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Photoinduced ultrafast electron injection from a surface attached molecule:
Control of electronic and vibronic distributions via vibrational wave packets
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Photoinducedemtoseconalectrontransferfrom a chromophoreattachedvia a moleculargroupto a semi-
conductorsurfaceis discussedheoretically.For an early time region after ultrafastphotoexcitatiorandfor a
specificrangeof electrontransfertimes,the occurrenceof remarkableelectronicand vibrational distributions
is proposedThe energeticstructureandrangeof the relatedelectronicwave packetscanbe controlledby the
shapeof a vibrationalwave packetwhich hasbeenpreparecby laserexcitationof the attachedmolecule.

Electroninjection from a light absorbingmolecule(chro-
mophore into an electrode(heterogeneoulT) is of particu-
lar interestin AgBr photographydye-sensitizedolar cells,
etc}? Apart from the technologicalimportance,studiesin
photoinducegrocessearerelevantin understandinghe ba-
sic physicsof chargeinjection at interfaces.For instance,
immobilizing the donormoleculesat specificdistancesrom
the electrode by attaching anchor groups of appropriate
lengths one can systematicallyinvestigate the effects of
molecule-surfacadistancevariation on the charge-injection
process. Furthermore one may control the initial vibronic
statesof the donorby an appropriateoptical preparatiorand
more importantly accurately determinethe time scale of
chargeinjectioninto the electrode.

Recentexperimentshave shown that electron injection
from a molecularlyanchoredchromophoreo a nanoporous
TiO, electrodeproceedson a sub-pstime scale~’ Pump-
probespectroscophasbeenemployedo time resolve(i) the
decayof the excitedstate? (ii) the formationof the molecu-
lar ion,* and (iii) the arrival of the injected electronin the
empty conductionband of the semiconductorelectrode®’
The ultrafast nature of the photoinducedcharge injection
procesimplies that the electronis transferedrom the mol-
eculeto the electrodewell beforevibrational relaxationcan
occur in the donor molecule. This has beenrecently con-
firmed by the observatiorof oscillationsin the probeabsorp-
tion signaldueto vibrationalwave-packemotionduring het-
erogeneouselectron transfe In the above experimental
systemelectrontransferproceedsn 80 fs from the excited
singlet stateof the perylenechromophorethroughthe mo-
lecular anchorgroup (-CH,-phosphonate into the conduc-
tion bandof a TiO, electrode.

Comparedo the amountof theoreticalwork donein the
whole field of ET reactions(for a recentoverviewsee,e.g.,
Refs.9,10 little attentionhasbeenpaidto modelingphoto-
inducedchargetransferfrom a moleculeto a semiconductor
surface Up to now only partsof this latterprocesshavebeen
consideredfor example,electroninjection into a quasicon-
tinuum (QC) of pureelectroniclevels (see,e.g. Ref. 11) or
into avibronic QC (compareRef. 12). A propercombination
of theseprocessesvhich is essentiafor describingheteroge-
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neousET hasnot beenexploreduntil now. A recentwork on
obtaining pump-probesignals using a density-matrix ap-
proach(x(® theory hasaddressethe issueof excited-state
probe absorptionwhen the electron undergoesan ultrafast
injection into a continuumof bandstates: In all the above
caseghefocushasbeenon the dynamicsassociatedavith the
decayof the injecting (excited state.

In this papera detaileddescriptionof ultrafastelectron-
vibrational dynamicsaccompanyingphotoinducedheterog-
enousET, valid for times prior to onsetof relaxationpro-
cesses,will be given. We discuss the time-dependent
probability distributionsin the electronicQC andamongthe
vibronic states of the ionized molecule, their inter-
relationship,and also the role played by vibrational wave
packetsn the excitedstatein engenderin@ uniqueseriesof
electronicwave packetsin the electronicQC. To obtainthe
probability distributionsa time-dependenSchralingerequa-
tion approachs utilized. Neglectof the relaxationprocesses
in the early time regionis justified sincefor the aboveex-
perimentalsystem,injectedhot electronshavebeenfoundto
relax in about 150 fs.** Furthermore the vibrational wave
packetin the excitedstateof the chromophordastsat least
oneps? alsoindicatingweak anharmoniaccoupling.

