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A bichirpedcoherent-contrascenarids introducedandimplementedn a modelstudyof coherent-controbf

the cis/transphotoisomerizatiorof the retinal chromophordan rhodopsin.The approachinvolves selective
photoexcitationof multiple vibrationally coherentwave packetsby usingtwo chirpedfemtoseconcgulses.
Controloverproductyieldsatfinite time after photoexcitatiorof the systemis achievedy externallychanging
therelativephase®f the photoexcitatiorpulsesandconsequenthaffectingtheinterferencgghenomenéetween
individual wave packetcomponentsFurthermorea measureof decoherencassociatedvith the underlying
quantumreactiondynamicsis computed Extensivecoherent-controbver transientpopulationss predicted,
despitethe ultrafastdecoherencghenomenanducedby the vibronic activity, providing resultsof broad

theoreticaland experimentainterest.

I. Introduction

Understandingthe role of quantumcoherencesn intra-
molecular relaxation processef biological moleculesis a
subjectof great interestl-? Reactionsin biomolecules(e.g.,
proteins) usually involve intramolecularprocesseswith re-
arrangementsf nuclearandelectronicdegree®f freedomata
areactionsite®, whereasheremaindeof themolecularstructure
provides a regulatory environment(i.e., a 2bath®) for the
underlyingreactiondynamics Quantummechanicatoherences
can, therefore,play a crucial role in determiningthe overall
rate and efficiency of the reactionwheneverthe reactiontime
is comparableo, or shorterthan,thetime scalefor decoherence
inducedby the interactionswith the bath. In this paper,we
investigatethe effect of laserinducedcoherencesn the cis/
trans photoisomerizatiorreactionof the retinal chromophore
in rhodopsin,as modeledby an empirical Hamiltonian. We
introducea bichirpedcoherent-controscenarioand we com-
putationallydemonstratéhe possibility of coherentlycontrolling
the underlyingexcited-stateeactiondynamics.

Chirped, or shaped,light pulses can efficiently transfer
population betweendifferent electronic statesin polyatomic
systems: 8 Suchpopulationtransferinducesselectiveexcitation
of coherentwave packetmotion with a strongdependencen
the chirp sign. Negatively chirped pulsesinduce vibrational
coherencethroughintrapulsepump dumpprocessewhereas
positively chirpedpulsesdiscriminateagainsthe formation of
coherencesncreasinghe excited-electronistatepopulation® 8
Thebichirpedcoherent-contrascenariantroducedn this paper
exploits these capabilities of chirped femtosecondpulses.
However,contraryto achievingquantumcontrol of transient
populationsby changingthe pulse chirps, coherent-controls
achieveddy changingherelativephaseof two linearly chirped
femtosecondgulses.

Coherent-controéxploitsthe coherencepropertiesof lasers
to encodeand manipulatequantummechanicalinterferences
betweemmultiple photoexcitatiorpathwaydeadingto the same
final statel® 13 The control parameter$or manipulatinginter-
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ferencesare the relative phasesof multiple photoexcitation
pulses.Severalcoherent-controkcenarioshave beendemon-
strated both computationallyand experimentallyfor simple

reactionsin small molecules’®11.13However,coherentlycon-

trolling intramoleculardynamicsin large moleculeshasoften

beendeemedunrealisticdueto the deleteriouseffectsof rapid

decoherencé! In recentwork, we havecomputationallydem-

onstratedcoherent-controlof ultrafast excited-statereaction
dynamicsin a large polyatomic systemt>16 Coherent-control
was found to be feasible,evenin the presenceof ultrafast
intrinsic decoherencesince in that systemthe excited-state
reactiontime wascomparableo the periodof vibrationalmodes
responsiblefor inducing decoherencé!

The time scalesfor decoherenceand reaction dynamics
observedn our previousstudiesareexpectedo be commonto
manyotherexcited-stateeactions sincethe excited-electronic
stategesponsibldor reactiondynamicsin polyatomicsystems
areusuallyextremelyshort-livedanddeterminereactiontimes
thatare comparabléo the periodsof the dominantvibrations.
In this paper we investigatethe decoherencéme scalefor the
excited-statgphotoisomerizatiorin rhodopsinas modeledby
anempiricalHamiltonianandwe showthatcoherent-contrais
in fact feasiblesincethe 200-fsreactiontime is comparabldo
the decoherencéme.

The cis/trangphotoisomerizatiomeactionin rhodopsins the
first stepin vision and representsan extremelyefficient and
ultrafastphototransductiomechanisnthat hasalreadyraised
significant interestin the field of bioelectronic¥’ (i.e., the
subfieldof molecularelectronicghatinvestigateshe utility of
native as well as modified biological moleculesin electronic
or photonic devices).In addition to the obvious advance
associatevith demonstratingoherent-contrabf suchreaction,
thebichirpedcoherent-contrascenarialsoprovidesatechnique
for significantly improving our understandingf the role of
guantumcoherencedn intramolecularelaxationprocessesf
polyatomicsystems.

