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We have performeda femtosecongpump-probeand nanosecondash-photolysismeasurementsn a new type of pho-
tochromicmolecules.Thesephotochromedncorporateanindolo[2,1b][1,3]benzoxazinging systemwhich opensuponUV
light excitationandcloseshackwithin a few tensof ns. The detailsof ring openingandspectralpropertiesof the photoprod-
uctshave beenstudiedby investicating the spectralsignatureof the modelcompoundsepresentingeparatestructuralparts
of the photochromicswitch. Comparisorof the photoinducedlynamicsof the modelcompoundsndthoseof photochromic
moleculehasrevealeda detailedmolecularpictureof thelight-drivenswitchfunction.
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1. Intr oduction

Despitethe earlydiscovery of photochromisnil, 2]
andcontinuougesearcleffortsin this eld [3—7], pho-
tochromicmolecularcompoundsstill attractampleat-
tention due to their distinctive properties. Thesein-
cludethe ability to changeabsorptionspectraand/ or
refractve index [8], modulating molecular uores-
cenceyield [9] andoptically inducingstructuralchang-
esin supramoleculacomplees [10-12]. All these
modi cations are reversiblevia thermalback corver-
sion or upon exposureto a light of different wave-
length. Essentialmechanismgesponsiblefor these
photoinitiated changesin photochromiccompounds
are: transformationin isomerization,intramolecular
protontransfer chemicabondcleavage,or otherstere-
oelectronicmodi cations [13]. Due to unimolecular
characteiof photochromidransformationthesecom-
poundswereproposedo be usedfor high-densityopti-
cal datastorageor molecularscaleoptoelectroniade-
vices[14].

One of the newly synthesized15-17] groups of
photochromiccompoundsare indolo[2,1b][1,3]benz-
oxazines. Thesephotochromesindego a fast C-O
bond cleavage upon UV excitation which resultsin
the formation of two distinct chromophoricgroups
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[18,19]. A broken C—O bond causesa formation of
Yzbondbetweemitrogenandchiral carbonatom,thus
extendingthe conjugatedsystemof 3H-indolium. Ad-
ditionally, the broken bond enablesthe formation of
4-nitrophenolateanion,which is ableto absorbvisible
light at ca. 430 nm [16]. Thesephotochromesevert
thermally back to their initial statewithin ten-to-fav
hundrednanosecondsafter the excitation, and C-O
bondre-forms[20]. This “on—off” switchingtime is
oneof thefastesamongthe photochromiccompounds.
Anothernoticeablefeatureof thesephotochromss an
excellentfatigueresistancewhich allows thousand®f
switchingcycleswith no apparensign of degradation
[20].

In this paper we presenta study on a compound
with the simplestchemicalstructurefrom the group
of indolo[2,1h][1,3]benzoxazine¢lB1 in Fig. 1). Re-
centlyit hasbeenshavn [18,20] thatabsorptionspec-
tra of IB1 in its opened(IB1b) and closed (IBla)
ring con gurationscanbe sufciently well understood
as a combinationof spectralfeaturescharacteristic
of its constituentmoieties. Thus, in our transient

! Note that presentedifetimes are for photochromesn solution;
oncethesemoleculesareincorporatedn polymermatricespback-
switchingdurationsincreaseby 3—4 ordersof magnitude.
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Fig. 1. UV-inducedreversible intercorversion of indolo[2,14]
[1,3]benzoxazinéBlato zwitterion|B1b.

absorptionstudies,we compareultrafastresponsesf
IB1 with those of its model compounds,represent-
ing two chromophoricgroups comprising the pho-
toswitch. To our knowledge, this is the rst at-
temptto investicateultrafastdynamicsin the family of
indolo[2,1b][1,3]benzoxazinghotochromes.

