively.17,18

Very similarquantumyieldsarefoundin othersolvents.3,19This
violationof theKasharule impliesthatS2 decaysto theground
state,bypassingtheFC regionof theS1 state,at leastpartially.

The violation of the Kasha rule disappearsin sterically
hinderedazobenzenes,for example,in azobenzenophanes(Ab-
phanes),wherethe motion of eachAb moleculeis somewhat
affectedby the companionmolecule.3,4 Similar resultswere
found in an azobenzene-cappedcrown ether.19

While in stilbene and in ethylene derivatives the Z-E
isomerizationcanoccuronly via torsionof the CdC bond,in
Ab it canproceedalongtwo pathways:the torsionaroundthe
NdN doublebondandthein-planeinversion.In thelattercase,
the transitionstatecorrespondsto a linear geometrywhereby
onenitrogenatomis sp hybridized.

Thetraditionalinterpretation3,4 hasassignedtheisomerization
on the S1 and the S2 statesto different paths,namely to the
inversionandthe torsionpaths,respectively.Assumingthat in
stericallyhinderedAb thetorsionmotionis frozen,anexplana-
tion was provided for the different S1 and S2 isomerization
quantumyieldsobservedonly in Ab andnot in Ab-phanes.An
early20 andamorerecentandrefined21 quantumchemicalstudy
as well as the time-resolvedphotophysicalstudiesof Lednev
andco-workers12,14 providedsupportto this mechanism.

Very recently,newtheoreticalandexperimentalresultshave
questionedthismodel.Taharaandco-workers22 haveproposed,
on the basisof new time-resolvedfluorescencedataandtheir
interpretation,that the isomerizationoccursfor bothS1 andS2

excitedstatesthroughtheinversioncoordinate.On thetheoreti-
cal side,Ishikawaet al.23 havecalculatedat the multiconfigu-
ration level the potentialenergysurfaces(PES)of the lowest
singlet excited statesand found that thesefavor the torsion
pathway.Stolowet al., on thebasisof combinedtime-resolved
photoelectronspectroscopyobservationsandab initio calcula-
tions,24 have associatedthe non-Kashabehavior of the Ab
photoisomerizationwith the quasi-degeneracybetween the
benzenicstatesand the S2 statelocalizedon the azo group.
Clearly, our understandingof a very complexprocesssuchas
the Ab photoisomerizationis still unsatisfactory.

In a recentcontribution,25 we havestudiedin detail the role
of the torsion coordinatein the deactivationof the lowest
electronicstatesof Ab by the densityfunctionaltheory(DFT)
at the B3LYP26 level and by complete active spaceSCF
(CASSCF)calculations,followedby second-orderperturbation
theorycorrections(CASPT2).27

In the groundstate,we found that the optimizedbarrier for
isomerizationis ca. 40 kcal/mol higher than the optimized
E isomerfor both inversionand torsionpathways.According
to B3LYP calculations,the optimized PES of T1 along the
torsion pathwayhas its minimum at roughly 105° where its
energyis 28.0kcal/mol.25 This implies that,providedthat the
S0-T1 spin-orbit (SO)couplingis sufficiently strong,thermal
isomerizationcanoccurvia theT1 stateby overcomingabarrier
of about 32 kcal/mol, correspondingto the higher S0-T1

crossing.
The isomerization on T1 was found to show a strong

preferencefor the torsion route: at the B3LYP level, the
optimizedenergiesat the twistedandinvertedgeometrywere
found to be 28.0 and 48.4 kcal/mol, respectively.25 Thus, the
Ab molecule,onceit is excitedin T1 at the E or Z geometry,
follows the torsion pathway,reachingthe minimum where it
crossesto S0 therebygiving isomerization.

In this work, we presenta detailedstudyof the S0, S1, and
T1 PES in the isolatedAb moleculeand find the minimum
energypaths(MEP), the transitionstate(TS), and the S1-S0

conicalintersections(CIs) leadingto theS1 deactivationandto
the E-Z photoisomerization.From the energiesandthe loca-
tions of CIs, we can show that torsion is the most important
coordinatefor theAb photoisomerizationandexplainstheshort
lifetime of S1. CIs connectedwith the inversionpathwayhave
also beendetected,but theseare much higher in energy to
representanappreciabledeactivationchannelof S1. Furthermore,
we presenttheresultsof calculationsof S0-T1 SOinteractions
andfind that theyarelargeenoughto justify theshortlifetime
of T1 andto suggestthatthenonadiabatictorsionrouteinvolving
theS0-T1-S0 crossingis themostplausiblecandidatefor the
thermal isomerization.A reactionschemeis presented,high-
lighting thepreferredisomerizationpathwaysfor Ab in theS0,
T1, andS1 states,whichprovidesafully consistentinterpretation
of experimentalresults.

2. Computational Details

The PESfor the E-Z thermal-and photoisomerizationhasbeen
studiedusingfully unconstrainedoptimizationsandMEPcomputations
at theCASSCFlevel,27 followed by single-pointCASPT227 computa-
tions on the optimizedrelevantstructuresto accountfor correlation
energy.A stateaverageCASSCFprocedure,with equalweightsfor
theS1 andS0 states,hasbeenusedto generatemolecularorbitalsand
thereferencefunctionsfor subsequentCASPT2calculations.All these
computationshavebeenperformedusing the Gaussian98 package28

andthe MOLCAS-5.2quantumchemistryprogram.29

Theactivespacechoiceis a crucial stepin a CASSCFcalculation.
After a seriesof testsit turnedout thata balancedactivespacewas14
electronsin 12 orbitals(14/12),correspondingto the10/10π valence
andthe two doubly occupiednitrogenlone pairs.In the C2h groupof
symmetry, the π orbitals belongedto the Au and Bg irreducible