The paperis organizedas follows. Sectionll describeghe
systemthe computationahpproachkandthe implementatiorof
the bichirped coherent-controkcenario.Section Il presents
resultsfor both coherent-controlas a function of the pulse
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Figure 1. Photoisomerizatiomf retinal in rhodopsin.

relativephasesandfor atime- dependentiecoherenceeasure.
SectionlV summarizesnd concludes.

Il. Methods

The cis/transphotoisomerizatiomwf the retinal chromophore
in rhodopsinshownin Figurel, is completewith high efficiency
( 67%) within 200 fs after photoexcitationof the systemt-2
The reactioninvolves torsional motion of the dihedralangle
about the C;;- Cy» bond (see Figure 1) through a diabatic
pathwaythat connectsthe excited-electronicstate of the 11-
cis-rhodopsinwith the ground-electronicstateof the all-trans
photoproductThetwo electronicstatesarevibronically coupled,
primarily by the delocalizedstretchingmotion of the polyene
chainin theretinalchromophoreA microscopicdescriptionof
the underlyingintramoleculareactiondynamicsthusrequires
modelingboth nuclearand electronicrelaxationdynamicson
vibronically coupledpotentialenergysurfaces.

Previousstudied®1® have shownthat mostof the available
spectroscopidnformation on rhodopsincan be properly de-
scribedby simulating the underlying quantumdynamicsac-
cordingto an empiricaltwo-state25-modemodelHamiltonian
6 ) KBy + l8g. Here, I8y is a two-statetwo-mode model
Hamiltonianthataccountdor the collectivetorsionalcoordinate
and its coupling to the delocalizedstretchingmode of the
polyenechain,whereadiz is aharmonicansatZ.e., the2bath°)
with frequenciesand excited-stategradientsparametrizedo
reproducethe experimentalresonanceRamanexcitationsof
rhodopsir® The 4y term is parametrizedo reproducethe
rhodopsinelectronicexcitationenergiesaswell asthe energy
storedandthe spectroscopienergyshift dueto theisomerization
of the retinyl chromophorein rhodopsin. In addition to
reproducingall of theseexperimentatlataby constructionthe
modelHamiltonianproperlydescribesheisomerizatiorreaction
speed,efficiency (i.e., the quantumproduct yield) and the
femtosecondspectroscopisignalsduring the first picosecond
of dynamicsascorrelatedo time-dependenpopulationsof the
modelpotentialenergysurfacesin this paper,sucha modelis
implementedo explorethefeasibility of coherentlycontrolling
thereactionefficiency. Specifically,we analyzethe sensitivity
of the reactionefficiencyto changesn the coherenfproperties
of femtosecondpump pulses.Note, that we have cautiously
limited our coherent-controktudy to the analysisof the very
samequantitiesfor which the model Hamiltonian has been
demonstratedo be useful.

The dynamics of the systemis generatedby the total
HamiltonianH(t) ) @ + ¥(t), whereld ) 8y + g and¥d(t)
is the perturbationdue to the time-dependeniaser-field (t)

Wb(t)) - j1R8j (HaA- jofdj (t)aA (D]

wherefAis the dipole operatorandjOfiandj1fiare the ground-
and excited-electronistatesof rhodopsin respectively.

The TDSCF approach2* 23 js implementedby employing
a single-configuratiorHartreeansatz

%6, ,Rxt)) €0g@, Rt (xit) 2)

where is the isomerizationcoordinate,R is the delocalized
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stretchingmodeof the polyenechainandx arethe remaining
23 resonanc&kamanactive modesincludedin the model, &(t)
is anoverall phasefactor,andé) 0, 1 labelsthe ground-and
excited-electronistatesof rhodopsinyespectively Substituting
the ansatzintroducedby eq 2 into the time-dependenSchiia-
dingerequationwe obtainthewell-knownself-consistentield
equation¥®2t 23

ipUx,t)) & Hjai (x, 1) ®3)

and
ipg(é, \Rt)) ajHj M@ R (4)

Sincethe Hamiltonianig is harmonic, (x, t) canbedescribed
in termsof Gaussiarwave packets

x1)
~ [1\- 14 1 i
O(—) eXD[- —04- X0+ (B - %) + )
j \0 2 p
(5)

where {X(t), p(t)} are classicalvibrational coordinatesand
momentahatevolveaccordingo the effectivepotentialenergy
surfaceVes(x) ) & H joi Theserajectoriesarecomputedalong
with the classicalactionS(t) by numericallyintegratingHamil-
ton's equationsaccordingto the Velocity- Verlet algorithm?24
Finally, eq4 is solvedself-consistentlyith eq3 by implement-
ing an exactquantumdynamicspropagatiorschemebasedon
the split-operatoiFouriertransformmethod?>26 For a discussion
of thevalidity of the TDSCFmethodasimplementechere,see
refs18 and21- 23.