2. Materials and methods

Sampleprepamtion. Acetonitrile (MeCN) waspur-
chasedrom Sigma-Aldrich(gradientgrade)andused
asreceved. 1,2,3,3-tetrametfi-3H-indolium iodide
(Indl in Fig. 2) wassynthesizedby alkylation of 2,3,3-
trimethyl-3H-indole with iodomethaneand recrystal-
lized from ethanol. Indl solution in MeCN was
used as a model systemfor 3H-indolium cation of
IB1b. The concentratiorwas adjustedto have opti-
cal density of ca. 0.8 of the sampleat the excita-
tion wavelength(Fig. 2). 4-nitrophenolwasalso pur
chasedfrom Sigma-Aldrichand, in orderto prepare
sodium4-nitrophenolatesolutionin MeCN, povdered
4-nitrophenolwas dissohed in MeCN (pNph, Fig. 2)
anddry sodiumcarbonatevasaddedo the solutionto
deprotonatehe phenolichydroxyl groupof pNph. Af-
ter the ltration of precipitatesthis yieldeda solution
of chromophorepossessingodium 4-nitrophenolate
(pNphein Fig. 2). pNph and pNphe were usedas
model systemsfor closed(IBla) and opened(IB1b)
forms of IB1 nitrophenolmoiety [20]. The concen-
trationsof pNph andpNphesolutions,usedin our ex-
periments,were 0.5 and 0.25 mM respectiely. Pho-
tochromic compoundIBla (5a,6,6-trimetil-2-nitro-
5a,6-ditydro-12H-indolo[2,1b][1,3]benzoxazineyvas
synthesizedccordingto the proceduredescribedear
lier [15]. Solutionsof IBla in MeCN with the cor-
respondingconcentration®f » 0.8 and 1.9 mM were
used respectrely for fs pump-probeand ns ash-
photolysismeasurementsAll the spectroscopienea-
surementgpresentedn this study were carriedout at
room temperaturewith the samplesstoredin closed
fusedsilica cellsof 1 mm pathlength.
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Fig. 2. Steady-state@bsorptionand emissionspectraand struc-
tural formulaeof investigatedcompounds.Top graph: absorption
(a), fs excitation pulse(b), and uorescence(c) spectraof 2,3,3-
trimethyl-3H-indolium iodide (Indl) dissohed in MeCN. Middle
graph: steady-statesampleabsorptionspectraof 4-nitrophenol
(pNph,g) andsodium4-nitrophenolat¢épNphe ), thewavelengths
of pumplight usedin pump-probeaxperimentson pNph and pN-
pherespectiely (d andf). Dashedline is pNph absorptionwith
the concentratioridenticalto thatof pNphesample.Lower graph:
steady-stat@bsorptionspectra(h) andstructuralformula of pho-
tochromiccompoundiBla. The excitation laserwavelengthsfor
fs pump-probe(i) andns ash-photolysis(j) experimentsaredis-
played.

Steady-statspecta. Steady-stat@bsorptionspec-
tra were measuredising a scanningspectrophotome-
ter(ShimadzuJV-3101PC)Fluorescencspectravere
measuredby exciting samplewith alaserradiationand
collecting the emissionlight into a bre-optic spec-
trometer(AvantesAvaSpec-2048).
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Pump-pobe measuements. For the pump-probe
measurementsve have used a home-lilt transient
absorptionspectrometetbacked by the femtosecond
laser system(Spectra-Pysics, Spit re), which deliv-
ered1l mJpulseswith the durationof 130fs at 1 kHz
repetitionrate. The wavelengthof generatedradia-
tion was centredat 805 nm, the spectralbandwidth
was» 150cmi 1. Optical parametricampli er (OPA)
(TOPAS, Light Corversion)was usedto obtain tun-
ablepumppulsesmatchinghesampleabsorptiorspec-
trum. White-light continuum,generatedby focusinga
weak 805 nm beaminto a CaF, crystal, wasusedas
a broadbandorobe. Group velocity dispersionwithin
the probe pulsewas characterizedby optical Kerr ef-
fectin MeCN. The obtaineddispersioncurve wasfur-
ther re ned in the global analysisprocedureusedto
analysethe data. In all gures, the presentediatais
correctedor the dispersiorof the probelight. Tempo-
ral delaybetweernthe pumpandprobepulseswasvar-
ied by changingheopticalpathlengthtravelledby the
probe pulsethat was sentto the hollow retrore ector
placedon computercontrolledlineartranslationstage.
Polarization®f pumpandprobebeamsaverelinearand
setto beatthemagicangle(54.7) with respecto each
other Both beamswerefocusedinto the samplewith
the probe diametersetto » 90 * m and pump being
roughly 2—2.5timeslarger. The probelight transmit-
ted throughthe samplewas dispersedising an imag-
ing spectrograpandrecordedoy lineararraydetector
(Hamamatsu) Collectedspectrahadan averagenoise
level of <0.5mOD, with an exceptionof 725-800re-
gion wherethe noisewas 2—-3 mOD. This increaséan
the noisewas causedy the instabilitiesof the white-
light continuumthatwerebecomingmore pronounced
in the spectralproximity of the driving 805 nm pulse.
Within one experimentaltime point, ca. 5000 white
light spectrawere averagedand differenceabsorption
spectrumwas calculated. A typical datasetcontained
512 spectralpointsandca. 120time points. Steady-
stateabsorptiorspectracollectedbeforeandaftereach
experimentdid notshaw ary substantiasignsof photo-
degradation.

