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1 Introduction

1.1 The hydrogen bond

Thehistoryof thehydrogenbondcommencesin 1920,whenLatimerandRodebush,who
wereatthattimestudyingthestructureandpropertiesof waterwith G.N. Lewis, remarked
that

A freepairof electronsononewatermoleculemightbeableto exert sufficient force
on a hydrogenheldby a pair of electronson anotherwatermoleculeto bind thetwo
moleculestogether. Structurallythismayberepresentedas

H:O
..
..:H:O:

..

..
H

H

Suchcombinationsneednotbelimited to theformationof doubleor triple molecules.
Indeedthe liquid may be madeup of large aggregatesof molecules,continually
breakingupandreformingundertheinfluenceof thermalagitation[2].

The authorsusedthe hypothesisof the hydrogenbond to explain the high protoncon-
ductivity anddielectricconstantof liquid water. Simultaneouslywith thedevelopmentof
thequantum-mechanicaltheoryof chemicalbondingin theyearsthereafter, anincreasing
amountof researchwasdevotedto thenatureof thehydrogenbond.An entirechapterof
Linus Pauling’s The Nature of the Chemical Bond, which appearedin 1939,wasdevoted
to it. In theintroductionof thischapter, Paulingwrote

I believe that [ ����� ] it will be found that the significanceof the hydrogenbond for
physiologyis greaterthanany othersinglestructuralfeature[3].

This predictioncametruewhenit wasfoundthat thedouble-helixstructureof DNA and
thesecondarystructureof proteinsarebothdeterminedby hydrogenbonding.Sincethen,
aneverincreasingnumberof studieshasbeenconcernedwith thestructuralanddynamical
propertiesof thehydrogenbond.

Hydrogenbondingplaysan importantrole in determiningthephysicalandchemical
propertiesof many substances.Themostobviousexampleis water, which in theabsence
of hydrogenbondingwouldbeagasat roomtemperature.Theabnormallyhighviscosity,
surfacetension,andheatof vaporizationof waterarealsocausedby hydrogenbonding.
Theeffect of hydrogenbondson crystalstructureis bestillustratedin ice Ih, which has
a very openstructurethat optimizesthe hydrogen-bondinteractionbetweenthe water
molecules.

The hydrogenbond is an attractive interactionbetweena protondonorX � H anda
protonacceptorY, in the sameor a differentmolecule:X � H ����� Y, whereX andY are

9
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electronegative atomssuchasoxygen,nitrogenor fluorine. The hydrogenbondhasco-
valentcharacter, ashasbeenconfirmedrecentlyby meansof inelasticX-ray diffraction
experiments[4]. Thiscovalentcharacteraccountsfor thecooperativenatureof thehydro-
genbond:formationof ahydrogenbondX � H �����Y increasesboththepolarityof theX � H
bondandthebasicityof Y, which canresultin a significantincreasein strengthof addi-
tionalhydrogenbonds[5]. Hydrogenbondsaredirectional[6], andhavebondenergiesin
therangefrom 3 to 30kJ/mol.Thismeansthatthey aremuchweaker thanordinarycova-
lentbonds,whichtypically havebondenergiesontheorderof 500kJ/mol.Becauseof this
smallbondenergy andthesmallactivationenergy involvedin its formationandrupture,
hydrogenbondsareespeciallyimportantin chemicalandphysicalprocessestakingplace
at roomtemperature.

1.2 The XH-stretch mode as a probe of hydrogen-bond structure and dynamics

Formationof thehydrogenbondX � H �����Y causesaredshiftof thefundamentalfrequency
of the XH-stretch(νXH) vibration. This redshift increasesapproximatelylinearly with
decreasinghydrogen-bonddistanceRX � H �	�
�Y. The relationbetweenhydrogen-bonddis-
tanceandνXH frequency wasunambiguouslydemonstratedwhentheRX � H �	�	�Y distances
of a largenumberof hydrogen-bondedsubstances(determinedby X-ray diffraction)were
comparedwith their νXH frequencies[7]. For moderatelystrongO � H ����� O hydrogen
bonds,suchasoccurin waterandethanol,theredshiftof νOH is typically 200–300cm� 1.
Simultaneouslywith the redshift of the XH-stretchfrequency, an increaseof both the
linewidth and the absorptioncrosssectionof the vXH � 0 � 1 transitionoccurs. The
strongcorrelationof thehydrogen-bondstrengthandtheνXH frequency hasmadeinfrared
spectroscopy by far themostimportanttool to studyhydrogenbonding.

Both the redshiftand the increaseof the linewidth of the νXH transitionaredue to
anharmoniccouplingbetweentheνXH �	�	�Y hydrogen-bondmodeandthe νXH mode. The
Hamiltonianof the systemconsistingof the coupledνXH �	�	�Y andνXH oscillatorsis very
oftenassumedto have theform [8–12]

H � p2 
 2m � mω2q2 
 2 � P2 
 2M � MΩ2Q2 
 2 � Kq2Q � (1.1)

whereq � p � m � ω andQ � P� M � Ω refer to thenormalcoordinate,conjugatemomentum,re-
ducedmass,andfrequency of theνXH andνXH �
�	�Y mode,respectively, andK is ananhar-
moniccouplingconstant.ThisHamiltoniancanalsobewrittenas[12]

H � p2 
 2m � mω2
eff � Q � q2 
 2 � P2 
 2M � MΩ2Q2 
 2 (1.2)

whereωeff � Q � is theeffectiveνXH frequency, givenby

ωeff � Q � � ω
�

1 � 2KQ 
 mω2 � ω � const��� Q � (1.3)

Therefore,theHamiltonian(1.1)reproducestheapproximatelylinearrelationshipbetween
theredshiftof theνXH frequency andthehydrogen-bonddistanceRX � H �	�	�Y. Sincethefre-
quency Ω of theνXH �
�	�Y modeis muchsmallerthanthefrequency ω of theνXH mode,we
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canuseanadiabaticapproximation,andcalculatepotentialenergy functionsfor theslow
νXH �	�	�Y modein the vXH � 0 andvXH � 1 states.The minima of the (harmonic)poten-
tial energy functionsfor thehydrogen-bondmodeobtainedin thiswayaredisplacedwith
respectto eachother(seeFig. 1.1). In a fully quantum-mechanicalmodel,theadiabatic
potentialscanbeusedto calculatethehydrogen-bondwavefunctionsψ � Q � in thevXH � 0
andvXH � 1 potentials. The probability of a transitionbetweenvXH � 0 andvXH � 1

FIGURE 1.1. Adiabaticpotentialenergy functionsfor the hydrogenbond,calculatedusingthe
Hamiltonian(1.1).

statesdependson the overlapof the hydrogen-bondwave functionsin the vXH � 0 and
vXH � 1 potentials(Franck-Condonfactor).Thedisplacementof thevXH � 0 andvXH � 1
potentialswith respectto eachothergivesrise to vXH � 0 � 1 transitionsin which the
vXH �	�
�Y quantumnumberchanges.In the νXH spectrum,thesetransitionsappearassum
anddifferencefrequency bandsatνXH � nνXH �	�	� Y (Franck-Condonprogression).Fromthe
overlapof thehydrogen-bondwave functionsin thevXH � 0 andvXH � 1 potentialsthe
relative intensitiesin theFrank-Condonprogressioncanbecalculated[10]. Maréchaland
Witkowski werethe first to do this, andfound goodagreementbetweencalculatedand
experimentalOH-stretchabsorptionbandsof severalhydrogen-bondedcomplexesin the
gasphase[8,10].

In the condensedphase,the hydrogen-bondmodestronglyinteractswith otherlow-
frequency degreesof freedom(’bath modes’). This leadsto the well-known broadand
smoothνXH spectraof hydrogen-bondedmoleculesin liquidsandsolids.Thetheoryout-
lined above,which appliesto isolatedhydrogen-bondedcomplexes,mustthenberefined
to includetheinteractionof theνXH �	�	�Y oscillatorwith thebath.Thisapproachto thestudy
of νXH bandsof hydrogen-bondedsystemsin the condensedphasehasbeendeveloped
mainly by RobertsonandYarwood [9,11]. The Hamiltonian(1.1) is still used,but the
νXH �	�	�Y modeis modeledasaclassicalharmonicoscillatordrivenby arandomforcewhich
representstheinteractionwith thebathmodes.As a consequence,theνXH �	�	�Y coordinate
Q � t � obeysaLangevin equation,andtheHamiltonian(1.1)governingtheνXH motionbe-
comesa stochasticoperator. TheνXH frequency is determinedby thetime dependenceof
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Q � t � via Eq. (1.3). Essentially, this meansthat thefluctuationsof theνXH frequency of a
hydrogen-bondedmoleculedirectlymirror thedynamicsof thehydrogen-bondmotion.

The relationshipbetweenQ � t � andthe νXH frequency motivatesthe useof infrared
spectroscopy on the XH-stretch mode to study hydrogen-bonddynamicsin the con-
densedphase.Until recently, suchinfraredstudieshave only beendonewith linearspec-
troscopy [13,14]. Unfortunately, the broadνXH bandsthat typically occurin the linear
absorptionspectraof hydrogen-bondedsystemsin the condensedphaseonly reflectthe
distributionof νXH frequencies(hydrogen-bondlengths),andprovidenoinformationcon-
cerningthedynamicsof thehydrogenbond.Suchinformationcanbeobtainedby means
of nonlinearspectroscopy ontheνXH mode,whichmakesit possibletostudythedynamics
of asubensembleof themoleculeswith aspecificνXH frequency. With theadventof laser
setupsthatproduceultrashortpulseswith high intensitiesin themid-infraredwavelength
region,nonlinearspectroscopy onmolecularvibrationsbecamepossible,andalargenum-
ber of nonlinearoptical studieson hydrogen-bondedvibrationshassincebeenreported,
mostof which involvedpump-probeexperiments.In theseexperiments,asubensembleof
thehydrogen-bondedmoleculeswith a certainνXH frequency is selectively excitedby an
intenseresonantpumppulse,andits evolution is studiedby a delayedprobingpulse(see
the next Section). Initially, mid-infraredpulseswith durationsin the picosecondrange
wereusedto performvibrationalpump-probeexperiments.In this way, the νXH modes
of several hydrogen-bondedsystemswere investigated,in particularthe νOH, νNH, and
νCH modesof hydrogen-bondedcomplexesdissolvedin CCl4 [15–21], theνOH modeof
dilute HDO:D2O solutions[22,23] andof a hydrogen-bondedpolymer[24,25], andthe
νOH modeof hydrogen-bondedsurfacehydroxyls[26,27]. In thepastfew years,thede-
velopmentof amplifiedTitanium:sapphirelasersystemshasmadeit possibleto generate
intensemid-infraredpulsesin the femtosecondrange[28,29]. Femtosecondvibrational
studieson hydrogen-bondedsystemsreportedto dateincludespectrallyresolvedpump-
probeexperimentson theνOH modeof HDO:D2O [30,31], visible-pump/infrared-probe
experimentson theνC� O modeof hydrogen-bondedcomplexesin solution[32], andthe
experimentsreportedin this thesis.

1.3 Vibrational pump-probe spectroscopy

1.3.1 GENERAL CONSIDERATIONS

In a vibrationalpump-probeexperiment,anintensepumppulsepreparesa nonstationary
statein which a fractionof themoleculesis in anexcitedstateof a molecularvibration,
usuallythefirst excited(v � 1) state.Thisnonstationarystateis interrogatedaftera delay
timeτ by aprobingpulse.Thepopulationof thev � 1 stateof themolecularvibrationby
the pumppulsegivesrise to decreasedabsorptionat thev � 0 � 1 frequency andstim-
ulatedemissionat the v � 1 � 0 frequency (bleaching),andto an increasedabsorption
at thev � 1 � 2 frequency (excited-stateabsorption).TheOH-stretchvibrationsstudied
in this thesisareanharmonic,andthev � 0 � 1 andv � 1 � 2 frequenciesseparatedby
proximately250cm� 1. Hence,whetherthebleachingor theexcited-stateabsorptionis ob-
serveddependson theprobefrequency. In general,two typesof pump-probeexperiments
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areperformed:(1) delayscans,in which thepumpandprobehave fixedfrequencies,and
the absorptionchangeof the probepulseis measuredasa functionof the relative delay
betweenpumpandprobe;(2) transientspectra,in which the delayandpumpfrequency
haveafixedvalue,andtheabsorptionchangeof theprobepulseis monitoredasafunction
of thefrequency of theprobepulse.

1.3.2 QUANTITATIVE DESCRIPTION OF PUMP-PROBE SPECTROSCOPY

Thepump-probesignalis definedasthedifferencebetweenthetransmissionof theprobe
pulsewith andwithout excitation of the sampleby the pumppulse. We thereforewant
to calculatethe differencebetweenthe time-integratedintensitiesof the probepulseat
theendof thesamplewith andwithout thepresenceof thepumppulse.The intensityin
absenceof theprobepulseis givenby theLambert-Beerlaw. To calculatetheintensityin
thepresenceof thepumppulse,wehave to considerthepropagationof theprobepulsein
thenonlinearlypolarizedmedium.Thepumpandprobefieldshave theform

E j � r � t � � Ẽ j � z � t � ei � k jz � ω jt � � c � c ��� (1.4)

with j � 1 for the pumpand j � 2 for the probefield. In this equation,Ẽ j � z � t � arethe
pulseenvelopefunctions,andω j thecenterfrequenciesof thepumpandprobepulses.In
theslowly varyingenvelopeapproximation,thewaveequationfor theprobereads[33]:�

∂
∂z

� 1
v

∂
∂t � Ẽ2 � z � t � � � α0 � ω2 �

2
Ẽ2 � z � t ��� 2πiω2

nc
P̃ � 3� � z � t ��� (1.5)

whereP̃ � 3� � z � t � is theenvelopefunctionof thethird-orderpolarizationandα0 � ω2 � is the
linear absorptioncoefficient at the probefrequency. In this thesis,we will studybroad
OH-stretchabsorptionbands,andwe cansafelyassumethat α0 � ω � is constantover the
power spectraof thepumpandprobepulses.If we work in a moving frameandusethe
retardedtimecoordinateη � t � z 
 v thisequationbecomes[34]

∂
∂z

Ẽ2 � z � η � � � α0 � ω2 �
2

Ẽ2 � z � η � � 2πiω2

nc
P̃ � 3� � z � η �!� (1.6)

Thethird-orderpolarizationis a functionof thepumpandprobefields,which meansthat
theevolutionof theprobepulseis governedby asystemof coupledequationsfor theprobe
field andthe third-orderpolarization.Whenthe third-orderpolarizationhasa relatively
smalleffect on theprobeintensity, we canusea perturbative approach:we calculatethe
third-orderpolarizationusingtheunperturbedlinearwave-equations

∂
∂z

Ẽ � 1�
j � z � η � � � α0 � ω j �

2
Ẽ � 1�

j � z � η �!� (1.7)

whichhave thesolutions:

Ẽ � 1�
j � z � η � � Ẽ j � 0 � η � e � α0 � ω j � z " 2 � (1.8)
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With anexplicit expressionfor the third-orderpolarizationin termsof Ẽ � 1�
j � z � η � we can

calculatetheprobeintensityin thepresenceof thepumppulse:

Ẽ2 � z � η � � Ẽ � 1�
2 � z � η � � 2πiω2

nc
e � α0 � ω2 � z " 2 # z

0
dz $ P̃ � 3� � z $%� η � eα0 � ω2 � z &
" 2 � (1.9)

The pump-probesignal is definedas the differencebetweenthe time-integratedprobe
intensitiesat theendof thesamplein thepresenceandabsenceof thepumppulse,andis
givenby

S � # ∞� ∞
dt ')( Ẽ2 � L � t �*( 2 � ( Ẽ � 1�

2 � L � t �*( 2 +
� 4πω2

nc
Im # ∞� ∞

dη Ẽ � 1�-,
2 � L � η � e � α0 � ω2 � L " 2 # L

0
dzP̃ � 3� � z � η � eα0 � ω2 � z " 2 �

(1.10)

whereL is the thicknessof the sample.In this equation,we have neglectedthe higher-
ordertermquadraticin thethird-orderpolarization.Eq.(1.10)is a generalexpressionfor
the transmissiondecreaseof the probein the presenceof the pumppulse,andholdsfor
arbitraryoptical thicknessα0L of thesample.For optically thin samples(α0L . 1), P � 3�
andE � 1�

2 areindependentof z, andEq.(1.10)reducesto thewell-knownexpression[33,35]

S � 4πω2L
nc

Im # ∞� ∞
dt Ẽ � 1�-,

2 � t � P̃ � 3� � t �!� (1.11)

In pump-probeexperiments,only contributionsto the third-orderpolarizationwhich
containthepumpfield twice andtheprobefield oncecontributeto thesignal.Hence,the
third-orderpolarizationatpositionz is anintegrationof theform [35]

P̃ � 3� � z � η � � # dη1
# dη2

# dη3Ẽ � 1�/,
1 � z � η1 � Ẽ � 1�

1 � z � η2 � Ẽ � 1�
2 � z � η3 � F � η � η1 � η2 � η3 �!�

(1.12)
whereF is a function representingthe nonlinearoptical responseof the medium. After
substitutionof Eq. (1.8) into this equation,the integrationover z in Eq. (1.10) can be
carriedout,andweobtain

S � 4πω2

nc
e � α � ω2 � L � 1 � e � α � ω1 � L �

α � ω1 � Im # ∞� ∞
dt Ẽ � 1�-,

2 � 0 � t � P̃ � 3� � 0 � t �!� (1.13)

which is identical to Eq. (1.11) apartfrom a proportionalityconstant. Thus, for broad
absorptionbands,theopticalthicknessof thesamplehasno influenceonthedelaydepen-
denceof the pump-probesignal. In the remainderof this thesis,Eq. (1.13)(without the
prefactor)will beusedto calculatevibrationalpump-probesignals.

1.4 Outline of this thesis

This thesisis concernedwith the dynamicsof the OH-stretch(νOH) modein strongly
hydrogen-bondedsystems,which will be studiedby meansof vibrational pump-probe
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spectroscopy. First, a descriptionof the experimentalsetupis given in Chapter2. The
study of hydrogen-bonddynamicsbegins in Chapter3, with hydrogen-bondedethanol
clustersin solution.Sinceanethanolmoleculecanonlyparticipatein twohydrogenbonds,
theseclustersarelinearaggregatesof hydrogen-bondedethanolmolecules,andconstitute
arelatively simplemodelsystemto investigatehydrogen-bonddynamicsin thecondensed
phase.

Chapter4 is thefirst of five chapterson thedynamicsof themuchmorecomplicated
systemof liquid water. Sincethe dynamicsof the νOH modein liquid H2O is compli-
catedby thestrongcouplingbetweentheOH-oscillators,previousstudieshaveveryoften
concentratedon the νOH modeof dilute solutionsof HDO in D2O, wherethe coupling
betweenthe νOH vibrationsis negligible. In Chapters4 to 7 we will extensively study
thedynamicsof theνOH modein dilute HDO:D2O. First,we will concentrateon thefast
spectralrelaxationthattakesplacein thefirst picosecondafterexcitationof theνOH mode
(Chapter4). Thentheorientationalrelaxationof theO � H groupsis discussed,whichwill
befoundto beintricatelyconnectedwith thespectralrelaxation(Chapter5). After thefirst
picosecond,theνOH dynamicsaredeterminedmainly by thepopulationrelaxationout of
theνOH � 1 state,which is discussedin Chapter6. The interestinganddramaticeffects
thatcoherentcouplingcanhaveontheobservationsmadeusingpump-probespectroscopy
aredescribedquantitatively in Chapter7. Theresultsobservedin a pump-probestudyon
theνOH modeof HDO:D2O by Laenenet al. areexplainedin termsof theseeffects.This
Chapterconcludestheinvestigationof theνOH modeof themodelsystemHDO:D2O. In
Chapter8 we presentthefirst pump-probestudyon theνOH modein liquid H2O, that is,
in ’real’ water.