TheHamiltonianwhichis responsibldor the ultrafastand
coherentpart of the chargeinjection dynamicscontainsthe
electronicstates|¢,) (diabatic state$ as well as the set of
vibrational coordinatesQ, participatingin the ET process.
The Q; are governedby the vibrational Hamiltonian H,,
wherethe electronicquantumnumbercompriseghe molecu-
lar groundandexcitedstate,a=g anda=e, respectivelyas
well asthe QC of bandstates(a=k). Correspondinglythe
whole Hamiltonianreads

H=§ Ha|<pa><<pa|+2k (Viel o) @el +H.C). (1)

To elucidatethe main featuresa caseof harmonicpotential
energy surface (PES, and a single vibrational coordinate
with a vibrational quantumof #w,;,=0.1 eV, thatis com-
monto all electronicstateswill be consideredAlthoughthe
coherentoscillationsin the perylenechromophore(using a
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pulsewidth of 20 fs) wasdominatedoy two modesof energy
around0.05 eV 2 with shorterpulsesone canindeedexcite
the modesaround0.1 eV. The transferintegral Vg couples
the electronin the exciteddonor stateto the semiconductor
QC. V¢ hasbeenchosemsaconstantj.e.,independentf k,
a usual assumptionin surfacemoleculeinteractions:® The
implicit assumptiorhereis thatnormalmodeoscillationsdo
not modify the surface-moleculedistance and hence the
transferintegral Vg, (justified for the above experimental
systemin view of the rigid anchorgroup.

To include the photoexcitationprocess(into the excited
donorlevel) Eqg. (1) hasto be completedby the couplingto
the radiationfield. This will be describedn the electric di-
pole (and Condon approximatiorwherethe moleculartran-
sition matrix elements denotedoy d., (directexcitationinto
the bandcontinuumcan be neglectegl

To studythe systemdynamicsone hasto solvethe time-
dependenSchralinger equationfor the electron-vibrational
wave function |W(t))==,,A. ()| xan)|®a). The time-
dependentexpansioncoefficientsare characterizedby the
electronicaswell asvibrationalquantumnumbersa and v,
respectively(x,, is the relatedvibrational wave function).
Accordingly, one obtains the time-dependentoccupation
probability of an electronicstatek in the quasicontinuum
P(E,t)=P,(t)=2,|A,(t)|? andthat of a vibronic level v
of the ionized moleculeP ,(t) ==,|Ay,(t)|?. The QC states
(800 levels havebeenshownto behaveexactlylike a con-
tinuum until the occurrenceof the first recurrencé? For the
level spacingof the QC assumechere (2.5 meV), the first
recurrencenccursafter 1.6 ps. Sincea box like uniform level
densityis assumedor the QC, its behavioris similar to a
two-dimensional continuum of semiconductor substrate
statesof width 2 eV.

Thedistribution P(E,t) versusthe energyof the conduc-
tion bandis shownin Fig. 1. Onenoticesin part(a) of Fig. 1
a numberof peaksseparatedrom one anotherby % w,. It
seemsobvious that their heights are determinedby the
Franck-Condonfactors of the vibronic levels betweenthe
excitedand ionized molecularstate.This can be confirmed
by estimatingthe structure of the electronic distributions
from GoldenRule argumentsFor timeswell separatedrom
the laserpulseaction and lessthan the time the first recur-
rency appearsthe probability structurein the QC is related
t0 ~3,,, PO Xeul X} [P O(Eet phiwrip— E—vhwyp) (P
is the field-pulse-inducedinitial donor-level distribution.
Accordingly, for a given value of w one obtainstransitions
into the band statewith energyE=E .+ ufi w,;, and mul-
tiples of fw,;, below. The whole structurein Fig. 1(a) is
obtainedby addingcontributionsfor different ., andby in-
corporatingthe Franck-Condoractorsasa weight. Thusthe
probability distribution in the QC appearsas a Franck-
Condonprogressionput with eachmemberbroadenedac-
cordingto the electronicinteractionof the excitedmolecular
state[leadingto a lifetime of 85 fs, sincethe measuredalue
is around80 fs (Ref. 8)]. The laser pulse width (Gaussian
width of 60 fs) hasbeenchosersuchthatvery little vibronic
coherences formedin the excitedstate.

