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Abstract: In this paper, we identify the most efficient decay and isomerization route of the S;, T1, and Sp
states of azobenzene. By use of quantum chemical methods, we have searched for the transition states
(TS) on the S; potential energy surface and for the So/S; conical intersections (ClIs) that are closer to the
minimum energy path on the S;. 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 Cls, lying also 2 kcal/mol above the S;
minimum, were found on the torsion pathway for CNNC angles in the range 95—90°. The lowest Cl along
the inversion path was found ca. 25 kcal/mol higher than the S; minimum and was characterized by a
highly asymmetric molecular structure with one NNC angle of 174°. These results indicate that the S;
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 S; minimum of the E
isomer. We have calculated the spin—orbit couplings between S, and T, at several geometries along the
CNNC torsion coordinate. These spin—orbit couplings were about 20—30 cm™ for all the geometries
considered. Since the potential energy curves of Sp and T; cross in the region of twisted CNNC angle,
these couplings are large enough to ensure that the T, lifetime is very short (~10 ps) and that thermal
isomerization can proceed via the nonadiabatic torsion route involving the So—T1—So crossing with
preexponential factor and activation energy in agreement with the values obtained from kinetic measures.

1. Introduction

AzobenzengAb) canexistin two forms,namely thecis (2)
andtrans(E) isomerswhich caninterconvertboth photochemi-
cally and thermallyl—3 Since the two isomersexhibit well-
separatedabsorption bands in the UV—visible region and
different physical properties,such as dielectric constantand
refractiveindex, Ab andits derivativesaregoodcandidate$or
manyapplicationssuchaslight-triggeredswitches! constituents
of erasabléholographicdata,imagestoragedevicesand materi-
alswith photomodulableroperties’ 8 andasa possiblebasis
for alight-poweredmolecularmachine® For thesereasonsthe
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photophysicaland photochemicapropertiesof Ab havebeen
andstill arethe subjectof a widespreadnterest!—3.9-25

The low-energyabsorptionspectrumof Ab showsa weak
bandin thevisible andanintensebandin the nearUV spectral
region.In hexanesolutionof the E isomeratroomtemperature,
the former showsa maximumat 432 nm (emax = 400L mol~1
cm 1) and the latter showsa maximumat 318 nm (emax =
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22300L mol~t cm~1).410-14 The former bandis structureless
evenin low-temperaturenixed crystald®>16andis attributedto
thelowestsingletstate,S,, of nz* natureandof By typein the
Con symmetrygroup.The S; <— S transitionis thensymmetry-
forbiddenandbecomesllowedwhenthe moleculeis distorted
along an g, coordinate,such as the (properly symmetrized)
twistingsaroundCN bonds.The secondband,which showsa
rich vibronic structurewith the origin at 362nm (27 662cm=1)
in spectrameasuredn dibenzyl single crystal at 20 K,6 is
attributedto the stateS,, of wz* natureand of B, symmetry
type.Thus,while the S; <— S transitionis symmetry-forbidden,
the S, —— S transitionis allowedin analogywith the S; — S
transitionin stilbene.In the Z azobenzenéZ-Ab) isomer,one
finds two similar bandsin the UV —visible absorptiorspectrum,
at 440 and 260 nm, with similar intensityratio asin E-Ab.4

An importantandstill not understoodoroperty of the Z—E
photoisomerizatiorof Ab is the dependencef the quantum
yield of this proceson theexcitationwavelength:™ In aninert
solventsuch as n-hexane the quantumyields of the E — Z
photoconversiomre0.25and0.12excitingthe S; andS, states.’
respectivelyThe quantumyields of theinverseproces&Z — E
are0.53and0.40excitingthe S; and$S; statesrespectivelyt’-18
Very similar quantunmyieldsarefoundin othersolvents®1° This
violation of the Kasharule impliesthat S, decay<o theground
state bypassinghe FC regionof the S; state atleastpartially.

The violation of the Kasharule disappearsin sterically
hinderedazobenzene$or examplejn azobenzenophanéab-
phanes)wherethe motion of eachAb moleculeis somewhat
affectedby the companionmolecule3# Similar results were
found in an azobenzene-cappatdown ether!®

While in stilbene and in ethylene derivatives the Z—E
isomerizationcanoccuronly via torsion of the C=C bond,in
Ab it canproceedalongtwo pathways:the torsionaroundthe
N=N doublebondandthein-planeinversion.In thelattercase,
the transitionstatecorrespondgo a linear geometrywhereby
one nitrogenatomis sp hybridized.

ThetraditionalinterpretatioA* hasassignedheisomerization
on the S; andthe S, statesto different paths,namelyto the
inversionandthe torsionpaths,respectively Assumingthatin
stericallyhinderedAb thetorsionmotionis frozen,an explana-
tion was provided for the different S; and S, isomerization
guantumyields observednly in Ab andnotin Ab-phanesAn
early?® anda morerecentandrefined! quantumchemicalstudy
aswell asthe time-resolvedphotophysicaktudiesof Lednev
and co-workerd214 providedsupportto this mechanism.

Very recently,newtheoreticalandexperimentatesultshave
guestionedhis model. Taharaandco-workerd? haveproposed,
on the basisof new time-resolvedfluorescencelataandtheir
interpretationthatthe isomerizationoccursfor both S; andS,
excitedstateghroughthe inversioncoordinate On the theoreti-
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 the basisof combinedime-resolved
photoelectrorspectroscopybservationsandab initio calcula-
tions24 have associatecthe non-Kashabehavior of the Ab
photoisomerizationwith the quasi-degeneracypetweenthe
benzenicstatesand the S, statelocalized on the azo group.
Clearly, our understandingf a very complexprocesssuchas
the Ab photoisomerizatioris still unsatisfactory.