ThelastChapterof this thesisis a photon-echostudyof theνOH modein a hydrogen-
bondedsystem.Here,the emphasiswill not be on the νOH dynamics,but ratheron the
useof mid-infraredincoherentphotonechoesto studythe homogeneousdephasingof a
molecularvibration.



2 Experimental setupfor time-resolvedvibrational
spectroscopy

2.1 Intr oduction

Nonlinearspectroscopy of vibrationaltransitionsrequiresultrashortpulsesthat aretun-
ablein the mid-infraredregion of the electromagneticspectrum.The pulseshave to be
intense,sincemolecularvibrationaltransitionsarehardto saturatedueto their smallab-
sorptioncrosssections.Sincethe dynamicsof vibrational transitionsoften takesplace
on subpicosecondtime scales,thepulselengthsshouldpreferablybe in thefemtosecond
region.

Continuouslytunablepulsesin the mid-infraredcanbe generatedby differentlasers
andtechniques,suchasfree-electronlasers[36], color-centerlasers,difference-frequency
mixing [37,38], andoptical parametricgenerationandamplification. Parametricgener-
ationandamplificationis a favorablechoicebecauseit candeliver short,widely tunable
pulsesof high intensity.

Optical parametricamplification(OPA) is a nonlinearinteractionin which two light
wavesof frequenciesω1 andω2 areamplifiedin a mediumwhich is irradiatedwith an
intensepumpwaveof frequency ω3

� ω1
� ω2. Thehigherof thetwo frequenciesω1 � ω2

is referredto asthesignal,thelowerastheidler. For theparametricamplificationto occur
efficiently, thephase-matchingconditionk3

� k1
�

k2 mustbesatisfied.This is generally
achievedbyusingbirefringentnonlinearcrystals.By changingtheangleof theopticalaxis
of thecrystalwith respectto thepolarizationof oneor two of thethreeinteractingfields,
a particularsetof frequenciesω1 � ω2 is selectedfor which both the conditionsof phase
matching(n3ω3

� n1ω1
�

n2ω2) andenergy conservation(ω3
� ω1

� ω2) arefulfilled.
From a classicalpoint of view, parametricamplificationcanoccuronly if the pump

andat leastoneof the two otherfields (signalor idler) is presentat the entranceof the
nonlinearmedium. However, at sufficient pumpenergies,signalandidler aregenerated
evenif theinitial numbersof photonsat ω1 andω2 is zero.This phenomenonis referred
to asopticalparametricsuperfluorescence[39] or opticalparametricgeneration(OPG).It
canonly beunderstoodfrom aquantum-mechanicalpointof view, andcanberegardedas
parametricamplificationof the zero-pointfluctuationsof the electromagneticfield. The
fact that parametricgenerationis essentiallyparametricamplificationwhich startsfrom
quantumnoisewill beexploitedin Chapter9.

Themethodof parametricgenerationandsubsequentparametricamplificationto gen-
eratepicosecondidler pulsesin the mid-infraredhasbeenusedextensively in the past.
Initially, the parametricprocesseswerecarriedout in LiNbO3 crystalspumpedwith the
fundamentaloutputof a Nd:glasslaser[40]. Later, Nd:YAG lasersbecamepopularas

16
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pumplasersbecauseof their higherpulseenergy andrepetitionrate,andfor a numberof
yearsNd:YAG-pumpedmid-infraredOPG-OPA systemshave beenusedaslight sources
in time-resolvedinvestigationson thepicosecondtimescale[41,42].

With theadventof amplifiedfemtosecondTitanium-sapphire(Ti:sapphire)lasersys-
tems,parametricgenerationand amplificationhave beenextendedto the femtosecond
time scale.Theβ-BaB2O4 (BBO) crystalis a goodchoicefor parametricgenerationwith
femtosecondpulses,becauseit hasa high damagethreshold[43] and supportsa large
bandwidth.BBO crystalsarethereforeoftenusedin commercialOPG-OPA systems.If
thesedevicesarepumpedwith thefundamentalTi:sapphirewavelength( � 800nm),signal
andidler cover a wavelengthregion of 1–2.6µm. Longerwavelengthscannotbegener-
atedbecauseof the onsetof infraredabsorptionin BBO at approximately2.6 µm [43].
Thetuningrangecanbeextendedto 10 µm by difference-frequency mixing of thesignal
andidler in adifferentcrystal,but theresultingintensitiesareratherlow.

Thegenerationof femtosecondpulseswith sufficient energy in the3 µm wavelength
regionrequiresanonlinearcrystalthatis transparentin thisregion. A suitablecandidateis
KTiOPO4 (KTP),whichis transparentandphase-matchableupto awavelengthof 4.5µm.
Sinceit hasalow damagethreshold[43], it cannotbeusedfor parametricgeneration.This
suggeststheuseof BBO to generatea (weak)signalpulseat theappropriatewavelength,
which canserve asa seedin subsequentparametricamplificationin KTP to generatethe
requiredidler at � 3 µm. The mid-infraredpulsesusedin the experimentspresentedin
this thesisweregeneratedin this way. With our setup,idler wavelengthsup to 3.4µm are
easilyobtained.Wavelengthslongerthan3.4µm aredifficult to generate,sinceonly very
small amountsof the requiredsignalseedcanbegenerateddueto the absorptionof the
correspondingidler in BBO.

Recently, analternativemethod,consistingof continuumgenerationin glasscombined
with parametricamplificationin BBO (pumpedby thesecondharmonicof theTi:sapphire
laser)hasbeenusedto generatethe seed.Subsequentparametricamplificationin KTP
(pumpedby the fundamentalof the Ti:sapphire)resultsin mid-infraredidler pulsesthat
have energiesof the sameorderof magnitudeasthosegeneratedwith our setup,anda
somewhatbettertime-bandwidthproduct[29].

2.2 Laser system

ThecommercialTi:sapphiresystemweuseto pumptheparametricdown-conversionpro-
cessis depictedin Fig. 2.1(a).A tunablemode-lockedTitanium:sapphireoscillator(Spec-
tra PhysicsTsunami)is usedto generatepulsesof 65 fs FWHM at a repetitionrateof
82 MHz, with a centerwavelengthof 800 nm. Theoscillatoris pumpedwith a Spectra
PhysicsBeamlock2060continuous-waveAr � -laserrunningatanoutputpowerbetween6
and7 W. Theoscillatoroutputis usedto seedaQuantronix4800regenerativeTi:sapphire
amplifier, which is pumpedwith a QuantronixSeries100intra-cavity frequency-doubled
Q-switchedNd:YLF laserwith anoutputof 9 mJin � 300nsata repetitionrateof 1 kHz.
Theseedpulsesarefirst stretchedto a lengthof severalhundredsof picosecondsusinga
single-gratingstretcher-compressor. They arecoupledinto andoutof theregenerativeam-
plifier at a frequency of 1 kHz usinga Pockel’s cell. A photodiodemonitoringtheoutput
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FIGURE 2.1. (a) TheamplifiedTi:sapphirelasersystem.(b) Autocorrelationtraceof thecom-
pressedamplifieroutput,recordedin a 100µm thick BBO crystal.Thesolid curve is a Gaussian
with a FWHM of 181fs. (c) Powerspectrumof thepulses,recordedwith a scanningmonochro-
mator. Thesolidcurve is a Gaussianwith a FWHM of 9.7nm.

pulsesof theTi:sapphireoscillatoris usedtogetherwith a frequency divider to triggerthe
Pockel’s cell andtheQ-switchof theNd:YLF laser, ensuringthat they aresynchronized
with theseedpulses.After recompressionof theregenerativeamplifieroutput,transform-
limited pulsesof 1 mJand130 fs durationat a repetitionrateof 1 kHz areobtained.A
typical power spectrumand autocorrelationtraceof the amplifiedpulsesare shown in
Fig. 2.1(b)and(c).

2.3 The optical parametric amplifier TOPAS

The commercial Traveling-wave Optical Parametric Amplifier of Superfluorescence
“TOPAS” (Light Conversion)cangeneratesignalandidler pulsesthat arecontinuously
tunablefrom 1 to 2.6 µm. It is basedon the two-stageparametricamplificationof para-
metric superfluorescence.Both the generationandamplificationtake placein the same
5 mm β-BariumBorate(BBO) crystal(opticalaxiscut at 28� ). The frequency of signal
and idler is determinedby the phase-matchingangleof the crystal. BBO is a negative
uniaxialcrystal: theextraordinaryrefractive index ne (for light polarizedalongtheopti-
calaxis)is smallerthantheordinaryrefractive index no (for light polarizedperpendicular
to the optical axis). The polarizationof the signal is perpendicularto the optical axis,
whereasthe pumpandidler polarizationshave a componentalongthe optical axis, and
henceexperiencea refractive index n � θ � � � cos2θ 	 n2

o
�

sin2θ 	 n2
e ��
 1� 2 determinedby the

angleθ betweenthe optical axis andthe polarization. The phase-matchingconditionis
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thereforen3 � θ � ω3
� n1 � θ � ω1

�
n2ω2, which is referredto astypeII phasematching[44].

UsingtheSellmeierequationsfor thedispersiontherefractive indicesno andne [44], we
cansolve thephase-matchingconditionfor θ to obtaintheso-calledtuningcurve, which
is shown in Fig. 2.2.
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FIGURE 2.2. Calculatedsignalwavelengthasa functionof theangleθ for apumpwavelengthof
800nm. Notethatθ is theanglebetweentheopticalaxisandthepolarizationinsidethecrystal.

FIGURE 2.3. Thetraveling-wave opticalparametricamplifierTOPAS. The800nm pumpbeam
is shown in grey, thesignal+idlerbeamin black.All mirrorsare800nmhigh-reflectivedielectric
mirrors,exceptM3, M7 andM8 whicharemetallicmirrors.BBO: β-BariumBoratecrystal;TD1
andTD2: birefringentplatesto generatedelaybetweensignalandidler; G: glassplate;BS1and
BS2:beamsplitters.

TheTOPAS is depictedschematicallyin Fig. 2.3.The800nmpumpbeamis split into
threepartsby thebeamsplittersBS1andBS2.Thefirst partpassesthroughatelescopeand
is directedto theBBO crystalby themirrorsM1 andM2. There,parametricgeneration
takesplace,resultingin a broadbandseedpulse. The seedis reflectedby M3 and the
signalis parametricallyamplifiedby thesecondpartof thepumpbeam,which is directed
to the BBO by mirrors M4–6. It passesthrougha glassplateG which compensatesthe
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paralleldisplacementof theseedwhenthephase-matchingangleof theBBO is changed.
Sincethe amplificationtakesplacein the far field of the seed,it providesa wavelength
selectionmechanism.Thepreamplifiedsignalbeamis slightly increasedin diameterand
againdirectedto theBBO crystalby mirrorsM7 andM8. Thereit is stronglyamplified
by the third andmost intensepart of the pumpbeam,directedto the crystalby mirrors
M9–11.ThebirefringentplatesTD1 andTD2 serve to generatea time delaybetweenthe
signalandidler, whichareperpendicularlypolarized.This timedelaybetweensignaland
idler ensuresthatthepumppulsehastemporaloverlaponly with signal.

Very high conversionefficienciescanbereachedwith theTOPAS, andwith someef-
fort, signal+idlerenergiesof 300 µJ canbe obtained.At idler wavelengthslongerthan
2.5µm theBBO crystalstartsto absorb,resultingin a muchlower conversionefficiency.
ThustheTOPAS cannotbeuseddirectly to generatethemid-IR pulsesneededfor experi-
mentsonOH-stretchbands,whicharelocatedin the3 µm wavelengthregion.

2.4 Generationof intenseultrashort pulsesin the 3000–3600cm
 1 fr equencyregion

2.4.1 ONE-COLOR SETUP

Thesignalwavelengthof approximately1.1µm whichcorrespondsto anidler in the3 µm
wavelengthregion canstill be generatedin BBO, althoughwith a low conversioneffi-
ciency, sincebothsignalandidler areneededin theparametricamplificationprocess,and
the idler photonsare immediatelyabsorbedafter beinggenerated.In order to produce
pulseswith sufficient intensityin the3 µm wavelengthregion,weusea5 mmthick KTP-
crystal [45] cut at θ � 40� � φ � 0� to amplify the weaksignaloutputof the TOPAS at
approximately1.1µ with theresidualpumpavailableat theoutput(seeFig. 2.4). KTP is
a biaxial crystal[44], which meansthatit hasthreedifferentrefractive indicesnX � nY � nZ.
However, sincetwo of thesearenearlyequal,it canin practicebe regardedasa (posi-
tive) uniaxialcrystal,with nZ astheextraordinaryrefractive index. Thesignaloutputof
the TOPAS is polarizedperpendicularto the 800 nm pumpandidler beams.The KTP
is positionedwith theY-axisalongpump(andidler) polarization,andphasematchingis
achievedby varyingtheanglebetweenthecrystal’sZ-axisandthesignalpolarization.

At signalwavelengthsaround1 µm thesignaloutputof theTOPAS hasa very broad
power spectrum,both becauseof the absorptionof the idler in BBO which reducesthe
lengthover which signalandidler interact,andbecausethe tuning curve of the BBO is
very steep in thatwavelengthregion (seeFig. 2.2). As a consequence,thesignalwhich
servesasa seedfor theparametricamplificationin KTP hasa very broadspectrum,and

FIGURE 2.4. Setupfor thegenerationof tunablemid-infraredpulses.LWP:long-wavepassfilter;
R800:800nmreflectivemirror onCaF2; R1100:1060nmreflectivemirror onCaF2.
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FIGURE 2.5. Powerspectraandautocorrelationtracesof theidler pulsesgeneratedwith theone-
color setupshown in Fig. 2.4. The openand solid points in the left and right panelsmatch.
(a) Power spectrarecordedwith a scanningmonochromatoranda PbSedetector. (b) Autocor-
relationtracesof the idler pulses,recordedin a 3 mm thick LiIO3 crystal. Thesolid curve is a
Gaussianfit to thesolid points,with a FWHM of 0.287ps,thedottedcurvea Gaussianfit to the
openpoints,with a FWHM of 0.335ps.

thecenterwavelengthof the resultingidler is determinedmainly by thephase-matching
angleof theKTP crystal.

We usea dielectricmirror to separatesignalandidler, anda long-wave passfilter to
block the remainingsignal. In this way idler pulsesof � 200 fs and30 µJ aregenerated
in the 2.6-3.4µm wavelengthregion. Typical power spectra,recordedusinga scanning
monochromatoranda PbSedetector, andnon-collinearautocorrelationtraces,obtained
usinga 3 mm LiIO3 crystal,areshown in Fig. 2.5. The idler pulsesarenot transform
limited (∆ν∆τ � 0.6)dueto groupvelocitydispersionin theKTP crystal[28].

2.4.2 TWO-COLOR SETUP

In orderto performexperimentsin whichthepumpandprobepulseshavedifferentcenter
frequencies,we usethesetupshown in Fig. 2.6. In this setup,we exploit thefactthatthe
frequency of the idler generatedin theKTP crystalsis determinedmainly by the phase-
matchingangleof the KTP. Thuswe canusethe samesignaloutputof the TOPAS to
generatetwo different idler frequencies.To do this, the broadbandseedpulseis split
into two parts. Thefirst part is combinedwith the800nm pumppulsein a KTP crystal
to generatethe intensepumppulse. The residual800 nm pulseis usedagainwith the
secondpartof theseedto generatetheweakerprobepulsein asecondKTP crystal.Since
depletioneffectsin the first KTP crystaldeterioratethebeamprofile of the pumppulse,
only weakpulsescanbeobtainedin thesecondcrystal(energy typically lessthan1 µJ).
However, sincethe secondpulseonly servesas a probe,this posesno problems. The
centerfrequenciesof pumpandprobeareindependentlytunableby adjustingthephase-
matchingangleof the KTP crystals. Typical characteristicsof the two-color setupare
shown in Fig. 2.7.
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FIGURE 2.6. Two-color setupfor the generationof indepentlytunablemid-infaredpumpand
probepulses:SWP:short-wave pass-filter, cutoff at 2 µm; LWP: long-wave passfilter; R800:
800nmreflectivemirror onCaF2; R1100:1060nmreflectivemirror onCaF2.
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FIGURE 2.7. Characteristicsof the idler pulsesgeneratedwith the two-color setupshown in
Fig. 2.6. (a) Powerspectraof pump(solid points)andprobe(openpoints)recordedwith a scan-
ning monochromatoranda PbSedetector. The solid curvesareGaussianfits, with FWHM of
95 cm
 1 and63 cm
 1for pumpandprobe,respectively.(b) Cross-correlationtrace,recordedby
meansof sum-frequency generationin a5 mmthick LiIO3 crystal.Thesolidcurve is aGaussian
fit with aFWHM of 0.295ps.

2.5 Pump-probeexperiments

The pump-probeexperimentsaredonewith a standardpump-probesetup,a typical ex-
ampleof which is shown in Fig. 2.8. In the one-colorpump-probeexperiments,the in-
fraredpulsesaresplit into anintensepumppulsethatexcitesa significantfractionof the
moleculesandaweakdelayedprobepulsethatmonitorstheinducedtransmissionchange.
In thetwo-colorexeprimentstheprobepulseis generatedindependently(seeprevioussec-
tion). Thepumpandprobepulsesarefocusedin thesampleby a CaF2 lens(focal length
100mm),andthetwo beamsenterthesamplemakinganangleof lessthan5� .
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FIGURE 2.8. Pump-probesetup.Thedetectorafterthesamplemeasuresthetransmissionof the
probepulsein thepresence(T) andabsence(T0) of thepumppulse. Part of the probebeamis
split off beforethe sample,andmeasuredby a seconddetector(not shown) for reference.The
polarizationof theprobepulseis rotatedwith respectto thatof thepumppulseusingazero-order
λ � 2 plate.

Thetransmittedprobeenergy ismeasuredwith aPbSedetectorplacedafterthesample.
A partof theprobebeamis split off (eitherby pickinguptheweakreflectionfrom theλ/2
plateor by a CaF2 plate)beforethe sample,and measuredby a secondPbSedetector
for reference.Thepumpbeamis choppedsynchronouslyat 500Hz, causingevery other
pumppulseto be blocked. The transmittedandreferencesignalareusedto determine
T, the transmissionof the probepulsein the presenceof the pump pulse,and T0, the
transmissionof theprobepulsein absenceof thepumppulse. In a pump-probescanthe
value of the normalizedpump-inducedabsorptionchangeln � T 	 T0 � is determinedas a
functionof thedelayτ betweenpumpandprobepulses.