Thesystemis initially preparedn the ground-electronistate
and is photoexcitedwith two linearly chirped femtosecond
pulseswith a total electricfield (t)

(t)) Fl(t)e— i(0 1t+ 87) + Fz(t)e i(0ot+ B9) + C.C. (6)

where®; arethe phasesf the two pulsesandc.c. denoteshe
complex conjugateof the precedingterms. The functionsF;,
introducedby eq 6, describeGaussiarpulses

(1 .1
F(t) Fmaxexp(- E(t—2+ Iq_)) (1)

p

wherethe parameterd, and §, introducedby eq 7, describe
the temporalwidth and the linear chirp rates, respectively?®
Thetwo pulsecomponentsncludea negativelychirpedpulse,
responsibldor creatingvibrationalcoherenceanda positively
chirpedcomponenthat discriminatesagainstthe formation of
coherencesHence,in this bichirped femtosecondversion of
coherent-control,selectively excited-vibrational coherences
interfere with one another and such quantum mechanical
interferencgphenomenaffectthe time dependenteactanand
productpopulations.

We focusour studyon the analysisof boththe probabilities
P&(t) and LR (t) of the systemto bein the cis configuration
of the S; excited-electronistateandthe transconfigurationin
the ground-electronicstate, respectively. The populationsof
thesetwo statescanbe directly correlatedto transientsignals
in femtoseconghump probeexperimentst probewavelengths
in the500and530- 580nmrangesrespectively It is, therefore,
expectedhattheresultspredictedby our calculationscould be
experimentallyverified by femtosecondaserspectroscopy.
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Figure 2. Time-dependenprobability of the systemto bein thetrans
configurationof the S eIectronicstate,Pfg’%S(t) (upperpanel),andthe
cis configurationof the S; eIectronicstate,P(j’;)(t) (lower panel),for
relative pumppulsephase® ) 0, 38/2, 8/2, andd.

We computeP(ci})(t), asafunctionof therelativepulsephase

parameted ) 0, - 0, as follows:

PEIM)) &4 hy ) j%>n ®)

Cis

wherej%{™f | Sfi&j¥ufiis the S electroniccomponentof
the time-evolvedwave function j%d and hes( ) is a function
of thedihedralangle abouttheC,;- C;, bond,definedashgis
(1)) 1whenj je 98/2,and0 otherwise.Thetime-dependent
populationsP?, P& and PEY _are computedanalogously.

trans trans

We considerthe systeminitially preparedin the ground-
harmonicstatefor all nucleardegree®f freedom.The frequen-
ciesintroducedby eq6 are6;) 0,) 208c/i withi ) 500
nm. The parametersthat define the pump pulse temporal
profiles, introducedby eq 7, aret, ) 42fs, 6% ) 576fs? and
c‘é) - 1156fs2. We focuson theweak-fieldlimit by selecting
themaximumfield strengthFmax) 0.25MeV/cmfor bothpump
pulses.The net effect of the field is ratherweak due to the
brevity of thepulse: lessthan4% of the populationis transferred
from the ground-to the excited-electronicstate.Note that by
fixing the parametersthat define Fi(t) and Fy(t) one can
simultaneouslyexploreall possibleoutcomeshat resultfrom
different valuesof the coherent-controparamete© ) 0; -
0,. Here,we do not exploretheinfluenceof thefield strength??
relative intensities,chirp rates,or pulsewidths. However,the
parameterghat define such quantitiesin the real bichirped
coherent-controéxperimentouldbe optimized,e.g.,according
to a closed-loopoptimal-controlscheme?228 31
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Figure 3. Contourplots of trans-3 (upperpanel)andcis-S (lower

panel)time-dependenpercentaggopulationsfor bichirpedcoherent
controlof rhodopsinasafunctionof therelativephased ) 6;- 0 of

the photoexcitatiorpulses.

Ill. Results

Figure 2 comparesP) (upper panel) and PSY (lower
panel)for variousdifferent valuesof the relative pulsephase
parameteid.