Flash-photolysisneasuementsin the ash-photol-
ysisexperimentdhe samplewasexcited by exposingit
to the4th harmonicof nanosecon®ld: YAG laser(Ek-
splaNL301). The pulseenegy and excitation wave-
length was respectiely 6 mJ and 266 nm. Samples
wereexposedto an unfocusedaserbeamwith the di-
ameterof ca. 2.6 mm. Light asheswith the dura-
tion of » 100! s producedby the lasersynchronized
Xe ash lampwereusedto strobethesampletransmis-

sion, whilst temporalchangesn its absorptiorspectra
weredetectedusinga monochromatgiehindwhich a
high-speeghotodiodewas placedand connectedo a
1 GHz bandwidthoscilloscopgTektronix TDS 7104).
Temporalresolutionof thesemeasurementwas lim-
ited by the durationof our laserpulseandwasapprox-
imately4-5ns. All the nanosecondinetic tracespre-
sentedhereareaveragedrom 20 singleshotmeasure-
ments.

Data analysis procedues. The collected time-
resoled spectraandtraceswereanalysedisingglobal
analysisechniqueslescribedefore[21,22]. In short,
a certaindiscretenumberof compartmentsgonnected
in-betweenby linear rate kinetics, are assumedas a
model systemfor the datato be tted. The excita-
tion populatesone or several of thesecompartments
and,astime passes;ompartmenpopulationsareredis-
tributedaccordingo theassumedonnectvity scheme.
Freeparametersf the t areratesof redistritution be-
tweenparticularcompartmentandspectraassignedo
a certaincompartment.For simplicity, datapresented
in this paperis tted usinga sequentialevolutionary)
model,wheredifferentcompartmentarecharacterized
by time-dependentoncentrationg; (t) andevolve in
serieqcy(t) ! cp(t) ! :::). Theseconcentrationsre
describedy thefollowing systemof differentialequa-
tions:

Lam=10; écl(t) :

d 1 1 .
—c(t)= —c; ()i —a); 161 (1)
dt éil é
andthemodelfunctionusedto t thedatais
X
F(t,)= c()%(,): (2)

i=1
Hereg; is thelifetime of ith compartmen{a decayrate
with which it transformsto thei + 1 one), I (t) is the
inputof thesystemwhich populateonly the rst com-
partmentandhasa Gaussiampro le with FWHM equal
to the instrumentresponsdunction (IRF), and %(, )

is a speciesassociatedlifferencespectrum(SADS) of

ith compartmentThe numberof compartments was
setto the smallestonewhich yieldeda t with all the
featuresof spectraldynamicspresenin collecteddata.
Thisspeci cwayof tting shouldnotbeseerasanim-

plicationthatourmeasuredataresultsfrom thesystem
governedby a sequentiatlynamicsput ratherit should
be regardedasa corvenientway of parametrizingand
presentinghe vastamountof experimentaldata.
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3. Results
3.1.Steady-statabsorptionand uor escencepecta

Absorptionand uorescencespectraof the investi-
gatedcompoundgogethemwith their structuralformu-
lae are presentedn Fig. 2. Thetop partof the gure
depictsabsorption(a) andemission(c) spectraof Indl.
Two overlappingbandsareobsenedin the absorption
spectrum:arelatively weakonewith the maximumat
ca. 278 nm andanotherone,almost3 timesstrongey
peakingaround247 nm. Photostabilitytestsusingthe
pump light of the pump-probeexperimentshave re-
vealedthatthesebandsarequitedistinctin their photo-
dynamics:anexcitationof Indl at247nm causesome
2 to 3 ordersof magnitudefastersampledegradation
while comparingit with a photoecitation of 278 nm
bandin an optically matchedindl sample. Moreover,
the position of this band corresponddo the absorp-
tion of iodineanionandis dueto its chage-transfetto-
solventband(?Ps-,) in MeCN [23,24]. Thered edge
of this bandin MeCN is ca. 270 nm, thusthe absorp-
tion of thelowestlying band(278nm) canbeattributed
onlyto 3H-indoliumcation.Only thisbandwasexcited
while conductingour experimentgseethe spectrunof
excitationpulsein Fig. 2, top panel).The uorescence
spectrunof 3H-indolium peaksaround375nm, which
correspondso a Stokesshift of 9300cmi 1.