In arecentcontribution?®> we havestudiedin detail the role
of the torsion coordinatein the deactivationof the lowest
electronicstatesof Ab by the densityfunctionaltheory (DFT)
at the B3LYP?¢ level and by complete active space SCF
(CASSCF)calculationsfollowed by second-ordeperturbation
theory corrections(CASPT2)27

In the groundstate,we found that the optimizedbarrier for
isomerizationis ca. 40 kcal/mol higher than the optimized
E isomerfor both inversionandtorsion pathways According
to B3LYP calculations,the optimized PES of T; along the
torsion pathwayhasits minimum at roughly 105° whereiits
energyis 28.0kcal/mol?® This implies that, providedthat the
S—T; spin—orbit (SO) couplingis sufficiently strong,thermal
isomerizatiorcanoccurvia the T, stateby overcomingabarrier
of about 32 kcal/mol, correspondingto the higher S—T;
crossing.

The isomerizationon T; was found to show a strong
preferencefor the torsion route: at the B3LYP level, the
optimizedenergiesat the twisted and invertedgeometrywere
found to be 28.0 and 48.4 kcal/mol, respectively?® Thus, the
Ab molecule,onceit is excitedin T, atthe E or Z geometry,
follows the torsion pathway,reachingthe minimum where it
crossedo S therebygiving isomerization.

In this work, we presenta detailedstudy of the S, S, and
T, PESin the isolated Ab moleculeand find the minimum
energypaths(MEP), the transitionstate(TS), andthe $;—S
conicalintersectiongClIs) leadingto the S; deactivatiorandto
the E—Z photoisomerizationFrom the energiesandthe loca-
tions of Cls, we canshowthat torsionis the mostimportant
coordinatefor the Ab photoisomerizatiomndexplainsthe short
lifetime of S;. Cls connectedwith the inversionpathwayhave
also beendetected,but theseare much higher in energyto
represenanappreciablaleactivatiorchannebf S,;. Furthermore,
we presentheresultsof calculationsof Sp—T; SOinteractions
andfind thatthey arelarge enoughto justify the shortlifetime
of T, andto suggesthatthe nonadiabati¢orsionrouteinvolving
the S—T1—S crossingis the mostplausiblecandidatefor the
thermalisomerization.A reactionschemeis presentedhigh-
lighting the preferredisomerizatiorpathwaysfor Ab in the S,
T1, andS; stateswhich providesafully consisteninterpretation
of experimentaresults.

2. Computational Details

The PESfor the E—Z thermal-and photoisomerizatiorhas been
studiedusingfully unconstrainedptimizationsandMEP computations
atthe CASSCFlevel? followed by single-pointCASPTZ2’ computa-
tions on the optimizedrelevantstructuresto accountfor correlation
energy.A stateaverageCASSCFprocedurewith equalweightsfor
the S; and S, stateshasbeenusedto generatamolecularorbitalsand
thereferencdunctionsfor subsequenEASPT2calculationsAll these
computationshave beenperformedusing the Gaussiar98 packagé®
andthe MOLCAS-5.2 quantumchemistryprogram?®

The active spacechoiceis a crucial stepin a CASSCFcalculation.
After a seriesof testsit turnedout thata balancedactivespacevas14
electronsin 12 orbitals (14/12),correspondindo the 10/10x valence
andthe two doubly occupiednitrogenlone pairs. In the Cy, group of
symmetry, the & orbitals belongedto the A, and By irreducible
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Parr,R. G. Phys. Rev. B 1988, 37, 785.
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Figure 1. Azobenzene-optimizestationarypoints: So minimum for E-Ab (E-Ab(Sp)), So minimum for Z-Ab (Z-Ab(Sp)), and S; minimum for E-Ab (E-
Ab(Sy)). Bond lengths(black numbers)arein angstromsand CNN and CCN bendingangles(red numbersjand CCNN and CNNC dihedralangles(green

numbers)arein degrees.

representationdMost of the 14/12 calculationswere performedwith
an active spacecomposeddy 1, 1, 5, and5 activeorbitalsin the four
irreduciblerepresentation8, By, Ay, andBg, respectivelyThis active
spacecorrespondedo the nitrogenssz and z*, their two lone pairs,
and eight benzenicorbitals (the two mostoccupiedand the two less
occupiedbenzenicorbitals were excluded).A 6-31G* basis set of
atomic orbitals was usedin this case.Somecomputationsvere also
performed using a different set of 14/12 active space orbitals,
comprisingsix andfour actives orbitalsin the Ay andBy irreducible
representationsiespectively,and using a generally contractedbasis
setsof atomicnaturalorbital (ANO) with the contractionscheme3s2pi1d
on C andN and2s1pon H.3 Thesetwo alternativeapproachegyielded
substantiallysimilar resultsand, unlessdifferently specified,we will
refer to the first type of computations.

Theeffectsof SO couplingwereintroducedusinga newly developed
methodbasedon the CASSCFstateinteractionapproaciCASSI) 3132
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Here,the CASSCFwave function generatedor the S, and T; states
wereallowedto mix undertheinfluenceof a spin—orbit Hamiltonian.
The methodhasrecentlybeendescribed® andwe refer to this article
for details.In thesecalculationsthe ANO basisset and the second
active spacechoicewere used.

The searchfor Cls was performedby using proceduresieveloped
in our laboratoryor accordingto the prescriptionsof ref 34.

3. Results

A. Analysis of the S; PES and Determination of So—S;
Conical Intersections. The optimized geometriesof the E
isomerin the Sy and$; singletstatesandof the ground-stat&Z
isomer,calculatedat the 14e/120CASSCFlevel of thetheory,
arereportedin Figurel. A minimumin the S; PEScorrespond-
ing to the Z isomerdoesnot exist, andin Figurel only the Z
form ground-stategeometryis shown.