(26) (a) Becke,A. D. J. Chem. Phys. 1993, 98, 5648.(b) Lee, C.; Yang, W.;
Parr,R. G. Phys. ReV. B 1988, 37, 785.
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representations.Most of the 14/12calculationswere performedwith
an activespacecomposedby 1, 1, 5, and5 activeorbitals in the four
irreduciblerepresentationsAg, Bu, Au, andBg, respectively.Thisactive
spacecorrespondedto the nitrogensπ and π*, their two lone pairs,
andeight benzenicorbitals (the two mostoccupiedand the two less
occupiedbenzenicorbitals were excluded).A 6-31G* basisset of
atomic orbitals was usedin this case.Somecomputationswere also
performed using a different set of 14/12 active space orbitals,
comprisingsix andfour activeπ orbitalsin theAu andBg irreducible
representations,respectively,and using a generallycontractedbasis
setsof atomicnaturalorbital (ANO) with thecontractionscheme3s2p1d
onC andN and2s1ponH.30 Thesetwo alternativeapproachesyielded
substantiallysimilar resultsand,unlessdifferently specified,we will
refer to the first type of computations.

Theeffectsof SOcouplingwereintroducedusinganewlydeveloped
methodbasedon theCASSCFstateinteractionapproach(CASSI).31,32

Here, the CASSCFwave function generatedfor the S0 andT1 states
wereallowedto mix undertheinfluenceof a spin-orbit Hamiltonian.
Themethodhasrecentlybeendescribed,33 andwe refer to this article
for details.In thesecalculations,the ANO basisset and the second
activespacechoicewereused.

The searchfor CIs wasperformedby usingproceduresdeveloped
in our laboratoryor accordingto the prescriptionsof ref 34.

3. Results

A. Analysis of the S1 PES and Determination of S0-S1

Conical Intersections. The optimized geometriesof the E
isomerin theS0 andS1 singletstatesandof theground-stateZ
isomer,calculatedat the14e/12oCASSCFlevel of thetheory,
arereportedin Figure1. A minimumin theS1 PEScorrespond-
ing to the Z isomerdoesnot exist,andin Figure1 only the Z
form ground-stategeometryis shown.

In both electronicstatesthe E isomeris planar,while the Z
isomer is nonplanaras the C-N bondsare rotatedby 62.0°
and the NdN bond is rotatedby 4.2° to decreasethe H‚‚‚H
nonbondedinteractions.The energy gap between the two
ground-stateisomersis 12.0kcal/mol, in goodagreementwith
themeasuredenthalpydifference.35 Thecalculatedbondlengths
andanglesfor both isomers,which areshownin Figure1, are
in agreementwith thevaluesobtainedin previoustheoretical36-38

(28) Frisch,M. J.; Trucks,G. W.; Schlegel,H. B.; Scuseria,G. E.; Robb,M.
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Seijo,L.; Serrano-Andre´s, L.; Siegbahn,P.E.M.; Stålring, J.;Thorsteinsson,
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Figure 1. Azobenzene-optimizedstationarypoints: S0 minimum for E-Ab (E-Ab(S0)), S0 minimum for Z-Ab (Z-Ab(S0)), andS1 minimum for E-Ab (E-
Ab(S1)). Bond lengths(black numbers)arein angstroms,andCNN andCCN bendingangles(red numbers)andCCNN andCNNC dihedralangles(green
numbers)are in degrees.
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andexperimentalwork.39-41 The optimizedE structurein the
S1 singlet state is planar and showssomechangesin bond
lengthsandbondangleswith respectto S0 (seeFigure 1). In
particular,theNdN bondlengthis slightly increasedfrom 1.243
to 1.253Å, andthe two CN bondsareshortenedconsiderably
from 1.422to 1.366Å. Furthermore,a largeincreasefrom 115.1
to 128.8° of the NNC anglesis observed,and this changeis
presumablyrelatedto the decreasedelectronchargein the N
lone pairs in the stateS1.

The vertical ∆E(S1-S0) of E-Ab calculatedat the CASPT2
level for theS0 equilibriumgeometryis 2.50eV (seeTable1).
This energycorrespondsapproximatelyto themaximumof the
S1 r S0 absorptionband,which is observedat 432 nm, i.e.,
2.87 eV.4,10-14 The vertical (S1-S0) energygap calculatedat
theS1 equilibriumgeometry,which canbeassociatedwith the
maximumof the fluorescenceband,is only 1.25eV. It should
benotedthat the fluorescencespectrumis modulatednot only
by theFranck-Condon(FC) factor,but alsoby theν

3 factor.42

The observedspectralmaximumoccursat the energyof 1.86
eV,22 which differs from the calculatedvalue(1.25 eV). This
discrepancymay be due to the ν

3 factor and possiblyalso to
the inaccuracyof the experimentalmeasuredue to the lower
sensitivityof theexperimentalapparatusin theredwing of the
spectrum.

The energygapbetweenthe minima of the S1 andS0 PES,
whichshouldcorrelatewith the0-0 bandsof fluorescenceand

absorptionspectra(providedthe zero-pointenergyof S1 and
S0 is thesame),is 1.95eV accordingto theCASPT2calculation.
Experimentally,this energydifferencecanbe estimatedto be
roughly2.36eV from thework of Taharaetal.22 Thedifference
amongthe energyof the absorptionmaximumandthe energy
of the 0-0 band, amounting to 0.55 eV according to the
calculationandto 0.51eV accordingto thespectra,22 indicates
thata sizablereorganizationenergyoccursuponS1 excitation.
This correspondsto the vibrationalenergyavailablein the S1

state when the excitation wavelength correspondsto the
maximumof theabsorptionband.From theS1 andS0 equilib-
rium structuresreportedabove,it appearsthat this vibrational
energyis acceptedpredominantlyby theCN stretchingandthe
NNC bendingmodes.