Whena vibrationalwave packetis createdon the excited
statewith a laserpulsewidth thatis much shorterthan the
periodof vibrationalmotion (41 fs) oneobtains,asshownin
Fig. 1(b), a moreuniform spreadof probabilitiesdueto tran-
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FIG. 1. Probability distribution of the injected electronversus
theenergyof the conductionband.E=0 denotegositionof excited
donor level. Exciting wavelengthcorrespondgo a 0-0 transition
with a Gaussiarpulse-widthof (a) 60 fs and (b) 2 fs.

sitions from the higher statescombinedin the vibrational
wave packet.More importantly, oscillationsin the probabil-
ity distribution P(E,t) due to definite phaserelations be-
tweenmembersof the Franck-Condorprogressiorappearas
displayedin Fig. 1(b). Therefore,the energeticspacingas
well as the time period of the oscillationsin the Franck-
Condondictatedstructurearebothrelatedto the fundamental
harmonicof the single vibrationalmode.

It is shownin Fig. 2 thatthe occupancyP(E,t) of afew
selectedlevels E from the electronicQC is built up in an
oscillatoryfashiondueto vibrationalwave-packemotionin
the donor molecule.This is similar to the experimentalre-
sults in certain donor-acceptocomplexe&® where there is
someevidencethat vibrational wave-packetmotion modu-
lates donor-acceptooccupanciegseealso Ref. 12). How-
ever,in the wide bandlimit, the total rise in probability of
the entire electronic QC (obtainedas a result of summing
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FIG. 2. Therise of probabilityin threeselectedevelsof the QC
for conditionssimilar to Fig. 1(b): Thedottedline E=—0.2eV, the
solid line E=—0.5eV, andthe dashedine E=0.1eV.
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over all QC state$ turns out to be a smooth function as
individual oscillatory contributionsundergodestructivein-
terferenceThe curvewith the fastestrise in Fig. 2 oscillates
at 2w,;, sincethe vibrationalwave packettransitsthe cross-
ing region (of the respectivePES for this QC level twice
within one period. The othertwo curveswhich oscillate at
wy;p, areclearly out of phasewith respecto eachothersince
their respectivecurve crossingregionsare at oppositeclas-
sical turning points of the excited state vibrational wave
packet.

It is interestingto notethatthe informationcorresponding
to the location of the wave packetin vibrational coordinate-
ordinatespaceis transformedupon injection into phasein-
formation of the electronicenergeticdistribution. In an en-
ergy and time-resolved experiment (e.g., a two-photon
photoemission experiment this information is retained
whereasin an energy-integratedut time-resolvedexperi-
ment(standardoump-probeexperimentsthis informationis
lost, and one obtainsa smoothrise (wide band limit), in
agreementvith the experimentafesult®

It is clearthat by varying the laserpulse,e.g.,the width,
onecancreatedifferent typesof vibrationalwave packetsin
the excitedstateof the molecule However theresultsin Fig.
1 indicate that different types of vibrational wave packets
upon ultrafastelectroninjection, will leadto different elec-
tronic wave packetsin the semiconductorThus, by varying
the laser pulse one has control over the type of electronic
wave packetinjectedinto the semiconductor.

It is instructiveto relate P(E,t) to the spatialprobability
distribution in the electronic QC (the electronic wave
packe}. This quantity can be expressedn termsof the re-
spectivewave functions ¢, (r) as (r is the spatialelectronic
coordinate

2

PQC(r,t)ZEV: ‘% At e(r) )

