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Photoinduced
�

femtosecondelectrontransferfrom a chromophoreattachedvia a moleculargroupto a semi-
conductor� surfaceis discussedtheoretically.For an early time regionafter ultrafastphotoexcitationandfor a
specific� rangeof electrontransfertimes,the occurrenceof remarkableelectronicandvibrationaldistributions
is proposed.The energeticstructureandrangeof the relatedelectronicwavepacketscanbe controlledby the
shape� of a vibrationalwavepacketwhich hasbeenpreparedby laserexcitationof the attachedmolecule.

Electron
�

injection from a light absorbingmolecule 	 chro-

mophore� into anelectrode� heterogeneousET
 is of particu-
lar interestin AgBr photography,dye-sensitizedsolar cells,
etc.� 1,2 Apart

�
from the technologicalimportance,studiesin

photoinduced� processesarerelevantin understandingtheba-
sic� physicsof chargeinjection at interfaces.For instance,
immobilizing the donormoleculesat specificdistancesfrom
the
�

electrode by attaching anchor groups of appropriate
lengths
�

one can systematicallyinvestigate the effects of
molecule-surfacedistancevariation on the charge-injection
process.� 3

�
Furthermore,one may control the initial vibronic

states� of the donorby an appropriateoptical preparationand
more� importantly accuratelydeterminethe time scale of
charge
 injection into the electrode.

Recentexperimentshave shown that electron injection
from
�

a molecularlyanchoredchromophoreto a nanoporous
TiO2 electrode� proceedson a sub-pstime scale.3–7

�
Pump-

probe� spectroscopyhasbeenemployedto time resolve� i� � the
�

decay
�

of the excitedstate,4 � ii� � the
�

formationof the molecu-
lar ion,4 and� � iii � the

�
arrival of the injectedelectronin the

empty� conductionband of the semiconductorelectrode.6,7
 

The
!

ultrafast nature of the photoinducedcharge injection
process� implies that the electronis transferedfrom the mol-
ecule� to the electrodewell beforevibrational relaxationcan
occur" in the donor molecule.This has beenrecently con-
firmed
#

by theobservationof oscillationsin theprobeabsorp-
tion
�

signaldueto vibrationalwave-packetmotionduringhet-
erogeneous� electron transfer.8 In the above experimental
system� electrontransferproceedsin 80 fs from the excited
singlet� stateof the perylenechromophore,throughthe mo-
lecular anchorgroup (-CH2-phosphonate$ ,% into the conduc-
tion
�

bandof a TiO2
& electrode.�

Compared
'

to the amountof theoreticalwork donein the
whole( field of ET reactions) for a recentoverviewsee,e.g.,
Refs.
*

9,10+ little
�

attentionhasbeenpaid to modelingphoto-
induced
�

chargetransferfrom a moleculeto a semiconductor
surface.� Up to now only partsof this latterprocesshavebeen
considered,
 for example,electroninjection into a quasicon-
tinuum
� ,

QC
- .

of" pure electroniclevels / see,� e.g. Ref. 110 or"
into
�

a vibronic QC 1 compare
 Ref.122 . A propercombination
of" theseprocesseswhich is essentialfor describingheteroge-

neous3 ET hasnot beenexploreduntil now.A recentwork on
obtaining" pump-probesignals using a density-matrix ap-
proach� ( 4 (3)

5
theory
� 6

has
7

addressedthe issueof excited-state
probe� absorptionwhen the electronundergoesan ultrafast
injection into a continuumof bandstates.13 In all the above
cases
 thefocushasbeenon thedynamicsassociatedwith the
decay
�

of the injecting 8 excited� 9 state.�
In
:

this papera detaileddescriptionof ultrafastelectron-
vibrational; dynamicsaccompanyingphotoinducedheterog-
enous� ET, 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
packets� in theexcitedstatein engenderinga uniqueseriesof
electronic� wavepacketsin the electronicQC. To obtain the
probability� distributionsa time-dependentSchrödinger

�
equa-

tion
�

approachis utilized. Neglectof the relaxationprocesses
in
�

the early time region is justified sincefor the aboveex-
perimental� system,injectedhot electronshavebeenfound to
relax in about 150 fs.14 Furthermore,the vibrational wave
packet� in the excitedstateof the chromophorelastsat least
one" ps,8 also� indicatingweakanharmoniccoupling.