In both electronicstatesthe E isomeris planar,while the Z
isomeris nonplanaras the C—N bondsare rotatedby 62.0°
andthe N=N bond s rotatedby 4.2° to decreasehe H---H
nonbondedinteractions. The energy gap betweenthe two
ground-statésomersis 12.0kcal/mol,in goodagreementvith
the measure@nthalpydifference3® The calculatedoondlengths
andanglesfor bothisomers,which areshownin Figurel, are
in agreementvith the valuesobtainedn previoustheoretical®—38

(33) Malmqvist, P.-A.; Roos,B. O.; SchimmelpfenningB. Chem. Phys. Lett.
2002, 357, 230.
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Chem. Phys. Lett. 1994, 223, 269.
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Table 1. CASPT2 and CASSCF Energies for Minima, Transition
States, and Conical Intersections for the PES of Sg and S; States
of Azobenzenea?

CASPT2AE® CASSCFAE"

structure state eV keal/mol eV keallmol
E-Ab (So) S 0.00 0.0 0.00 0.0
S 2.50 57.7 3.18 73.4

T, 1.83 42.3 1.73 39.9

Z-Ab (So)d S 0.52 11.9 0.71 16.4
S 3.23 74.4 4.09 94.4

T1¢ 2.20 50.7 2.12 48.9

Ab(Ty) S° 1.37 31.7 1.71 39.5
Ti¢ 1.25 28.8 1.30 29.9

E-Ab (S1) S 0.70 16.1 0.69 16.0
S 1.95 44.9 2.61 60.1

TSiors(So) S° 1.65 38.1 1.80 41.5
S© 2.56 59.0 3.01 69.5

TSiors(S1) S 1.32 30.5 1.53 35.3
S 2.02 46.7 2.75 63.5

Cliors-1 S 2.03 46.7 2.63 60.7
S 2.04 47.1 2.51 57.9

Cliors-2 S 2.00 46.2 2.57 59.3
S 2.15 49.5 2.45 56.6

Cliors-3 S 2.19 50.5 2.90 66.8
S 2.36 54.5 2.96 68.3

Cliny S 3.00 69.1 3.70 85.4
S 3.18 73.4 3.62 83.5

a For convenienceT; energiesfrom previouswork® areshown.b The
energyfor thegroundstateof the E form, choserasthezero,is —570.90605
auatthe CASPT2level and—569.2177%uatthe CASSCHFevel. ¢ From
ref 25. The energyfor the groundstateof the E form, chosenasthe zero,
is —571.04534uatthe CASPT2leveland—569.26615%kuatthe CASSCF
level. ¢ The oscillator strengthf is 0.0118for the Sy — S; transition.

and experimentalwork.3%-41 The optimizedE structurein the
S; singlet stateis planar and shows some changesin bond
lengthsand bond angleswith respectto S (seeFigure1). In
particular,the N=N bondlengthis slightly increasedrom 1.243
to 1.253A, andthetwo CN bondsare shortenectonsiderably
from 1.422to 1.366A. Furthermorealargeincreasdérom 115.1
to 128.8 of the NNC anglesis observedand this changeis
presumablyrelatedto the decreasealectronchargein the N
lone pairsin the stateS;.

The vertical AE(S,—Sp) of E-Ab calculatedat the CASPT2
level for the Sy equilibrium geometryis 2.50eV (seeTablel).
This energycorrespondsipproximatelyto the maximumof the
S; — S absorptionband,which is observedat 432 nm, i.e.,
2.87 eV 410-14 The vertical (S;—So) energygap calculatedat
the S; equilibrium geometry which canbe associateavith the
maximumof the fluorescencéand,is only 1.25eV. It should
be notedthat the fluorescencespectrumis modulatednot only
by the Franck-Condon(FC) factor, but alsoby the v3 factor2
The observedspectralmaximumoccursat the energyof 1.86
eV,22 which differs from the calculatedvalue (1.25eV). This
discrepancymay be dueto the v3 factor and possiblyalsoto
the inaccuracyof the experimentaimeasuredue to the lower
sensitivityof the experimentahpparatusn theredwing of the
spectrum.

The energygap betweenthe minima of the S; and S PES,
which shouldcorrelatewith the 0—0 bandsof fluorescenceand

(39) Brown, C. J. Acta Chrystallogr. 1966, 21, 146.

(40) Bowstra,J. A.; SchoutenA.; Kroon, J. Acta Chrystallogr., Sect. C 1983,
39, 1121.

(41) Tsuji, T.; TakashimaH.; 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.

absorptionspectra(provided the zero-pointenergyof S; and
S isthesame)js 1.95eV accordingo the CASPT2calculation.
Experimentally this energydifferencecan be estimatedo be
roughly2.36eV from thework of Taharaet al 22 Thedifference
amongthe energyof the absorptionrmaximumandthe energy
of the 0—0 band, amountingto 0.55 eV accordingto the
calculationandto 0.51eV accordingto the spectreZ? indicates
thata sizablereorganizatiorenergyoccursupon$S,; excitation.
This correspondgo the vibrational energyavailablein the S;

state when the excitation wavelength correspondsto the
maximumof the absorptionband.Fromthe S; and S, equilib-

rium structuresreportedabove,it appearghat this vibrational
energyis acceptegredominantlyby the CN stretchingandthe
NNC bendingmodes.

All therelevantelectronicenergiescalculatecatthe CASPT2
and CASSCFlevel, arereportedin Table1.

To analyzethe dynamicsand the photophysicalproperties
of Ab excitedon the S; state,we searchedor transitionstates
onthe S; PESandfor S/, conicalintersectionghatwereclose
to the S; MEP. We thencalculatedhe energief thesecritical
geometriesat the CASPT2level.

