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We have performeda femtosecondpump-probeand nanosecond�ash-photolysismeasurementson a new type of pho-
tochromicmolecules.Thesephotochromesincorporatean indolo[2,1-b][1,3]benzoxazinering systemwhich opensuponUV
light excitationandclosesbackwithin a few tensof ns. Thedetailsof ring openingandspectralpropertiesof thephotoprod-
uctshave beenstudiedby investigatingthespectralsignaturesof themodelcompoundsrepresentingseparatestructuralparts
of thephotochromicswitch. Comparisonof thephotoinduceddynamicsof themodelcompoundsandthoseof photochromic
moleculehasrevealedadetailedmolecularpictureof thelight-drivenswitchfunction.
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1. Intr oduction

Despitetheearlydiscoveryof photochromism[1,2]
andcontinuousresearchefforts in this �eld [3–7], pho-
tochromicmolecularcompoundsstill attractampleat-
tention due to their distinctive properties. Thesein-
cludethe ability to changeabsorptionspectraand/ or
refractive index [8], modulating molecular �uores-
cenceyield [9] andoptically inducingstructuralchang-
es in supramolecularcomplexes [10–12]. All these
modi�cations are reversiblevia thermalback conver-
sion or upon exposureto a light of different wave-
length. Essentialmechanismsresponsiblefor these
photoinitiated changesin photochromiccompounds
are: transformationin isomerization,intramolecular
protontransfer, chemicalbondcleavage,or otherstere-
oelectronicmodi�cations [13]. Due to unimolecular
characterof photochromictransformation,thesecom-
poundswereproposedto beusedfor high-densityopti-
cal datastorage,or molecular-scaleoptoelectronicde-
vices[14].

One of the newly synthesized[15–17] groupsof
photochromiccompoundsare indolo[2,1-b][1,3]benz-
oxazines. Thesephotochromesundergo a fast C–O
bond cleavage upon UV excitation which results in
the formation of two distinct chromophoricgroups

[18,19]. A broken C–O bond causesa formation of
¼-bondbetweennitrogenandchiral carbonatom,thus
extendingtheconjugatedsystemof 3H-indolium. Ad-
ditionally, the broken bond enablesthe formation of
4-nitrophenolateanion,which is ableto absorbvisible
light at ca. 430 nm [16]. Thesephotochromesrevert
thermally back to their initial statewithin ten-to-few
hundrednanoseconds1 after the excitation, and C–O
bond re-forms[20]. This “on–off ” switching time is
oneof thefastestamongthephotochromiccompounds.
Anothernoticeablefeatureof thesephotochromsis an
excellentfatigueresistance,whichallows thousandsof
switchingcycleswith no apparentsignof degradation
[20].

In this paper, we presenta study on a compound
with the simplestchemicalstructurefrom the group
of indolo[2,1-b][1,3]benzoxazines(IB1 in Fig. 1). Re-
cently it hasbeenshown [18,20] thatabsorptionspec-
tra of IB1 in its opened(IB1b) and closed (IB1a)
ring con�gurationscanbesuf�ciently well understood
as a combinationof spectral featurescharacteristic
of its constituentmoieties. Thus, in our transient
1 Note that presentedlifetimes are for photochromesin solution;

oncethesemoleculesareincorporatedin polymermatrices,back-
switchingdurationsincreaseby 3–4ordersof magnitude.
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Fig. 1. UV-inducedreversible interconversion of indolo[2,1-b]
[1,3]benzoxazineIB1a to zwitterionIB1b.

absorptionstudies,we compareultrafast responsesof
IB1 with thoseof its model compounds,represent-
ing two chromophoricgroups comprising the pho-
toswitch. To our knowledge, this is the �rst at-
temptto investigateultrafastdynamicsin thefamily of
indolo[2,1-b][1,3]benzoxazinephotochromes.

2. Materials and methods

Samplepreparation. Acetonitrile(MeCN) waspur-
chasedfrom Sigma-Aldrich(gradientgrade)andused
as received. 1,2,3,3-tetramethyl-3H-indolium iodide
(IndI in Fig. 2) wassynthesizedby alkylation of 2,3,3-
trimethyl-3H-indole with iodomethaneand recrystal-
lized from ethanol. IndI solution in MeCN was
used as a model systemfor 3H-indolium cation of
IB1b. The concentrationwas adjustedto have opti-
cal density of ca. 0.8 of the sampleat the excita-
tion wavelength(Fig. 2). 4-nitrophenolwasalsopur-
chasedfrom Sigma-Aldrichand, in order to prepare
sodium4-nitrophenolatesolutionin MeCN, powdered
4-nitrophenolwasdissolved in MeCN (pNph, Fig. 2)
anddry sodiumcarbonatewasaddedto thesolutionto
deprotonatethephenolichydroxyl groupof pNph.Af-
ter the �ltration of precipitates,this yieldeda solution
of chromophorepossessingsodium 4-nitrophenolate
(pNphe in Fig. 2). pNph and pNphe were usedas
model systemsfor closed(IB1a) and opened(IB1b)
forms of IB1 nitrophenolmoiety [20]. The concen-
trationsof pNphandpNphesolutions,usedin our ex-
periments,were0.5 and0.25 mM respectively. Pho-
tochromic compoundIB1a (5a,6,6-trimethyl-2-nitro-
5a,6-dihydro-12H-indolo[2,1-b][1,3]benzoxazine)was
synthesizedaccordingto the proceduredescribedear-
lier [15]. Solutionsof IB1a in MeCN with the cor-
respondingconcentrationsof » 0.8 and1.9 mM were
used respectively for fs pump-probeand ns �ash-
photolysismeasurements.All the spectroscopicmea-
surementspresentedin this studywerecarriedout at
room temperature,with the samplesstoredin closed
fusedsilicacellsof 1 mmpathlength.