Theseresultsshow evidenceof significant changesn the
dynamicsof cis/trangphotoisomerizatioin rhodopsinproduced
solely by changesn therelativepulselaserparameted. Note
thatboththe excited-andground-stateecurrencesrestrongly
modulatedoy 0 in termsof theirtiming, spreadingandrelative
intensities.The origin of suchrecurrencess the refocusingof
excited-andground-statgopulationsbackto the cis andtrans
conformationsyespectively after the S; populationbifurcates
ataconicalintersectiorof therelevantpotentialenergysurfaces
(for an earlier discussionof photoisomerizatiorand internal
conversiorat conicalintersectionsseeref 32). Thebifurcation
eventgives rise to both the first peak of P& and the first
minimum of P$?, shownin Figure 2 a about 200 fs after
photoexcitatiorof the system.

Figure 3 showscontourplots of trans-$ (upperpanel)and
cis-S (lower panel) time-dependenpercentagepopulations,
definedas 100*P§§215(t)/Ptot and 100*P(c%)(t)/Ptot, respectively.
Here, Py is the total populationtransferredrom the ground-
to the excited-electronistateby the photoexcitatiorpulses.

Figure 3 showsthat coherentcontrol is feasiblesimply by
changingherelativephase®f the photoexcitatiorpulsesNote
thatthe reactionefficiency (i.e., thetrans-3 percentag@opula-
tion) canbe modulatedfrom morethan60%to lessthan 30%
by changingthe coherentcontrol paramete.
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Figure 4. Comparisorof the evolutionof the Tr[F?] (dashesith the
evolutionof thetime-dependenteactantis-S (solid lines) andtrans-
S (brokendashespopulationgduringthefirst 1.2 psof dynamicsafter
photoexcitatiorof the system.

Theextentto which theseresultsaresignificantis associated
with theadventof intrinsic decoherencénducedby the coupling
betweernthereactioncoordinatgi.e., thetorsionof thedihedral
angleaboutthe C;3- C;2 bond)andthe stretchingmodeof the
polyenechain.We estimatethe decoherenceate,accordingto
our previouswork 15 by computingthe time-dependenTr[P-
(t)] whereHt) is the reduceddensity matrix associatedvith
the reaction coordinate.The calculationis performedfor a
harmonicstateinitially promotedto the S; excited-electronic
state.Sincethe decoherenceateis expectedo increasewith
the configurationspacesize,suchaninitial conditionservesas
anapproximatdower boundto the decoherenceate.According
to suchpreparationthe systemis initially in a purestate,i.e.,
Tr[FX0)]) 1.However,astheisomerizatiorreactionproceeds,
the torsionalmotion of the dihedralanglebecomesoupledto
the motion of the remainingdegreef freedomin the system
(i.e., thestretchingmodeof the polyenechainandthe remaining
23 vibrationally active modes)and Tr[F(t)] decaysat the
decoherencaate. Figure 4 (upper panel) shows the time-
evolutionof Tr[F(t)] andthe comparisorwith the evolutionof
both PEY and P2 _during the first 1.2 ps of dynamics.

Thelower panelof Figure4 showsthe analogousesultsfor
atwo-statewo-modemodelHamiltonianconstructedby turning
off the couplingto the harmonicansatz The comparisorof Tr-
[FA()] for the 25-modemodel (upper panel) and the 2-mode
model (lower panel) suggeststhat the main contribution to
decoherencés dueto the coupling of the reactioncoordinate
to the stretchingmodeof the polyenechain. Note that during
the early time relaxation(t < 70 fs) most of the population
remainson thereactansideof theinitially populatecelectronic
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state(i.e., P 1). However, Tr[F] rapidly decaysdue to
the intrinsic decoherencenducedby the vibronic activity and
reaches plateauassoonasthe reactionis completeat 200fs.

IV. Summary and Conclusions

We haveintroduceda bichirped coherent-controkcenario,
and we have computationallydemonstratedhe feasibility of
coherentlycontrollingthe femtosecongbrimary eventof vision
asmodeledoy anempiricalHamiltonianthatproperlydescribes
the underlyingreactionspeedand efficiency. Consideringthe
longstandingesearchnterestin rhodopsinphotoisomerization,
we anticipateconsiderablexperimentainterestin examining
this coherent-controscenario.

We have shown that the coupling betweenthe reaction
coordinateandthe stretchingmodeof the polyenechainin the
retinal chromophorenducesdecoherencevithin a time scale
comparabléo thereactiontime. To our knowledgetheseresults
andthosereportedearlie® constitutethe first explicit calcula-
tionsof thetime-dependentr[F?] associateavith excited-state
reactiondynamicsin polyatomic molecules.Such quantity is
the standardand most conventionalmeasureof decoherence.

We have shown that the predicted range of control is
extensivedespitethe ultrafastintrinsic decoherencaducedby
thevibronic activity, providing resultsof broadtheoreticaland
experimentalinterest.
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