All therelevantelectronicenergies,calculatedat theCASPT2
andCASSCFlevel, arereportedin Table1.

To analyzethe dynamicsand the photophysicalproperties
of Ab excitedon theS1 state,we searchedfor transitionstates
on theS1 PESandfor S1/S0 conicalintersectionsthatwereclose
to theS1 MEP.Wethencalculatedtheenergiesof thesecritical
geometriesat the CASPT2level.

The potentialenergycurve of S1 along the CNNC torsion
obtainedin recentcalculationsis substantiallyflat.23,25 In the
presentwork, we found that the S1 MEP follows the torsion
coordinatein the full E-Z interval.We detectedonly oneTS,
placedalongthe torsioncoordinatebetweenE andthe twisted
geometry,labeledTStors(S1), at theCNNCangleof 119.7°, that
is, ca.30° beforethe twisted(90°) structure.This TS is only 2
kcal/mol abovethe minimum of the S1 PES,correspondingto
theE isomerand,thus,is easilyaccessibleat roomtemperature
becauseof the small amountof activationenergyit requires.
The molecular structure of this TS is shown in Figure 2.
Interestingly,the moleculehaslost all its symmetryelements:
thetwo NNCCanglesare-14.3and-9.3°, respectively,while
the NNC anglesare128.9and125.2°, respectively.It appears
that,astheCNNC torsionincreases,thecouplingbetweenthe
two nitrogenlone-pairsweakensandthe nπ* excitationtends
to localize predominantly on one moiety becauseof the
electron-phononcoupling,thatis, of thereorganizationenergy
associatedwith the excitation. Therefore, the two moieties
becomeinequivalent.

The computedS1 MEP startingfrom the Z isomerfollows
thetorsioncoordinateandreachesthetwistedgeometrywithout
encounteringany barrier.

The lowest energyS1/S0 CIs are found for CNNC angles
around90° andhaveroughly thesameenergyasthetransition
state(seeTable1). This finding confirmsthe resultsobtained
by Ishikawaet al.,23 who constructedthetwo-dimensionalPES
of thelowestelectronicstatesasafunctionof theCNNCtorsion
andof anNNC bendingangle,optimizingonly five geometrical
parameters,andfoundthatS1 andS0 arealmostdegeneratefor
CNNC ) 90°. We haveidentified severalCIs that belongto
the sectionof the CI hyperlineof the twistedregion.Coming
from theE isomer,thefirst CI encountered,labeledCItors-1, is
characterizedby the CNNC twisting angleof 94.4° and is 2
kcal/mol higher in energythan the E isomer.A secondCI is
found at the CNNC angleof 84.4°, a little tilted towardthe Z
form. This CI, labeledCItors-3, is about5 kcal/mol abovethe
S1 minimum. SeveralCIs connectCItors-1 to CItors-3, and we

(39) Brown, C. J. Acta Chrystallogr. 1966, 21, 146.
(40) Bowstra,J. A.; Schouten,A.; Kroon, J. Acta Chrystallogr., Sect. C 1983,

39, 1121.
(41) Tsuji, T.; Takashima,H.; Takeuchi,H.; Egawa,T.; Konaka,S. J. Phys.

Chem. A 2001, 105, 9347.
(42) Birks, J. B. Photophysics of Aromatic Molecules; Wiley: London,1970;

Chapter4.

Table 1. CASPT2 and CASSCF Energies for Minima, Transition
States, and Conical Intersections for the PES of S0 and S1 States
of Azobenzenea,b

CASPT2∆Eb CASSCF∆Eb

structure state eV kcal/mol eV kcal/mol

E-Ab (S0) S0 0.00 0.0 0.00 0.0
S1 2.50 57.7 3.18 73.4
T1

c 1.83 42.3 1.73 39.9
Z-Ab (S0)d S0 0.52 11.9 0.71 16.4

S1 3.23 74.4 4.09 94.4
T1

c 2.20 50.7 2.12 48.9
Ab(T1) S0

c 1.37 31.7 1.71 39.5
T1

c 1.25 28.8 1.30 29.9
E-Ab (S1) S0 0.70 16.1 0.69 16.0

S1 1.95 44.9 2.61 60.1
TStors(S0) S0

c 1.65 38.1 1.80 41.5
S1

c 2.56 59.0 3.01 69.5
TStors(S1) S0 1.32 30.5 1.53 35.3

S1 2.02 46.7 2.75 63.5
CItors-1 S0 2.03 46.7 2.63 60.7

S1 2.04 47.1 2.51 57.9
CItors-2 S0 2.00 46.2 2.57 59.3

S1 2.15 49.5 2.45 56.6
CItors-3 S0 2.19 50.5 2.90 66.8

S1 2.36 54.5 2.96 68.3
CIinv S0 3.00 69.1 3.70 85.4

S1 3.18 73.4 3.62 83.5

a For convenience,T1 energiesfrom previousworkc areshown.b The
energyfor thegroundstateof theE form, chosenasthezero,is-570.90605
auat theCASPT2level and-569.21779auat theCASSCFlevel. c From
ref 25. The energyfor the groundstateof the E form, chosenasthe zero,
is-571.04534auat theCASPT2leveland-569.266151auat theCASSCF
level. d The oscillatorstrengthf is 0.0118for the S0 f S1 transition.
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candocument,for example,a CI at theCNNC angleof 91.7°,
labeledCItors-2, andessentiallydegeneratewith CItors-1.