TheHamiltonianwhich is responsiblefor theultrafastand
coherent
 part of the chargeinjection dynamicscontainsthe
electronic� states<>= a? @BA diabatic

�
statesC as� well as the set of

vibrational; coordinatesQ
D E

participating� in the ET process.
The Q

D F
are� governedby the vibrational Hamiltonian Ha? ,%

where( theelectronicquantumnumbercomprisesthemolecu-
lar
�

groundandexcitedstate,aG H gI and� aG J eK ,% respectively,as
well( as the QC of bandstates(aG L k

M
)
N
. Correspondingly,the

whole( Hamiltonianreads

H OQP
a? Ha? RTS a? UWVYX a? Z\[Q]

k
^ _ Vke

^ `>a
k
^ bWcYd

ee f\g H.c.h . i 1j
To
!

elucidatethe main features,a caseof harmonicpotential
energy� surface k PESl ,% and a single vibrational coordinate
with( a vibrational quantumof mon vibp q 0.1

r
eV, that is com-

mon to all electronicstateswill be considered.Although the
coherent
 oscillationsin the perylenechromophores usingt a
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pulse� width of 20 fs{ was( dominatedby two modesof energy
around� 0.05 eV,8 with( shorterpulsesone can indeedexcite
the
�

modesaround0.1 eV. The transferintegralVeke couples

the
�

electronin the exciteddonorstateto the semiconductor
QC.
-

Veke has
7

beenchosenasa constant,i.e., independentof k
M
,%

a� usual assumptionin surfacemoleculeinteractions.15 The
implicit assumptionhereis thatnormalmodeoscillationsdo
not3 modify the surface-moleculedistanceand hence the
transfer
�

integral Veke | justified
}

for the above experimental
system� in view of the rigid anchorgroup~ .

To
!

include the photoexcitationprocess� into
�

the excited
donor
�

level� Eq. � 1� hasto be completedby the couplingto
the
�

radiationfield. This will be describedin the electricdi-
pole� � and� Condon� approximation� wherethe moleculartran-
sition� matrix elementis denotedby d

�
ege � direct

�
excitationinto

the
�

bandcontinuumcanbe neglected� .
To
!

studythe systemdynamicsonehasto solvethe time-
dependent
�

Schrödinger
�

equationfor the electron-vibrational
wave( function � � (

�
t� )N ����� a? � A� a? � (� t� )N ��� a? �����>� a? � . The time-

dependent
�

expansioncoefficientsare characterizedby the
electronic� aswell asvibrationalquantumnumbers,aG and� � ,%
respectively( � a?   is the relatedvibrational wave function¡ .
Accordingly, one obtains the time-dependentoccupation
probability� of an electronic state k

M
in
�

the quasicontinuum
P(
�
E,% t� )N ¢ Pk

^ (� t� )N £¥¤§¦�¨ Ak
^ © (� t� )N ª 2& and� that of a vibronic level «

of" the ionizedmoleculeP
¬ ­

(
�
t� )N ®�¯ k

^ ° A� k
^ ± (� t� )N ² 2. The QC states³

800
´

levelsµ havebeenshownto behaveexactly like a con-
tinuum
�

until the occurrenceof the first recurrence.11 For the
level
�

spacingof the QC assumedhere ¶ 2.5
·

meV̧ ,% the first
recurrence¹ occursafter1.6ps.Sincea box like uniform level
density
�

is assumedfor the QC, its behavioris similar to a
two-dimensional
�

continuum of semiconductor substrate
states� of width 2 eV.

The distributionP(
�
E,% t� )N versusthe energyof the conduc-

tion
�

bandis shownin Fig. 1. Onenoticesin part º a� » of" Fig. 1
a� numberof peaksseparatedfrom oneanotherby ¼o½ vibp . It
seems� obvious that their heights are determinedby the
Franck-Condon
¾

factors of the vibronic levels betweenthe
excited� and ionized molecularstate.This can be confirmed
by
¿

estimating the structure of the electronic distributions
from GoldenRulearguments.For timeswell separatedfrom
the
�

laserpulseaction and lessthan the time the first recur-
rency¹ appears,the probability structurein the QC is related
to
� À�ÁÃÂÅÄ

P
¬ Æ(i5 ) Ç ÈÊÉ

ee ËÍÌ�Î k
^ Ï�Ð�Ñ 2 Ò (

�
E
Ó

ee ÔÖÕØ×ÚÙ vibp Û E
Ó ÜÞÝàßoá

vibp ) (
N

P
¬ â(i5 )

is the field-pulse-inducedinitial donor-level distributionã .
Accordingly,
�

for a given value of ä one" obtainstransitions
into
�

the band statewith energyE
Ó å

E
Ó

ee æÖçØèÚé vibp and� mul-
tiples
�

of êoë vibp below.
¿

The whole structurein Fig. 1ì a� í is
obtained" by addingcontributionsfor different î ,% andby in-
corporating
 theFranck-Condonfactorsasa weight.Thusthe
probability� distribution in the QC appearsas a Franck-
Condon
'

progression,but with eachmemberbroadenedac-
cording
 to theelectronicinteractionof theexcitedmolecular
state� ï leadingto a lifetime of 85 fs, sincethemeasuredvalue
is around80 fs ð Ref. 8ñWò . The laserpulsewidth ó Gaussian