The potentialenergycurve of S; alongthe CNNC torsion
obtainedin recentcalculationsis substantiallyflat.232% In the
presentwork, we found that the S; MEP follows the torsion
coordinatein the full E—Z interval. We detectednly oneTS,
placedalongthetorsioncoordinatebetweenE andthe twisted
geometryjabeledTSq(S;), atthe CNNC angleof 119.7, that
is, ca.30° beforethe twisted (90°) structure.This TS is only 2
kcal/mol abovethe minimum of the S; PES,correspondingo
the E isomerand,thus,is easilyaccessiblatroomtemperature
becausenf the small amountof activationenergyit requires.
The molecular structure of this TS is shown in Figure 2.
Interestingly,the moleculehaslost all its symmetryelements:
thetwo NNCC anglesare—14.3and—9.3°, respectivelywhile
the NNC anglesare 128.9and 125.2, respectivelylt appears
that,asthe CNNC torsionincreasesthe couplingbetweenthe
two nitrogenlone-pairsweakensandthe nz* excitationtends
to localize predominantly on one moiety becauseof the
electron-phononcoupling,thatis, of thereorganizatiorenergy
associatedwith the excitation. Therefore,the two moieties
becomeinequivalent.

The computedS; MEP startingfrom the Z isomerfollows
thetorsioncoordinateandreacheshe twistedgeometrywithout
encounteringany barrier.

The lowest energy S;/Sy Cls are found for CNNC angles
around90°® andhaveroughly the sameenergyasthe transition
state(seeTable 1). This finding confirmsthe resultsobtained
by Ishikawaet al. 22 who constructedhe two-dimensionaPES
of thelowestelectronicstatesasa functionof the CNNC torsion
andof anNNC bendingangle,optimizingonly five geometrical
parametersandfoundthatS; andS, arealmostdegeneratéor
CNNC = 90¢°. We haveidentified severalCls that belongto
the sectionof the Cl hyperlineof the twisted region. Coming
from the E isomer,thefirst Cl encounteredabeledCligs-1, iS
characterizedy the CNNC twisting angle of 94.4 andis 2
kcal/mol higherin energythanthe E isomer.A secondCl is
found at the CNNC angleof 84.£, a little tilted towardthe Z
form. This ClI, labeledClis-3, is about5 kcal/mol abovethe
S; minimum. SeveralCls connectCligrs—1 to Cliors—3, andwe
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TS, (S)
Figure 2. Structuredor the azobenzen&ansitionstatesin the S state(TSwors(So)) andin the S; state(T Sors(S1)) andfor the T4 minimum (Ab(T4)). Bond

lengthsand bond anglesare describedn Figure 1.

Figure 3. Structuredor the azobenzen&;/S, conicalintersections:Cligrs-1, Cliors—2, @nd Cliors—3 are Cls alongthe CNNC torsion coordinatewith CNNC
= 94.4,84.4and91.7, respectivelyCliy is a Cl alongtheinversioncoordinatewith CNN = 174.3. Bondlengthsandbondanglesaredescribedn Figure

1.

candocumentfor examplea Cl at the CNNC angleof 91.7,
labeledClirs—», and essentiallydegeneratsvith Cliors—1.
Thesstructureof Cliors-1, Whichis shownin Figure3, is quite
asymmetric: the two CN bondsare 1.371and 1.397 A long,
respectively,and the two CNN anglesare 136.0and 117.3,
respectively.The nz* excitationresidespredominantlyon the
moietywherethe NNC angleis larger,i.e., 136°; thislargeangle
indicatesthatthe NN andthe CN bondsare basedon nitrogen
o orbitals of intermediatesp/sp hybridization,while the lone

3238 J. AM. CHEM. SOC. = VOL. 126, NO. 10, 2004

pair acquiresan increasedo character.On the other hand,in
the moietywherethe NNC angleis equalto 117, thelone pair
of the N atomremainsapproximatelyan sg? orbital. A similar
structureis obtainedfor Cliys—2: the NNC anglesare 139.2
and 118.9, andthe full structureis shownin Figure 3. The
molecularstructureof Clios—3, which is alsodisplayedin Fig-
ure 3, is evenmore evidentlyasymmetric.The CN bondsare
1.352and 1.425 A long, and the CNN anglesare 133.4and
109.9.
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All thethreeClsreportedabovebelongto the sameS;(nz*)/
S crossingregion. The S; stateis basedpredominantly(see
Supporting Information, Section 2) on the singly excited
configurationnz* alongthe entiretorsioncoordinate Obviously,
the definition of n orbitalsasdistinctfrom s orbitalsis strictly
correctonly for planargeometriesin the contextof twisted
structuresthe n orbital is just the molecularorbital (MO) that
correlateswith thetrue n orbital at the planargeometryshown
in Figure S1 of the Supportinginformation. The n andthe z*
orbitals, which arerespectivelythe HOMO and LUMO 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?® using geometriesoptimized for the
groundstate we founda deeptwistedminimumassociateavith
a statebasedon the n?7*2 configuration.Here, we havealso
verified thatthe fully optimizedn?z*?2 statestill showsa deep
minimum atthetwistedgeometry putremainsroughly 10 kcal/
mol higherthan S;(nz*).

The Cliors-i areeasilyreachedrom any vibrationallevel of
S; becauseof their small activation energy, and thus, they
contributeto the very fastdeactivatiorandto the shortlifetime
of S;. Sincethey arecloseto the twistedgeometry the torsion
mechanismplays an importantrole in the S; decayand the
associateghhotoisomerizationThe excitedZ form, whichis at
higherenergythanthe excitedE isomer,candecaysubstantially
throughClirs—3, Which is the first to be encounteredlongthe
computedMEP after a barrierlesspath.