Fig. 2. Steady-stateabsorptionand emissionspectraand struc-
tural formulaeof investigatedcompounds.Top graph: absorption
(a), fs excitation pulse(b), and �uorescence(c) spectraof 2,3,3-
trimethyl-3H-indolium iodide (IndI) dissolved in MeCN. Middle
graph: steady-statesampleabsorptionspectraof 4-nitrophenol
(pNph,g) andsodium4-nitrophenolate(pNphe,e), thewavelengths
of pumplight usedin pump-probeexperimentson pNph andpN-
pherespectively (d andf ). Dashedline is pNph absorptionwith
theconcentrationidenticalto thatof pNphesample.Lower graph:
steady-stateabsorptionspectra(h) andstructuralformula of pho-
tochromiccompoundIB1a. The excitation laserwavelengthsfor
fs pump-probe(i) andns �ash-photolysis(j) experimentsaredis-

played.

Steady-statespectra. Steady-stateabsorptionspec-
tra were measuredusing a scanningspectrophotome-
ter(ShimadzuUV-3101PC).Fluorescencespectrawere
measuredby exciting samplewith a laserradiationand
collecting the emissionlight into a �bre-optic spec-
trometer(AvantesAvaSpec-2048).
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Pump-probe measurements. For the pump-probe
measurementswe have used a home-built transient
absorptionspectrometerbacked by the femtosecond
lasersystem(Spectra-Physics, Spit�re), which deliv-
ered1 mJ pulseswith the durationof 130 fs at 1 kHz
repetition rate. The wavelengthof generatedradia-
tion was centredat 805 nm, the spectralbandwidth
was» 150 cm¡ 1. Optical parametricampli�er (OPA)
(TOPAS, Light Conversion)was usedto obtain tun-
ablepumppulsesmatchingthesampleabsorptionspec-
trum. White-light continuum,generatedby focusinga
weak805 nm beaminto a CaF2 crystal,wasusedas
a broadbandprobe. Groupvelocity dispersionwithin
the probepulsewascharacterizedby optical Kerr ef-
fect in MeCN. Theobtaineddispersioncurve wasfur-
ther re�ned in the global analysisprocedureusedto
analysethe data. In all �gures, the presenteddatais
correctedfor thedispersionof theprobelight. Tempo-
ral delaybetweenthepumpandprobepulseswasvar-
iedby changingtheopticalpathlengthtravelledby the
probepulsethat wassentto the hollow retrore�ector
placedon computer-controlledlineartranslationstage.
Polarizationsof pumpandprobebeamswerelinearand
setto beat themagicangle(54.7±) with respectto each
other. Both beamswerefocusedinto the samplewith
the probe diameterset to » 90 ¹ m and pump being
roughly 2–2.5times larger. The probelight transmit-
ted throughthe samplewasdispersedusingan imag-
ing spectrographandrecordedby linear-arraydetector
(Hamamatsu).Collectedspectrahadanaveragenoise
level of < 0.5 mOD, with anexceptionof 725–800re-
gion wherethe noisewas2–3 mOD. This increasein
the noisewascausedby the instabilitiesof the white-
light continuumthatwerebecomingmorepronounced
in the spectralproximity of the driving 805 nm pulse.
Within one experimentaltime point, ca. 5000 white
light spectrawereaveragedanddifferenceabsorption
spectrumwascalculated.A typical datasetcontained
512 spectralpointsandca. 120 time points. Steady-
stateabsorptionspectracollectedbeforeandaftereach
experimentdid notshow any substantialsignsof photo-
degradation.

Flash-photolysismeasurements.In the�ash-photol-
ysisexperimentsthesamplewasexcitedby exposingit
to the4thharmonicof nanosecondNd: YAG laser(Ek-
splaNL301). The pulseenergy andexcitation wave-
length was respectively 6 mJ and 266 nm. Samples
wereexposedto anunfocusedlaserbeamwith thedi-
ameterof ca. 2.6 mm. Light �ashes with the dura-
tion of » 100 ¹ s producedby the laser-synchronized
Xe �ash lampwereusedto strobethesampletransmis-

sion,whilst temporalchangesin its absorptionspectra
weredetectedusinga monochromator, behindwhich a
high-speedphotodiodewasplacedandconnectedto a
1 GHz bandwidthoscilloscope(TektronixTDS 7104).
Temporalresolutionof thesemeasurementswas lim-
ited by thedurationof our laserpulseandwasapprox-
imately4–5ns. All thenanosecondkinetic tracespre-
sentedhereareaveragedfrom 20 singleshotmeasure-
ments.