Thepolarizationof theprobepulsecanberotatedwith respectto thatof thepumpby
meansof zero-orderλ 	 2-plate. In mostexperimentsthe probepolarizationis setat the
magicangle(arctan� 2 � 54� 7� ) with respectto thepump.Thisensuresthattheobserved
dynamicsarenot influencedby orientationaleffects[46]. Thephysicalexplanationfor the
valueof themagicangleis asfollows.Thepumppulseis linearlypolarized,andmolecules
with transitiondipolemomentsalongthepumppolarizationarepreferentiallyexcited.As
a consequence,initially a largervalueof ln � T 	 T0 � is measuredif thepolarizationof the
probeis parallel to that of the pump than when it is perpendicular. The orientational
relaxationcausestheparallelsignalto decreaseandtheperpendicularsignalto increase,
andfor a particularangleof theprobepolarizationthesetwo effectsshouldcancel.Since
thetransitiondipolemomentcanescapeto two dimensionsotherthantheoneof thepump
polarization,but only oneof theseis probedwith perpendicularprobepolarization,the
weightof theperpendicularcontribution to thesignalshouldbe twice aslargeasthatof
theparallelcontribution. Sincetheweightsaregivenby thesquaresof theprojectionsof
theprobepolarizationontheparallelandperpendicularaxes,theanglebetweenthepump
andprobepolarizationsshouldbe arctan� 2. The readermight careto know that in an
m-dimensionaluniverse,themagicangleis arctan� m � 1 (for adipoletransition).

To studytheorientationaldynamics,theprobepolarizationis setat 45� with respect
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to the pumppulse,andthe parallelandperpendicularprobecomponentsaremonitored
separatelyby meansof a polarizerplacedbehindthesample(Fig. 2.8). In thefirst orien-
tationallyresolvedexperiments(presentedin Chapters3 and5), a largenumberof scans
was recorded,in which the absorptionchangeof either the parallel (ln � T��� 	 T0 � ) or the
perpendicular(ln � T��	 T0 � ) componentwasmonitored.Therotationalanisotropy

R � ln � T��� 	 T0 ��� ln � T� 	 T0 �
ln � T��� 	 T0 � � 2ln � T��	 T0 � (2.1)

wascalculatedafterwardsfrom the ’parallel’ and’perpendicular’scans.In later experi-
ments,abeam-splitterandtwo polarizerswereusedto monitortheparallelandperpendic-
ular componentssimultaneously. In this way, the rotationalanisotropy canbemeasured
directly (on a single-shotbasis).Identicalresultswereobtainedwith the indirectandthe
directmethod,exceptfor themuchbettersignal-to-noiseratio in thelatter.



3 A femtosecond mid-infrared pump-probe study of
hydrogen-bonding in ethanol

3.1 Introduction

The hydrogenbondsof alcoholsin apolarsolutionhave beenthe subjectof numerous
infraredspectroscopicstudies[1,15,16,47–53]. Thestronginfluenceof hydrogen-bond
formationon the linear responseof the OH-stretchmodeof ethanolin apolarsolution
was establishedfifty yearsago [1]. Sincethen, hydrogen-bondedalcohol hasbecome
one of the guineapigs in the hydrogen-bondresearchfield, and the coupling between
the OH-stretchmodeandthe hydrogenbondin alcohololigomershasbeenextensively
characterized[47–51].

Nevertheless,detailedknowledgeaboutthe dynamicalaspectsof this couplingwas
lacking until recently. Graener, Ye andLaubereau[15,16,52] were the first to employ
picosecondtime-resolved mid-infraredpump-probespectroscopy to investigatethe dy-
namicsof theOH-stretchmodeof hydrogen-bondedethanololigomersin dissolvedCCl4.
Theirstudiesrevealedthatexcitationof theOH-stretchmodeof hydrogen-bondedethanol
resultsin a fastpredissociationof the hydrogenbond,followedby a muchslower reas-
sociationprocess[15]. The time constantof the reassociationprocesswasfound to be
20

�
5 ps,while anaccuratedeterminationof thepredissociationlifetime wasdifficult asit

wasmuchshorterthanthepulselength.In this Chapter, we presentthefirst femtosecond
mid-infraredpump-probestudyof the OH-stretchmodeof hydrogen-bondedethanolin
CCl4.

3.2 Experiment

Thepump-probesetupusedfor theexperimentsin thisChapterhasbeendescribedin detail
in Section2.5. Mid-infrared pulsesgeneratedin a one-colorsetup(seeSection2.4.1)
are split into an intensepump pulse( � 20 µJ) that excites a significantfraction of the
molecules,andaweakdelayedprobepulse( � 1 µJ)thatmonitorstheinducedtransmission
change.Thepulsesarefocusedin thesampleby a CaF2 lens(focal length100mm). In
most experimentsin this Chapter, the polarizationsof the pump and probepulsesare
parallel. Scanswith perpendicularlypolarizedpumpandprobepulsesareobtainedby
meansof a zero-orderλ/2-platein the probebeam. Auto-correlationtracesof the mid-
infraredpulsesarerecordedby meansof second-harmonicgenerationin a 3 mm LiIO3

crystal.
In thepump-probescansthevalueof thepump-inducedtransmissionchangeln � T � T0 �

is determinedasa function of the delayτ betweenpumpandprobepulses. We study

25
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solutionsof � 0.4 mol/l ethanoldissolvedin CCl4. In orderto avoid steady-stateheating
effects,theEtOH:CCl4 solutionis rapidlycirculated.

3.3 Results

3.3.1 HYDROGEN-BOND PREDISSOCIATION

Theeffect of hydrogenbondingon theOH-stretchmodecanclearlybeseenin Fig. 3.1,
which shows the linear infraredabsorptionspectrumof an 1.5 mol/l solutionof ethanol
in CCl4. The fundamentalOH-stretchregion containsthreedistinctbands[15]. The in-
tensebroadbandcenteredat νδ � 3330cm� 1 is dueto absorptionof hydroxylic groups
at internal positionsof hydrogen-bondedoligomers. The narrow absorptionband at
3625cm� 1 is dueto bothhydroxylic groupsof non-hydrogenbondedethanolmolecules
(να � 3630 cm� 1) and hydrogen-bondacceptormoleculesat the end of open chain

FIGURE 3.1. Infraredabsorptionspectrumof 1.5 mol/l ethanolin CCl4 in the spectralregion
from 3100to 3700cm� 1 at roomtemperature,showing theOH-stretchbands,labeledaccording
to Ref. [15]. Thedottedcurvesshow thecontributionsof theinternalhydroxylicgroupsandthe
terminalhydrogen-bonddonorhydroxylic groups,centeredat 3330cm� 1 (νδ) and3500cm� 1

(νγ), respectively. The narrow absorptionbandat 3625 cm� 1 is due to hydroxylic groupsof
isolatedmolecules(να) andof hydrogen-bonded moleculesat terminalhydrogen-bondacceptor
positions(νβ).

oligomers(νβ � 3620cm� 1). The hydrogen-bonddonorendgroupsof the openchain
oligomersabsorbat νγ � 3500cm� 1. Theintegratedabsorptioncrosssectionsof theinter-
nalandterminalhydrogen-bonddonorhydroxylicgroupsare12and3.5timesaslargeas
thatof theisolatedandhydrogen-bondacceptorterminalgroups[47].

Wehaverecordedpump-probescanswith parallelpolarizationsof thepumpandprobe
beamsat four excitation frequencieswithin thebroadOH-stretchbandof the hydrogen-
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bondedethanolmoleculesat internalpositions.Fig. 3.2 shows a delayscanrecordedat
3330cm� 1, closeto themaximumof theabsorptionband.Thepopulationof thevOH � 1
stateof the hydrogen-bondedethanolmoleculesresultsin a decreasedabsorptionat the
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FIGURE 3.2. Delayscanshowing therelative transmissionchangeln 	 T 
 T0 � vs.delay, recorded
atanexcitationfrequency of 3330cm� 1. Thesolidcurverepresentsacalculationusingvaluesof
τd � 270fs andτa � 15 ps. In theinset,thedashedcurve representstheincoherentcontribution
γ 
�	 τ � to thesignal,thedottedcurvethecoherentcontributionβ 
�	 τ � , asdiscussedin section3.3.3.

vOH � 0� 1 transitionfrequency. This bleachingdecaysin two stages:first a rapid de-
caytakesplace(timeconstant� 250fs), followedby a slowerdecayto a slightly elevated
transmissionlevel (timeconstant� 15ps).Thesetransientbleachingeffectscannotbedue
to a shift in thedissociation-associationequilibriumof theoligomers,sincetemperature
jump studieson theEtOH:CCl4 systemhave shown that theresponseof this equilibrium
to temperaturechangesoccurswith a time constantof 240 ps [52]. The observed de-
cayof thebleachingcanbeexplainedif thevibrationalrelaxationtakesplaceby a rapid
energy transferfrom theOH stretchingcoordinaterOH to the hydrogen-bondcoordinate
rOH �����O [15,53]. Theexcitationenergy exceedsthebindingenergy of thehydrogenbond,
which is � 2000cm� 1 [47]. This meansthat relaxationto thevOH � 0 stateleadsto dis-
sociationof thehydrogenbond.Thedepopulationof thevOH � 1 stateleadsto adecrease
of the populationdifferencewith the vibrationalgroundstateandtherebyto a decrease
of thebleaching.Thedissociationaltersthedistributionof hydroxylicgroups,decreasing
the numberof internalgroupsandincreasingthe numberof terminalgroups. Sincethe
terminalgroupsabsorbat 3500cm� 1 and3625cm� 1 [15], thesewill not beobservedby
the probeat 3330cm� 1, so that the predissociationleadsto a decreaseof the bleaching
to half its initial value.As thesystemrelaxesto thermalequilibrium,thehydrogenbonds
are againformed and the residualbleachingvanisheswith a time constantof � 15 ps.
The transmissiondecaysto a plateauvaluewhich is somewhathigherthanobserved for
negative delay timesbecausethe equilibrium is reachedat a slightly elevatedtempera-
ture,at which thereis a relatively smallerconcentrationof oligomersandthusa reduced
absorptionat3330cm� 1.
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Fig. 3.3showsa pump-probescanrecordedat anexcitationfrequency of 3225cm� 1,
at the redsideof theabsorptionband. This scanshows an initial transmissiondecrease,
which vanishesvery rapidly (time constant� 250fs), followedby a bleachingwhich de-
caysmuchmoreslowly (time constant� 15 ps). Theinitial transmissiondecreaseresults
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FIGURE 3.3. Delayscanshowing therelative transmissionchangeln 	 T 
 T0 � vs delay, recorded
atanexcitationfrequency of 3225cm� 1. Thesolidcurverepresentsacalculationusingvaluesof
τd � 250fs andτa � 15ps.

from absorptionof theexcitedvOH � 1 state.Overtonestudieshaveshown thatthecenter
frequency of the vOH � 1 � 2 absorptionbandis locatedat 3110cm� 1 [49]. Sincethe
homogeneouslinewidth of thevOH � 1 � 2 absorptionbandcanbeexpectedto belarger
thanthat of the vOH � 0 � 1 transition[24], andthe crosssectionof the vOH � 1 � 2
transitionis approximatelytwice that of the vOH � 0 � 1 transition[54], at 3225cm� 1

theneteffectof thebleachingat3330cm� 1 andtheinducedabsorptionat3110cm� 1 is a
transmissiondecrease.Vibrationalrelaxationthroughdissociationof thehydrogenbond
causestheinducedabsorptionto vanish.As discussedabove, thehydrogen-bonddissoci-
ationresultsin a residualbleachingat theOH-stretchfrequency of thehydrogen-bonded
internalhydroxylicgroups,whichcausesthebleachingobservedin Fig.3.3.As thehydro-
genbondsareagainformed,thebleachingvanishes.The time constantof thehydrogen
bondreassociationprocessis the sameasobserved at 3330cm� 1. The observation of
inducedvOH � 1 � 2 absorptionconfirmsthat thesystemis in thevOH � 1 stateduring
a finite time beforebreakingof the hydrogenbondoccurs.No significantvOH � 1 � 2
absorptionwasobservedin Ref. [15], probablybecausethedurationof pulsesemployed
thereexceededby far thepredissociationtimeconstant.

To investigatewhetherthehydrogen-bondpredissociationratevariesover theabsorp-
tion band,we have alsoperformedpump-probescansat excitation frequenciesof 3390
and3450cm� 1 (Figs.3.4and3.5).Fromthesescansit is clearlyobservedthatthepredis-
sociationlifetime increasessignificantlywith the excitation frequency, reachinga value
of � 900 fs at 3450cm� 1. At 3390and3450cm� 1 the dissociationof the hydrogen
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FIGURE 3.4. Delayscanshowing therelative transmissionchangeln 	 T 
 T0 � vs delay, recorded
atanexcitationfrequency of 3390cm� 1. Thesolidcurverepresentsacalculationusingvaluesof
τd � 440fs andτa � 15 ps. In theinset,thedashedcurve representstheincoherentcontribution
γ 
 	 τ � to thesignal,thedottedcurvethecoherentcontributionβ 
 	 τ � .
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FIGURE 3.5. Delayscanshowing therelativetransmissionchangeln 	 T 
 T0 � vsdelay, recordedat
anexcitationfrequency of 3450cm� 1. Thesolid curve representsa calculationusinga valueof
τd � 870fs andτa � 15 ps. In theinset,thedashedcurve representstheincoherentcontribution
γ 
 	 τ � to thesignal,thedottedcurvethecoherentcontributionβ 
 	 τ � .

bondgivesrise to a smallerresidualbleachingthanat 3225and3330cm� 1. Thecause
for this effect is that the absorptionincreaseat νγ � 3500cm� 1 dueto the creationof
terminalhydroxylicgroupsbecomesnoticeableat thesehigherfrequencies.To verify that
predissociationdoestake placeat high excitation frequencies,we have performeda pi-
cosecondtwo-colorpump-probeexperiment(usinga setupdescribedelsewhere[19]), in
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which the pulseshada bandwidthof only 20 cm� 1. The result is shown in Fig. 3.6. If
the νδ bandis excited at 3450cm� 1, thenat a probefrequency of 3500cm� 1 indeeda
transientabsorptionis observed.As expected,thisabsorptiondecayswith a timeconstant
of approximately15ps.
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FIGURE 3.6. Thepointsshow a two-colorpump-probescanrecordedwith 20 pslong pulses,in
a dilute EtOH:CCl4 solution. Thecenterfrequency of thepumppulseis 3445cm� 1, thatof the
probepulse3506cm� 1. Thedecreaseof thetransmissionatνγ showsthatevenatνOH frequencies
ashigh as3445cm� 1 dissociationof thehydrogenbondtakesplaceuponexcitation. Thesolid
curverepresentsaconvolutionof thecrosscorrelationfunctionwith anexponentialdecaywith a
timeconstantof 15ps.

3.3.2 ORIENTATIONAL RELAXATION

Theorientationaldynamicsof theOH-stretchexcitationof thehydrogen-bondedethanol
moleculescanbeinvestigatedby varyingthepolarizationof theprobepulsewith respect
to thatof thepumppulse.Fig.3.7showstwo delayscansrecordedat3390cm� 1, onewith
perpendicularandonewith parallelpolarizationsof thepumpandprobepulses.In orderto
determineaccuratelytheratioof thesignalswith parallelandperpendicularpolarizations,
thesescanswere recordedby adjustingthe λ � 2-platesuchas to rotatethe polarization
of theprobebeam45� with respectto thatof thepumpbeam,andmonitoringeitherthe
parallelor perpendicularcomponentof theprobebeamby meansof a polarizerplacedin
front of thePbSedetector.

Thetimedependenceof theratioof thepump-probesignalsfor parallelandperpendic-
ular polarizationsis determinedby the orientationalrelaxationof the vibrationalexcita-
tion. For delayslargerthanthepulselength,theobservedpump-probesignalsfor parallel
andperpendicularpolarizationsdecaywith the sametime constant,andthe ratio of the
pump-probesignalsln � T��� T0 � � ln � T��� T0 � hasa constantvalueof � 0.7, which is much
largerthanthevalueof 1/3expectedin thecaseof veryslow orientationalrelaxation[55].
This impliesthatorientationalrelaxationoccursonatimescalemuchfasterthanthepulse
length.Curiously, theratioof thepump-probesignalswith perpendicularandparallelpo-
larizationsis lessthanunity, indicatingthattheorientationaldistributionof theexcitation
hasnotbecomefully isotropicaftertheorientationalrelaxation.

The most likely mechanismfor the fastorientationalrelaxationis delocalizationof
theOH-stretchvibrationover thehydrogen-bondedoligomerthroughdipole-dipolecou-
pling. The hydrogenbondis approximatelylinear, anddirectedtowardsa lone electron
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FIGURE 3.7. Delayscansshowing therelative transmissionchangeln 	 T 
 T0 � vs delay, recorded
with parallelandperpendicularlypolarizedpumpandprobepulsesat anexcitationfrequency of
3390cm� 1. The solid curvesrepresentthe calculatedsignals,usingvaluesof τd � 440 fs and
ρ � 0 � 65. Thedashedcurvesrepresentthe incoherentcontribution γ 	 τ � to thesignal,thedotted
curvesthecoherentcontributionβ 	 τ � .

pair-containingsp3 orbital on theoxygenatomof thehydrogen-bondacceptor[6]. This
meansthat within a hydrogen-bondedoligomer the OH bondspoint in differentdirec-
tions,andthatenergy transferfrom onehydroxylicgroupto anotherleadsto orientational
scramblingof the vibrationalexcitation. Sincethe oligomerscontaina finite numberof
ethanolmolecules,theorientationaldistribution of thevibrationalexcitation is not com-
pletelyrandomizedby thedelocalizationprocess,but still hasamaximumin thedirection
parallelto thepolarizationof theexcitationfield. A roughestimatefor thedipole-dipole
energy-transferrateka� b from anexcitedhydroxylicgroupa to its nearestneighborb can
beobtainedfrom theFörsterexpression[56,57], which in SI unitsis givenby:

ka� b � µ2
aµ2

bκ2
ab

16π2n4ε2
0h̄2cR6

ab

�
dνga � ν � gb � ν ��� (3.1)

In this expressionµa � µb is the transitiondipole moment,n the refractive index of the
mediumsurroundingthe dipoles,Rab the distancebetweenthe dipoles,andga � b � ν � are
thenormalizedvibrationalline shapes.Therelativeorientationof thedipolesis expressed
by thefactorκab, which is givenby κab � cosθab � 3cosθacosθb, whereθab is theangle
betweenthetwo dipolevectorandθa � b aretheanglesbetweenthedipolevectorsandthe
interdipolevector. If it is assumedthattwo hydroxylicgroupshave roughlythesameex-
citationfrequency, thenbecauseof thelargehomogeneouslinewidth of theOH-stretching
vibration [15], the integral in Eq. (3.1) will be of the orderof unity. Assuminga tetra-
hedralgeometryaroundthe acceptoroxygenatom (θab � 70� ), and assumingthat the
dipolesarelocatedat thecenterof theOH bonds,wehaveRab � 2 � 53Å andκab � � 1 � 14,
whereanO � � � O distanceof 2.8Å, known from neutrondiffractionstudies[58], andanOH
bondlengthof 0.967Å [59] havebeenused.Fromtheintegratedabsorptioncrosssection
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of the hydrogen-bondedethanol[47], a valueof µ � 0 � 18 D is found for the transition
dipolemoment.Furthermoreassumingn � 1 � 5, we obtainka� b � � 0 � 3 fs� � 1. Although
this is only a very roughestimate,its orderof magnitudedoesindicatethat thevery fast
orientationalrelaxationmight indeedbe causedby delocalizationof the OH-stretchex-
citation over the hydrogen-bondedethanololigomers. Dielectric relaxationandnuclear
magneticresonancestudieshaveshown thattheorientationalrelaxationof isolatedethanol
moleculesandof thehydrogen-bondedoligomerasa wholetake placeon a muchslower
timescale[60,61].