We have searchedalso for $,/S, Cls in the region of the
inverted geometryand we havefound a Cl, labeledClpny, in
which one of the two NNC anglesis closeto 18C°. The
molecularstructureof this Cl, which is shownin Figure 3, is
highly asymmetric: the NNC anglesare 174.3 and 126.9,
respectively,and the NC bonds are 1.230 and 1.294 A,
respectively. The CNNC dihedralangleis 108.7. The Cli is
far awayfrom the S; MEP andis ata considerablyhigherenergy
thanthe Cliors-i, about25 kcal/molabovethe S; minimum. Thus,
it is not expectedo affect appreciablythe photophysicaknd
photochemicapropertiesof Ab. Also in the invertedregion,
the S; stateis basedon the n(HOMO)—z*(LUMO) singly
excited configuration.However,as is shownin Figure S3 of
the Supporting Information, these MOs extend also on the
benzeneings,andeachof theminvolvesa differentmoiety of
the molecule.

Remarkably,all the Cls of the twisted and of the inverted
region appearto belongto the samehyperline of the Cls. In
fact, we havedetecteda numberof Cls in the regionbetween
the Cliors—i and Cliny, all of them characterizedy the CNNC
anglecloseto 90° and one of the NNC anglesbetween180
and 13C. In particular,we havecomputed(seeFigure 4) the
MEP in the hyperlineof the Cls and connectingthe inverted
structureCl;,, to the twisted region: alongthis MEP, the Ab
moleculesmoothlychangests structurefrom the high-energy
invertedcrossing(Clin,) to the low-energypuretorsionpoints
(Cliors—i), still preservinghe S/S; degeneracyAs anexample,
oneof theseClsis characterizedhy CNNC = 93° andNNC =
127and157° andis 11 kcal/molabovethe E isomer.Relevance
and implications of this extendednhyperlineregion (spanning
structures going from the pure torsional to the inversion

75

CI,,, (174.3%)
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Figure 4. CASSCFfully optimized minimum energypath computedin

the Si/S; intersectionspaceand connectingthe high-energyCli,y with the
low-energytwistedregion (Clirs-i). The energieshavebeencorrectedby
single-pointCASPT2computationsThe origin of the energieds givenby
the ground statetrans-azobenzenésomer (E-Ab) energy.Reactioncoor-
dinateis in massweightedatomicunits (au). The smoothlychangingNNC

bendingangleis reportedin brackets,while the CNNC torsion remains
substantiallyunchangedca. 90°).

mechanismjn the photochemistryof Ab will be discussedn
the next section.

Interestingly, according to the present calculations, the
symmetrylowering inherentto the invertedstructureis associ-
atedwith a substantiaCNNC twisting thatweakenghe coupling
betweenthe two moietiesof the molecule.

A pictureof theMEPscomputednthe S; PES which follow
the torsion coordinate,togetherwith the critical geometries
discussedboveis presentedn Figure5.

We wish to discussoriefly thereasonsvhy Cliors—j OCCursat
much lower energiesthan Clin,. From our calculations,upon
excitationon S;, the N—N bondis slightly stretchedwhile the
N—C bondsarecompresse¢ecomingsimilar to doublebonds)
andNNC anglesopenfrom 115to 128°. RotationaroundN—N
doesnot significantly changethe S; energy,becausédhe loss
of p—p interactionof the N atomsis compensately the n—p
interaction,andthe NNC anglesand CN bondlengthschange
very little. On the contrary, the energy of the ground state
increasevery muchwith the NN torsionbecauséN—N double
bondenergyis substantiallylost andthe change<f CN bond
lengthsand CNN angleshave the sameeffect. This leadsto
S/Sy degeneratiorat the N—N twisted geometryat an energy
closeto the S; minimum. On the other hand,the inversionof
one CNN anglein S; is accompaniedy a large decreasef
oneCN bondlengthanda chinoid deformationof onebenzene
ring andbringsabouta significantenergyincreaseTheenergy
of S undergoesan even larger energy increasewith the
inversionof one CNN angle.Correspondinglythe energyof
Clinv occursat higherenergythan Cligs.

B. So—T1 Spin—Orbit Interactions and Intersystem Cross-
ing. According to CASPT2 calculations?® the S potential
energycurve alongthe CNNC coordinateshowsa barrier of
38.1 kcal/mol while the T; potentialenergycurve presentsa
minimumof 28.8kcal/molin thetwistedregion. Themolecular
structure at the T; minimum is shown in Figure 2, and a
qualitativepicture of the Sy and T, potentialenergycurvesis
shownin Figure5. The two curvescrosseachotherat 68 and
105 of CNNC twisting. The energyof the former crossing,
which s closerto the Z form, is the higherandamountsto 32
kcal/mol. Accordingto B3LYP calculationg’® at the inverted
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Figure 5. Singlet(S andS;) andtriplet (T;) reactionpaths(i.e., MEPs)for the E — Z isomerizationin azobenzeneEnergyprofiles are schematizedor
sakeof clarity andhavebeenscaledto matchCASPT2values.Opencirclesrepresent,/S, Cl. The horizontalaxisrepresentshe CNNC torsioncoordinate
(greennumbers).Valuesfor NNC anglesare also reported(brown numbers).The shadedregion highlights the Si/S, crossingspaceand embraceghe
low-energy(i.e., torsion) and high-energy(i.e., inversion)deactivationfunnels.The pathsof T; and S, radiationlesslecaysare also shown.