Curwesg ande in Fig. 2 depictthe absorptiorspec-
tra of pNph and pNphe. Evidently the deprotonation
of pNphandtheformationof pNpheproduces signif-
icantred shift in its absorptionspectrum:the peakof
red-mostbandshifts from 309 to 415 nm, which cor-
responddo the 3250cmi 1 decreasén the excitation
enegy. From the comparisonof the spectraof these
two speciesat equal concentrationgdashedine and
e line in Fig. 2) it is clearthat the twofold increase
in a maximumextinction coefcient is associatedvith
aforementionedieprotonatiomeactionof pNph.

Absorptionspectrumof IBla is dominatedby two
distinct bandsat 230 and 302 nm. The 302 nm band
qualitatively coincideswith pNph absorption.Indeed,
it is usually assumedn the literaturethat the conju-
gated systemsof two chromophoricgroupsof 1Bla
moleculedo not interactstrongly[20]. The pNph ab-
sorptionmaximumis at309nm (g, Fig. 2 and[20]) and
its extinction coefcient is » 10 mMi ‘cmi 1. Mean-
while, the reportedvaluesof thesenumbersfor In-
doline are , max » 290 nmand" » 2 mMi tcmi !
[20,25]. Olviously, the 302 nm absorptionband of
IBlais dominatedby pNph moiety with someminor
in uence of Indoline part.

3.2.Pump-pobeon 3H-indoliumiodide (Indl)

For Indl pumpingwe have useda 278 nm OFA out-
putwith the bandwidthof 230cmi * (Fig. 2 b). Pump
pulse enegy was » 500 nJ and estimatedinstrument
responsefunction (IRF), for this con guration, was
around280fs. Representate pump-proberacesand
spectraaredisplayedn Fig. 3. Fromthespectrashavn
in Fig. 3 it is evident that femtoseconddynamicsof
Indl is dominatedby two induced absorptionbands
which are formed within sub-IRFtime scale. These
two bandsexhibit differentbehaiour: the rst bandap-
pearsat 337 nm andwithin its decaytime of ca. 10 ps
(Fig. 3, opensquaresyraduallyshiftsby 12 nmto the
blue, whilst the secondbneappearst 580 nm, rapidly
(within 200-500fs) shifts to ca. 528 nm, and then
steadilyvanishesThe shifting of secondandcanalso
be obsenedin the kinetic traces;500 nm tracegradu-
ally increasesvithin 500fs afterexcitation,while other
tracesfollow moreor lessinstrumentresponsdimited
growth. In thetransienabsorptiorspectraneasureon
picosecondime scalesproadinducedabsorption(lA)
plateauis obsenred stretchingover the region of 400—
800 nm, with anadditionallA bandpeakingat around
725nm. At timesafterca. 2 ps, a negative bandap-
pearsat ca. 365 nm. Its positionroughly corresponds
to the peakof Indl uorescencespectrum(curve c in
Fig. 2), indicating that this band can be attributed to
stimulatedemission(SE) of Indl. Note that this band
overlapswith IA plateauandthis cancauseadditional
distortionor smallconcevableshift.

3.3.Pump-pobeon 4-nitrophenoland
4-nitrophenolatdpNph& pNphe)

Excitation of pNph was performedusing 311 nm
(» 170 cmi 1 bandwidth)wavelengthand 500 nJ en-
ey fs laserpulseswith an estimatedRF of 215 fs.
Selectedpump-probedataare presentedn the upper
partof Fig. 4. Here,in theinitial spectrumcorrespond-
ing to 125fs probedelay a sharpnegative peakis ob-
sened at around342 nm. Its wavelengthcorresponds
to the Stokes shifted pump wavelength(the strongest
vibrational band in acetonitrilelies at 2940.8cmi 1
[26]), which,togethemith thefactthatthebandis only
obsered during the time-overlap of pump and probe
pulsesshaws thatthe bandis dueto theimpulsive Ra-
manscatteringof the pump. Anotherspectralfeature,
which appearsn the rst time-gatedspectrumandis
more pronouncedn the consecutie one of 400fs, is
awide inducedabsorptiorbandin 350—-650nm range
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with a pronouncedpeak around500 nm. The sig-
nal belov 350 nm is negative. This decreasén ab-
sorbancematcheghe red edgeof steady-statabsorp-
tion andis dueto the groundstatebleaching(GSB).
On picosecondime scalesJA additionallyextendsto
the red (up to 800 nm) and 500 nm band vanishes
within » 12 ps(open-davn-triangletracein Fig. 4). At
45 ps after the excitation, double band structurebe-
comesevidentin the spectrumwith peaksaround400
and470nm,ontopto wide absorptiorregion dominat-
ing thevisible andnearinfraredpartsof spectrum.At
later times, pNph hasno apparentspectralredistritu-
tion andall spectrakomponentsimultaneoushdecay
within » 3 ns. This canbe seenclearly in the kinetic
traceswherethe decayof GSB band(opensquaresn
Fig. 4) indicateshereturnto the original groundstate.
pNphewasexcited with a fs laserpulsesof 415nm
wavelength and 280 cm' * bandwidth (curve f in
Fig. 2). Pulseenegy andthe IRF of the experiment
were175nJand130fs respectrely. Collectedpump-