Thestructureof CItors-1, which is shownin Figure3, is quite
asymmetric: the two CN bondsare 1.371and 1.397Å long,
respectively,and the two CNN anglesare 136.0 and 117.3°,
respectively.The nπ* excitationresidespredominantlyon the
moietywheretheNNC angleis larger,i.e.,136°; this largeangle
indicatesthat theNN andtheCN bondsarebasedon nitrogen
σ orbitalsof intermediatesp/sp2 hybridization,while the lone

pair acquiresan increasedp character.On the other hand,in
themoietywheretheNNC angleis equalto 117°, thelonepair
of theN atomremainsapproximatelyansp2 orbital. A similar
structureis obtainedfor CItors-2: the NNC anglesare 139.2
and 118.9°, and the full structureis shownin Figure 3. The
molecularstructureof CItors-3, which is alsodisplayedin Fig-
ure 3, is evenmoreevidentlyasymmetric.The CN bondsare
1.352 and 1.425 Å long, and the CNN anglesare 133.4 and
109.9°.

Figure 2. Structuresfor theazobenzenetransitionstatesin theS0 state(TStors(S0)) andin theS1 state(TStors(S1)) andfor theT1 minimum(Ab(T1)). Bond
lengthsandbondanglesaredescribedin Figure1.

Figure 3. Structuresfor theazobenzeneS1/S0 conicalintersections:CItors-1, CItors-2, andCItors-3 areCIs alongtheCNNC torsioncoordinatewith CNNC
) 94.4,84.4and91.7°, respectively.CIinv is a CI alongtheinversioncoordinatewith CNN ) 174.3°. Bondlengthsandbondanglesaredescribedin Figure
1.
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All thethreeCIs reportedabovebelongto thesameS1(nπ*)/
S0 crossingregion. The S1 stateis basedpredominantly(see
Supporting Information, Section 2) on the singly excited
configurationnπ* alongtheentiretorsioncoordinate.Obviously,
thedefinition of n orbitalsasdistinct from π orbitalsis strictly
correct only for planargeometries.In the contextof twisted
structures,then orbital is just themolecularorbital (MO) that
correlateswith the truen orbital at theplanargeometryshown
in FigureS1 of the SupportingInformation.The n andthe π*
orbitals,which arerespectivelythe HOMO andLUMO in the
twisted region, are shown in Figure S2 of the Supporting
Information. They extend only in the NN region and are
asymmetric.

In a previouspaper,25 using geometriesoptimized for the
groundstate,we foundadeeptwistedminimumassociatedwith
a statebasedon the n2

π*2 configuration.Here,we havealso
verified that the fully optimizedn2

π*2 statestill showsa deep
minimumat thetwistedgeometry,but remainsroughly10kcal/
mol higher thanS1(nπ*).

The CItors-i areeasilyreachedfrom any vibrational level of
S1 becauseof their small activation energy,and thus, they
contributeto thevery fastdeactivationandto theshortlifetime
of S1. Sincetheyarecloseto thetwistedgeometry,the torsion
mechanismplays an important role in the S1 decayand the
associatedphotoisomerization.TheexcitedZ form, which is at
higherenergythantheexcitedE isomer,candecaysubstantially
throughCItors-3, which is the first to beencounteredalongthe
computedMEP after a barrierlesspath.

We havesearchedalso for S1/S0 CIs in the region of the
invertedgeometryand we havefound a CI, labeledCIinv, in
which one of the two NNC angles is close to 180°. The
molecularstructureof this CI, which is shownin Figure3, is
highly asymmetric: the NNC anglesare 174.3 and 126.9°,
respectively, and the NC bonds are 1.230 and 1.294 Å,
respectively.TheCNNC dihedralangleis 108.7°. TheCIinv is
far awayfrom theS1 MEPandis ataconsiderablyhigherenergy
thantheCItors-i, about25kcal/molabovetheS1 minimum.Thus,
it is not expectedto affect appreciablythe photophysicaland
photochemicalpropertiesof Ab. Also in the invertedregion,
the S1 state is basedon the n(HOMO)-π*(LUMO) singly
excitedconfiguration.However,as is shownin Figure S3 of
the Supporting Information, theseMOs extend also on the
benzenerings,andeachof theminvolvesa differentmoietyof
the molecule.

Remarkably,all the CIs of the twisted and of the inverted
region appearto belongto the samehyperlineof the CIs. In
fact, we havedetecteda numberof CIs in the regionbetween
the CItors-i andCIinv, all of themcharacterizedby the CNNC
angleclose to 90° and one of the NNC anglesbetween180
and130°. In particular,we havecomputed(seeFigure4) the
MEP in the hyperlineof the CIs and connectingthe inverted
structureCIinv to the twisted region: along this MEP, the Ab
moleculesmoothlychangesits structurefrom the high-energy
invertedcrossing(CIinv) to the low-energypuretorsionpoints
(CItors-i), still preservingtheS1/S0 degeneracy.As anexample,
oneof theseCIs is characterizedby CNNC) 93° andNNC )
127and151° andis 11kcal/molabovetheE isomer.Relevance
and implicationsof this extendedhyperlineregion (spanning
structuresgoing from the pure torsional to the inversion

mechanism)in the photochemistryof Ab will be discussedin
the next section.

Interestingly, according to the present calculations, the
symmetrylowering inherentto the invertedstructureis associ-
atedwith asubstantialCNNCtwistingthatweakensthecoupling
betweenthe two moietiesof the molecule.

A pictureof theMEPscomputedontheS1 PES,which follow
the torsion coordinate,togetherwith the critical geometries
discussedaboveis presentedin Figure5.