ô
width( of 60 fsõ has

7
beenchosensuchthatvery little vibronic

coherence
 is formedin the excitedstate.
When
ö

a vibrationalwavepacketis createdon the excited
state� with a laserpulsewidth that is much shorterthan the
period� of vibrationalmotion ÷ 41

ø
fsù one" obtains,asshownin

Fig.
¾

1ú b¿ û ,% a moreuniform spreadof probabilitiesdueto tran-

sitions� from the higher statescombinedin the vibrational
wave( packet.More importantly,oscillationsin the probabil-
ity distribution P(

�
E,% t� )N due to definite phaserelationsbe-

tween
�

membersof theFranck-Condonprogressionappearas
displayed
�

in Fig. 1ü b¿ ý . Therefore,the energeticspacingas
well( as the time period of the oscillations in the Franck-
Condon
'

dictatedstructurearebothrelatedto thefundamental
harmonic
7

of the singlevibrationalmode.
It is shownin Fig. 2 that the occupancyP(

�
E,% t� )N of a few

selected� levels E from the electronicQC is built up in an
oscillatory" fashiondueto vibrationalwave-packetmotion in
the
�

donor molecule.This is similar to the experimentalre-
sults� in certain donor-acceptorcomplexes16 where( there is
some� evidencethat vibrational wave-packetmotion modu-
lates
�

donor-acceptoroccupanciesþ see� also Ref. 12ÿ . How-
ever,� in the wide bandlimit, the total rise in probability of
the
�

entire electronicQC � obtained" as a result of summing

FIG. 1. Probability distribution of the injectedelectronversus
theenergyof theconductionband.E

� �
0
�

denotespositionof excited
donor level. Exciting wavelengthcorrespondsto a 0-0 transition
with a Gaussianpulse-widthof � a� 60

�
fs and � b� 	 2 fs.

FIG. 2. Theriseof probability in threeselectedlevelsof theQC
for conditionssimilar to Fig. 1
 b� : Thedottedline E ��
 0.2

�
eV, the

solid line E ��� 0.5 eV, andthe dashedline E � 0.1 eV.
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over" all QC states� turns
�

out to be a smooth function as
individual oscillatory contributionsundergodestructivein-
terference.
�

Thecurvewith the fastestrise in Fig. 2 oscillates
at� 2 � vibp since� the vibrationalwavepackettransitsthe cross-
ing
�

region � of" the respectivePES� for
�

this QC level twice
within( one period. The other two curveswhich oscillateat�

vibp are� clearlyout of phasewith respectto eachothersince
their
�

respectivecurve crossingregionsare at oppositeclas-
sical� turning points of the excited state vibrational wave
packet.�

It is interestingto notethat the informationcorresponding
to
�

the locationof the wavepacketin vibrationalcoordinate-
ordinate" spaceis 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

whereas( in an energy-integratedbut time-resolvedexperi-
ment � standard� pump-probeexperiments� this

�
informationis

lost, and one obtains a smooth rise � wide( band limit � , i% n
agreement� with the experimentalresult.8

It
:

is clear that by varying the laserpulse,e.g.,the width,
one" cancreatedifferent typesof vibrationalwavepacketsin
the
�

excitedstateof themolecule.However,theresultsin Fig.
1 indicate that different types of vibrational wave packets
upont ultrafastelectroninjection, will lead to different elec-
tronic
�

wavepacketsin the semiconductor.Thus,by varying
the
�

laser pulse one has control over the type of electronic
wave( packetinjectedinto the semiconductor.

It is instructiveto relateP(
�
E,% t� )N to the spatialprobability

distribution
�

in the electronic QC � the
�

electronic wave
packet� � . This quantity can be expressedin termsof the re-
spective� wavefunctions � k

^ (� r) a
N

s (r is the spatialelectronic
coordinate
  

PQC
! " r,% t� #%$'&)( *

k
^ Ak

^ +-, t� .0/ k
^ 1 r2 2

. 3 24
In
:

order to numericallycalculatethe electronicwavepacket
one" needsthe 5 k

^ (� r6 )N 7 but
¿

this will not be attemptedin this
paper� 8 . As seenfrom Eq. 9 2· : the

�
electronicwavepacketis a

linear combinationof subwavepacketswhosenumberde-
pends� on the maximum value of ; . When the laser pulse
populates� for instance,only a singlevibrational level in the
excited� donorstate,oneobtainsfor eachvalueof < in