probedataarepresentedn Fig. 4. An initial transient
absorptionspectrum(26 fs delayin Fig. 4), shavs a
bleachingsignalheavily affectedby coherentartifacts
[27]. Speci cally, across-phasenodulationcanbeob-
senedasanarrav spike aroundthe pumpwavelength,
and stimulatedRamanscatteringband (seeabove) is
obsened asa negative peakaround470nm. After the
disappearancef coherenphenomena;SBcanbeob-
senedclearly centredaround415nm, andaninduced
absorptionstretchingall over the 450—-750nm region.
Within ca. 1 ps, this wide inducedabsorptiorstructure
transformsinto a relatively narrov bandwith a peak
absorbancaround460nm andastime passedt grad-
ually decreaseandshiftsto the blue. As it is evident
from the kinetic traces,transientabsorptionsignal of
pNphecomprisedf GSBandinducedabsorptiorfully
disappearsvithin 40 psafterthe excitation.

Fig. 5. Resultsfrom pump-probguppergraphs,|B1.PP)and ash-photolysis(lower graphs,IB1.FP) experimentson IB1 photochromic

switch. Transientabsorptiorkineticsfor characteristivavelengthgleft-handsidegraphs)andtime-gatedspectraor selecteddelaytimes

(right-handsidegraphs).Probewavelengthsandgatetimesareshowvn in thelegends.Solid linesin the kinetic datasetslepictresultsfrom
globalanalysistting for correspondingrrobewavelengths.
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3.4.Pump-pobeand ash-photolysisexperiments
onliBla

Excitationin the pump-probesxperimentson pho-
tochromicswitchlBlawasperformedusingthe303nm
wavelength(180 cmi 1 bandwidth,curve i in Fig. 2)
and 450 nJ enegy femtosecondpulses. IRF for this
con guration wasca. 200fs. Selectedkinetic traces
and time-gated spectrafrom pump-probeand ash-
photolysisexperimentson IBla arepresentedn Fig. 5
(top). The rst time-gated spectrum(32 fs delay in
Fig. 5) measurean IBla shavs two absorptiorbands
andGSBsignalappearingnstantaneouslgfterthe ex-
citation. Subsequent|ywithin 500fs (see480fs spec-
trum in Fig. 5) the signalof GSB increaseswhile in-
ducedabsorptionbandsincreaseand cornverge closer
to eachother The kinetic tracesdepict this corver
gence,or gap disappearancbetweentwo absorption
bands,by slight slower ingrowth of the transientab-
sorptionaround430 nm (trace of open up-triangles,
Fig. 5), comparedo that at 500 nm (down-triangles).
Anothernon-IRFlimited changein the kineticsis the
increaseof GSB signal. This gradualgrowth is anin-
dication that GSB initially overlapswith an induced
absorptionbandwhich disappearsvithin ca. 8 ps af-
ter the excitation. Dynamic changesoccurringon 5—
10 pstimescalearepresenbver the entireinvesticated
spectraregion; they resultin qualitative change®f the
shapeof transientabsorbancepectrum.A time-gated
spectrumat13 psdisplaysabroadabsorptiorplateaun
350-800nm region, with two distinct bandson top of
it. Thesebandsarecentredat 395and435nm. Within
subsequenB ns, thesebandsshift respectiely by 26
and5 nm to the blue, whilst the overall amplitudeof
absorptionplateaudecreasedy about40%. Further
dynamicswhich wasobsered by the meansof ash-
photolysis,is not asrich asin the ultrafast time do-
main (lower graphsin Fig. 5). Hereaneven morepro-
nounced430nmbandis initially obsered,placedover
the broadinducedabsorptiorplateau.This bandcom-
pletelyvanisheswithin 24 nsaftertheexcitation. From
this point on, no otherspectralfeaturesgxceptthe ab-
sorptionplateaucanbedistinguishedThelogarithmic
partof 425nm kinetic trace(Fig. 5, crossed-squaré)}
lustrateghe decayof absorptiorplateauwhich almost
completelydisappearinca.1ts.

4. Discussion

Thevastamountof presentedxperimentadataand
the complity of transientdynamicsin the investi-

gatedsystemsclearly requiresa more concisepresen-
tation of all the measuredlata,not just selectedlots,
to aid the interpretations. Thus we have usedglobal

tting proceduredo systematizeand compareexperi-

mentalresults(see“Materials and methods”,Sec.2).