We wish to discussbriefly thereasonswhy CItors-i occursat
much lower energiesthan CIinv. From our calculations,upon
excitationon S1, theN-N bondis slightly stretched,while the
N-C bondsarecompressed(becomingsimilar to doublebonds)
andNNC anglesopenfrom 115to 128°. RotationaroundN-N
doesnot significantly changethe S1 energy,becausethe loss
of p-p interactionof theN atomsis compensatedby then-p
interaction,andthe NNC anglesandCN bondlengthschange
very little. On the contrary, the energy of the ground state
increasesvery muchwith theNN torsionbecauseN-N double
bondenergyis substantiallylost andthe changesof CN bond
lengthsand CNN angleshavethe sameeffect. This leadsto
S1/S0 degenerationat the N-N twistedgeometryat an energy
closeto the S1 minimum. On the otherhand,the inversionof
one CNN anglein S1 is accompaniedby a large decreaseof
oneCN bondlengthanda chinoiddeformationof onebenzene
ring andbringsabouta significantenergyincrease.Theenergy
of S0 undergoesan even larger energy increasewith the
inversionof one CNN angle.Correspondingly,the energyof
CIinv occursat higherenergythanCItors.

B. S0-T1 Spin-Orbit Interactions and Intersystem Cross-
ing. According to CASPT2 calculations,25 the S0 potential
energycurve along the CNNC coordinateshowsa barrier of
38.1 kcal/mol while the T1 potentialenergycurve presentsa
minimumof 28.8kcal/molin thetwistedregion.Themolecular
structure at the T1 minimum is shown in Figure 2, and a
qualitativepictureof the S0 andT1 potentialenergycurvesis
shownin Figure5. The two curvescrosseachotherat 68 and
105° of CNNC twisting. The energyof the former crossing,
which is closerto theZ form, is thehigherandamountsto 32
kcal/mol. According to B3LYP calculations,25 at the inverted

Figure 4. CASSCFfully optimizedminimum energypath computedin
theS1/S0 intersectionspaceandconnectingthehigh-energyCIinv with the
low-energytwistedregion(CItors-i). The energieshavebeencorrectedby
single-pointCASPT2computations.Theorigin of theenergiesis givenby
the groundstatetrans-azobenzeneisomer(E-Ab) energy.Reactioncoor-
dinateis in massweightedatomicunits(au).ThesmoothlychangingNNC
bendingangle is reportedin brackets,while the CNNC torsion remains
substantiallyunchanged(ca.90°).
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geometrytheenergyof theS0 barrier is 40.5kcal/molandthe
T1 energyis 48.4 kcal/mol. The two energycurvesalong the
inversiondo not cross.Thus,theAb moleculecaneasilycross
from S0 to T1, or vice versa,in the twisted region,but not in
the inverted region. The rate, k, of this intersystemcrossing
(isc) process,occurringat the S0/T1 crossings,is determined
by thesizeof theS0-T1 spin-orbit coupling,Vso, accordingto
the Fermi goldenrule43

whereF is the densityof activevibrational statesof the final
electronic state and F is the FC factor. To evaluatek, we
evaluatedtheS0-T1 SOcouplingatseveralvaluesof thetorsion
angle,optimizingtheremainingstructuralparametersin theS0

state,following refs 31-33. At any chosengeometry,the S0

singlet interactswith two spin componentsof T1, while the
couplingwith the third componentis zero.This follows from
the molecular symmetry, since the x, y spin components
transformas B in the C2 symmetrygroup (Bg in C2h), the z
spin componenttransformsasA in C2 (Ag in C2h), andthe T1

andS0 electronicwave functionsbelongto the B (Bg) andA
(Ag), respectively.ThecalculatedSOcouplingsfor thex andy
spin componentare complex numbers,and their moduli are
reportedin Table2. Thevaluesof thesecouplingsrangefrom
32.4 cm-1 (for CNNC ) 180°, i.e., the E structure)to 17.2
cm-1 (for CNNC ) 80°).

For our purpose,the Vso valuesobtainedat 68 and 105°
CNNCanglesatwhich theS0f T1 or T1f S0 processesoccur
arethemostrelevant.Thecorrespondingvalues,19.8and22.8
cm-1, aremuchlargerthanthetypical values,lessthan1 cm-1,
of theSOcouplingsbetweengroundand3

ππ* statesin planar
aromaticcompounds.44 This is dueto thelargeone-centerterms
thatcontributeto Vso whentheT1 statehasnπ* character,asis
the caseof the azobenzeneT1.

The F can be takenas the inverseof the frequencyof the
vibration associatedwith the largestdisplacementin the S0-
T1 transitionandcontributesmoreto theFC factor.44 Fromthe
DFT calculationsof S0 and T1 equilibrium geometriesand
normal coordinates25 and vibrational assignments,45 the most
important vibration is the NC stretchingcharacterizedby a
frequencyof ca.1200cm-1.

For simplicity, in our calculationwe approximatethe Vso

coupling to 20 cm-1. The FC factor at the S0/T1 crossingis
relatively large,i.e., between0.1and1. To obtaina qualitative
estimateof the T1 f S0 isc rate, we havechosenfor F the
intermediatevalue0.4. In this way, the rateof the isc process
betweenoneof theT1 activecomponentsandS0 is 1.5 × 1011

s-1.

(43) (a) Fermi, E. Notes on Quantum Mechanics; The University of Chicago
Press: Chicago,1981. (b) Fano, U. Phys. ReV. B 1988, 37, 785. (c)
Robinson,G. W.; Frosch,R. P. J. Chem. Phys. 1962, 37, 1962.

(44) Henry,B. H.; Siebrand,W. In Organic Molecular Photophysics; Birks, J.
B., Ed.; Wiley: London,1973;Vol. 1, Chapter2.

(45) Gruger,A.; LeCalve,N.; Dizabo,P. J. Chim. Phys. 1972, 69, 291.