Data analysis procedures. The collected time-
resolvedspectraandtraceswereanalysedusingglobal
analysistechniquesdescribedbefore[21,22]. In short,
a certaindiscretenumberof compartments,connected
in-betweenby linear rate kinetics, are assumedas a
model systemfor the data to be �tted. The excita-
tion populatesone or several of thesecompartments
and,astimepasses,compartmentpopulationsareredis-
tributedaccordingto theassumedconnectivity scheme.
Freeparametersof the�t areratesof redistributionbe-
tweenparticularcompartmentsandspectraassignedto
a certaincompartment.For simplicity, datapresented
in this paperis �tted usinga sequential(evolutionary)
model,wheredifferentcompartmentsarecharacterized
by time-dependentconcentrationsci (t) andevolve in
series(c1(t) ! c2(t) ! : : :). Theseconcentrationsare
describedby thefollowing systemof differentialequa-
tions:

d
dt

c1(t) = I (t) ¡
1
¿1

c1(t) ;

d
dt

ci (t) =
1

¿i ¡ 1
ci ¡ 1(t) ¡

1
¿i

ci (t) ; i 6= 1; (1)

andthemodelfunctionusedto �t thedatais

F (t; ¸ ) =
nX

i =1

ci (t) ¾i (¸ ) : (2)

Here¿i is thelifetime of i th compartment(adecayrate
with which it transformsto the i + 1 one),I (t) is the
inputof thesystem,whichpopulatesonly the�rst com-
partmentandhasaGaussianpro�le with FWHM equal
to the instrumentresponsefunction (IRF), and ¾i (¸ )
is a speciesassociateddifferencespectrum(SADS)of
i th compartment.Thenumberof compartmentsn was
setto the smallestonewhich yieldeda �t with all the
featuresof spectraldynamicspresentin collecteddata.
Thisspeci�c wayof �tting shouldnotbeseenasanim-
plicationthatourmeasureddataresultsfromthesystem
governedby asequentialdynamics,but ratherit should
beregardedasa convenientway of parametrizingand
presentingthevastamountof experimentaldata.
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3. Results

3.1.Steady-stateabsorptionand�uor escencespectra

Absorptionand�uorescencespectraof the investi-
gatedcompoundstogetherwith their structuralformu-
lae arepresentedin Fig. 2. The top part of the �gure
depictsabsorption(a) andemission(c) spectraof IndI.
Two overlappingbandsareobserved in theabsorption
spectrum:a relatively weakonewith themaximumat
ca. 278 nm andanotherone,almost3 timesstronger,
peakingaround247nm. Photostabilitytestsusingthe
pump light of the pump-probeexperimentshave re-
vealedthatthesebandsarequitedistinctin theirphoto-
dynamics:anexcitationof IndI at247nmcausessome
2 to 3 ordersof magnitudefastersampledegradation
while comparingit with a photoexcitation of 278 nm
bandin an optically matchedIndI sample.Moreover,
the position of this band correspondsto the absorp-
tion of iodineanionandis dueto its charge-transfer-to-
solvent band(2P3=2) in MeCN [23,24]. The red edge
of this bandin MeCN is ca. 270nm, thustheabsorp-
tion of thelowestlying band(278nm)canbeattributed
only to3H-indoliumcation.Only thisbandwasexcited
while conductingourexperiments(seethespectrumof
excitationpulsein Fig. 2, top panel).The�uorescence
spectrumof 3H-indoliumpeaksaround375nm,which
correspondsto aStokesshift of 9300cm¡ 1.

Curvesg ande in Fig. 2 depicttheabsorptionspec-
tra of pNph andpNphe. Evidently, the deprotonation
of pNphandtheformationof pNpheproducesasignif-
icant red shift in its absorptionspectrum:the peakof
red-mostbandshifts from 309 to 415 nm, which cor-
respondsto the 3250cm¡ 1 decreasein the excitation
energy. From the comparisonof the spectraof these
two speciesat equalconcentrations(dashedline and
e line in Fig. 2) it is clear that the twofold increase
in a maximumextinction coef�cient is associatedwith
aforementioneddeprotonationreactionof pNph.

Absorptionspectrumof IB1a is dominatedby two
distinct bandsat 230 and302 nm. The 302 nm band
qualitatively coincideswith pNph absorption.Indeed,
it is usually assumedin the literaturethat the conju-
gated systemsof two chromophoricgroupsof IB1a
moleculedo not interactstrongly[20]. The pNph ab-
sorptionmaximumis at309nm(g, Fig.2 and[20]) and
its extinction coef�cient is » 10 mM¡ 1cm¡ 1. Mean-
while, the reportedvaluesof thesenumbersfor In-
doline are ¸ max » 290 nm and " » 2 mM¡ 1cm¡ 1

[20,25]. Obviously, the 302 nm absorptionbandof
IB1a is dominatedby pNph moiety with someminor
in�uence of Indolinepart.