3.3.3 ANALYSIS

In thequantitative interpretationof thedata,theinfluenceof coherentcouplingeffectson
the pump-probesignalhasto be taken into account[34,46,62,63]. In our experiment
pump and probepulseshave the samecentralwavelengthand are non-collinear. This
meansthatwhenthedelayis smallerthanthecoherencetime of thefield, thepumpand
probepulseswill interfereandinducea spatialmodulation(grating)of the intensityand
thusagratingof thelight-inducedchangein theabsorptionandrefractiveindex [64]. This
gratingdiffracts the pumppulseinto the directionof the probebeam,andconstructive
interferenceof thediffractedpumplight with theprobeleadsto an increaseof the trans-
mittedprobesignal.

Thepump-probetransientscould in principlebe influencedby the free-inductionde-
cay, which mayalterthepulseshapeasthepulsepropagatesthroughthesample[65,66].
However, if thefree-inductiondecaytakesplacemuchfasterthanthepulsecoherencetime
(whichin ourexperimentsis nearlyequalto thepulselength),thiseffectdoesnotinfluence
thetransients,andthepump-probesignal(includingthecoherentcouplingeffect) canbe
describedusinga relatively simplemodel[63]. The time constantof the free-induction
decay, which is theinverseof thewidth of theOH-stretchabsorptionspectrum,is approx-
imately 25 fs. This is certainlymuchshorterthanthe pulseduration,andthereforethe
presentexperimentcanbewell describedby themodelof Ref. [63]. It shouldbenoticed
thatspectraldiffusioncannothaveasignificantinfluenceonthetransients,sincetheband-
width of ourlaserpulsesis verycloseto thevalueobtainedfor thehomogeneouslinewidth
measuredusingpulsesof 10ps[15]. In thisSection,first thecaseof parallelpolarizations
of thepumpandprobepulsesis discussed,thenthatof perpendicularpolarizations.Our
analysisfollowsthatof Ref. [62] andSection1.3.2.

If we write the pumpandprobefields asin Eq. (1.4) (with j � 1 for the pumpand

j � 2 for theprobe),thentheunperturbedpumpandprobefields Ẽ ! 1"j � t � aregivenin the
slowly-varying envelopeapproximationby Eq. (1.8). Sincethe probepulseis a weak
time-delayedcopy of thepumppulse,wehave

Ẽ ! 1"1 � z# t �$� e� 1
2α0zẼ � t � z� v� (3.2)

Ẽ ! 1"2 � z# t �$� ζ eiωτ � 1
2α0zẼ � t � τ � z� v� # (3.3)

whereω � ω1 � ω2, α0 � α0 � ω1 �%� α0 � ω2 � , andẼ � t �&� Ẽ1 � 0 # t � is thepump-fieldin z � 0
(at thebeginningof thesample).Thevalueof ζ2 is lessthan0.05.
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The pumpand probefields interactto give rise to a third-orderpolarizationat fre-
quency ω in the probedirectionk2 which for pumpandprobepulsespolarizedin the x
directionis givenby [63]

P ! 3" � z# t � ∝ Ẽ1 � z# t �
� t

� ∞
dt '

� t (
� ∞

dt '�' Ẽ )1 � z# t ' � Ẽ2 � z# t '�' � Axxxx� t ' � t '�' �
*

Ẽ2 � z# t �
� t

� ∞
dt '

� t (
� ∞

dt '�' Ẽ )1 � z# t ' � Ẽ1 � z# t '�' � Axxxx� t ' � t '�' � # (3.4)

whereAxxxx� t �+� A'xxxx� t � * iA '�'xxxx� t � describestheresponseof thethird-ordersusceptibility
tensor. Sincefor approximatelytransform-limitedpulsesthe spatialmodulationof the
refractiveindex only resultsin asecond-orderintensitychangeof theprobepulse[63,64],
the presentcalculationonly takesthe modulationof the absorptioninto account,i.e., of
theimaginarypartA'�'xxxx� t � of thethird-ordersusceptibility.

Theenergy lossof theprobepulseasa consequenceof thethird-orderpolarizationis
proportionalto Im , dt Ẽ ! 1" )2 � 0 # t � P̃ ! 3" � 0 # t � , seeSection1.3.2. SubstitutingEq. (3.2) and
(3.3) in Eq. (3.4),we find anexplicit expressionfor the third-orderpolarizationthatcan
beusedto calculatethepump-probesignal:

S� τ � ∝ Im
� ∞

� ∞
dt Ẽ ! 1" )2 � 0 # t � P̃ ! 3" � 0 # t �

∝ γ �-� τ � * β �.� τ � # (3.5)

where

γ � � τ �/�
� ∞

� ∞
dt

� t

� ∞
dt '10 Ẽ � t � τ � 0 2 0 Ẽ � t ' � 0 2A'�'xxxx� t � t ' � (3.6)

and

β ��� τ �/�
� ∞

� ∞
dt

� t

� ∞
dt ' Ẽ ) � t � τ � Ẽ � t � Ẽ ) � t ' � Ẽ � t ' � τ � A'�'xxxx� t � t ' � # (3.7)

andL is thelengthof thesample.This equationis in agreementwith theexpressionsob-
tainedin Refs.[62,64] for thepump-probesignalwith parallelpolarizedpumpandprobe
pulses,andholdsfor arbitraryopticalthicknessα0L of thesample(seeSection1.3.2).The
first termin thisexpressionrepresentstheincoherentpump-probesignal,anddependsonly
on thepulseenvelopefunction. Thesecondterm,which is only non-zerowhenthepump
andprobepulsescoincidein timeandaremutuallycoherentin thesample,representsthe
coherentcouplingeffect. This term containsthe fourth-ordercorrelationfunctionof the
field amplitude.Sincetheinfraredpulsesarenot fully transform-limited,andsincethena-
tureof thephase-modulationis not known, this correlationfunctioncannotbeevaluated.
However, provided the responsefunctionA'�'xxxx� t � decaysslowly comparedto the coher-
encetime of the field, knowledgeof the natureof the phasemodulationis not required,
sincein thatcaseA'�'xxxx� t � canbeapproximatedto first orderby A'�'xxxx� 0� , whichsimplifies
β � � τ � to

β � � τ �/� 1
2

A'�'xxxx� 0�32222

� ∞

� ∞
dtẼ ) � t � τ � Ẽ � t �42222

2

� (3.8)
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It is seenthat in this casethe coherentcouplingpart of the signal is proportionalto the
squareof thefirst-ordercoherencefunctionof thepulses.This coherencefunction is the
inverseFouriertransformof thepowerspectrumof thepulses[67]. Therefore,knowledge
of thepowerspectrumandtheintensityenvelopeof thepulsesis sufficient to describethe
data,andthenatureof thephase-modulationis not relevant.

FIGURE 3.8. Schematicrepresentationof the energy levels usedin the calculation. Resonant
excitation (indicatedby the thick arrow) at frequency ν resultsin populationtransferfrom the
vOH � 0 to the vOH � 1 state. As a consequence,vOH � 1 5 2 absorptionbecomespossibleat
3110cm� 1. Relaxationwith a time constantτd resultsin a changein absorptionfrequency due
to thebreakingof thehydrogenbonds.Reassociationof thehydrogenbondsoccurswith a time
constantτa, to a new equilibriumat anelevatedtemperature.Theincreasein temperatureresults
in aslightly differentabsorptioncrosssectionfor level 3 ascomparedto level 0.

We now setout to derive theresponsefunctionA'�'xxxx� t � for thehydrogen-bondedOH-
stretchexcitation(seeFig. 3.8).Orientationaleffectsdonothaveto betakeninto account,
sincedueto thefastorientationalrelaxationtheorientationaldistributioncanbeassumed
to be time independent.Resonantexcitationat frequency ν leadsto populationtransfer
from thevOH � 0 (n0) to thevOH � 1 (n1) stateof thehydrogen-bondedinternalethanol
molecules.Vibrationalrelaxationtakesplacewith atimeconstantτd by predissociationof
thehydrogenbond.Thisleadsto creationof terminalhydroxylicgroups(nd) whichabsorb
at 3500cm� 1. Subsequently, reassociationof thehydrogenbondstakesplacewith a time
constantτa. Thehydrogen-bondedhydroxylicgroupscreatedin this way (na) will have a
slightly differentabsorptioncrosssectiondueto the temperatureincreasein thesample.
Theequationsfor thepopulationdensityof theexcitedstatelevelsat a givenpositionin
thesampleandfor anintensityprofile I � t � at thatpositionare:

dn1

dt � σ0 � n0 � n1 � I � t � � n1

τd
(3.9)

dn0

dt � � σ0 � n0 � n1 � I � t � (3.10)

dnd

dt � n1

τd
� nd

τa
(3.11)

dna

dt � nd

τa
� (3.12)
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Thetransientabsorptioncoefficientα �-� t � atagivenpositionis givenby

α � � t �/� σ0 � n0 � n1 � * σ1n1
* σdnd

* σana # (3.13)

whereσq are the effective crosssectionsof the different energy levels, labeledas in
Fig. 3.8. Note that theseeffective crosssectionsdependon the probingfrequency. The
responsefunctionA'�'xxxx� t � is definedby [64]

∆α � � t �/� α � � t � � α0 � α0

� t

� ∞
dt ' I � t ' � A'�'xxxx� t � t ' � # (3.14)

whereα0 � σ0ntot (with ntot � n0
*

n1
*

nd
*

na thetotal populationdensity)is theequi-
librium absorptioncoefficient. Sincethepopulationchangesaresmall(typically 5%), the
term σ0 � n0 � n1 � at the right-handsideof Eq. (3.9) canbe approximatedby α0, andby
integratingEqs.(3.9� 3.12)it is easilyshown thatfor thefour-level modelusedhere,the
responsefunctionis givenby

A'�'xxxx� t �6� � σ1 � σ0
* σd

τa

τd � τa
� σa

τd

τd � τa
� e� t 7 τd

* � σa � σd � τa

τd � τa
e� t 7 τa * σa � σ0 � (3.15)

Here,τd andτa arethetime constantsof thepredissociationandreassociationprocesses.
Substitutionof Eq.(3.15)in Eq.(3.5)resultsin anexplicit expressionfor thepump-probe
signal.

Thenumericalanalysisof thedatawasperformedby usingasinputparameterstheex-
perimentallydeterminedFWHM of thepulseenvelopeandof thepowerspectrum,which
arebothassumedto begaussian.Thepowerspectrumwasusedto calculatethefirst-order
coherencefunctionwhichoccursin Eq.(3.8).A least-squaresfit wasperformedto obtain
valuesfor thepredissociationtime constantτd at thefour differentexcitationfrequencies
rangingfrom 3225to 3450cm� 1. Thereassociationtime constantτa wasdeterminedby
a least-squaresfit to theresultsat3225and3330cm� 1, andwaskeptfixedat15psin the
least-squaresfits to the resultsat 3390and3450cm� 1. The resultsof the least-squares
fitting procedurearegivenin Table3.1andareshown asthesolidcurvesin Figs.3.2� 3.5.
Thevalueobtainedfor thetime constantof thehydrogen-bondreassociationprocessis in
agreementwith thevalueof 20

�
5 psobtainedin thepicosecondstudies[15]. It mustbe

realizedthattheremightexist adistributionof reassociationtimeconstantsin thesolution.
In thatcasethevalueof τa obtainedherewouldrepresentanaverageoverthisdistribution.
Thepredissociationlifetime reportedin Ref. [15] (5

�
3 ps)is significantlylargerthanthe

valuesobtainedhere. Probablythe lengthof the pulsesemployed in that study(10 ps)
renderedanaccuratedeterminationof τd difficult.

The largestobservedvibrationallifetime (870 fs) of the hydrogen-bondedethanolis
still an orderof magnitudeshorterthanthe lifetime of non-hydrogenbondedethanolin
CCl4 solution,whichhasbeenfoundtobe8 ps[68]. Thisindicatesthatthehydrogen-bond
predissociationis indeeda very efficient relaxationchannel.It is evidentthat thepredis-
sociationtime constantdependsstronglyon theexcitationfrequency. Thismeansthatthe
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OH stretchingbandof thehydrogen-bondedoligomersis inhomogeneouslybroadened,as
wasobservedpreviously in picosecondstudieson EtOH:CCl4 [15]. It is well-known that
theredshiftof theOH-stretchfrequency is ameasureof thehydrogen-bondstrength[69].
Apparently, weaker hydrogen-bondingleadsto slower predissociation.In fact, studies
on hydrogen-bondedacid:basesystems[18,70] have shown that for very weakhydro-
gen bonds(small redshift) no significantpredissociationoccurs. To our knowledge,a
frequency dependenceof thepredissociationrateof thehydrogenbondin thecondensed
phase,which hasbeenpredictedin theoreticalstudies[53], hasnot beenobservedprevi-
ously.

Theresultsobtainedwith perpendicularpolarizationscanbedescribedquantitatively
by assumingthattheorientationalrelaxationtakesplacemuchfasterthanthetimescaleof
theexperiment,andthatit resultsin anorientationaldistributionof thevibrationalexcita-
tion which is time independent.Theexpressionfor thepump-probesignalobtainedwith
thepumppulsepolarizedin thex directionandtheprobepulsein they directioncontains
the A'�'yyxx andA'�'yxxy componentsof the third-ordersusceptibilitytensor[62]. Following
Ref. [62], we definethedepolarizationfactor

ρ � Ayyxx� Axxxx# (3.16)

whichhasavaluebetween1/3(noorientationalscrambling)and1 (completeorientational
scrambling)[62]. If ρ is time independentandthe mediumisotropic, it canbe shown
thattheincoherentandcoherentpartsγ � � τ � andβ � � τ � of thepump-probesignalobserved
with perpendicularlypolarizedpumpandprobepulsesarerelatedto thoseobservedwith
parallelpolarizedpulsesby [62]:

γ � � τ � � γ � � τ �/� ρ (3.17)

β � � τ � � β � � τ �/� � 1 � ρ � � 2 � (3.18)

This meansthat the differencebetweenthe pump-probescanrecordedwith parallelpo-
larizationsandthe pump-probescanobtainedwith perpendicularpolarizationsis deter-
mined by ρ only. From a least-squaresfit to the resultsshown in Fig. 3.7 we obtain
ρ � 0 � 65

�
0 � 05, which is equivalent to a valueof the rotationalanisotropy (definedas

R �98 ∆α � � ∆α �/:;� 8 ∆α � * 2∆α �<: [55]) of 0.15 for delayslarger than the pulselength.

TABLE 3.1. Predissociationlifetime τd and reassociationtime constantτa at different excita-
tion frequenciesν, obtainedfrom numericalanalysisof the data(shown as the solid lines in
Figs.3.2= 3.5).Thevaluesin parenthesesrepresent2σ.

ν/cm� 1 τd/fs τa/ps
3225 250(50) 15(3)
3330 270(40) 15(3)
3390 440(40)
3450 870(90)
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Notethatwith perpendicularpolarizationsthepump-probesignalcontainsamuchsmaller
coherentcouplingcontribution thanwith parallelpolarizations.This canbe understood
asfollows. If thepolarizationsof theexciting fieldsareperpendicular, thereis no spatial
intensitymodulation,anda coherentcouplingeffect canonly resultfrom anorientational
grating. However, due to the virtually instantaneousrotationalscramblingonly a very
weakorientationalgratingwill bepresent.This resultsin a comparatively smallcoherent
couplingcontribution if thepumpandprobepulseshave orthogonalpolarizations.Since
thecoherentcontribution to ln � T�>� T0 � is smallerthanthatto ln � T� � T0 � , thedifferencebe-
tweenthesetransmissionchangeswill decayrapidly with increasingdelay. This decayis
not dueto anorientationalrelaxationprocessbut simply dueto thedecayof thedifferent
coherentcontributions. Hence,the signalsat small delaysonly provide informationon
theorientationaldistributionof themoleculesif thecoherent-couplingcontributionsβ � � τ �
andβ � � τ � areproperlyaccountedfor.

3.4 Conclusions

In this Chapter, we have presenteda femtosecondmid-infraredpump-probestudyof the
vibrational relaxationof the OH-stretchmodeof hydrogen-bondedethanololigomers.
Uponexcitationto thevOH � 1 state,vibrationalrelaxationtakesplaceonthefemtosecond
time scaleby predissociationof the hydrogenbonds. The predissociationtime constant
increasesstronglywith the excitation frequency, indicatingthat the predissociationrate
dependsstronglyonthehydrogen-bondstrength.Thereassociationwasobservedto occur
with a time constantof 15 ps, in accordancewith previous studies. Finally, a very fast
orientationalrelaxationof the OH-stretchexcitation is observed, which is explainedby
a rapid delocalizationof the vibrationalstretchingexcitation over the hydrogen-bonded
ethanololigomers.



4 Vibrational dynamic Stokes shift in liquid water

4.1 Introduction

It wasdiscussedin Chapter1 thatfor hydrogen-bondedO � H ����� OsystemstheOH-stretch
frequency νOH is stronglycorrelatedto thehydrogen-bondlengthRO � H �����O. This correla-
tion resultsfrom the differencebetweenthe potential-energy functionsof the hydrogen-
bondmodein the vOH

� 0 andvOH
� 1 states. Thesepotentialenergy functionshave

approximatelythesameshape,but in thevOH
� 1 statetheminimumoccursat a smaller

valueof RO � H �����O thanin the vOH
� 0 state[8,11,71–73]. If the hydrogen-bondpoten-

tials areharmonic,this resultsin a linear relationshipbetweenνOH andRO � H �����O [11], in
agreementwith experimentalobservations[14].

In isolated (gas-phase)hydrogen-bondedcomplexes, the differencebetweenthe
hydrogen-bondpotentialsin thevOH

� 0 andvOH
� 1 statesleadsto Franck-Condonpro-

gressionsin theνOH spectra[74,75]. In the condensedphase,thehydrogen-bondmode
is stronglydampedby interactionwith bathmodes,resultingin a smoothandbroadνOH

absorptionband. Uponexcitation from the vOH
� 0 to the vOH

� 1 state,the hydrogen-
bondwill initially bein a non-equilibriumpositionof thevOH

� 1 potential.Subsequent
relaxation(contraction)of the hydrogen-bondto its equilibriumpositionin the vOH

� 1
stateshouldleadto a dynamicStokesshift of theνOH frequency of theexcitedmolecule,
in closeanalogywith thedynamicStokesshift observedin electronictransitionsof fluo-
rescentprobemoleculesin liquid solution[76].

For harmonichydrogen-bondpotentials(seeFig. 1.1),therelationbetweentheStokes
shift 2λ (in unitsof angularfrequency) andtheabsorptionlineshapee

� ω2 	 2∆2
is relatively

simple[35]:
2λ � h̄∆2 
 kBT � (4.1)

with h̄ Planck’s constant,kB Boltzmann’s constant,and T the temperature.It is clear
from this expressionthat therewill be a significantStokesshift for stronglyhydrogen-
bondedsystemsfor which the variation in RO � H �����O resultsin a broadabsorptionband.
For instance,for the νOH modeof HDO dissolved in D2O, the width (FWHM) of the
absorptionbandof 260 cm

� 1 correspondsto a Stokesshift of approximately60 cm
� 1.