In orderto numericallycalculatethe electronicwave packet
one needsthe ¢, (r) (but this will not be attemptedin this

papej. As seenfrom Eq. (2) the electronicwave packetis a

linear combinationof subwavepacketswhose numberde-
pendson the maximumvalue of v. When the laser pulse
populatesfor instance,only a single vibrationallevel in the
exciteddonorstate,oneobtainsfor eachvalueof v in Eq. (2)

a particular k value governedby the energy conservation
condition E=E + uhwj,— vh o, . Eachvalue of v gives
rise to an electronic subwavepacketin the electronicQC

whoseenergyspreads determineddy the excited-statdife-

time broadeningarounda specific value of E (a cluster of

valuesaroundE). The ET into an electronic-vibronicQC

leadsto a seriesof electronicwave packetseven for the

simplestcase whereeachelectronicsubwavepacketis akin

to whatis obtainedfrom an injection into a pure electronic
QC. With a vibrational wave packetin the excited donor
state, u is multivalued leadingto a seriesof overlapping
electronicsubwavepacketof similar energyspan.The en-

hancemenbf the energeticspreadof the electronicsubwave
packetsas well asthe extentof their consequenbverlapin

the electronicQC canthus be controlledby an appropriate
preparationof a vibrational wave packetin the excitedmo-

lecular state.
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FIG. 3. The probability distributionsamongthe vibronic states
of theionizedmoleculeasin Fig. 1(b).

The casewhereinseveralnormalmodesparticipatein ET
would leadto a more complexelectronicdistributionin the
QC. It would be the result of a superpositionof electronic
wave packetshothfrom modeswhich haveacquireda vibra-
tional wave packetfor the givenlaserpulsewidth aswell as
from those which have only a single vibronic level occu-
pancy.Evenso, it is importantto havethe referencepicture
of the singlemodecaseat handwhile analyzingdistributions
which arisefrom severaimodes(currentlyunderstudy). Fur-
thermore jt would be of centralinterestfor further studiesto
clarify how the overall coherencedecayson a somewhat
longertime scalewheredissipationbecomegredominant.

For a large electronic coupling the lifetime broadening
can be much larger than 2 w,;, that leadsto a loss of the
Franck-Condorstructurein the energyspectrumof the QC.
An overall energeticshift occurstowardsthe bottom of the
QC, which is typical for injection into a pure electronicQC
(asin the caseof a Fano-Andersomodel’). The electronic
wave packetin this caseis not affectedby a presenceor
absencef aninitial vibrationalwavepacket.Thetime scale
of electron injection in photodesorptiorstudiesfor small
moleculest® usually correspondso this limit.

The probability distribution of the occupancyof the vi-
broniclevelsof theionizedmoleculeP (t) is shownin Fig.
3. It canbe relatedto the expression~=, PO [( xe,|xk)|?
with the restrictionE.+ (x— v)h w,;,=0. Sincethe energy
lost by the electronin the QC is equivalentto the energy
gainedby the vibrational part of the ionized molecule,the
two distributionsarelinked by energyconservationindeeda
one-to-onecorrespondenceetweerthetwo distributionscan
be obtainedin the casewhenonly a single vibronic level is
initially populatedin the donorexcitedstate.With aninitial
vibrational wave packethowever,this simplicity is lost as
canbe seenby comparingFigs. 1(b) and3. (This vibrational
energygain is the crucial quantity to be determinedin de-
scribing desorptionyields®)

Experimentaldatapertainingto the theoreticalresultspre-
dicted here have not yet beenreported.However,time and
energy-resolvedneasurementsuch as two photon photo-
emission (2PPB can probe the oscillatory buildup of the
occupancyof the vibrationalmodesin the ionized molecule
andof the occupancyof electroniclevelsin the semiconduc-
tor as discussedn this paper[Figs. 1(b)—3]. Such experi-
ments appearfeasible in view of the 2PPE experiments
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whereelectrontransferdynamicswere probedin molecular
adsorptionlayerson a metal surface'®
To summarizethis paperreportsmodel calculationsper-

taining to electroninjection into an electronic-vibronicQC.

Themainhighlight of this work is the control of the structure
and energeticrangeof electronicdistributions/wavepackets
by a suitablepreparatiorof a vibrationalwave packetin the

excitedmolecularstate.The rich structurepresentedy the

probability distributionin the electronicQC may be achiev-
able only by ultrafastchargeinjection from a moleculeto a
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semiconductor thus highlighting a unique role played by
such heterogeneougharge-transfemprocessesThe subse-
quent propagation,dephasing,and relaxation of the elec-
tronic wave packetin the semiconductorcalls for further
study.
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