3.2.Pump-probeon3H-indoliumiodide(IndI)

For IndI pumpingwe have useda 278nm OPA out-
put with thebandwidthof 230cm¡ 1 (Fig. 2 b). Pump
pulseenergy was » 500 nJ and estimatedinstrument
responsefunction (IRF), for this con�guration, was
around280 fs. Representative pump-probetracesand
spectraaredisplayedin Fig. 3. Fromthespectrashown
in Fig. 3 it is evident that femtoseconddynamicsof
IndI is dominatedby two inducedabsorptionbands
which are formed within sub-IRFtime scale. These
two bandsexhibit differentbehaviour: the�rst bandap-
pearsat 337nm andwithin its decaytime of ca. 10 ps
(Fig. 3, opensquares)graduallyshiftsby 12 nm to the
blue,whilst thesecondoneappearsat 580nm, rapidly
(within 200–500fs) shifts to ca. 528 nm, and then
steadilyvanishes.Theshiftingof secondbandcanalso
beobserved in thekinetic traces;500nm tracegradu-
ally increaseswithin 500fs afterexcitation,while other
tracesfollow moreor lessinstrumentresponselimited
growth. In thetransientabsorptionspectrameasuredon
picosecondtime scales,broadinducedabsorption(IA)
plateauis observed stretchingover the region of 400–
800nm, with anadditionalIA bandpeakingat around
725 nm. At timesafter ca. 2 ps, a negative bandap-
pearsat ca. 365nm. Its positionroughlycorresponds
to the peakof IndI �uorescencespectrum(curve c in
Fig. 2), indicating that this bandcan be attributed to
stimulatedemission(SE) of IndI. Note that this band
overlapswith IA plateauandthis cancauseadditional
distortionor smallconceivableshift.

3.3.Pump-probeon4-nitrophenoland
4-nitrophenolate(pNph& pNphe)

Excitation of pNph was performedusing 311 nm
(» 170 cm¡ 1 bandwidth)wavelengthand 500 nJ en-
ergy fs laserpulseswith an estimatedIRF of 215 fs.
Selectedpump-probedataare presentedin the upper
partof Fig.4. Here,in theinitial spectrum,correspond-
ing to 125fs probedelay, a sharpnegative peakis ob-
served at around342 nm. Its wavelengthcorresponds
to the Stokesshiftedpumpwavelength(the strongest
vibrational band in acetonitrile lies at 2940.8 cm¡ 1

[26]), which,togetherwith thefactthatthebandis only
observed during the time-overlap of pump and probe
pulses,shows thatthebandis dueto theimpulsive Ra-
manscatteringof thepump. Anotherspectralfeature,
which appearsin the �rst time-gatedspectrumand is
morepronouncedin the consecutive oneof 400 fs, is
a wide inducedabsorptionbandin 350–650nm range
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Fig.3. Left graph:pump-probetracesof IndI for differentprobewavelengths(points),with globalanalysis�t onmeasureddata(solid lines),
basedon four-compartmentsequentialmodel.Experimentaland�tted traceswereoffsetvertically to aid theviewing. Dotedlinesshow the
realzero-level for appropriatetrace.Right graph:time-gatedpump-probespectrameasuredat variousdelays(indicatedin thelegend)after

theexcitationpulse.

Fig. 4. Selectedkinetic traces(left-handside)and time-gatedspectra(right-handside) from pump-probeexperimentson 4-nitrophenol
(pNph, uppergraphs)and 4-pitrophenolate(pNphe, lower graphs)chromophores.Solid lines show the �t curves obtainedusing four-
compartmentsequentialmodel.For clarity, all pNphkineticcurvestogetherwith the�ts wereoffsetby 1 or 2 mOD,while dotedlineswere

addedto illustratethezero-levels.Probewavelengthsfor tracesanddelaytimesfor spectraareillustratedin thecorrespondinglegends.
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with a pronouncedpeak around500 nm. The sig-
nal below 350 nm is negative. This decreasein ab-
sorbancematchesthe rededgeof steady-stateabsorp-
tion and is due to the groundstatebleaching(GSB).
On picosecondtime scales,IA additionallyextendsto
the red (up to 800 nm) and 500 nm band vanishes
within » 12 ps(open-down-triangletracein Fig. 4). At
45 ps after the excitation, doublebandstructurebe-
comesevident in thespectrum,with peaksaround400
and470nm,ontopto wideabsorptionregiondominat-
ing thevisible andnear-infraredpartsof spectrum.At
later times,pNph hasno apparentspectralredistribu-
tion andall spectralcomponentssimultaneouslydecay
within » 3 ns. This canbe seenclearly in the kinetic
traces,wherethedecayof GSBband(opensquaresin
Fig. 4) indicatesthereturnto theoriginalgroundstate.