Nevertheless,avibrationalStokesshift hasneverbeenexperimentallyobserved.Thiscan
be partly understoodfrom the fact that it is impossibleto observe a vibrationalStokes
shift in the fluorescencespectrum,sincethe quantumyield of the fluorescencewill be
extremely low due to the short vibrational lifetime of hydrogen-bondedsystemsin the
condensedphase.TheStokesshift canalsobeprobedusingultrafasttransientabsorption
spectroscopy [35]. Unfortunately, for anOH-stretchvibration, theshapeof the transient
spectrumis stronglyaffectedby excited-stateabsorptionandthevery fastandfrequency-
dependentvibrationalrelaxation,which makesit far from straightforwardto observe the
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Stokesshift. As a result, in previous picosecond[22,23] andfemtosecond[31] pump-
probestudiesof the spectralrelaxationof the νOH modeof HDO:D2O, the vibrational
Stokesshift wasnot observed. In the femtosecondstudy [31], the time resolutionwas
sufficient to resolve thespectraldynamics,but thedynamicswereinterpretedin termsof
thefirst momentof thetransientspectrum.This is averypoorparameterto infer aStokes
shift, dueto theexcited-stateabsorptionandthevibrationalrelaxation.

In thisChapter, wepresentthefirst experimentalobservationof avibrationaldynamic
Stokesshift. This Stokesshift is observed in a femtosecondpump-probestudyon the
νOH modeof HDO dissolvedin deuteratedwater(D2O). Theessentialdifferencewith the
previouswork onthissystemis thatthedynamicsof thespectralresponseareinvestigated
via delayscansobtainedwith differentcolorsfor thepumpandproberatherthanby the
first spectralmoment.As will beshown, thismethodhasdecisiveadvantagesin providing
evidencefor avibrationaldynamicStokesshift.

4.2 Experiment

With thetwo-colorsetupdescribedin Section2.4.2,two independentlytunable200fsmid-
infraredpulsesaregenerated.Oneof thesepulseshasan energy of 
 25 µJ andis used
aspump,theotherhasanenergy of lessthan1 µJ andis usedasprobe.Thepumppulse
is tunedto a specificfrequency in thebroadvOH

� 0 � 1 absorptionband,andtheprobe
frequency is eitherredshiftedof blueshiftedwith respectto the pump. The pumppulse
inducesa significantpopulationof thevOH

� 1 level. This resultsin transientabsorption
changes,which aremonitoredby theprobepulse.Theprobepolarizationis at themagic
anglewith respectto the pumppolarization,ensuringthat the observed signalsarenot
influencedby orientationaldynamics(seeSection2.5). Thesampleconsistsof a 500µm
layer of dilute ( 
 1:200)solutionof HDO in D2O, preparedby mixing the appropriate
amountsof H2O (HPLC grade)and D2O ( � 99.9 atom%D), and is kept betweentwo
CaF2 windowsat roomtemperature(298K). Thewateris circulatedto avoid steady-state
heatingeffects.

4.3 Results and discussion

Figure4.1presentspump-probescansrecordedwith apumpfrequency of 3450cm
� 1 and

redshiftedprobefrequenciesof 3363and3330cm
� 1. We took carethat the pumpand

probehave negligible spectraloverlapto avoid coherentartefacts. Also shown is a con-
volution of the cross-correlationof pumpandprobewith an exponentialdecaye

� t 	 T1

(T1
� 740 fs, seeChapter6), which representsthe pump-probesignalfor instantaneous

responsethat would be observed if no spectralrelaxationwould take placeon the time
scaleof the experiment. At a probefrequency of 3363 cm� 1, the pump-probesignal
risessignificantlymoreslowly thanthis calculatedconvolution. At a probefrequency of
3330cm

� 1, thepump-probesignalrisesevenmoreslowly. Figure4.2showspump-probe
scansrecordedwith apumpfrequency of 3320cm

� 1 andblueshiftedprobefrequenciesof
3445and3500cm

� 1. If theprobeis tunedto 3445cm
� 1, themeasurementcanbewell

describedby aconvolutionof thecross-correlationwith e
� t 	 T1. Only if theprobeis tuned
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FIGURE 4.1. (a) Pump-probescansrecordedin dilute HDO:D2O at roomtemperature,showing
thetransmissionchangeln � T � T0 � of theprobepulseasafunctionof thedelaybetweenpumpand
probe,with a pumpfrequency of 3450cm� 1andprobefrequenciesof 3363and3330cm� 1. The
dashedcurverepresentstheconvolutionof thecross-correlationwith anexponentialdecaye� t � T1,
with T1 � 740 fs (seeChapter6). (b) Cross-correlationtracesof the pumpandprobepulses.
(c) Power spectraof thepumpandprobepulses(representedasstarsandcircles,respectively),
andtheOH-stretchabsorptionband(dashedcurve).
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FIGURE 4.2. (a) Pump-probescansrecordedin dilute HDO:D2O at room temperature,with a
pumpfrequency of 3320cm� 1andprobefrequenciesof 3445and3500cm� 1. Thedashedcurve
is theconvolutionof thecross-correlationwith anexponentialdecaye� t � T1, with T1 � 740fs [77].
(b) Cross-correlationtracesof the pumpandprobepulses. (c) Power spectraof the pumpand
probepulses,andtheOH-stretchabsorptionband.

to 3500cm
� 1, thepump-probesignalis slightly delayedwith respectto theinstantaneous

signal. It is alsoobserved that the bleachingsignalsaremuchsmallerthan in Fig. 4.1.
Fromthe differencebetweenthe measurementspresentedin Figs.4.1 and4.2 it is clear
thatwith increasingdelay, thebleachingsignalbroadensmuchstrongertowardslowerfre-
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quenciesthantowardshigherfrequencies.This observationshows thata dynamicStokes
shift of theνOH frequency indeedoccursin liquid HDO:D2O.

Figure4.3 shows schematicallywhat happensafter excitation at a specificνOH fre-
quency. The bleachingis causedby both the depletionof the vOH

� 0 state(usually
referredto asthe ’hole’ contribution [35]) andthe populationof the vOH

� 1 state(the
’particle’ contribution[35]). After excitationfrom thevOH

� 0 to thevOH
� 1 state,thehy-

drogenbondis initially in anon-equilibriumstate.Subsequentrelaxationof thehydrogen

FIGURE 4.3. Schematicpictureof the potentialenergy functionsof the νO� H � � �O modein the
νOH � 0, νOH � 1, andνOH � 2 states. After excitation to the νOH � 1 state,the hydrogen-
bondexperiencestheνOH � 1 potential.Theminimumof thispotentialoccursata smallervalue
of RO� H � � �O, andhencethe hydrogenbond is initially in a non-equilibriumstate. Subsequent
relaxationleadsto a redshift of the νOH � 0 � 1 frequency. The linear displacementof the
νOH � 2 potentialwith respectto theνOH � 1 potentialis a timesthatof theνOH � 1 potential
with respectto theνOH � 0 potential.

bondto its new equilibriumpositionleadsto a redshiftof thevOH
� 0 � 1 frequency of

theexcitedmolecule,andhenceto aredshiftof the’particle’ contributionto thebleaching.
This relaxationcorrespondsto a contractionof the hydrogenbond. Simultaneously, the
depletionin thevOH

� 0 stateat theexcitationfrequency is graduallyfilled up dueto the
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modulationof RO � H �����O of theremainingmoleculesin thevOH
� 0 state,causingthe’hole’

contribution to broadentowardsthelinearabsorptionband.Thetotal bleachingsignalis
thesumof the’particle’ and’hole’ contribution,andthereforebroadensmainlytowardsto
theredsideof theabsorptionband.In a previoustheoreticalstudyof thedynamicsof the
OH-stretchmodein HDO:D2O, only the ’hole’ contribution wastaken into account,and
henceonly a broadeningof thespectralholetowardsthelinearνOH absorptionspectrum
waspredicted[78].

In a recentfemtosecondstudy, it wasfoundthat thefirst spectralmomentof thetran-
sientspectrumof the OH-stretchmodein HDO:D2O doesnot shift to a Stokes-shifted
value[31]. This resultseemsto be inconsistentwith the fact that for liquid waterνOH

stronglydependson RO � H �����O, sincethis dependenceimpliesthat thehydrogen-bondpo-
tentialsof the vOH

� 0 andvOH
� 1 statesmustbedisplacedwith respectto eachother.

This displacementwill leadto a significantStokesshift. However, it shouldbe realized
thatthefirst momentis not only affectedby theStokesshift, but alsoby two othereffects
that shift the frequency of the first momentto a highervalue. Firstly, the first spectral
momentwill be strongly influencedby the transientvOH

� 1 � 2 absorption,which is
redshiftedby 
 270cm

� 1 with respectto thevOH
� 0 � 1 transitionfrequency [22]. This

absorptionis extremelybroad(approximately500cm
� 1 [22]) andstronglyoverlapswith

the red sideof the vOH
� 0 � 1 bleaching,leadingto a significantblueshiftof the first

spectralmoment.Thestrongeffect of thevOH
� 1 � 2 absorptioncanbeseenfrom the

delayscanwith a probefrequency of 3330cm
� 1 (Fig. 4.1), which shows a decreaseof

the transmissionfor small delaytimesdueto this absorption.Secondly, the vibrational
lifetime stronglydecreaseswith decreasingνOH [79], which for longerdelaysalsoleads
to a blueshiftof the first spectralmoment. Due to theseeffects,the frequency to which
thefirst momentconvergesafterspectralrelaxationmayevenbeabove themaximumof
the linearabsorptionspectrum.Therefore,thefirst spectralmomentis a poorparameter
to infer a dynamicStokesshift. Fortunately, in spiteof theabove-mentionedeffects,it is
still possibleto observe thedynamicStokesshift, sinceit is theonly effect that leadsto
strongerbroadeningof thebleachingto lowerfrequenciesthanto higherfrequencies.This
effect is clearlyobservedFigs.1 and2.

We describeour dataquantitatively assumingthat the hydrogen-bondis a Brownian
oscillatorcoupledto theoptically excitedOH-stretchmode[35]. TheBrownianoscilla-
tor modelassumesharmonicpotentialenergy functionsfor thelow-frequency (hydrogen-
bond)mode,whicharelinearlydisplacedby adistanced with respectto eachotherin the
groundandfirst excitedstateof theopticallyexcited(OH-stretch)mode(seeFig.4.3).Be-
causeof theapproximatelyGaussianshapeof theOH-stretchabsorptionbandweassume
that the hydrogen-bondmodeis a stronglyoverdampedmode(SOM) [35]. The motion
of the Brownianoscillatoris thendiffusive, andthe dynamicscanbedescribedin terms
of threeparameters:Λ, theinverseof thecorrelationtime of thediffusivemotion,2λ, the
Stokesshift in unitsof angularfrequency, and∆, thelinewidth parameter[35]. An explicit
expressionfor the pump-probesignalSPP in termsof Λ, λ, ∆, andthe pulseparameters
canbe found in the literature(Eq. (13.32)of Ref. [35]). The vOH

� 1 � 2 transitionis
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incorporatedby addinganextra termto thisexpression:

SPP� ω1 � ω2 � τ � � 2πe
� τ 	 T1� � ∆2 � w2

1 � α2 � τ � e
��� ω1

� ω0
eg
� λ � 2 	 2 � ∆2 � w2

1 �
 "! e�#� ω2

� ωe � τ �$� 2 	 2α � τ � 2 � e
��� ω2

� ωg � τ �$� 2 	 2α � τ � 2
� σeae

�#� ω2
� ωea� τ �$� 2 	 2a2α � τ � 2 % � (4.2)

with

ωe � τ � � ω0
eg

� λ � e
� Λτ � ω0

� ω0
eg

� λ �&� (4.3)

ωg � τ � � ω0
eg

� λ � e
� Λτ � ω0

� ω0
eg

� λ �&� (4.4)

ωea� τ � � ω0
eg

� λ � δωanh
� ae

� Λτ � ω0
� ω0

eg
� λ �&� (4.5)

ω0
� ω1

∆2

∆2 � w2
1

� � ω0
eg

� λ � w2
1

∆2 � w2
1

� (4.6)

α2 � τ � � ∆2 ' 1 � ∆2

∆2 � w2
1

e
� 2Λτ ( � w2

2 � (4.7)

whereω1 � w1 andω2 � w2 arethecenterfrequency andspectralwidthof thepumpandprobe
pulse,respectively, andω0

eg
� λ thecenterfrequency of theabsorptionband.In Eq. (4.2),

the first andsecondterm in the bracescorrespondto the ’particle’ and’hole’ contribu-
tions to thebleaching,which have delay-dependentcenterfrequenciesωe � τ � andωg � τ � ,
respectively. Thethird termrepresentstheexcited-stateabsorption,with centerfrequency
ωea� τ � . The excited-stateabsorptionis characterizedby the vOH

� 1 � 2 crosssection
σea (relative to the vOH

� 0 � 1 crosssection),the anharmonicityδωanh, andthe scale
factora for the displacementof the vOH

� 2 potential(seeFig. 4.3). We addeda factor
e
� τ 	 T1 to accountfor thefinite excited-statelifetime. We foundbetteragreementbetween

theoryanddataif a smallhomogeneousbroadening(FWHM 33 cm
� 1) in additionto the

broadeningcausedby the Brownian oscillatorwasassumed.Convolution of the result
of equation(2) with the experimentallydeterminedcross-correlationtrace(Figs. 4.1(b)
and4.2(b))yields theoreticalpump-probedelayscans.To describethedata,thespectral
widthsandcenterfrequenciesof pumpandprobeweredeterminedfrom least-squaresfits
to the power spectra(Figs.4.1(c)and4.2(c)). We usedδωanh

� 270 cm
� 1 [22], a rela-

tive excited-statecrosssectionof σea
� 1 ) 54, anda scalefactorof a � 2. This valuefor

a implies that the vOH
� 2 potentialis displacedsignificantlymorewith respectto the

vOH
� 1 potentialthanthe vOH

� 1 with respectto the vOH
� 0 potential,in agreement

with theexperimentallyobservedvery broadvOH
� 1 � 2 andvOH

� 0 � 2 absorption
bands[22,80]. With T1

� 650 fs, Λ � 2 THz, λ � 7 THz, and∆ � 19 THz, we found
goodagreement(Fig. 4.4(a)).With thesameparametervalueswe couldalsodescribethe
linearabsorptionspectrum(Fig. 4.4(b)). Thevaluefor λ correspondsto a Stokesshift of
74cm

� 1, whichis in quitegoodagreementwith theStokesshift of 60cm
� 1 obtainedfrom

equation(4.1) usingthe linewidth of 260 cm
� 1 of the νOH bandof HDO:D2O asinput.

The valueof 2 THz for Λ correspondsto a correlationtime of 500 fs for the diffusive
motionof thehydrogenbond.
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FIGURE 4.4. (a)Experimentalpump-probedelayscans(points),anddelayscanscalculatedusing
theBrownianoscillatormodel(solid curves). (b) ExperimentalOH-stretchabsorptionspectrum
(dashedcurve)andtheabsorptionspectrumcalculatedusingtheBrownianoscillatormodel(solid
curve).

It is clearthattheBrownianoscillatormodelprovidesaquantitativedescriptionof the
observedbroadeningof thebleachingsignaltowardslowerfrequencies.Interestingly, this
redshiftresultsbothfrom theStokesshift of thestimulatedemissionof thevOH

� 1 � 0
transitionandfrom theStokesshift of thevOH

� 1 � 2 inducedabsorption,thatis a times
aslarge. The fact that T1

� 650 fs insteadof 740 fs leadsto a betterdescriptionof our
datasuggeststhattheBrownianoscillatormodeldoesnot accuratelydescribethespectral
relaxationfor large delay times. This is probablydue to the assumptionof harmonic
potentials[11]. In fact,thehydrogen-bondpotentialis probablystronglyanharmonic[77,
81],andthehydrogen-bondpotentialsin thevOH

� 0andvOH
� 1statesmayhavedifferent

shapes[53]. Bothof theseeffectswill leadto morecomplicatedspectraldynamics.

4.4 Conclusion

In conclusion,wehaveobservedevidencefor atransientStokesshift of amolecularvibra-
tional transition.In water, thecouplingbetweentheOH-stretchandhydrogen-bondmode
is particularlystrong,leadingto a largedifferencebetweenthepotentialenergy functions
of thehydrogenbondin thevOH

� 0 andvOH
� 1 states.As a consequence,for waterthe

vibrationalStokesshift is very pronounced.Similareffectscanbeexpectedfor any other
optically excited vibration that is coupledto a low-frequency mode. Hence,this effect
shouldbeconsideredin any studyonspectralrelaxationof avibrationaltransition.



5 Orientational dynamics in liquid water

5.1 Introduction

Knowledgeaboutthe orientationaldynamicsof water is essentialfor understandingthe
(bio)chemicalandphysicalprocessesthattakeplacein this liquid, notablychemicalreac-
tionsandsolvation.Therefore,thereorientationalmotionof moleculesin liquid waterhas
beenextensively studiedfor over half a century, in particularby suchmethodsasdielec-
tric relaxation[82,83],THz spectroscopy [84,85],opticalandRaman-inducedKerr-effect
spectroscopy [86,87], andnuclearmagneticresonance[61]. However, all of theexperi-
mentaltechniquesemployedto dateprobedtheorientationalmotionindirectlyor averaged
overall moleculesin theliquid. In addition,it is oftennotclearto whatkind of molecular
motion the relaxationobserved with thesemethodsis related. In contrast,polarization-
resolvedpump-probespectroscopy yieldsunambiguousinformationaboutthe dynamics
of orientationalrelaxationof smallmoleculesin the liquid phase[55,88]. In this Chap-
ter, we apply this techniqueto the OH-stretchmodeof dilute solutionof HDO in D2O.
In this way, we candirectly study the orientationalmotion of OH groupsof the HDO
molecules.Thefrequency tunabilityof theinfraredpulsesmakesit possibleto studyspe-
cific subensemblesof thewatermolecules.

5.2 Experiment

Mid-infraredpulsesaregeneratedwith thesetupdescribedin Section2.4.1.In thepump-
probeexperiments,the infraredpulsesaresplit into an intensepumppulse( � 20 µJ) that
excitesa significantfractionof theHDO molecules,anda weakprobepulse( � 1 µJ) that
monitorsthe inducedrelative transmissionchangeln

�
T � T0 � asa functionof the delayτ

betweenthepumpandprobepulses,whereT0 denotestheequilibriumprobetransmission
(no pumppulse). Autocorrelationtracesof the pulsesareobtainedby second-harmonic
generationin a3 mmthick LiIO3 crystal.

Thesampleis 200µm thick andcontains1 mol/l solutionof HDO in D2O,preparedby
mixing appropriateamountsof H2O (HPLC grade)andD2O ( � 99.9atom%D). During
themeasurementsthewateris rapidlycirculatedto ensurethatfor every lasershotthereis
a freshpartof theliquid in thefocus.