geometrythe energyof the S barrieris 40.5kcal/molandthe

Ti energyis 48.4 kcal/mol. The two energycurvesalongthe

inversiondo not cross.Thus,the Ab moleculecaneasilycross
from S to T, or vice versa,in the twisted region, but not in

the inverted region. The rate, k, of this intersystemcrossing
(isc) process,occurring at the Sy/T1 crossings,is determined
by the sizeof the So—T; spin—orbit coupling, Vs, accordingto

the Fermi goldenrule*3

k = (47*h)V, oF

wherep is the densityof active vibrational statesof the final
electronic state and F is the FC factor. To evaluatek, we
evaluatedhe S§—T; SOcouplingat severalvaluesof thetorsion
angle,optimizingthe remainingstructuralparameterén the S
state,following refs 31—33. At any chosengeometry,the S
singlet interactswith two spin componentof T, while the
couplingwith the third componenis zero. This follows from
the molecular symmetry, since the x, y spin components
transformas B in the C; symmetrygroup (By in Cap), the z
spincomponentransformsasA in C; (Ag in Ca), andthe Ty
and S electronicwave functionsbelongto the B (Bg) and A
(Ag), respectively.The calculatedSO couplingsfor thex andy
spin componentare complex numbers,and their moduli are
reportedin Table2. The valuesof thesecouplingsrangefrom
32.4cm™! (for CNNC = 180C, i.e., the E structure)to 17.2
cm1 (for CNNC = 80°).

Table 2. Spin—Orbit Interactions (Vso) between Sp and a Spin
Component of T; for Different Values of the CNNC Angle

CNNC(deg) 180 120 105 100 90 80 70 68 60
Vsdem™?) 324 251 228 221 223 17.2 19.6 19.8 20.3

For our purpose,the Vs, valuesobtainedat 68 and 105°
CNNC anglesatwhichthe So— T, or T; — S processesccur
arethe mostrelevant.The correspondinyalues,19.8and22.8
cm~1, aremuchlargerthanthetypical valuesJessthanl cm™1,
of the SO couplingsbetweengroundand3zz* statesn planar
aromaticcompoundg? Thisis dueto thelargeone-centeterms
thatcontributeto Vs, whenthe T, statehasnz* characterasis
the caseof the azobenzend ;.

The p can be takenasthe inverseof the frequencyof the
vibration associatedvith the largestdisplacemenin the So—
T4 transitionandcontributesmoreto the FC factor#4 Fromthe
DFT calculationsof S and T, equilibrium geometriesand
normal coordinate® and vibrational assignment$> the most
important vibration is the NC stretchingcharacterizedoy a
frequencyof ca.1200cm™1,

For simplicity, in our calculationwe approximatethe Vs
couplingto 20 cm™. The FC factor at the Sy/T; crossingis
relativelylarge,i.e., betweerD.1and1. To obtaina qualitative
estimateof the T; — & isc rate, we have chosenfor F the
intermediatevalue 0.4. In this way, the rate of the isc process
betweenoneof the T; activecomponentandS is 1.5 x 1011
s

(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.
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(44) Henry,B. H.; SiebrandW. 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.
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Assumingthatthe threecomponent®f the triplet statesare
equally populated,the rate of the T;— S processis readily
foundto be 10! s~%. The correspondingjfetime of 10 ps,which
is very shortfor a T, state providesanexplanatiorfor thelack
of spectroscopi@bservationof the T, stateof Ab.

Therateof theinverseS, — T, process)eadingfrom S to
the two coupledcomponentof the stateTy, is 3 x 101 s,
Notethatthisrateis the samesizeof the preexponentialactors
reportedfor thethermalZ—E isomerizatiorof Ab (1.95x 10
s from ref 3 and8 x 10 s~ from ref 46). Thesefindings
support the idea that the thermal isomerizationof Ab can
proceedby the torsion mechanismvia the So—T1—Sp non-
adiabaticpathinvolving the triplet state.Moreover,the calcu-
lated activation energyis also consistentwith the measured
kinetic parameterln fact, sinceour calculatedenergyof the
higher S5—T; crossingis 32 kcal/mol andthe energyof the Z
isomeris 12 kcal/mol, the resultingactivationenergyfor the Z
— E processds 20 kcal/mol. This valueis in goodagreement
with the activationenthalpyof 22 kcal/mol measuredor the
thermalisomerizatior?46

Interestingly, Talaty and Fargo?’ who originally mentioned
this proposalyejectedit becaus¢hey consideredhe measured
preexponentialactorto betoo high for a spin-forbidderprocess.
Therefore they supported,as other authors?® the inversion
mechanismbecausedhey estimatedthe torsion barrier on the
S energycurveto be about50 kcal/mol, thatis, muchhigher
thanthe experimentalalue.

4. Discussion and Conclusion

Themainpurposeof thiswork is to identify the mostefficient
decayandisomerizatiorroute of the S; stateof Ab. By useof
guantumchemicalmethodsywe havesearchedor thetransition
statedeadingfrom the E andZ excitedisomersto the funnels
determiningthedecayof S;. We havealsoidentifiedthe MEPs
on the S; PESandthe Cls that are closerto them, which are
generallythemostrelevantfor thedecayandthe photophysical
andphotochemicapropertieof Ab. Theresultsaresummarized
in Figure5.

The MEP is foundto follow thetorsioncoordinate The only
TS we could find is characterizedoy CNNC = 119.7 (see
Figure2) andrequiresanactivationenergyof 2 kcal/mol. Thus,
the exit from the minimum of the S; PES,i.e., the excitedE
isomer,towardtheisomerizationrmustinvolve a twisting of ca.
60° of the N=N bond.The lowestenergySyS; Cls, lying just
2 kcal/mol above the S; minimum, are found at twisted
geometrieswith the CNNC anglein the rangeof 95—90°. At
thesegeometrieshemoleculehaslostits symmetry,n particular
thetwo NNC angleshavebecomedifferent,with thelargerNNC
angleamountingto 136°.