pNphewasexcitedwith a fs laserpulsesof 415nm
wavelength and 280 cm¡ 1 bandwidth (curve f in
Fig. 2). Pulseenergy and the IRF of the experiment
were175nJand130fs respectively. Collectedpump-

probedataarepresentedin Fig. 4. An initial transient
absorptionspectrum(26 fs delay in Fig. 4), shows a
bleachingsignalheavily affectedby coherentartifacts
[27]. Speci�cally, across-phasemodulationcanbeob-
servedasa narrow spike aroundthepumpwavelength,
and stimulatedRamanscatteringband(seeabove) is
observedasa negative peakaround470nm. After the
disappearanceof coherentphenomena,GSBcanbeob-
servedclearlycentredaround415nm, andaninduced
absorptionstretchingall over the 450–750nm region.
Within ca.1 ps,this wide inducedabsorptionstructure
transformsinto a relatively narrow bandwith a peak
absorbancearound460nm andastime passesit grad-
ually decreasesandshifts to theblue. As it is evident
from the kinetic traces,transientabsorptionsignalof
pNphecomprisedof GSBandinducedabsorptionfully
disappearswithin 40psaftertheexcitation.

Fig. 5. Resultsfrom pump-probe(uppergraphs,IB1.PP)and�ash-photolysis(lower graphs,IB1.FP)experimentson IB1 photochromic
switch. Transientabsorptionkineticsfor characteristicwavelengths(left-handsidegraphs)andtime-gatedspectrafor selecteddelaytimes
(right-handsidegraphs).Probewavelengthsandgatetimesareshown in thelegends.Solid linesin thekinetic datasetsdepictresultsfrom

globalanalysis�tting for correspondingprobewavelengths.
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3.4.Pump-probeand�ash-photolysisexperiments
on IB1a

Excitation in the pump-probeexperimentson pho-
tochromicswitchIB1awasperformedusingthe303nm
wavelength(180 cm¡ 1 bandwidth,curve i in Fig. 2)
and 450 nJ energy femtosecondpulses. IRF for this
con�guration wasca. 200 fs. Selectedkinetic traces
and time-gated spectrafrom pump-probeand �ash-
photolysisexperimentson IB1a arepresentedin Fig. 5
(top). The �rst time-gatedspectrum(32 fs delay in
Fig. 5) measuredon IB1a shows two absorptionbands
andGSBsignalappearinginstantaneouslyaftertheex-
citation. Subsequently, within 500fs (see480fs spec-
trum in Fig. 5) the signalof GSB increases,while in-
ducedabsorptionbandsincreaseand converge closer
to eachother. The kinetic tracesdepict this conver-
gence,or gap disappearancebetweentwo absorption
bands,by slight slower ingrowth of the transientab-
sorption around430 nm (trace of open up-triangles,
Fig. 5), comparedto that at 500 nm (down-triangles).
Anothernon-IRFlimited changein the kineticsis the
increaseof GSBsignal. This gradualgrowth is an in-
dication that GSB initially overlapswith an induced
absorptionbandwhich disappearswithin ca. 8 ps af-
ter the excitation. Dynamicchangesoccurringon 5–
10 pstimescalearepresentover theentireinvestigated
spectralregion; they resultin qualitativechangesof the
shapeof transientabsorbancespectrum.A time-gated
spectrumat13psdisplaysabroadabsorptionplateauin
350–800nm region, with two distinctbandson top of
it. Thesebandsarecentredat 395and435nm. Within
subsequent3 ns, thesebandsshift respectively by 26
and5 nm to the blue, whilst the overall amplitudeof
absorptionplateaudecreasesby about40%. Further
dynamics,which wasobservedby themeansof �ash-
photolysis,is not as rich as in the ultrafast time do-
main(lower graphsin Fig. 5). Hereanevenmorepro-
nounced430nmbandis initially observed,placedover
thebroadinducedabsorptionplateau.This bandcom-
pletelyvanisheswithin 24nsaftertheexcitation.From
this point on, no otherspectralfeatures,excepttheab-
sorptionplateau,canbedistinguished.Thelogarithmic
partof 425nmkinetic trace(Fig. 5, crossed-square)il-
lustratesthedecayof absorptionplateau,whichalmost
completelydisappearsin ca.1 ¹ s.

4. Discussion

Thevastamountof presentedexperimentaldataand
the complexity of transientdynamicsin the investi-

gatedsystemsclearly requiresa moreconcisepresen-
tationof all themeasureddata,not just selectedplots,
to aid the interpretations.Thus we have usedglobal
�tting proceduresto systematizeandcompareexperi-
mentalresults(see“Materials andmethods”,Sec.2).
Theanalysisresultsfor all investigatedcompounds,in
theform of SADSandtheir lifetimes,arepresentedin
Fig. 6. The quality of the �t can roughly be judged
from the correspondencebetween�tted (solid lines)
andmeasuredkinetic tracesshown in Figs.3–5.