The analysisresultsfor all investicatedcompoundsin

theform of SADS andtheir lifetimes, are presentedn

Fig. 6. The quality of the t canroughly be judged
from the correspondencéetween tted (solid lines)
andmeasuredinetic tracesshovn in Figs.3-5.

Theinitial, IRF limited, transientabsorptionspec-
trum of our Indl sample(Fig. 3) surprisinglywell re-
producesthe S; ! S, absorptionof indole radical
cation(Indolyl) in aqueougrvironmentthat hasbeen
obsered by various spectroscopianethods[28-30].
Although indolyl radical and 3H-indolium cation in-
vesticatedherearenot exactly the samemoleculesthe
sizesand structuresof their conjucated systemsare
similar, thus presumablyleadingto a closematchbe-
tweenthe excited stateabsorption(ESA) spectra.An-
otherobsenation that canimmediatelybe madefrom
the spectrais the similarity betweenthe 500 fs time-
gatedspectrunin Fig. 3 andtransientabsorptiorspec-
trum of 3H-indolium cation in low-pH solution, re-
ported earlier by Jovanovic and Steenlen [29]. The
fact that the spectralshifts obsered on the ultrafast
timescalesare comparableto those induced by the
changesof solvent pH, could indicate that our sam-
ple undegoessubstantialchage redistrikution in the
excited state[31]. Alternatively, the obsened spectral
dynamicscould be dueto the relaxationamongdiffer-
ent electronicstatesin the excited statemanifold. In
this case,the late spectra(curves 3 and 4 in Fig. 6)
would correspondo the relaxed S; stateasindicated
by the SE band. The stimulatedemissionobsenedin
the SADS of thesecompartmentss accompaniedy
afeaturelesabsorptiorplateaustretchingfrom 425to
725nm. This plateaucould beattributedto theabsorp-
tion of dimer anion of MeCN [32], which is formed
uponphotoionizatiorof Indl, whentheelectecdelectron
is trappedby two solventmolecules.

The tting of pNphandpNphedatahasallowed at-
tributing the exacttimescalego the obsened dynamic
processegFig. 6, bottom). Qualitatvely, the spectral
relaxationis asdescribedn theresultssection.Distinct
featureof pNphdynamicsis theappearancef 500nm
bandabsorption200fs pastthe excitation,andits sub-
sequentdecayextendinginto the secondandthird t
compartmentgpNph, Fig. 6). Anothernoticeableas-
pectis theconstanamplitudeof all SADSin thewave-
lengthregioncorrespondingp GSB.Thisindicateghat



238 M. Barkauskastal. / LithuanianJ. Phys.48, 231-242(2008)

Fig. 6. Estimateccompartmenspeciesassociatedlifferencespectrf SADS) from theglobalanalysist on collectedpump-probedatafor:

3H-indoliumiodide (Indl), 4-nitrophenoleatépNphe) photochromBla (IB1a.PP)and4-nitrophenolpNph). Sequentialynamicamodel

wasassumedor all ts. Compartmens numbersare shavn on the spectraandtime constantsassociatedvith correspondingSADS are
givenin thelegend.

all thespectrakedistritutionsprior to the 4th compart-
mentarenotassociateavith the disappearancef exci-
tation, but ratherarecausedy otherphenomenasuch
assolvation, vibrationalrelaxation,or internalcorver-
siondynamicswithin / betweenheexcitedstate(s) Af-
ter the redistrilutions, we seethatinducedabsorption
and GSB of the last compartmenfully decaywith a
time constantof 1 ns. Given sucha relatvely long
timescalewe caninfer anassumptiorthatthis decayis
nonradiatve, becaus¢heemissiorof thissamplecould
notbedetected.

In the SADS of pNphe, we seethat GSB band
hassimilar amplitudesonly in the rst two compart-
ments,thus spectralrearrangementithin the excited
statetakesonly - 400fs. AfterwardsGSB signalcon-
tinuouslydecreasewhile inducedabsorptionshifts to
the blue. This fastdecreasén GSB could be caused
by the presenceof conicalintersectionbetweenreac-
tion surfacesof excited and groundstates,whilst the
thermalizationof “hot” groundstatewould be consis-
tentwith blue shift of inducedabsorption. Time con-

stantassociatedvith thelastSADS of pNpheis 12 ps;
comparingit to the correspondingiumberfrom pNph
t, we seethat protonremoval from 4-nitrophenolin-
creaseghe excitation relaxationrate by two ordersof
magnitude. Thus, in the further interpretationsthe
4-nitrophenolatechromophorecould be consideredas
excitationquencher