To assesshe role of the inversioncoordinatein the decay
processandin the photoisomerizatiomechanisnin S;, we have
searchedor Clsalongthis coordinateWe foundthatthe lowest
Cl in the inversionregion, with one of the NNC anglesof
174.3, is ca. 25 kcal/mol higherthanthe S; minimum. Other
Cls with thelargerNNC anglevarying betweenl74 and13C,
andwith the CNNC anglealwayscloseto 90°, were detected
(seeFigure4).

(46) Brown, E. V.; GrunnemanG. 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.; ShigematsuK.; Kusano,Y.; Manabe,
0. J. Am. Chem. Soc. 1981, 103, 5161.

Theseresultsindicateclearly that for both E andZ isomers
the S; 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
amongthe variousvibrationsrenderghe concentratiorof such
amountsof energyin the inversion coordinatevery unlikely,
andthus, the inversionmechanisnbecomesnefficient. In the
caseof vertical excitationof the Z isomer,the Ab molecule
hasenoughvibrationalenergyto reachthe Cl;ny, but, aspointed
out, therapidvibrationalenergyredistributionsnakethe decay
via the Cls of the twisted region a much more likely choice
alsobecausdhey are easilyreachedby a barrierlesspath.

To determingquantitativelythe E—Z isomerizatiomguantum
yields,a more completecharacterizatiof the S, PESaround
theseCls and moleculardynamicalsimulationsare required.
At aqualitativelevel, the barrierlessrersusthe barrier-controlled
twisting path accountsfor the observedhigheryield of the Z
— E, with respectwith the E — Z, photoisomerizatioprocess.

It is worthwhile to note that the inversion mechanism,n
which oneNNC angleopensup to 180 while the otherremains
approximatelyat 12C°, impliesthelossof molecularsymmetry.
This can occuronly if the two N-¢ moietiesof Ab become
decoupledecausef theweakeningof theirinteraction.In our
calculations,we have noted that the molecular symmetry
disappearat the moleculargeometriesvherethe CNNC angle
is twistedby atleast60°. In particular,the openingof the NNC
angleis found alwaysassociatedvith the CNNC twisting of
ca. 90°. This indicatesthat a simple way to achieve the
decouplingof the two N-¢ moietiesis to apply a degreeof
torsionaroundthe N=N bond,becausét weakenghe conjuga-
tion betweenthe two moieties.This implies that the inversion
mechanisntannotoperatealone,but needg¢o becombinedand
inducedby a significantamountof torsion.On the otherhand,
the torsion mechanismby itself can lead to an easyE—Z
isomerizationlf we takeinto accountnotonly geometricpaths,
but alsothe activationenergiesthe possiblepathwaysfor the
S: photoisomerizatiorare not simply torsionor inversion,but
rather,they may be distinguishedasfollows:

(a) Simpletorsionaroundthe N=N bond,which is the most
favoredon energyground,

(b) Torsion aroundthe N=N bond combinedwith some
degreeof inversionof oneNNC angle.In this casethe activa-
tion energiesncreasewith the openingof the NNC angle,and

(c) Inversionmechanismwhich is the limiting caseof (b),
whenNNC reachesl80.

To clarify further the interplay of the inversionmechanism
with thetorsioncoordinate we havemappedhe CI hyperline
connectingthe Cls of the twisted region with the Cls of the
inverted region. Theseresults (see Figure 4) show that an
extendeds)/S, crossingregionexistswhich embracestructures
smoothlychangingfrom a puretorsional(lower energy)to an
inversion(higherenergyby ca. 25 kcal/mol) mechanismThis
featureis shownto be of high chemicalrelevancefor Ab $;
photochemistry:S; reactionchanneldor theisolatedmolecule
(i.e.,the MEPsshownin Figure5), bothfrom the cis andtrans
Ab side, are seento interceptthe low energy part of the
intersectionspace thus pointing unambiguouslyto a favored
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torsionalreactioncoordinateastheintrinsic photoisomerization
pathfor isolatedAb on S;. Neverthelessif the pure twisting
motion is hindered for some reasonand a space saving
photoisomerizatiorprocessis preferred(for example,for Ab
moleculesnsertedn liquid crystalstackedayersor in the solid
state),a compromisebetweerenergeticandgeometricrequire-
mentscan be possiblyreachedjfavoring deactivationfunnels
atgeometriesntermediatebetweermpuretorsionalandinversion
mechanismsln thesecasesassigningthe photoisomerization
procesgo a purereactioncoordinatgeithertorsionor inversion)
canbe misleadingandbothcomponentganbecoméamportant.

The presentresults, as well as recent previous work 2325
contradictthe traditional notion that the photoisomerizatiorof
isolated Ab in the S;(nz*) state occurs via the inversion
coordinate.This ideais basedon the observationthatin Ab-
phanes,at variancewith Ab, the quantumyields of photo-
isomerizationin S; and S; arethe samé& and are qualitatively
equalto the quantumyield of Ab in S;. It is basedalsoon the
assumptiorthat the E—Z isomerizationvia torsion of one Ab
moleculebelongingto Ab-phaneswould be inhibited by the
rigidity of the system,which would preventlarge sweeping
motion of the benzenerings. However, this argumentis not
supportedy anestimateof the energypenaltyfor isomerization
via rotation of one Ab moleculein Ab-phanesAs a matterof
fact, the Ab-phaneswhich allow one E-Ab (11 A long from
one paracarbonatomto the other)to coexistwith one Z-Ab
(only 7 A long), cannotbe very rigid. The modestrigidity of
the Ab-phanesandthe weaknes®f the argument,s demon-
stratedby the experimentof Tannerand Wennerstrorf? who
wereableto showthat eventhe stilbenophanedpr which the
inversioncoordinatds notavailable doisomerize The present
resultsarein contrastwith the inversionmechanisnproposed
by Taharael al 22 on the basisof their time-resolvedmeasures
of fluorescencespectraand decay kinetics. Their analysis
originatesfrom arbitraryassumptiongboutthe mechanismand
the geometryof singletsdecaythat are not supportedby the
observationsor theoreticalargumentsTherefore,the torsion
mechanisnfor the E—Z isomerizationon S; doesnot seemto
be contrastedy any clear-cutexperimentakvidence.