The initial, IRF limited, transientabsorptionspec-
trum of our IndI sample(Fig. 3) surprisinglywell re-
producesthe S1 ! Sn absorptionof indole radical
cation(Indolyl) in aqueousenvironmentthathasbeen
observed by various spectroscopicmethods[28–30].
Although indolyl radical and 3H-indolium cation in-
vestigatedherearenotexactly thesamemolecules,the
sizesand structuresof their conjugated systemsare
similar, thuspresumablyleadingto a closematchbe-
tweentheexcitedstateabsorption(ESA) spectra.An-
otherobservation that canimmediatelybe madefrom
the spectrais the similarity betweenthe 500 fs time-
gatedspectrumin Fig. 3 andtransientabsorptionspec-
trum of 3H-indolium cation in low-pH solution, re-
portedearlier by Jovanovic and Steenken [29]. The
fact that the spectralshifts observed on the ultrafast
timescalesare comparableto those induced by the
changesof solvent pH, could indicate that our sam-
ple undergoessubstantialcharge redistribution in the
excitedstate[31]. Alternatively, theobservedspectral
dynamicscouldbedueto therelaxationamongdiffer-
ent electronicstatesin the excited statemanifold. In
this case,the late spectra(curves 3 and 4 in Fig. 6)
would correspondto the relaxed S1 stateas indicated
by the SE band. The stimulatedemissionobserved in
the SADS of thesecompartmentsis accompaniedby
a featurelessabsorptionplateaustretchingfrom 425to
725nm. Thisplateaucouldbeattributedto theabsorp-
tion of dimer anion of MeCN [32], which is formed
uponphotoionizationof IndI, whentheelectedelectron
is trappedby two solventmolecules.

The�tting of pNphandpNphedatahasallowedat-
tributing theexact timescalesto theobserveddynamic
processes(Fig. 6, bottom). Qualitatively, the spectral
relaxationis asdescribedin theresultssection.Distinct
featureof pNphdynamicsis theappearanceof 500nm
bandabsorption,200fs pasttheexcitation,andits sub-
sequentdecayextendinginto the secondand third �t
compartments(pNph, Fig. 6). Anothernoticeableas-
pectis theconstantamplitudeof all SADSin thewave-
lengthregioncorrespondingtoGSB.Thisindicatesthat
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Fig. 6. Estimatedcompartmentspeciesassociateddifferencespectra(SADS)from theglobalanalysis�t on collectedpump-probedatafor:
3H-indolium iodide(IndI), 4-nitrophenoleate(pNphe),photochromIB1a(IB1a.PP),and4-nitrophenol(pNph).Sequentialdynamicsmodel
wasassumedfor all �ts. Compartment's numbersareshown on the spectraandtime constantsassociatedwith correspondingSADS are

givenin thelegend.

all thespectralredistributionsprior to the4th compart-
mentarenotassociatedwith thedisappearanceof exci-
tation,but ratherarecausedby otherphenomena,such
assolvation,vibrationalrelaxation,or internalconver-
siondynamicswithin / betweentheexcitedstate(s).Af-
ter the redistributions,we seethat inducedabsorption
and GSB of the last compartmentfully decaywith a
time constantof 1 ns. Given sucha relatively long
timescale,wecaninfer anassumptionthatthisdecayis
nonradiative,becausetheemissionof thissamplecould
notbedetected.

In the SADS of pNphe, we see that GSB band
hassimilar amplitudesonly in the �rst two compart-
ments,thusspectralrearrangementwithin the excited
statetakesonly · 400fs. AfterwardsGSBsignalcon-
tinuouslydecreaseswhile inducedabsorptionshifts to
the blue. This fastdecreasein GSB could be caused
by the presenceof conical intersectionbetweenreac-
tion surfacesof excited and groundstates,whilst the
thermalizationof “hot” groundstatewould be consis-
tent with blue shift of inducedabsorption.Time con-

stantassociatedwith thelastSADSof pNpheis 12 ps;
comparingit to thecorrespondingnumberfrom pNph
�t, we seethat protonremoval from 4-nitrophenolin-
creasesthe excitation relaxationrateby two ordersof
magnitude. Thus, in the further interpretationsthe
4-nitrophenolatechromophorecould be consideredas
excitationquencher.