Figure 5. Singlet(S0 andS1) andtriplet (T1) reactionpaths(i.e., MEPs)for the Ef Z isomerizationin azobenzene.Energyprofiles areschematizedfor
sakeof clarity andhavebeenscaledto matchCASPT2values.OpencirclesrepresentS1/S0 CI. ThehorizontalaxisrepresentstheCNNC torsioncoordinate
(greennumbers).Values for NNC anglesare also reported(brown numbers).The shadedregion highlights the S1/S0 crossingspaceand embracesthe
low-energy(i.e., torsion)andhigh-energy(i.e., inversion)deactivationfunnels.The pathsof T1 andS1 radiationlessdecaysarealsoshown.

k ) (4π
2/h)Vso

2FF

Table 2. Spin-Orbit Interactions (Vso) between S0 and a Spin
Component of T1 for Different Values of the CNNC Angle

CNNC (deg) 180 120 105 100 90 80 70 68 60
Vso(cm-1) 32.4 25.1 22.8 22.1 22.3 17.2 19.6 19.8 20.3
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Assumingthat the threecomponentsof the triplet statesare
equally populated,the rate of the T1f S0 processis readily
foundto be1011 s-1. Thecorrespondinglifetime of 10ps,which
is very shortfor a T1 state,providesanexplanationfor thelack
of spectroscopicobservationof the T1 stateof Ab.

The rateof the inverseS0f T1 process,leadingfrom S0 to
the two coupledcomponentsof the stateT1, is 3 × 1011 s-1.
Notethatthis rateis thesamesizeof thepreexponentialfactors
reportedfor thethermalZ-E isomerizationof Ab (1.95× 1011

s-1 from ref 3 and8 × 1010 s-1 from ref 46). Thesefindings
support the idea that the thermal isomerizationof Ab can
proceedby the torsion mechanismvia the S0-T1-S0 non-
adiabaticpathinvolving the triplet state.Moreover,the calcu-
lated activation energy is also consistentwith the measured
kinetic parameter.In fact, sinceour calculatedenergyof the
higherS0-T1 crossingis 32 kcal/mol andthe energyof the Z
isomeris 12 kcal/mol,theresultingactivationenergyfor theZ
f E processis 20 kcal/mol. This value is in goodagreement
with the activationenthalpyof 22 kcal/mol measuredfor the
thermalisomerization.3,46

Interestingly,Talaty andFargo,47 who originally mentioned
this proposal,rejectedit becausetheyconsideredthemeasured
preexponentialfactorto betoohighfor aspin-forbiddenprocess.
Therefore they supported,as other authors,48 the inversion
mechanismbecausethey estimatedthe torsion barrier on the
S0 energycurveto be about50 kcal/mol, that is, muchhigher
thanthe experimentalvalue.

4. Discussion and Conclusion

Themainpurposeof thiswork is to identify themostefficient
decayandisomerizationrouteof theS1 stateof Ab. By useof
quantumchemicalmethods,wehavesearchedfor thetransition
statesleadingfrom theE andZ excitedisomersto the funnels
determiningthedecayof S1. WehavealsoidentifiedtheMEPs
on the S1 PESandthe CIs that arecloserto them,which are
generallythemostrelevantfor thedecayandthephotophysical
andphotochemicalpropertiesof Ab. Theresultsaresummarized
in Figure5.

TheMEPis foundto follow thetorsioncoordinate.Theonly
TS we could find is characterizedby CNNC ) 119.7° (see
Figure2) andrequiresanactivationenergyof 2 kcal/mol.Thus,
the exit from the minimum of the S1 PES,i.e., the excitedE
isomer,towardtheisomerizationmustinvolve a twisting of ca.
60° of theNdN bond.The lowestenergyS0/S1 CIs, lying just
2 kcal/mol above the S1 minimum, are found at twisted
geometrieswith the CNNC anglein the rangeof 95-90°. At
thesegeometriesthemoleculehaslost its symmetry,in particular
thetwo NNC angleshavebecomedifferent,with thelargerNNC
angleamountingto 136°.

To assessthe role of the inversioncoordinatein the decay
processandin thephotoisomerizationmechanismin S1, wehave
searchedfor CIsalongthiscoordinate.Wefoundthatthelowest
CI in the inversion region, with one of the NNC anglesof
174.3°, is ca.25 kcal/mol higher thanthe S1 minimum.Other
CIs with the largerNNC anglevaryingbetween174and130°,
andwith the CNNC anglealwayscloseto 90°, weredetected
(seeFigure4).

Theseresultsindicateclearly that for both E andZ isomers
the S1 statedecayinvolves mainly the torsion route. On the
contrary, the mechanismbasedonly on the inversion route,
requiringthe activationenergyof about25 kcal/mol,canplay
only a negligiblerole. It may be operativeonly providedthat
the moleculehasan excessvibrational energyof at least25
kcal/mol,but evenin this case,the rapid energyredistribution
amongthevariousvibrationsrenderstheconcentrationof such
amountsof energyin the inversioncoordinatevery unlikely,
andthus,the inversionmechanismbecomesinefficient. In the
caseof vertical excitationof the Z isomer, the Ab molecule
hasenoughvibrationalenergyto reachtheCIinv, but,aspointed
out, therapidvibrationalenergyredistributionsmakethedecay
via the CIs of the twisted region a much more likely choice
alsobecausethey areeasilyreachedby a barrierlesspath.

To determinequantitativelytheE-Z isomerizationquantum
yields,a morecompletecharacterizationof theS1 PESaround
theseCIs and moleculardynamicalsimulationsare required.
At aqualitativelevel,thebarrierlessversusthebarrier-controlled
twisting pathaccountsfor the observedhigher yield of the Z
f E, with respectwith theEf Z, photoisomerizationprocess.