5.3 Results

We have recordedpump-probescansat excitation frequenciesof 3320, 3400 and
3500cm� 1. Thepower spectraof thepulsesat thosefrequenciesareshown in Fig. 5.1,
togetherwith the infraredabsorptionspectrumof the samplein the OH-stretchregion,
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FIGURE 5.1. Infraredabsorptionspectrumof the OH-stretchmodeof HDO in D2O (1 mol/l
in 200µm), correctedfor theD2O backgroundabsorption(blackcurve), andnormalizedpower
spectraof thelaserpulses,centeredat 3320(openpoints),3400(triangles)and3500cm� 1(solid
points),respectively.

measuredusinga conventionalinfraredspectrometer. The intensityof thepumppulseis
sufficient to excite a significantfractionof theHDO moleculesto thevOH � 1 state.Due
to the largeanharmonicityof thevOH mode(270cm� 1 [22]), thesemoleculesno longer
absorbtheprobepulse.This resultsin a transmissionincreaseof theprobepulsefor posi-
tivedelays.Thedecayof therelativetransmissionchangesln

�
T � T0 �
	�� 
 of theprobepulse

is determinedby bothvibrationalrelaxationof themoleculesin thevOH � 1 stateandthe
spectralandorientationalrelaxationof themoleculesin thevOH � 0 andvOH � 1 states.

In order to study the orientationalrelaxationof the excited molecules,we usethe
methoddescribedin Section2.5: thepolarizationof theprobepulseis rotated45� with re-
spectto thatof thepumppulseusingazero-orderλ/2-plate,andthetransmissionchanges
ln
�
T � T0 � of the componentsof the probepulsepolarizedparallelandperpendicularto

the pumppulsearemonitoredby meansof a polarizerplacedbehindthe sample.If the
pumpfield is polarizedalongthez-axis,thevOH � 0 � 1 transitionprobabilityof aHDO
moleculeis proportionalto cos2θ, whereθ is theanglebetweenthemoleculartransition
dipolemoment(directedalongtheOH-bond)andthez-axis.Sinceat thermalequilibrium
themoleculartransitiondipolemomentsarerandomlyoriented,theexcitationby thepump
field resultsin anorientationaldistributionof theOH-bondsof theexcitedmoleculesgiven
by f

�
θ ��� 3

4π cos2θ. As a consequence,initially the transmissionchangefor the probe
pulsecomponentparallelto thepumpfield (ln

�
T � T0 �
	 ) is threetimeslarger thanfor the

perpendicularcomponent(ln
�
T � T0 � 
 ) [55]. As rotationalreorientationof themolecules

takesplace,thedifferencebetweentheln
�
T � T0 � 	 andln

�
T � T0 � 
 componentsdecreases,

andin thelimit of completeorientationalscramblingvanishes( f
�
θ � � 1

4π ).
Fig. 5.2showstheresultsobtainedby pumpingat3400cm� 1, at thecenterof theνOH

absorptionband,for theparallel( � ) andperpendicular( � ) componentsof theprobepulse.
Vibrationalrelaxationleadsto apopulationtransferfrom thevOH � 1 to thevOH � 0 state
and thus to a decreaseof the bleachingfor both polarizationcomponentsof the probe
pulse,but doesnot changethe ratio � ln �

T � T0 �
	 � ln
�
T � T0 � 
�� . It is easilyshown that the

rotation-freesignal∆αRF
�
τ � , which is definedas[55]� ∆αRF

�
τ ��� ln

�
T
�
τ � � T0 �
	�� 2ln

�
T
�
τ � � T0 � 
�� (5.1)
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FIGURE 5.2. Pump-probescansrecordedpumpingand probingat an excitation frequency of
3400 cm� 1 (pulsespectrumshown as the trianglesin Figure 5.1). The relative transmission
changeln � T � T0  "!$# % of theprobepulseis plottedversusthedelayτ, for thecomponentspolarized
parallel(solidpoints)andperpendicular(openpoints)to thepumppulse.

reflectsonly the excited-statepopulationdynamics,whereasthe rotationalanisotropy
R
�
τ � , which is definedas[55]

R
�
τ ��� ln

�
T
�
τ � � T0 �
	 � ln

�
T
�
τ � � T0 � 


ln
�
T
�
τ � � T0 � 	 � 2ln

�
T
�
τ � � T0 � 
 � (5.2)

reflectsonly theorientationaldynamics(independentof thevibrationalrelaxation),with a
valuebetween0 (completeorientationalscrambling)and0.4(maximalanisotropy).

Fig. 5.3showstheobservedrotationalanisotropy asafunctionof delay, for threeexci-
tationfrequencieswithin theνOH absorptionband.Thepowerspectraareshownin Fig.5.1
(thepoint stylesof Figs.5.1 and5.3 match). Theorientationaldynamicsclearlydepend
dramaticallyon the excitation frequency. At the high frequency sideof the absorption
band(solid points)the decayof the rotationalanisotropy occursmuchfasterthanat the
low frequency side(openpoints),whereit remainsnearlyconstant.SincetheOH-stretch
frequency νOH decreaseswith increasinghydrogen-bondstrength(seeSection1.2),ourre-
sultsimply thattheorientationalrelaxationtakesplacemuchfasterfor weaklyhydrogen-
bondedmolecules(high νOH frequency) than for stronglyhydrogen-bondedmolecules
(low νOH frequency), which apparentlyremainmoreor lessfixed in their environment.
Surprisingly, at thecenterfrequency (triangles)andthehigh-frequency side(solidpoints)
of the absorptionband,thedecayoccursin a non-exponentialmanner. For smalldelays
thedecayis very fast,for largedelaystherotationalanisotropy decaysmuchslower.

5.4 Discussion

In orderto rotateandchangeits anglewith respectto thepolarizationof thepumppulse,an
OH groupmustbreakits hydrogenbond.Suchaprocesswill costmoreenergy for strongly
hydrogen-bondedOH groupsthan for weakly hydrogen-bondedgroups. This explains
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FIGURE 5.3. Logarithmof therotationalanisotropy asa functionof thedelaybetweentheexcit-
ing andprobingpulse,at threeexcitation frequencieswithin the νOH absorptionbandof water.
Thepoint stylesof thedataandthepowerspectrashown in Fig. 5.1match.Thecurvesrepresent
decayscalculatedusingthemodeldescribedin thetext.

why the orientationalrelaxationtakesplacemuchmoreslowly at low thanat high νOH

frequencies.In orderto quantitativelydescribethiseffect,weassumethattheorientational
relaxationis athermallyactivatedprocess.Theactivationenergy EA

�
νOH � of thisprocess,

which will beon theorderof thehydrogen-bonddissociationenergy of 2000cm� 1 [47],
is assumedto increaselinearlywith decreasingνOH (increasinghydrogen-bondstrength).
This leadsto a frequency dependentdecayconstantof therotationalanisotropy:

τR
�
νOH ��� CeEA & νOH '$( kBT � τ0

R ) (5.3)

We have addeda constantτ0
R in the above expressionto accountfor the fact that even

for veryweaklyhydrogen-bondedOH groups,theorientationalrelaxationrateshouldstill
have a finite value,determinedby themomentof inertiaof theHDO moleculeandsteric
effects.

In a quantitative descriptionof the decayof the rotationalanisotropy, we must take
accountof thespectralrelaxationof theνOH excitation,which takesplaceona timescale
of approximately500fs (seeChapter4). To dothis,weusetheBrownianoscillatormodel,
which was describedin Chapter4. When τR is frequency dependent,it is difficult to
obtainexplicit expressionsfor thedecayof therotationalanisotropy of anopticallyexcited
modecoupledto aBrownianoscillator. Fortunately, for astronglyoverdampedmode,the
Brownianoscillatormodelis equivalentto a spectraldiffusionmodel[35], in which the
vOH � 0 � 1 frequency of amoleculein thevOH � 0 stateis givenby

ω01
�
t ��� ω0

eg � λ � δω01
�
t � � (5.4)
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wherethedetuningδω01
�
t � is a Gauss-Markov randomprocess,with a correlationfunc-

tion [35] *
δω01

�
t � δω01

�
0�,+�� ∆2e� Λt ) (5.5)

Similarly, thevOH � 1 � 0 transitionfrequency of amoleculein thevOH � 1 stateis given
by

ω10
�
t ��� ω0

eg
� λ � δω10

�
t � � (5.6)

with *
δω10

�
t � δω10

�
0�,+�� ∆2e� Λt ) (5.7)

In Eqs.(5.5)and(5.7),∆ is thelinewidth parameterandΛ theinversespectralrelaxation
time constant,both of which aredefinedin Chapter4. This spectraldiffusion process
canbeimplementednumerically, which allows usto calculatethedecayof therotational
anisotropy.

Theinitial spectraldistributionof the’particle’ (vOH � 1 � 0) and’hole’ (vOH � 0 �
1) contributionsto thebleachingis givenby a convolution of thepower spectrumof the
pumppulsewith thehomogeneouslinewidth of 33cm� 1(seeChapter4). Thespectraldif-
fusioncausesthespectraldistribution of the ’hole’ to broadentowardsthelinearabsorp-
tion spectrum,andthat of the ’particle’ towardsthe linear absorptionspectrumStokes-
shiftedby 2λ (seeChapter4). Thespectraldistributionsof the’particle’ and’hole’ contri-
butionswerecalculatedasafunctionof timeby numericalintegrationof theequationsfor
the spectraldiffusion. After eachtime step,the decayof the rotationalanisotropy R

�
ω �

in eachfrequency bin wasevaluatedusingEq. (5.3). Theobservedrotationalanisotropy
is obtainedby integratingtheproductof R

�
ω � andthepowerspectrumof theprobepulse

over ω. In the calculation,the valuesfor ∆, Λ, andλ obtainedin Chapter4 wereused.
WeusedGaussianpulseenvelopesfor thepumpandprobepulses,thewidth of whichwas
obtainedfrom autocorrelationtracesrecordedaftereachof thescansshown in Fig. 5.3.

We found goodagreementbetweenthe calculatedanisotropy andour dataat all ex-
citation frequenciesusing the parametervaluesτ0

R � 0 ) 7 ps, C � 0 ) 08 fs and EA �
9 ) 6 � 3670� νOH � cm� 1 (seeFig. 5.3). The decayconstantτR

�
νOH � for theseparameter

values,calculatedusingEq. (5.3), is shown in Fig. 5.4. Clearly, it exhibits a dramatic
frequency dependence.In fact, the water moleculesmay be divided in a fraction that
is stronglyhydrogen-bonded(low νOH frequency), andthatexhibits virtually no orienta-
tional relaxation,anda fraction that is weakly hydrogen-bonded(high νOH frequency),
andthatshows orientationalrelaxationwith a time constantof approximatelyτ0

R. Thus,
with regard to the orientationaldynamics,our measurementssuggesta two-component
modelfor liquid water. The fact that the orientationalanisotropy still shows a decayat
the lowestprobefrequency of 3320cm� 1(seeFig. 5.3) eventhoughtheorientationalre-
laxationrateat that frequency is practicallyzero(seeFig. 5.4), is causedby thespectral
diffusion,whichcausesexchangebetweentheOH-groupswith highandlow νOH frequen-
cies.Orientationalrelaxationof anOH-groupwith a high νOH frequency (shortτR

�
νOH � )

anda subsequentchangeof its νOH frequency to a low value(dueto spectraldiffusion)
will contribute to the decayof the rotationalanisotropy at this low νOH frequency. This
leadsto aneffective decayof therotationalanisotropy at low νOH frequency thatis much
fasterthanwouldbeexpectedfrom thevalueof τR

�
νOH � at thatfrequency.
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FIGURE 5.4. Frequency dependenceof the activation energy EA � νOH  andthe decayconstant
τR � νOH  . Thedottedcurveshows theGaussianνOH absorptionbandusedin thecalculation.

It is interestingto comparetheresultspresentedin thisChapterto dielectricrelaxation
andTHz studieson liquid water. In theseexperiments,onemeasuresthecomplex dielec-
tric functionε

�
ω � at low frequencies(GHz andTHz regime). The dielectricfunction is

relatedto therelaxationof theelectricpolarizationasfollows[89]:

ε
�
ω ��� ε∞ � - ∞

0
dt eiωtφ

�
t � � (5.8)

wherethe relaxationfunction φ
�
t � is the decayof the electricpolarizationP that would

be observed uponinstantaneousswitchingoff of a constantelectricfield appliedto the
systemuntil time t � 0 [89]. Usually, the relaxationfunction φ

�
t � is assumedto be a

sumof exponentiallydecayingfunctionsexp
� � t � τD � j � , which resultsin thewell-known

Debye-typedielectricfunction[83,89]:

ε
�
ω ��� ε∞ � ∑

j

c j

1 � iωτD � j � (5.9)

wherec j areconstants,andτD � j arereferredto asDebyerelaxationtimes. In dielectric
relaxationandTHz experiments,theorientationalrelaxationin waterhasoftenbeenob-
servedto occurontwo timescales.Theslow timescalehasanassociatedDebyerelaxation
time of τD � 1 . 8 ps[83,85,90], whereasthevaluesreportedfor theDebyeconstantasso-
ciatedwith thefasttime scalevary from τD � 2 / 200fs to τD � 2 � 1 ) 02 ps[83,85,90]. The
difficulty in obtainingan accuratevaluefor τD � 2 is due to the fact that the contribution
of the fastprocessto the dielectric function is very small comparedto that of the slow
process.

We can useour model for τR
�
νOH � to calculatethe relaxationfunction φ

�
t � of the

electric polarization,which describesthe dielectric function throughEq. (5.8). It can
be shown that for an ensembleof dipolesthat exhibit orientationaldiffusion [89], the
DebyeconstantτD andthe decayconstantτR of the rotationalanisotropy arerelatedby
τD � 3τR (seetheAppendix).OurmodelthereforeimpliesaDebyeconstantthatdepends
on νOH. That is, eachsubensembleof watermoleculeswith a specificνOH frequency



� 5.4 51

(andhence,a specifichydrogen-bondstrength)exhibits orientationaldiffusion with an
associatedDebyeconstantgivenby τD

�
νOH �0� 3τR

�
νOH � , whereτR

�
νOH � is determined

by Eq.(5.3).Thetotalelectricpolarizationis thesumof theelectricpolarizationsof each
of thesubensembles.It shouldbenotedthat thedecayof thetotal electricpolarizationis
determinednotonly by τD

�
νOH � , but alsoby thespectraldiffusion,whichcausesexchange

betweenthesubensembleswith highandlow τD
�
νOH � . This leadsto a fasterdecayof the

electricpolarizationthanwould be observed in absenceof spectraldiffusion, sincethe
subensembleswith long τD

�
νOH � will havea fastereffectivedecayroutefor reorientation

throughspectralexchangewith subensembleswith shortτD
�
νOH � .

To calculatethe relaxationfunctionφ
�
t � of the total electricpolarization,we assume

thatat t � 0 theelectricpolarizationsof all subensemblesareequal,andthatall molecules
are in the vOH � 0 state. The decayof eachsubensembleis calculatedby numerical
integration, in which we take the spectraldiffusion in the vOH � 0 state(describedby
Eqs.(5.4)and(5.5))andthedecayof theelectricpolarization(describedby τD

�
νOH � ) of

eachsubensembleinto account.The total electricpolarizationis evaluatedat eachtime
stepby addingthe electricpolarizationsof eachof the subensembles,weightedby the
distributionof νOH frequencies,whichweassumeto begivenby theνOH absorptionband
(shown asthedottedcurve in Fig. 5.4).

The calculatedrelaxation function φ
�
t � of the electric polarization is shown in

Fig. 5.5(a). After an initial fastdecay, φ
�
t � becomesexponentialwith a decayconstant

of 7.1ps. Therelaxationfunctioncanbewell describedwith a biexponentialdecaywith
timeconstantsof 7.1psand0.3ps(seeFig. 5.5(a)),which impliesadielectricfunctionof
theform (5.9) with τD � 1 � 7 ) 1 psandτD � 2 � 0 ) 3 ps. Thedecayconstantof 7.1 psagrees
well with theDebyeconstantof approximately8 psoftenobservedin THz anddielectric
relaxationstudieson liquid water. Theslight discrepancy betweenthe two valuesmight
be dueto the fact that τR, which wasusedto calculateφ

�
t � , describesthe orientational

relaxationof theνOH transitiondipolemomentof HDO,whereasτD describestheorienta-
tionalrelaxationof thepermanentdipolemomentof thewatermolecule,or to thedifferent
momentsof inertiaof HDO andH2O. Thedecayconstantof 0.3pscorrespondsto thefast
time constantτD � 2 observedin dielectricrelaxation,THz, andKerr-effect measurements.
This fastpartof thedecayis determinedby boththeorientationalandspectralrelaxation.
It is clearfrom Fig.5.5(a)thatthecontributionof thisfastprocessto thedielectricfunction
is verysmall.

Note that both the dielectric relaxationmeasurementsand the polarization-resolved
pump-probeexperimentsshow thattheorientationalrelaxationtakesplaceontwo distinct
time scales.However, that thesetwo time scalesareassociatedwith differenthydrogen-
bond strengthscan only be shown with pump-probespectroscopy, which allows us to
selectively studysubensembleswith a specifichydrogen-bondstrength(νOH frequency).
This informationcould not have beenobtainedwith linear techniquessuchasdielectric
relaxationandTHz experiments,which inherentlymeasureanaverageoverall molecules
in theliquid.

Fig. 5.5(b) shows the frequency-dependentpart of the complex dielectric function
ε
�
ω � , obtainedfrom thecalculatedφ

�
t � usingEq. (5.8). Thecalculationagreeswell with

the experimentallyobserved dielectric function, as presentedin for exampleRef. [83],
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FIGURE 5.5. (a) The solid curve representsthe logarithmof the calculatedrelaxationfunction
φ � t  for theelectricpolarization.Thedottedcurve is a biexponentialdecaywith time constants
of 0.3 and7.1 ps. (b) Realandimaginarypartof the frequency-dependentpartof thedielectric
function,calculatedfrom φ � t  usingEq.(5.8).

andwecanconcludethatboththepolarization-resolvedpump-probeexperimentsandthe
dielectricrelaxationmeasurementscanbewell describedwith themodelfor theorienta-
tional relaxationin liquid waterpresentedhere.

5.5 Conclusion

In this Chapter, we have studied the orientational relaxation of frequency-selected
moleculesin liquid water. It is foundthat theorientationalrelaxationtakesplaceon two
distinct time scales:weaklyhydrogen-bondedmoleculesshow rapidorientationalrelax-
ationwith adecayconstantontheorderof τ0

R � 0 ) 7 ps,whereasstronglyhydrogen-bonded
moleculesretaintheir orientationfor a muchlongerperiodof time. Theseresultssuggest
that a mixture modelappliesto liquid water, and that with respectto the orientational
dynamicstwo molecularspeciesexist in theliquid. Themodelfor theorientationalrelax-
ationproposedin this Chapteralsogivesa goodquantitative descriptionof thecomplex
dielectricfunctionof liquid water.