The�rst eye-catchingthing,while comparingSADS
of IB1a with the onesof its modelcompounds,is the
similaritybetweenthe�rst compartmentspectraof IndI
andIB1a.PP. Notethatin thecomparisonof thesespec-
tra, one shouldkeep in mind the GSB bandpresent
in IB1a, which affects its spectralcomponentsbelow
375 nm; this causesa slight suppressionof induced
UV absorptionband in the �rst compartment. The
spectralresemblanceimpliesthatexcited3H-indolium
cation in IB1 is formedwithin the IRF of our exper-
iment. This implication is additionally supportedby
the fact that GSB band in IB1a.PPreachesis maxi-
mum at ca. 8 ps after the excitation (opensquaresin
Fig. 5), which closely resemblesthe overall lifetime
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of the UV absorptionband in IndI (opensquaresin
Fig. 3). Noneof the othermodelcompoundsinvesti-
gatedshow any substantialinducedabsorptionin 320–
340 nm range. Unfortunatelywe have not beenable
to performa pump-probeexperimenton a compound
whichwould resembleindolinemoietyin IB1a(closed
ring con�guration);but thismoietyhasasmallerconju-
gatedsystem,extendingonly to thebenzenering, thus
onewouldexpectthatsteady-stateabsorptionand,cor-
respondingly, ESA spectrawould beblue-shiftedwith
respectto thoseof IndI. Of course,it is conceivable
that abovementionedGSB bandsuppressioncanarise
from ESA of IB1 moleculeasa whole, but it is very
unlikely that it would produceanalogoustransientab-
sorptionspectrawith asimilardecaytimeasin IndI.

The SADS of IB1a.PPindicatethat initial induced
absorption,with a doublebandstructurein �rst com-
partment,transformsto a broad inducedabsorbance
with pronouncedbandaround500 nm (IB1a.PP2, in
Fig. 6). AlthoughexcitedIndI alsoproducesIA around
500 nm within ¸ 200 fs after the excitation, compari-
sonof relative amplitudesin the�rst andsecondcom-
partmentssuggeststhatapartfrom furtherdynamicsof
excited3H-indolium cationwe alsoseean input from
excited nitrophenolring. Another spectralfeatureof
IB1, which demonstratesdynamicssimilar to pNph,is
a featurelessabsorptionplateauin the red edgeof the
spectrumabove 650 nm. Hereconstantabsorptionis
observedonsubpicosecondandpicosecondtimescales
(compare2nd and3rd IB1a.PPcompartmentswith 3rd
and4th onesof pNph). Observationof pNph-like dy-
namics,at leastin the initial stepsof IB1a photoexci-
tation, is consistentwith thepoint thatexcitationband
in steady-stateabsorptionof IB1a is dominatedby ab-
sorbancefrom nitrophenolmoiety (seedescriptionin
theresultssectionand[20]).

So far, while discussingthe excitation dynamics
within the �rst three compartmentsof IB1a, we did
not encounterany inducedabsorptionpeakingaround
425nm. A distinctabsorptionbandaroundthis wave-
lengthwould bea signof nitrophenolateanionforma-
tion in IB1b. And indeed,only in the fourth SADS,
which is formedat 12 ps after the excitation, we see
a minute absorptionincreasearound425 nm, which
in the subsequentcompartmenttransformsto a more
pronouncedband. This apparentlymeansthat nitro-
phenolateanionin our photochromeforms 12 ps past
theexcitation,which is in slight contrastto our above-
mentionedassumptionof IRF limited formation of
3H-indoliumcation.It maybepossiblethatring open-
ing in IB1 andformationof two separateionsof zwit-

terion IB1b do not occursimultaneously. In principle,
afterthebondcleavagethe3H-indolium cationshould
beformedwithin the time necessaryfor the formation
of N= C bond,a processinvolving only electronicre-
con�guration. In contrast,to produceastablenitrophe-
nolateanion, IB1 photochromeneedsto undergo not
only theredistributionof electronsbut alsoexperiences
a minor conformationalchange:thedistanceC–Obe-
tweenatomschangesfrom 1.47Å in IB1a to 3.07Å in
IB1b (supportinginformationof [20]). Thuspossibly
the formationsof cationandanionspeciesareassoci-
atedwith differenttimeconstants.

Finally, the last spectrotemporaldynamic step of
IB1a.PPis the emergenceof absorptionbandaround
393nm(4th SADS)andits subsequentshift to 369nm
within 725 ps (5th SADS). Formationof this bandis
correlatedwith theappearanceof nitrophenolatechro-
mophoreandit cannotbeascribedto any of themodel
compoundsinvestigated. The fact that its appearance
is synchronizedwith the formation of anion in IB1b
couldmeanthatit originatesfrom somekind of coher-
ent interactionbetweenanionic part of IB1b and the
restof the molecule. Preconditionfor this interaction
canbefoundin Fig. 2, wherethereis anapparentover-
lap betweenbandsof IndI �uorescence(c) andpNphe
absorption(e). Thustheexcitationcancoupleor chan-
nel from 3H-indolium cation to nitrophenolateanion,
wereit wouldbeef�ciently quenched.