The rst eye-catchinghing, while comparingSADS
of IBla with the onesof its modelcompoundsis the
similarity betweerthe rst compartmengpectraof Indl
andiBla.PPNotethatin thecomparisorof thesespec-
tra, one should keepin mind the GSB band present
in IBla, which affectsits spectralcomponentdelon
375 nm; this causesa slight suppressiorof induced
UV absorptionbandin the rst compartment. The
spectraresemblancempliesthatexcited 3H-indolium
cationin IB1 is formedwithin the IRF of our exper
iment. This implication is additionally supportedby
the fact that GSB bandin IBla.PPreachess maxi-
mum at ca. 8 ps after the excitation (opensquaresn
Fig. 5), which closely resembleghe overall lifetime
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of the UV absorptionbandin Indl (opensquaresn

Fig. 3). Noneof the othermodelcompoundsnvesti-
gatedshaw ary substantiainducedabsorptiorin 320—
340 nm range. Unfortunatelywe have not beenable
to performa pump-probesxperimenton a compound
whichwould resembléndolinemoietyin IBla(closed
ring con guration); but thismoietyhasasmallerconju-
gatedsystem extendingonly to thebenzeneing, thus
onewould expectthatsteady-statabsorptiorand,cor-

respondinglyESA spectrawould be blue-shiftedwith

respectto thoseof Indl. Of course,it is concevable
that aborementionedsSB bandsuppressiorcanarise
from ESA of IB1 moleculeasa whole, but it is very
unlikely thatit would produceanalogougransientab-
sorptionspectrawith a similar decaytime asin Indl.

The SADS of IBla.PPindicatethatinitial induced
absorptionwith a doublebandstructurein rst com-
partment,transformsto a broad inducedabsorbance
with pronouncedandaround500 nm (IB1a.PP2, in
Fig. 6). AlthoughexcitedIndl alsoproducesA around
500 nm within ; 200 fs after the excitation, compari-
sonof relative amplitudesn the rst andsecondcom-
partmentsuggestshatapartfrom furtherdynamicsof
excited 3H-indolium cationwe alsoseeaninput from
excited nitrophenolring. Another spectralfeatureof
IB1, which demonstratedynamicssimilarto pNph,is
a featurelessbsorptionplateauin the red edgeof the
spectrumabore 650 nm. Here constantabsorptionis
obseredon subpicosecondndpicosecondime scales
(compare2nd and3rd IBla.PPcompartmentsvith 3rd
and4th onesof pNph). Obsenation of pNph-like dy-
namics,at leastin theinitial stepsof IB1la photoeci-
tation, is consistentvith the point that excitationband
in steady-statabsorptiorof IBlais dominatedoy ab-
sorbancdrom nitrophenolmoiety (seedescriptionin
theresultssectionand[20]).

So far, while discussingthe excitation dynamics
within the rst three compartmentf IBla, we did
not encounterary inducedabsorptionpeakingaround
425nm. A distinctabsorptiorbandaroundthis wave-
lengthwould be a sign of nitrophenolatenionforma-
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 subsequentompartmentransformsto a more
pronouncedband. This apparentlymeansthat nitro-
phenolateanionin our photochromegorms 12 ps past
the excitation,whichis in slight contrastto our above-
mentionedassumptionof IRF limited formation of
3H-indolium cation. It maybe possiblethatring open-
ing in IB1 andformationof two separateéons of zwit-
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terion IB1b do not occursimultaneouslyIn principle,
afterthe bondclearagethe 3H-indolium cationshould
be formedwithin the time necessaryor the formation
of N=C bond, a processnvolving only electronicre-
con guration. In contrastto producea stablenitrophe-
nolateanion, IB1 photochromeneedsto undego not
only theredistritution of electrondout alsoexperiences
a minor conformationakhange:the distanceC-O be-
tweenatomschangedrom 1.47A in IBlato 3.07A in
IB1b (supportinginformationof [20]). Thuspossibly
the formationsof cationandanion speciesare associ-
atedwith differenttime constants.

Finally, the last spectrotemporatlynamic step of
IBla.PPis the emegenceof absorptionbandaround
393nm (4th SADS) andits subsequerghift to 369nm
within 725 ps (5th SADS). Formationof this bandis
correlatedwith the appearancef nitrophenolatechro-
mophoreandit cannotbe ascribedo ary of themodel
compoundsnvestigated. The factthatits appearance
is synchronizedwith the formation of anionin IB1b
couldmeanthatit originatesfrom somekind of coher
ent interactionbetweenanionic part of IB1b andthe
restof the molecule. Preconditionfor this interaction
canbefoundin Fig. 2, wherethereis anapparenbver
lap betweerbandsof Indl uorescence(c) andpNphe
absorption(e). Thusthe excitationcancoupleor chan-
nel from 3H-indolium cationto nitrophenolateanion,
wereit would beef ciently quenched.