Appendix: Relation between τR and the Debye relaxation time τD

Let f
�
θ � φ � t � be the distribution of orientations(θ � φ) of an ensembleof dipolesat time

t. If thedipolesundergo Brownianrotationalmotion, it canbeshown that in absenceof
externalfieldstheorientationaldistribution functionsatisfiestheequation[89]:

∂ f
�
θ � φ � t �
∂t � 1

2τD 1 1
sinθ

∂
∂θ 2 sinθ

∂ f
�
θ � φ � t �
∂θ 3 � 1

sin2θ
∂2 f

�
θ � φ � t �

∂φ2 4 � (5.10)

whereτD is theDebyerelaxationconstant,which contributesto thedielectricfunctionof
thesystemin theform [89]

εs
� ε∞

1 � iωτD
) (5.11)
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We useEq. (5.10) to calculatethe decayof the rotationalanisotropy R of the dipolesin
casetheinitial distribution is givenby

f
�
θ � φ � 0�5� 3

4π
cos2θ ) (5.12)

Thesolutionof Eq.(5.10)is thenfoundto be

f
�
θ � φ � t �5� 1

4π 6 � 3cos2θ � 1� e� 3t ( τD � 17 ) (5.13)

Therotationalanisotropy is thedifferencebetweencos2θ andcos2φsin2θ weightedwith
thedistribution f

�
θ � φ � t � :

R
�
t �5� 898 dΩ

�
cos2θ � cos2φsin2θ � f

�
θ � φ � t �8:8 dΩ

�
cos2θ � 2cos2φsin2θ � f

�
θ � φ � t � � �

2� 5� e� 3t ( τD ) (5.14)

Weseethatthedecayconstantof therotationalanisotropy is givenby τR � τD � 3.



6 Anomalous temperature dependence of vibrational
lifetimes in water and ice

6.1 Introduction

Many physicalpropertiesof water exhibit a remarkabletemperaturedependence.The
bestknown exampleis probablythedensity, which is largerin theliquid thanin thesolid
phase. Otherexamplesincludethe viscosity, the specificheat,and the staticdielectric
constant,all of which show temperaturedependencesthatdiffer significantlyfrom what
is generallyobservedin liquids. In many casestheanomaloustemperaturedependenceof
thesepropertieshasprovidedfundamentalinformationon thedynamicsandstructureof
water.

A betterunderstandingof thephysicalpropertiesof liquidscanbeobtainedby study-
ing the dynamicsof the elasticandinelasticmicroscopicmolecularinteractions.Infor-
mationon the inelasticmolecularinteractionscanin turn be obtainedby measuringthe
lifetime of molecularvibrations.Of specialinterestin this respectis themeasurementof
thevibrationallifetime asa functionof temperature,sincein many casesthis allows the
identificationof themodesto whichtheenergy of theexcitedmodeis transferred.In most
theoriesfor vibrationalrelaxation[91–93]thevibrationallifetime stronglydecreaseswith
temperature,in mostcasesasa resultof theincreasedoccupationof theenergy-accepting
modes.Measuringthe temperaturedependenceof the lifetime allows the determination
of thefrequenciesof thesemodesandthusmayhelpin their identification.It is clearthat
measuringthe lifetime of a vibrationof thewatermoleculeasa functionof temperature
mightprovideuswith new insightsin themicroscopicmolecularcouplingsin water, which
eventuallymayleadto abetterunderstandingof theanomalousmacroscopicpropertiesof
this liquid. TheOH-stretchingmodeof wateris obviously themostsuitablecandidate,as
it is a very sensitive probefor thehydrogen-bondstructure[13]. Unfortunately, thetime
resolutionin previoustime-resolvedmid-infraredstudieson ice andwaterwasnot suffi-
cientto accuratelydeterminetheOH-stretchinglifetimes[22,23,94,95]. In this Chapter,
we reporton thedeterminationof OH-stretchinglifetime andits temperaturedependence
in diluteHDO:D2O solution,bothin theliquid andsolid (ice Ih) phase.

6.2 Experiment

For thepump-probeexperiments,we usethe two-colorsetupdescribedin Section2.4.2.
Thepumpandprobepulsesarefocusedto a spotwith a diameterof � 300µm andhave
spatialoverlapin thesample.Thepumppulseis tunedto theνOH

� 0 � 1 frequency, and
theprobepulseto eithertheνOH

� 0 � 1 or theνOH
� 1 � 2 frequency. Thepumppulse

54
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inducesa significantpopulationof the νOH
� 1 level, which is monitoredby the probe

pulse. By measuringthe excited state(νOH
� 1 � 2) absorptionasa function of delay

betweenthepumpandprobepulses,we determinethevibrationallifetime T1. Theprobe
polarizationwasat the magicanglewith respectto thepumppolarization,ensuringthat
theobservedtransientsaredeterminedby thevibrationalrelaxationonly [55].

Thesampleconsistedof a 500µm layerof dilute ( � 1:500)solutionof HDO in D2O
keptbetweentwo sapphirewindows,andwasmountedonthecoldfingerof aclosed-cycle
He cryostatequippedwith a heater. This enabledusto continuouslytunethetemperature
of thesamplefrom 30to 363K with anaccuracy of 0.2K. Theicewaspreparedby slowly
coolingdown sampleuntil solidificationoccurred,typically at � 265K. Sincethesample
cannotbe circulated,we hadto lower the pumppulserepetitionrateto 70 Hz to avoid
heatingof the samplein the focus. Using the differentialequationfor diffusion of heat
andthethermophysicalpropertiesof D2O, anupperboundcanbeobtainedfor thesteady-
stateheatingin thefocus,whichis 2.6K for waterand1 K for ice(seetheAppendixat the
endof this Chapter).Thesevaluesrepresentthe uncertaintyin the reportedtemperature
values.

6.3 Results

6.3.1 GENERAL CONSIDERATIONS

It hasbeenshown recentlythatin inhomogeneouslybroadenedbandsof hydrogen-bonded
OH groups the vibrational lifetime can be strongly dependenton the excitation fre-
quency [79,96]. In addition,therecanbespectralrelaxationeffects[23,97]. To investigate
if sucheffectsoccur, wehaverecordedpump-probescansin liquid waterat roomtemper-
ature,with a fixedpumpfrequency of 3500cm� 1, which is at thehigh-frequency sideof
theνOH band,andthreedifferentprobefrequencieswithin thebroadνOH

� 0 � 1 band
(Fig. 6.1). If theprobepulseis tunedto thesamefrequency asthepump,thedecayrateof
thebleachingis initially largerthanthevalueapproachedfor largedelays,whichis clearly
suggestiveof spectralrelaxation[88]: thespectralrelaxationof theexcitedOH groupsout
of thespectralwindow of theprobepulsegivesrise to anextra contribution to thedecay
of the bleaching,which addsto that of the vibrationalrelaxation. At probefrequencies
awayfrom thepumpfrequency, thedecayrateis initially slowerdueto spectralrelaxation
of theexcitedOH groupsinto thespectralwindow of theprobe,a processthatcompetes
with thevibrationalrelaxation.Thespectralrelaxationalsocausesthebleachingat these
frequenciesto riseto amaximumat largerdelayvaluesthanat thepumpfrequency. After
approximately1 ps,thedecayratehasbecomeequalatall probingfrequencies,indicating
thatnomorespectralrelaxationtakesplace(seealsoChapter4).

6.3.2 V IBRATIONAL LIFETIMES

Typicalpump-probescansrecordedin ice andin water, showing theexcitedstate(νOH
�

1 � 2) absorptionvs.thedelaybetweenpumpandprobe,arepresentedin Fig. 6.2.These
scansshow that in water at 353 K the vibrational lifetime is significantly longer than
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FIGURE 6.1. Pump-probescansrecordedin dilute HDO:D2O at roomtemperature,showing the
transmissionchangeln � T � T0 � of the probepulseasa functionof the delaybetweenpumpand
probe,at threedifferentνOH � 0 	 1 probingfrequenciesandwith νpump � 3500cm
 1.

at 298 K, in striking contrastwith the generallyobserved decreaseof excited-statelife-
times with temperature,both for vibrational [98–101]and electronic[102–104]transi-
tions. Fig. 6.2 alsoshows that thevibrationalrelaxationtakesplaceapproximatelytwice
asfast in iceasin water.
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FIGURE 6.2. Pump-probescansrecordedin HDO:D2O in theliquid (νpu = 3400cm
 1, νpr = 3150
cm
 1) andsolid phase(νpu = 3330cm
 1, νpr = 3090cm
 1), showing theabsorptionincreaseat
the probefrequency vs. the delaybetweenthe pumpandprobepulses. The drawn curvesare
convolutionsof aGaussianwith mono-exponentialdecayswith time-constantsof 740fs (298K),
861fs (353K), and385fs (270K), respectively.

We have recordedpump-probescansin a broadrangeof temperatures,keepingthe
pumpfrequency fixedat3400cm� 1 for waterand3330cm� 1 for ice (thecenterfrequen-
ciesof theνOH bandat roomtemperatureand260K, respectively). Theprobewasalways
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FIGURE 6.3. Vibrationallifetime T1 of theOH-stretchingmodeof diluteHDO:D2O asafunction
of temperature.Note that the lifetime at T � 270 K hasbeenmeasuredboth in the solid and
(undercooled)liquid phase.Thedashedcurvehasbeencalculatedusingapower-law dependence
of T1 on thehydrogen-bondinducedredshiftof theOH-stretchfrequency: T1 ∝ � δνOH � 
 1 � 8 [53].

tunedto theνOH
� 1 � 2 frequency (3150cm� 1 for water, 3090cm� 1 for ice). By fitting

mono-exponentialdecaysto the pump-probescans,we have determinedthe vibrational
lifetime T1 asa functionof temperature.Eventhoughtheobservedtransientscanbewell
describedby a convolution of a Gaussianwith a mono-exponentialdecay(Fig. 6.2), it
cannotbe excludedthat for small valuesof the delaythe decayof the absorptionat the
νOH

� 1 � 2 frequency mightbepartlydeterminedby effectsof spectralrelaxation,simi-
lar to thedecayof thebleachingat theνOH

� 0 � 1 frequency (seethepreviousparagraph
andChapter4). For this reason,only thedatapointsfor delayvalueslargerthan1 pswere
usedin thefits to themeasurementson liquid water.

Fig. 6.3 presentsT1 asa function of temperature.In ice, no significanttemperature
dependenceis observedall theway from 30 K up to themeltingpoint. At the transition
from thesolidto theliquid phase,T1 suddenlyincreasesfrom 384� 16to 745� 47fs. Note
that in undercooledwaterat 270K the vibrationallifetime is closeto the valueat room
temperature,androughly twice thatmeasuredin ice at 270K. As the temperatureof the
waterincreases,thevibrationallifetime becomessignificantlylonger.

6.4 Discussion

6.4.1 THEORETICAL BACKGROUND

In describingthetemperaturedependenceof vibrationalrelaxationratesin thecondensed
phase,it is often assumedthat the acceptingmodesare harmonicoscillators, either
phonons(in solids)or instantaneousnormalmodes(in liquids) [93]. This alwaysleadsto
a vibrationallifetime thatdecreaseswith temperature.To illustratethis, let usassumefor
simplicity thatonly oneacceptingmodeis involvedin thevibrationalrelaxationprocess.
Wewill call thehigh-frequency coordinateq andthelow-frequency (accepting-mode)co-
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ordinateQ. If the high-frequency excitation relaxes by the emissionof m phononsof
energy ωQ

� ωq 
 m, the decayrateK � 1
 T1 dueto the anharmoniccouplingoperator
q̂Q̂m canbecalculatedwith first-orderperturbationtheory[105]:

K � T � ∝ ∑
nQ

PnQ ��� 0qnQ � m � q̂Q̂m � 1qnQ � � 2 � (6.1)

where � 1qnQ � and � 0qnQ � m� denotethe initial andfinal statesof the relaxingsystem,
andPnQ = e� nQh̄ωQ � kBT 
 ∑k e� kh̄ωQ � kBT is the thermalprobabilitydistribution. Writing Q̂
in termsof phononcreationandannihilationoperators,oneobtains:

K � T � ∝ ��� 0q � q̂ � 1q � � 2 � n̄Q � 1� m � (6.2)

wheren̄Q
� � eh̄ωQ � kBT � 1��� 1 is thethermaloccupationnumberof thephonon.Thesame

result is obtainedif the anharmoniccoupling is q̂Q̂, andmth-orderperturbationtheory
is usedto describethe relaxation[105]. Sincen̄Q increaseswith temperature,Eq. (6.2)
predictsthatthevibrationallifetime shoulddecreasewith increasingtemperature.

This temperaturedependencecanbe understoodasfollows: the valueof the matrix
element� 0qnQ � m � q̂Q̂m � 1qnQ � stronglydependsontheoverlapof theq andQ wavefunc-
tions,andincreaseswith nQ, sincefor a harmonicoscillatorthe corresponding� nQ � and� nQ � m� wavefunctionsaremoreextended. With increasingtemperature,higher levels
of theQ modewill beoccupied,andthethermallyaveragedvalueof thecouplingmatrix
elementincreases.

Summarizing,if theacceptingmodeis aharmonicoscillator, thevibrationallifetime is
predictedto decreasewith temperature.This holdsnot only for thevery simplesituation
discussedabove, but alsowhenmorethanoneacceptingmodeis involved[93], or when
higher-orderperturbationtheoryis usedto describetherelaxation[105].

6.4.2 THE HYDROGEN BOND AS ACCEPTING MODE

Previous studieshave shown that in the vibrationalrelaxationof the νOH
� 1 stateof a

hydrogen-bondedOH groupa largepartof theenergy is transferredto thehydrogen-bond
(O � H ����� O) mode[15,79], which typically hasa frequency of � 200 cm� 1. Therefore,
by virtue of the discussionin the previous section,onewould expecta strongdecrease
of the vibrational lifetime with temperature,both in ice and in water. The observation
thatin ice therelaxationis neverthelesstemperatureindependent,mightbedueto thefact
thatthehydrogenbondis astronglyanharmonicoscillator, thepotentialfunctionpossibly
containingtwo minimaseparatedby a barrierand/orstrongquarticcontributions[14,81,
106]. As a result, the wavefunctionsof the excited hydrogen-bondstatesareprobably
not much more extendedthan that of the groundstate. Therefore,the matrix element� 1qnQ � qQm � 0qnQ � m� will be virtually independentof nQ. Consequently, the thermal
averageof this matrix element,andthereforethevibrationallifetime, maybeexpectedto
dependonly weaklyon thetemperature,asis indeedobservedin ice.

At first sight,in liquid waterasimilar independenceof temperaturecouldbeexpected
asin ice. However, thevibrationallifetime in wateractuallyincreaseswith temperature.
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To ourknowledge,upto now suchanincreaseof thevibrationallifetime with temperature
hasonly beenobservedfor theT1u stretchingmodeof W(CO)6 dissolvedin someorganic
solventsandin supercriticalfluids [107–110]. For the latter systems,the increaseof T1

with temperaturecouldbeexplainedfrom thestrongtemperaturedependenceof theprop-
ertiesof the solvent just above the critical point. At temperaturessufficiently far above
thecritical point,thelifetime exhibitedtheusualdecreasewith increasingtemperature.In
the caseof W(CO)6 in someorganicsolvents,it wasfound that the increaseof T1 with
temperaturemust result from a strongdecreaseof the couplingto the acceptingmodes
with temperature,but thereasonfor thisdecreasecouldnotbeidentified[111].

Therearetwo temperature-dependentparametersthat in principlecould leadto a de-
creaseof thecouplingbetweentheOH-stretchingmodeandtheacceptingbathmodewith
temperature(andthusto a decreasein vibrational lifetime), namelythe densityandthe
averagehydrogen-bondstrength.

Above277K, thedensityof liquid waterdecreaseswith increasingtemperature,which
in principlecouldleadto a lengtheningof thevibrationallifetime [111]. Althoughit can-
notbeexcludedthatfor liquid watertheincreaseof T1 with temperaturepartlyresultsfrom
thedecreasein density, it is clearthat thedensityin itself is not an importantparameter
sincetheT1 of liquid wateris muchlongerthanthatof thelessdenseice.

A muchmoreimportanteffect is that the averagehydrogen-bondstrengthdecreases
with increasingtemperature[112], ascanbe derived from the redshiftof the hydrogen-
bond(O � H ����� O) stretchingfrequency observedin thefar-infraredandlow-frequency Ra-
manspectraof water[113,114],andfrom theblueshiftof theOH-stretchingmodein the
Ramanandinfraredspectra[115,116]. In ice,theOH-stretchfrequency variesmuchmore
slowly with temperature[115], which indicatesthat theeffectsmentionedbelow will be
lessrelevantfor ice.

A decreaseof the hydrogen-bondstrengthwill leadto a decreaseof the anharmonic
interactionbetweentheOH-stretchingmodeandthehydrogenbond.If thehydrogenbond
formsoneof theacceptingmodesof thevibrationalenergy, this will leadto an increase
of thevibrationallifetime. To seeif sucha mechanismcouldexplain theobserved tem-
peraturedependenceof T1(OH), wetriedto describeourdatawith apreviouslydeveloped
model for the vibrational relaxationof hydrogen-bondedOH groups[53]. This model
describesthevibrationalrelaxationof anisolatedOH grouphydrogen-bondedto anoxy-
genatom,andassumesthat all vibrationalenergy initially presentin the OH-stretching
modeflows to the hydrogen-bond(O � H ����� O) mode. It shows that the vibrational life-
time T1(OH) stronglydependson the hydrogen-bondinducedredshiftδνOH of the OH-
stretchingfrequency with respectto thegas-phasevalue,andpredictsthepower-law rela-
tion T1 � OH� ∝ � δνOH � � 1 � 8, which hasbeenobservedexperimentallyfor a wide rangeof
hydrogen-bondedcomplexes[117]. Weusedthisrelationandtheexperimentallyobserved
temperaturedependenceof δνOH in dilute HDO:D2O [115] to calculatethe vibrational
lifetime T1(OH) asa function of temperature.The proportionalityconstantwaschosen
suchthat thecalculatedT1 at 323K equalstheexperimentallyobservedvalue. Sincethe
thermaloccupationof thehydrogen-bondmodeis not expectedto influencethetempera-
turedependenceof T1 (seeabove), it wasnot incorporatedin theanalysis.Thecalculated
T1 is shown asthe dashedcurve in Fig. 6.3. The agreementbetweenthe calculatedand
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observedvaluesis reasonablygoodover theentiretemperaturerangefrom 30 to 363K,
especiallyin view of the fact that the model of Ref. [53], which describesan isolated
O � H ����� O unit, is surelyastrongoversimplificationof theactualsituationin liquid water.

It thusseemslikely that theorigin of thestrongcorrelationbetweenT1(OH) andthe
hydrogen-bondstrengthlies in theanharmoniccouplingbetweentheOH-stretchandthe
hydrogen-bondmodes,althoughit cannotbe excludedthat the hydrogen-bondstrength
andT1(OH) arerelatedin a differentmanner. For instance,thedecreaseof thehydrogen-
bond inducedredshift of the OH-stretchfrequency with temperaturemight lead to an
increaseof the energy gapbetweenthe OH-stretchandother acceptingmodes,thereby
decreasingthe rateof vibrationalenergy transferto theseothermodes.We think thatas
yet it is not possibleto determinetheprecisemechanismbehindthecorrelationbetween
the lifetime and the hydrogen-bondstrength,but we hopethat our datawill stimulate
theoreticalwork to elucidatethismechanism.

6.5 Conclusions

Summarizing,wehave foundthatthevibrationallifetime of theOH-stretchingmodedra-
maticallyincreasesatthephasetransitionfrom iceto water, andshowsahighlyanomalous
temperaturedependencein theliquid phase.In ice,T1(OH) is independentof temperature,
probablydueto thestronganharmonicityof thehydrogen-bondmode,which causesthe
couplingbetweentheOH-stretchandhydrogen-bondmodesto dependonly weaklyonthe
thermaloccupationof theexcitedlevelsof thelattermodes.We think thestrongincrease
of T1 atthephasetransitionfromicetowater, andtheincreaseof T1 with temperaturein the
liquid bothresultfrom theconcomitantdecreaseof theaveragehydrogen-bondstrength.