It is worthwhile to note that the inversion mechanism,in
whichoneNNC angleopensup to 180° while theotherremains
approximatelyat120°, impliesthelossof molecularsymmetry.
This can occur only if the two N-φ moietiesof Ab become
decoupledbecauseof theweakeningof their interaction.In our
calculations,we have noted that the molecular symmetry
disappearsat themoleculargeometrieswheretheCNNC angle
is twistedby at least60°. In particular,theopeningof theNNC
angleis found alwaysassociatedwith the CNNC twisting of
ca. 90°. This indicates that a simple way to achieve the
decouplingof the two N-φ moietiesis to apply a degreeof
torsionaroundtheNdN bond,becauseit weakenstheconjuga-
tion betweenthe two moieties.This implies that the inversion
mechanismcannotoperatealone,butneedsto becombinedand
inducedby a significantamountof torsion.On theotherhand,
the torsion mechanismby itself can lead to an easy E-Z
isomerization.If we takeinto accountnotonly geometricpaths,
but alsothe activationenergies,the possiblepathwaysfor the
S1 photoisomerizationarenot simply torsionor inversion,but
rather,they may be distinguishedasfollows:

(a) SimpletorsionaroundtheNdN bond,which is themost
favoredon energyground,

(b) Torsion around the NdN bond combinedwith some
degreeof inversionof oneNNC angle.In this case,theactiva-
tion energiesincreasewith theopeningof theNNC angle,and

(c) Inversionmechanism,which is the limiting caseof (b),
whenNNC reaches180°.

To clarify further the interplayof the inversionmechanism
with the torsioncoordinate,we havemappedthe CI hyperline
connectingthe CIs of the twisted region with the CIs of the
inverted region. Theseresults (see Figure 4) show that an
extendedS1/S0 crossingregionexistswhichembracesstructures
smoothlychangingfrom a puretorsional(lower energy)to an
inversion(higherenergyby ca.25 kcal/mol)mechanism.This
featureis shownto be of high chemicalrelevancefor Ab S1

photochemistry:S1 reactionchannelsfor theisolatedmolecule
(i.e., theMEPsshownin Figure5), bothfrom thecis andtrans
Ab side, are seen to intercept the low energy part of the
intersectionspace,thus pointing unambiguouslyto a favored

(46) Brown, E. V.; Grunneman,G. R. J. Am. Chem. Soc. 1975, 97, 621.
(47) Talaty,E. R.; Fargo,J. C. J. Chem. Soc., Chem. Commun. 1967, 65.
(48) Asano,T.; Okada,T.; Shinkai,S.; Shigematsu,K.; Kusano,Y.; Manabe,

O. J. Am. Chem. Soc. 1981, 103, 5161.
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torsionalreactioncoordinateastheintrinsic photoisomerization
path for isolatedAb on S1. Nevertheless,if the pure twisting
motion is hindered for some reason and a space saving
photoisomerizationprocessis preferred(for example,for Ab
moleculesinsertedin liquid crystalstackedlayersor in thesolid
state),a compromisebetweenenergeticandgeometricrequire-
mentscan be possiblyreached,favoring deactivationfunnels
atgeometriesintermediatebetweenpuretorsionalandinversion
mechanisms.In thesecases,assigningthe photoisomerization
processto apurereactioncoordinate(eithertorsionor inversion)
canbemisleading,andbothcomponentscanbecomeimportant.

The presentresults,as well as recent previous work,23,25

contradictthe traditionalnotion that thephotoisomerizationof
isolated Ab in the S1(nπ*) state occurs via the inversion
coordinate.This idea is basedon the observationthat in Ab-
phanes,at variancewith Ab, the quantumyields of photo-
isomerizationin S1 andS2 arethe same3 andarequalitatively
equalto thequantumyield of Ab in S1. It is basedalsoon the
assumptionthat the E-Z isomerizationvia torsionof oneAb
moleculebelongingto Ab-phaneswould be inhibited by the
rigidity of the system,which would prevent large sweeping
motion of the benzenerings. However, this argumentis not
supportedby anestimateof theenergypenaltyfor isomerization
via rotationof oneAb moleculein Ab-phanes.As a matterof
fact, the Ab-phanes,which allow one E-Ab (11 Å long from
one paracarbonatom to the other) to coexistwith one Z-Ab
(only 7 Å long), cannotbe very rigid. The modestrigidity of
the Ab-phanes,and the weaknessof the argument,is demon-
stratedby the experimentsof TannerandWennerstrom49 who
wereableto showthat eventhe stilbenophanes,for which the
inversioncoordinateis notavailable,do isomerize.Thepresent
resultsarein contrastwith the inversionmechanismproposed
by Taharael al.22 on thebasisof their time-resolvedmeasures
of fluorescencespectraand decay kinetics. Their analysis
originatesfrom arbitraryassumptionsaboutthemechanismand
the geometryof singletsdecaythat are not supportedby the
observationsor theoreticalarguments.Therefore,the torsion
mechanismfor theE-Z isomerizationon S1 doesnot seemto
be contrastedby any clear-cutexperimentalevidence.