Tomasuloet al. [20] have recently performeda
ash-photolysisexperimentson photochromdB1 and
interpretedtheir resultsby a simple model: UV in-
ducedC-Obondclearageproducesa 4-nitrophenolate
chromophorewnhich causesan absorptionincreasen
the visible region; subsequentlycleared bond ther
mally re-formsbackandinducedabsorptionvanishes
with the time constantof ca. 22 ns. Resultsof our

ash-photolysis measurementsn I1B1a, in the form
of SADS, are presentedn Fig. 7. It is obvious that,
apartfrom 4-nitrophenolat@nionabsorptionthereis a
longerlived absorptionplateauwith an increasingab-
sorbancen theblue partof the spectrum(2nd and3rd
compartmentn Fig. 7). An absorptionbandassigned
to 4-nitrophenolatés obseredonly in the rst t com-
partmentwhich decayswith thelifetime of 8 ns. The
following decayof absorptiorplateauakesabout40ns
with anexceptionof UV regionwhereit lingerslonger
thanl!s. Thelifetime valuesof the samecompound
reportedby Tomasulcetal. probablypartially incorpo-
ratethedecayof absorptiorplateauwvhich hasnotbeen
clearly resohed in their experimentbecausef lower
signal-to-noiseatio.
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Fig. 7. The SADS resultingfrom the global analysist of pho-

tochromiBla ash-photolysisdata(IBla.FP).The t wasdoneas-

sumingthree-compartmergequentiatlynamicsmodel. The asso-
ciatedrateconstantaregivenin thelegend.

Fromthe presentedliata,it is dif cult to nd afea-
sible explanationfor this featurelessnducedabsorp-
tion plateau.lt couldbecausedy someinteractionbe-
tweenanionicandcationicmoietiesof IB1b, although
it is strangewhy it persistsby two ordersof magni-
tude longer than 4-nitrophenolatechromophore. On
the other hand, this induced absorptioncould come
from a dimer valenceanion of MeCN [23,32] which
formswithin subpicosecontimescaleaftertherelease
of electrorto solution.However, its spectraEhapealoes
not resemblethat of the MeCN dimer anion, and the
lifetime of the anion hasbeenreportedto be in the
millisecondtime domain. Yet anotherpossibility for
the“long” time componenwouldbetheunequilibrated
groundstateor possibleformationof triplet states Ad-
ditional experimentaWwork andmodellingis hecessary
to enablebetterinterpretatiorof thisabsorptiorfeature.
Oneof thefew possibilitieswould be a searchor pos-
sibletracesof solvatedelectronin MeCN which hasits
absorptiormaximaaroundl.4* m [23,33].

To summarizethe results,we proposethe follow-
ing modelto synthesizeghe obsenationson the ultra-
fastdynamicsin IBla. UV excitationinstantaneously
cleares the C-O bond and the excited 3H-indolium
cation is formed within - 200 fs. Subsequentlythe
molecule undegoesa minor conformationalchange
and 4-nitrophenolateanion is fully formedin 12 ps.
Thefollowing interactionof the two moietiesof zwit-
terion resultsin the quenchingof excitation by the
nitrophenolateanion. Thesedynamic stepsprobably
do not occurwith 100%yYields, and shortcutsbackto
the groundstatemay be present. One obvious short-
cut would be the situation where the conformational
change,requiredfor the visible absorbancéand to

form, fails to occurandthe responsef 4-nitrophenol
moietyinsteadof 4-nitrophenolatés obsered.

5. Conclusions

We have useda femtosecongpump-probeand nan-
osecondash-photolysistechniquego disentanglehe
excited statedynamicsof the indolo[2,1b][1,3]benz-
oxazinephotochromicswitch. The obsered forward-
switching dynamicscould be partly rationalized by
the dynamicsof the model compoundsfepresenting
different moietiesof the photochromicmolecule. A
schemeof excited state dynamicsresulting in pho-
tochromismwas proposedthatallowed qualitative in-
terpretationof experimentalobsenations. The under
standingof the in uence of different chromophoric
groupsin the switchingbehaiour of this classof pho-
tochromesopensthe way of intelligent designof the
switcheswith desiredspectraland dynamicalproper
ties.
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