Tomasuloet al. [20] have recently performeda
�ash-photolysisexperimentson photochromeIB1 and
interpretedtheir resultsby a simple model: UV in-
ducedC–Obondcleavageproducesa 4-nitrophenolate
chromophorewhich causesan absorptionincreasein
the visible region; subsequentlycleaved bond ther-
mally re-formsbackand inducedabsorptionvanishes
with the time constantof ca. 22 ns. Resultsof our
�ash-photolysismeasurementson IB1a, in the form
of SADS, arepresentedin Fig. 7. It is obvious that,
apartfrom 4-nitrophenolateanionabsorption,thereis a
longer-lived absorptionplateauwith an increasingab-
sorbancein thebluepartof thespectrum(2nd and3rd
compartmentin Fig. 7). An absorptionbandassigned
to 4-nitrophenolateis observedonly in the�rst �t com-
partment,which decayswith the lifetime of 8 ns. The
following decayof absorptionplateautakesabout40ns
with anexceptionof UV regionwhereit lingerslonger
than1 ¹ s. The lifetime valuesof thesamecompound
reportedby Tomasuloetal. probablypartially incorpo-
ratethedecayof absorptionplateauwhichhasnotbeen
clearly resolved in their experimentbecauseof lower
signal-to-noiseratio.
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Fig. 7. The SADS resultingfrom the global analysis�t of pho-
tochromIB1a�ash-photolysisdata(IB1a.FP).The�t wasdoneas-
sumingthree-compartmentsequentialdynamicsmodel. Theasso-

ciatedrateconstantsaregivenin thelegend.

Fromthepresenteddata,it is dif�cult to �nd a fea-
sible explanationfor this featurelessinducedabsorp-
tion plateau.It couldbecausedby someinteractionbe-
tweenanionicandcationicmoietiesof IB1b, although
it is strangewhy it persistsby two ordersof magni-
tude longer than 4-nitrophenolatechromophore. On
the other hand, this inducedabsorptioncould come
from a dimer valenceanionof MeCN [23,32] which
formswithin subpicosecondtimescaleaftertherelease
of electrontosolution.However, its spectralshapedoes
not resemblethat of the MeCN dimer anion,and the
lifetime of the anion has beenreportedto be in the
millisecondtime domain. Yet anotherpossibility for
the“long” timecomponentwouldbetheunequilibrated
groundstateor possibleformationof triplet states.Ad-
ditional experimentalwork andmodellingis necessary
toenablebetterinterpretationof thisabsorptionfeature.
Oneof thefew possibilitieswould bea searchfor pos-
sibletracesof solvatedelectronin MeCNwhichhasits
absorptionmaximaaround1.4¹ m [23,33].

To summarizethe results,we proposethe follow-
ing modelto synthesizethe observationson the ultra-
fastdynamicsin IB1a. UV excitation instantaneously
cleaves the C–O bond and the excited 3H-indolium
cation is formed within · 200 fs. Subsequently, the
moleculeundergoesa minor conformationalchange
and 4-nitrophenolateanion is fully formed in 12 ps.
The following interactionof the two moietiesof zwit-
terion results in the quenchingof excitation by the
nitrophenolateanion. Thesedynamicstepsprobably
do not occurwith 100%yields, andshortcutsbackto
the groundstatemay be present.Oneobvious short-
cut would be the situationwhere the conformational
change,requiredfor the visible absorbanceband to

form, fails to occurandthe responseof 4-nitrophenol
moietyinsteadof 4-nitrophenolateis observed.

5. Conclusions

We have useda femtosecondpump-probeandnan-
osecond�ash-photolysistechniquesto disentanglethe
excited statedynamicsof the indolo[2,1-b][1,3]benz-
oxazinephotochromicswitch. The observed forward-
switching dynamicscould be partly rationalizedby
the dynamicsof the model compounds,representing
different moietiesof the photochromicmolecule. A
schemeof excited state dynamicsresulting in pho-
tochromismwasproposed,thatallowedqualitative in-
terpretationof experimentalobservations. The under-
standingof the in�uence of different chromophoric
groupsin theswitchingbehaviour of this classof pho-
tochromesopensthe way of intelligent designof the
switcheswith desiredspectralanddynamicalproper-
ties.
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FOTOCHROMINIO JUNGINIO SUATSIDARAN �CIU OKSAZINO �IEDU
ULTRASPAR �CIOJI DINAMIKA

M. Barkauskasa, V. Martynaitisb, A. Ša�ckusb, R. Rotomskisa, V. Sirutkaitisa, M. Vengrisa

a Vilniausuniversitetas,Vilnius, Lietuva
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Santrauka

Atlikti femtosekundiniai�adinimo ir zondavimo beinanosekun-
diniai �ybsnio fotoliz�eseksperimentaisunaujaisusintetintaismo-
lekuliniais fotojungikliais. Šiuosefotojungikliuoseyra oksazino
�iedas, kuris atsidaromolekulei sug�erusUV srities foton�a, o po
to per kelet�a dešim�ci �u nanosekund�i�u v�el u�sidaro. Tirta �iedo

atsidarymodinamikair spektrin�esfotoprodukt�u savyb�es,lyginant
laikin�es spektroskopijos eksperimentus,atliktus su fotojungikliu,
sueksperimentais,atliktaissumodeliniaisdariniais,atitinkan�ciais
atskirasfotojungiklio grupes. Palyginusgautusrezultatus,pasīu-
lyta detalimolekuliniomechanizmo,lemian�cio fotochromiškum�a,
schema.