The presentresultsprovidean explanationfor the observed
time dependenceof the S1 fluorescenceandSn r S1 transient
absorption.Thefluorescenceemissionwasfoundto decaywith
a lifetime of 0.3psin theE form and0.1psin theZ form.50 A
similar lifetime, 0.2 ps,wasfound recently51 for the E isomer
excitedin the S1 state.The transientabsorptionwas found to
decaywith a biexponentialform with time constantsof 0.3and
3 ps in theE form and,accordingto a single-exponentialway,
with a time constantof 0.1psin theZ form.50 We attributethe
subpicoseconddecay of fluorescenceand of the transient
absorptionto thevibrationalenergyredistributionstartingfrom
the FC excitedvibronic states.We associatethe slowerdecay
(3 ps)of thetransientabsorptionobservedonly for theE isomer
with thesubsequentmotiontowardtheCIsof thetwistedregion,
which requiresthe overcomingof a barrier of 2 kcal/mol and
is therebyslower.Thebarrierlesspathleadingfrom theZ form
to thetwistedCIs on theS1 PESagreeswith theabsenceof the

slow componentobservedin the Z isomerdecay.To the best
of our knowledge,theonly measuresof theE-Z photoisomer-
ization in Ab as a function of the temperature(T) were
performedby Fischer.2 They showthat, by exciting S1, the Z
f E quantumyields are essentiallyindependentof T, while
the E f Z quantumyields decreaseby lowering T in sucha
wayasto suggesttheactivationenergyto be2 kcal/mol,avalue
in very goodagreementwith theTStors-1 energycalculatedby
us (seeTable1).

In this work, we provideevidencein supportof the torsion
mechanismfor theAb isomerizationin thestatesS0 andT1. As
is shownin Figure5, the minimum in the T1 PESis found at
the twisted geometry,where it is below the S0 barrier. The
groundsinglet statePEShasa TS of similar energies,ca. 40
kcal/mol, for both the isomerizationroutes.However,the S0

andT1 PEScrossalongthetorsion,but not alongtheinversion
coordinate.Therefore,thedecayof T1 is expectedto occurmore
efficiently via the torsionmechanism,andits ratedependson
thestrengthof therelevantSOcouplings.We havenow found
that thesecouplings,amountingto about20 cm-1, are large
enoughto ensurethat the rateof theT1f S0 isc processis of
theorderof 1011 s-1. This rateindicatesthatAb candecayfrom
T1 to the ground state in ca. 10 ps and that the torsion
mechanismprovidesindeeda very efficient mechanismfor the
T1 decayandisomerization.TheshortT1 lifetime and,presum-
ably, the difficulty of preparingthe Ab moleculein this state,
offer anexplanationfor thelackof T1 observationthusfar. The
quantumyield of theZf E photosensitizedphotoisomerization
is closeto 1, while the yield of the oppositeprocessis about
0.01.17,52 Theseobservationsareaccountedfor by the fact that
the lower energyS0/T1 crossingis on the E sideandis almost
degeneratewith the T1 minimum (seeFigure5).

The thermalisomerizationmay takeplaceby the inversion
mechanism,theadiabatictorsionmechanismon theS0 PESand
the nonadiabatictorsionmechanismvia the crossingS0-T1-
S0. Thelatter is characterizedby a lower barrier(32 kcal/mol),
correspondingto the energyof the higher S0/T1 crossing,but
requiresa changein spin-multiplicity.Themostefficient route
at a given temperatureis decidedby thestrengthof theS0-T1

SO couplings.
Thecalculatedpreexponentialfactorfor thenonadiabaticroute

of the thermalisomerizationis similar to the rateof the T1 f

S0 isc andthusis about1011 s-1. This value,which is slightly
lower thanthetypical frequencyfactorof anadiabaticprocess,
is in agreementwith the value of the preexponentialfactor
obtainedfrom the experiments.3,4,46 The calculatedactivation
energy of 20 kcal/mol with respectto the Z form is also
consistentwith the measuredactivationenthalpyof 22 kcal/
mol.3,4,46Therefore,thepresentcalculationindicatesthatthermal
isomerizationoccursby thenonadiabatictorsionmechanismand
predictskinetic parametersin agreementwith theexperimental
results.Themechanismof thethermalisomerizationof Ab has
beenthe subjectof a lively debatein the literature.46-48,53,54

The inversion mechanismreceivedsupportmainly from the
observationthat isomerization occurs in hindered azoben-
zenes.3,48 However, as discussedabove, the occurrenceof
isomerizationobservedin stilbenophanesconsiderablyweakens

(49) Tanner,D.; Wennerstrom,O. Tetrahedron Lett. 1981, 22, 2313.
(50) Satzger,H.; Sporlein,S.; Root, C.; Wachtveitl, J.; Zinth, W.; Gilch, P.

Chem. Phys. Lett. 2003, 372, 216.
(51) Lu, Y.-C.; Chang,C.-W.; Diau, E. W.-G. J. Chin. Chem. Soc. 2002, 49,

693.

(52) Jones,L. B.; Hammond,G. S. J. Am. Chem. Soc. 1965, 87, 4219.
(53) Nerbonne,J. M.; Weiss,R. J. J. Am. Chem. Soc. 1978, 100, 5953.
(54) Cimiraglia, R.; Hoffmann,H. J. Chem. Phys. Lett. 1994, 217, 430.
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this argument.An alternativeway to discriminatebetweenthe
two mechanismsis to useliquid crystalsassolvents,wherethe
molecules are arranged in stacked layers, and solute Ab
molecules,being planar,are insertedin the stacks.If the Ab
moleculesisomerizevia a motion in the plane, they cause
minimal perturbation on the solvent structure. Should the
isomerizationoccur by torsion, the solvent layers will be
disturbed.Thecomparisonof theactivationparametersmeasured
for thethermalisomerizationof Ab in isotropicandcholesteric
liquid crystalsolventswasfoundto beclearlymoreconsistent
with thetorsionmechanism.53 Thus,thetorsionmechanismfor
the E-Z thermalisomerizationappearsto be supportedby an
experimentalapproachthat is quiteusefulto elucidatereaction
mechanisms.

The studyof the PESand the critical geometriesof the S2

stateis underwayandwill be presentedelsewhere.
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