�
Eq. = 2· >

a� particular k
M

value; governedby the energy conservation
condition
 E ? Eee @BADCFE vibp GIH%JLK vibp . Eachvalue of M givesN
rise¹ to an electronicsubwavepacket in the electronicQC
whose( energyspreadis determinedby the excited-statelife-
time
�

broadeningarounda specificvalue of E O a� clusterof
values; aroundE

Ó
)
N
. The ET into an electronic-vibronicQC

leads to a seriesof electronic wave packetseven for the
simplest� case,whereeachelectronicsubwavepacketis akin
to
�

what is obtainedfrom an injection into a pure electronic
QC.
-

With a vibrational wave packet in the excited donor
state,� P is multivalued leading to a seriesof overlapping
electronic� subwavepacketof similar energyspan.The en-
hancement
7

of theenergeticspreadof theelectronicsubwave
packets� aswell as the extentof their consequentoverlapin
the
�

electronicQC can thus be controlledby an appropriate
preparation� of a vibrationalwavepacketin the excitedmo-
lecular
�

state.

The
!

casewhereinseveralnormalmodesparticipatein ET
would( lead to a morecomplexelectronicdistribution in the
QC.
-

It would be the result of a superpositionof electronic
wave( packetsboth from modeswhich haveacquireda vibra-
tional
�

wavepacketfor thegiven laserpulsewidth aswell as
from thosewhich have only a single vibronic level occu-
pancy.� Evenso, it is importantto havethe referencepicture
of" thesinglemodecaseat handwhile analyzingdistributions
which( arisefrom severalmodesQ currently
 understudyR . Fur-
thermore,
�

it would beof centralinterestfor furtherstudiesto
clarify
 how the overall coherencedecayson a somewhat
longer
�

time scalewheredissipationbecomespredominant.
For
¾

a large electroniccoupling the lifetime broadening
can
 be much larger than SLT vibp that

�
leadsto a loss of the

Franck-Condon
¾

structurein the energyspectrumof the QC.
An overall energeticshift occurstowardsthe bottom of the
QC,
-

which is typical for injection into a pureelectronicQCU
as� in the caseof a Fano-Andersonmodel17V . The electronic

wave( packet in this caseis not affectedby a presenceor
absence� of an initial vibrationalwavepacket.The time scale
of" electron injection in photodesorptionstudies for small
molecules,� 18 usuallyt correspondsto this limit.

The
!

probability distribution of the occupancyof the vi-
bronic
¿

levelsof the ionizedmoleculeP
¬ W

(
�
t� )N is shownin Fig.

3.
X

It can be relatedto the expressionY[Z]\ P ^(i5 ) _ `ba
ee cedgf k

^ h-ikj 2
with( the restrictionEee l (

� monIp
)
N qLr

vibp s 0
r

. Sincethe energy
lost
�

by the electronin the QC is equivalentto the energy
gainedN by the vibrational part of the ionized molecule,the
two
�

distributionsarelinked by energyconservation.Indeeda
one-to-one" correspondencebetweenthetwo distributionscan
be
¿

obtainedin the casewhenonly a singlevibronic level is
initially
�

populatedin the donorexcitedstate.With an initial
vibrational; wave packethowever,this simplicity is lost as
can
 beseenby comparingFigs.1t b¿ u and� 3. v This vibrational
energy� gain is the crucial quantity to be determinedin de-
scribing� desorptionyields.18w

Experimentaldatapertainingto thetheoreticalresultspre-
dicted
�

herehavenot yet beenreported.However,time and
energy-resolved� measurementssuch as two photon photo-
emission� x 2PPE

· y
can
 probe the oscillatory buildup of the

occupancy" of the vibrationalmodesin the ionizedmolecule
and� of theoccupancyof electroniclevelsin thesemiconduc-
tor
�

as discussedin this paper z Figs.
¾

1{ b¿ | –3} . Such experi-
ments appear feasible in view of the 2PPE experiments

FIG. 3. The probability distributionsamongthe vibronic states
of the ionizedmoleculeas in Fig. 1 ~ b� .�
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where( electrontransferdynamicswere probedin molecular
adsorption� layerson a metalsurface.19

To
!

summarize,this paperreportsmodelcalculationsper-
taining
�

to electroninjection into an electronic-vibronicQC.
Themainhighlight of this work is thecontrolof thestructure
and� energeticrangeof electronicdistributions/wavepackets
by
¿

a suitablepreparationof a vibrationalwavepacketin the
excited� molecularstate.The rich structurepresentedby the
probability� distribution in the electronicQC may be achiev-
able� only by ultrafastchargeinjection from a moleculeto a

semiconductor,� thus highlighting a unique role played by
such� heterogeneouscharge-transferprocesses.The subse-
quent� propagation,dephasing,and relaxation of the elec-
tronic
�

wave packet in the semiconductorcalls for further
study.�
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