The presentresultsprovide an explanationfor the observed
time dependencef the S, fluorescenceand S, — S, transient
absorptionThefluorescencemissionwasfoundto decaywith
alifetime of 0.3 psin the E form and0.1 psin theZ form 50 A
similar lifetime, 0.2 ps, wasfound recently? for the E isomer
excitedin the S; state.The transientabsorptionwas found to
decaywith abiexponentiaform with time constant®f 0.3and
3 psin the E form and,accordingto a single-exponentialvay,
with atime constanbof 0.1 psin the Z form.50 We attributethe
subpicosecondlecay of fluorescenceand of the transient
absorptiorto thevibrationalenergyredistributionstartingfrom
the FC excitedvibronic states We associateahe slowerdecay
(3 ps) of thetransientabsorptiorobservednly for the E isomer
with the subsequennotiontowardthe Cls of thetwistedregion,
which requiresthe overcomingof a barrier of 2 kcal/mol and
is therebyslower.The barrierlesgpathleadingfrom the Z form
to thetwistedCls onthe S; PESagreeswith the absencef the

(49) Tanner,D.; WennerstromQ. 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.
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slow componenbbservedn the Z isomerdecay.To the best
of our knowledge the only measuresf the E—Z photoisomer-
ization in Ab as a function of the temperature(T) were
performedby Fischer? They showthat, by exciting Sy, the Z

— E quantumyields are essentiallyindependenof T, while

the E — Z quantumyields decreaséy lowering T in sucha

way asto suggestheactivationenergyto be 2 kcal/mol,avalue
in very goodagreementvith the TSys—1 energycalculatedoy

us (seeTable 1).

In this work, we provide evidencein supportof the torsion
mechanisnfor the Ab isomerizationn the statesS, andT;. As
is shownin Figure5, the minimumin the T; PESis found at
the twisted geometry,whereit is below the S barrier. The
groundsingletstatePEShasa TS of similar energiesca. 40
kcal/mol, for both the isomerizationroutes.However,the S
andT; PEScrossalongthetorsion,but notalongtheinversion
coordinateThereforethedecayof T, is expectedo occurmore
efficiently via the torsionmechanismandits rate dependson
the strengthof the relevantSO couplings.We havenow found
that thesecouplings,amountingto about20 cm™, are large
enoughto ensurethatthe rate of the T, — S isc processs of
theorderof 10t s~1, ThisrateindicateshatAb candecayfrom
T;1 to the ground state in ca. 10 ps and that the torsion
mechanisnprovidesindeeda very efficient mechanisnior the
T; decayandisomerizationThe shortT, lifetime and,presum-
ably, the difficulty of preparingthe Ab moleculein this state,
offer anexplanatiorfor thelack of T, observatiorthusfar. The
guantunyield of theZ — E photosensitizeghotoisomerization
is closeto 1, while the yield of the oppositeprocesss about
0.011752Theseobservationsreaccountedor by the fact that
the lower energySy/T; crossingis on the E sideandis almost
degeneratavith the T1 minimum (seeFigure5).

The thermalisomerizationmay take placeby the inversion
mechanismthe adiabatidorsionmechanisnon the o PESand
the nonadiabatidorsion mechanismvia the crossingSy—T1—
So. Thelatteris characterizedby a lower barrier (32 kcal/mol),
correspondingo the energyof the higher Sy/T; crossing,but
requiresa changean spin-multiplicity. The mostefficient route
at a giventemperaturéds decidedby the strengthof the So—T;
SO couplings.

Thecalculatedbreexponentidiactorfor thenonadiabaticoute
of the thermalisomerizationis similar to the rate of the T; —
S isc andthusis about10 s~ This value,which is slightly
lower thanthetypical frequencyfactor of anadiabatigprocess,
is in agreementwith the value of the preexponentiafactor
obtainedfrom the experiments$:#46 The calculatedactivation
energy of 20 kcal/mol with respectto the Z form is also
consistentwith the measuredactivation enthalpyof 22 kcal/
mol 3446 Thereforethe presentalculationindicatesghatthermal
isomerizatioroccursby the nonadiabati¢orsionmechanisnand
predictskinetic parametersn agreementvith the experimental
results.The mechanismof thethermalisomerizatiorof Ab has
beenthe subjectof a lively debatein the literature#6-48.53.54
The inversion mechanismreceivedsupportmainly from the
observationthat isomerization occurs in hindered azoben-
zenes*8 However, as discussedabove, the occurrenceof
isomerizatiorobservedn stilbenophanesonsiderablyveakens

(52) JonesL. B.; Hammond,G. S. J. Am. Chem. Soc. 1965, 87, 4219.
(53) NerbonneJ. 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 argumentAn alternativeway to discriminatebetweerthe
two mechanismss to useliquid crystalsassolventswherethe
molecules are arrangedin stacked layers, and solute Ab
molecules being planar,are insertedin the stacks.If the Ab
moleculesisomerizevia a motion in the plane, they cause
minimal perturbationon the solvent structure. Should the
isomerizationoccur by torsion, the solvent layers will be
disturbed The comparisorof theactivationparameterseasured
for thethermalisomerizatiorof Ab in isotropicandcholesteric
liquid crystalsolventswasfoundto be clearly more consistent
with thetorsionmechanisn®? Thus,thetorsionmechanisnfor
the E—Z thermalisomerizationappeargo be supportedby an
experimentahpproactthatis quite usefulto elucidatereaction
mechanisms.

The study of the PESandthe critical geometrieof the S,
stateis underwayandwill be presentectlsewhere.
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