Appendix: An upper limit for the heating in the focus

During the vibrational relaxationprocessthe energy of the mid-infraredpump pulse,
which is initially in the OH-stretchmode,is rapidly convertedinto heat. Betweentwo
laserpulses,this heathassometime to diffuseout of thefocusto thesapphirewindows,
whichhaveamuchlargerheatconductivity thanD2O andhenceserveasaheatsink. After
asufficientnumberof lasershots,asteadystatewill establish,in whichtheamountof heat
diffusingout of thefocusin betweentwo laserpulsesis equalto theamountdumpedper
pulse. In this steadystate,the temperaturein the focuswill besomewhathigherthanin
therestof thesample.

To estimatein asimplewayanupperlimit for thesteady-statetemperatureincreasein
thefocuswith respectto therestof thesample,weassumethatafterthevibrationalrelax-
ationtheheatis distributeduniformly overacylindrically shapedvolume,with adiameter
of 300 µm (the diameterof the focus)anda lengthof L � 500 µm (the thicknessof the
sample).Sinceweonly wantto obtainanupperlimit for thetemperaturein thefocus,we
will neglect the transversediffusionof heat,andassumethat all heatdiffuseslongitudi-
nally, to thesapphirewindows. Thismeansthattheproblemreducesto aone-dimensional



61

heatdiffusionproblem,andthelocal temperatureincrease∆T � z� t � is determinedby [118]

∂∆T � z� t �
∂t

� κ
∂2∆T � z� t �

∂z2
� with κ � λ 
 ρcp

� (6.3)

wherecp is the heatcapacityper unit mass,ρ is the massdensity, andλ is the thermal
conductivity. Sincethethermalconductivity of sapphireis ordersof magnitudelargerthan
thatof liquid andsolid D2O [59], the windows areassumednot to heatup significantly.
Hencewe cansafelytheboundaryconditions∆T � 0 � t � � ∆T � L � t � � 0 for all t, whereL
is the lengthof the sample.Let T0 be the initial temperatureincreasein the cylindrical
volumedueto onelaserpulse.For thecaseof a singlepumppulsehitting thesampleat
t � t0 (initial condition∆T � z� t0 � � T0 for 0 � z � L), Eq.(6.3) is easilysolvedby writing
∆T � z� t � asa Fourierseriesin z. For thesteady-statesituation,we want to know ∆T � z� t �
after an infinite numberof pumppulses,at the momentjust beforethe next pumppulse
arrives. If the time betweentwo laserpulsesis ∆t, this meanswe mustaddall separate
temperatureincreases∆T � z� 0� dueto the pumppulseshitting the sampleat t0 � � m∆t
(m � 1 � 2 ������� ). After carryingout thesummationoverm, theresultis

∆T � z� 0� � ∞

∑
n  0

4T0 � eκ∆t !#" 2n$ 1% π � L & 2 � 1��� 1� 2n � 1� π sin

' � 2n � 1� πz
L ( � (6.4)

whichhasamaximumin z � 1
2L. Usingthethermophysicalpropertiesof D2O (cp

� 2 � 22 �
103 Jkg � 1 K � 1, ρ � 1 � 018 � 103 kgm � 3, λ � 2 � 28W K � 1 m � 1 for D2O iceat260K [119–
121], andcp

� 4 � 15 � 103 Jkg � 1 K � 1, ρ � 1 � 105 � 103 kgm � 3, λ � 0 � 589W K � 1 m � 1 for
liquid D2O at293K [59,119]). With apumppulseenergy of 25µJwehaveT0

� 0 � 154K
in waterandT0

� 0 � 314K in ice. UsingEq. (6.4)with ∆t � 14 ms,we find ∆T � 1
2L � 0� �

0 � 53 K in ice and∆T � 1
2L � 0� � 2 � 60 K in water. At lower temperaturesthe temperature

rise in ice will besmallerthanat 260K, sinceλ scalesapproximatelyasT � 1 [121] and
cp asT [119]. It shouldalsobe notedthat in Eq. (6.4) only the n � 0 term contributes
significantlyto thesteady-stateheating.For this reason,approximatelythesameanswer
is obtainedif a morerealistic(exponentiallydecaying)z-dependenceof the temperature
profile shortly after a pumppulseis used. Finally, we seethat the temperatureincrease
T0 causedby a singlelaserpulseis very small, so that the temperatureduring the pump
pulseandthevibrationalrelaxationis well defined.In theexperimentsonpurewater(see
Chapter8) this is no longerthecase.



7 Commenton “Dynamics of Local Substructuresin
Water Observedby Ultrafast Infrar edHole Burning” and
“T ransient Hole Burning in the Infrar ed in an Ethanol
Solution”

7.1 Intr oduction

Recently, a picosecondtwo-color pump-probestudyon the OH-stretchabsorptionband
of dilute HDO:D2O hasbeenpublishedin PhysicalReview Lettersby Laenen,Rauscher
andLaubereau[23]. Onthebasisof theirmeasurements,theauthorsclaimto haveburned
spectralholesin theOH-stretchbandof HDO:D2O, andconcludethatwaterhasa three-
componentstructure. The sameauthorshave previously reportedon very similar tran-
sientspectrain a pump-probestudyon the OH-stretchingmodeof ethanololigomersin
CCl4 [20].

Curiously, Laenenet al. completelyneglect thecoherentcouplingbetweenthepump
andprobepulsesin the analysisof their results. It hasbeenknown for quite sometime
thatthesecoherenteffectsstronglyinfluencetheobservedpump-probesignals[34,46,62,
66,122–125]andleadto an increasedprobetransmissionat the frequency of the pump
pulse,even if the absorptionline which is studiedis homogeneouslybroadened[122].
Suchatransmissionincreasein thetransientspectrummighterroneouslybeinterpretedas
aspectralhole[124].

Thepurposeof thecommentpresentedin thischapteris to demonstratethatthe“spec-
tral holes” observed by Laenenet al. arecausedby a coherentcouplingeffect, andnot
by the selective bleachingof a certain“local substructure”in the OH-stretchabsorption
band. To demonstratethis, we will simply assumethat theOH-stretchbandis homoge-
neouslybroadened,calculatethepump-probesignalusingtheexperimentalparametersof
Laenenet al., andcomparethe resultsto their experimentalobservationson water [23]
andethanol[20].

7.2 Calculation

Wedescribetheopticalresponseof theOH-stretchmodein termsof theBlochmodelfor a
homogeneouslybroadenedtransition,with centerfrequency ω0, linewidth 2γ2 (in unitsof
angularfrequency), andpopulationlifetime T1. Thepumpandprobeangularfrequencies
areω1 andω2 respectively, andthetotalelectromagneticfield is givenby

E
�
r � t ��� 1

2 � Ẽ1
�
t � eik1 � r � i Ω1t � Ẽ2

�
t 	 τ � eik2 � r � i Ω2t 
 iω2τ � e� iω0t � c � c �
� (7.1)
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whereΩ j � ω j 	 ω0 arethe detuningsof the pump( j � 1) andprobe( j � 2) frequen-
cieswith respectto the resonancefrequency ω0, andτ is the delaybetweenpumpand
probe. We will assumethat the absorptionbandis muchbroaderthanthe width of the
power spectraof the pumpandprobepulses. This is justified, sincethe FWHM of the
OH-stretchbandis 250cm� 1 [126], certainlymuchlarger thantheFWHM of thepower
spectraof the pumpandprobepulsesusedin the experiment(8 cm� 1 and16 cm� 1, re-
spectively [23]). Whentheabsorptionbandis muchbroaderthanthepowerspectraof the
pumpandprobepulses,thefree-inductiondecaycanbeconsideredinstantaneous.There-
fore, thepolarizationsinducedby the pumpandprobedo not influencetheshapeof the
pumpandprobepulses,andto first order, theonly effect theabsorptionbandhason the
pumpandprobefieldsis to introduceanexponentialdecayof theamplitudeasthebeams
propagatethroughthesample.Hence,in orderto find thepump-probesignal,it suffices
to calculatethethird-orderpolarizationatonespecificpositionin thesample.

We write thefirst andthird-orderpolarizationsas

P � 1�k j

�
r � t ��� 1

2P̃ � 1�k j

�
t � eik j � r � i ω0t � c � c � (7.2)

P � 3�k j

�
r � t ��� 1

2P̃ � 3�k j

�
t � eik j � r � i ω0t � c � c � (7.3)

with j � 1 � 2 for pumpandprobe,respectively. The equationsfor the time dependence

of thefirst-orderpolarizationsP̃ � 1�k j
, theexcited-statepopulationn � 2�0 , theexcited-statepo-

pulationgratingn � 2�k2 � k1
andthethird-orderpolarizationP̃ � 3�k2

aregivenby perturbativeso-
lution of theBloch equationsfor a homogeneoustwo-level system.In therotating-wave
approximationwehave [124,125]:

dP̃ � 1�k1

dt
� iN �µ12 � 2

h̄
Ẽ1
�
t � e� iΩ1t 	 γ2 P̃ � 1�k1

(7.4)

dP̃ � 1�k2

dt
� iN �µ12 � 2

h̄
Ẽ2
�
t 	 τ � e� iΩ2t 
 iω2τ 	 γ2 P̃ � 1�k2

(7.5)

dn � 2�0

dt
� i

4h̄N

�
Ẽ1
�
t � e� iΩ1tP̃ � 1���k1

	 Ẽ �1 � t � eiΩ1tP̃ � 1�k1 � 	 γ1n � 2�0 (7.6)

dn � 2�k2 � k1

dt
� i

4h̄N

�
Ẽ2
�
t 	 τ � e� iΩ2t 
 iω2τP̃ � 1���k1

	 Ẽ �1 � t � eiΩ1tP̃ � 1�k2 �	 γ1n � 2�k2 � k1
(7.7)

dP̃ � 3�k2

dt
� 	 2iN �µ12 � 2

h̄

�
Ẽ1
�
t � e� iΩ1tn � 2�k2 � k1

� Ẽ2
�
t 	 τ � e� iΩ2t 
 iω2τn � 2�0 �	 γ2 P̃ � 3�k2

� (7.8)

whereγ1 � 1� T1 and γ2 is half the FWHM of the absorptionband(in units of angular

frequency). The excited-statedensitygratingn � 2�k2 � k1
is formedby interferencebetween

thepumpandprobepulses,anddecayswith theexcited-statelifetime T1. Diffractionof
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the pumppulsefrom this gratinggivesrise to a contribution to the third orderpolariza-
tion in thedirectionof theprobe.This coherentcontribution to thepump-probesignalis

representedby thefirst termin Eq. (7.8). Theexcited-statepopulationn � 2�0 causedby the

pumppulsealsodecayswith T1, andinteractionof n � 2�0 with theprobepulseleadsto the
bleachingpartof thepump-probesignal,representedby thesecondtermin Eq.(7.8).

Solvingequation(7.4),weobtain

P̃ � 1�k1

�
t ��� iN �µ12 � 2

h̄ � t� ∞
dt � Ẽ1

�
t ��� e� iΩ1t ��
 γ2 � t ��� t � � (7.9)

Wenow usethefactthatthepulseenvelopevariesveryslowly comparedto γ � 1
2 to replace

Ẽ1
�
t � � by Ẽ1

�
t � . Onethenobtains

P̃ � 1�k1

�
t ��� iN �µ12 � 2

h̄
Ẽ1
�
t � e� iΩ1t

γ2 	 iΩ1
� (7.10)

andin thesameway, by solvingEq.(7.5):

P̃ � 1�k2

�
t ��� iN �µ12 � 2

h̄
Ẽ2
�
t 	 τ � e� iΩ2t 
 iω2τ

γ2 	 iΩ2
� (7.11)

Substitutingtheseequationsinto (7.6) and(7.7) andintegrating,oneobtainsexpressions

for n � 2�0

�
t � andn � 2�k2 � k1

�
t � . Substitutingtheseinto (7.8)andintegratingagain,weobtainthe

following expressionfor thethird-orderpolarizationin thedirectionk2:

P̃ � 3�k2

�
t ����	 iN �µ12 � 4

h̄3

1
γ2 	 iΩ2

e� iΩ2t 
 iω2τ � 0� ∞
dt � � 2γ2

γ2
2
� Ω2

1
eγ1t � E2

�
t 	 τ �!�E1

�
t � � t �"� 2�$# 1

γ2
� iΩ1

� 1
γ2 	 iΩ2 % ei � Ω1 � Ω2 � t ��
 γ1t � E1

�
t � E �1 � t � � t � E2

�
t � � t 	 τ �'&(�

(7.12)
whereagainthefacthasbeenusedthat thepumpandprobefieldsvary slowly compared
to the free-inductiondecay. The pump-probe(bleaching)signal is given by the time-

integratedgain 	 Im )E �2 P � 3�k2 * of theprobefield (seeSection1.3.2):

S
�
Ω1 � Ω2 � τ �+�,	 Im � ∞� ∞

dt Ẽ �2 � t 	 τ � eiΩ2t � iω2τP̃ � 3�k2

�
t �� N �µ12 � 4

h̄3 - 2γ2
2�

γ2
2
� Ω2

1 � � γ2
2
� Ω2

2 � � 0� ∞
dt � eγ1t � � ∞� ∞

dt �E2
�
t 	 τ �!� 2 �E1

�
t � t � �!� 2� Re � 1

γ2 	 iΩ2

# 1
γ2
� iΩ1

� 1
γ2 	 iΩ2 % � 0� ∞

dt � ei � Ω1 � Ω2 � t � 
 γ1t �. � ∞� ∞
dtE �2 � t 	 τ � E1

�
t � E �1 � t � � t � E2

�
t � � t 	 τ �'&0/1� (7.13)

Thisexpressionconsistsof two terms(whichcorrespondto theγ
�
τ � andβ

�
τ � termsof sec-

tion 3.3.3).Thefirst termin thisexpressionis aconvolutionof thecross-correlationfunc-
tion of the pumpandprobeintensitieswith anexponentialdecaywith time constantT1.
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Thisis thewell-known incoherentpartof thepump-probesignal,andits delaydependence
is determinedby thevalueof thepopulationlifetime T1. As expected,its probe-frequency
(Ω2) dependencesimply follows thebroadLorentzianabsorptionlineshape.Thesecond
term in Eq. (7.13) is causedby coherentcouplingbetweenpumpandprobe. Its delay
dependenceis determinedby the temporaloverlapof thepumpandprobefields. This is
to beexpected,sinceit representsaninterferenceeffectbetweenpumpandprobe.

In casethepumpandprobefieldsareGaussian:

Ẽ j
�
t ��� e� d j t2 � (7.14)

with j � 1 � 2 for pumpandprobe,theintegrationsin Eq.(7.13)canbecarriedout,andthe
resultis:

S
�
Ω1 � Ω2 � τ �+� πN �µ12 � 4

2h̄3 - γ2
2�

γ2
2
� Ω2

1 � � γ2
2
� Ω2

2 � exp # γ1
γ1
�
d1
� d2 �2	 8d1d2τ

8d1d2 %.43 1 � erf 3 4d2d1τ 	 γ1
�
d1
� d2 �

2 5 2
�
d1
� d2 � d1d2 676 � Re � 1

γ2 	 iΩ2

# 1
γ2
� iΩ1

� 1
γ2 	 iΩ2 %. exp # ) γ1

� i
�
Ω1 	 Ω2 � * 2 	 4d1d2τ2

d1
� d2 % 3 1 	 erf 3 γ1

� i
�
Ω1 	 Ω2 �5 2
�
d1
� d2 � 67698(: (7.15)

7.3 Results

7.3.1 “ SPECTRAL HOLES” IN WATER

Both in Ref. [23] andin Ref. [20] thepulseenvelopeswereGaussian,theFWHM of the
pumpandprobeintensityenvelopesbeing1 and2 ps. This meanswe canuseEq. (7.15),
with d1 � 0 � 347 ps� 2 andd2 � 1 � 386 ps� 2, to calculatethe transientspectraanddelay
scansthat would be obtainedif the OH-stretchabsorptionbandof HDO:D2O wereho-
mogeneouslybroadened.We take γ2 � 23� 6 THz, which correspondsto a FWHM of
theabsorptionbandof 250cm� 1 (this is theactualFWHM of theOH-stretchabsorption
band[126]), andγ1 � 1 � 35Thz(T1 � 0 � 74ps,seeChapter6), andabandcenterfrequency
of 3410cm� 1. In the remainderof this section,we will subsequentlyanalyzeall of the
measurementspresentedin Ref. [23] in termsof a homogeneouslybroadenedOH stretch
band,thatis, in termsof Eq.(7.15).

Fig. 7.1 shows transientspectracalculatedusingEq. (7.15), for four differentdelay
valuesanda pumpfrequency of 3490cm� 1. Thereadershouldnotethegoodagreement
betweenthesecalculatedtransientspectraandthetransientspectrapresentedby Laenenet
al. in Fig.1(a)–(c)of theirarticle[23]. Sincetheanalysisaboveonly takesthevOH � 0 and
vOH � 1 levelsintoaccount,weonly reproducethebleachingpartof thetransientspectrum
(probefrequencieslargerthan3200cm� 1), andtheexperimentallyobservedexcited-state
(vOH � 1 ; 2) absorptionat < 3000cm� 1 is not reproducedin ourcalculation.Of course,
thecalculationcaneasilybeextendedto includethevOH � 2 level (andhencetheexcited-
stateabsorption)aswell.
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FIGURE 7.1. Calculatedtransientspectrafor delay valuesof (a) τ =?> 2 ps, (b) τ = 0 ps,
(c) τ = 1 ps,and(d) τ = 3 ps. Thepumpfrequency is 3490cm@ 1 (indicatedwith anarrow on
the frequency axis). Thesecalculatedspectrashouldbecomparedto theexperimentaltransient
spectrashown in Figs.1(a)–(c)of Ref. [23].

Thetransientspectraconsistof two parts:abroadbackgrounddueto thebleachingof
theabsorptionbandby thepumppulse(thefirst term in Eq. (7.13)),anda sharpfeature
which is only presentwhenpumpandprobehave temporaloverlap,andwhich is dueto
coherentcoupling(thesecondtermin Eq.(7.13)).ThegoodagreementbetweenEq.(7.15)
andthemeasurementsstronglysuggeststhat the sharppeaksat thepumpfrequency ob-
served by Laenenet al. at delay valuesof τ �A	 2 and τ � 1 ps simply representthe
coherentcouplingbetweenpumpandprobe,andnot a spectralholedueto thebleaching
of a “selectedsubensemble”[23]. At delayτ � 3 ps,seeFig. 7.1(d),thecoherentpeakin
thetransientspectrumdisappearssincethepumpandprobepulsesnolongeroverlap.This
is preciselywhatis observedin theexperimentaltransientspectrumat τ � 3 ps,shown in
Fig. 1(c) of thearticle [23]. Thebroadbackgroundsignalon theotherhand,which rep-
resentsthetruebleachinganddecayswith theexcited-statepopulationlifetime T1, is still
presentatτ � 3 ps,bothin thecalculatedandtheexperimentaltransientspectrum.

In Fig.2 of thepaper[23], transientspectraarepresentedin whichthepumpfrequency
was3430cm� 1, andthedelaysetto τ � 0 ps. Again, coherentcouplinggivesrise to an
increasedtransmissionof the probepulseat the pumpfrequency. A transientspectrum
calculatedusingEq. (7.15)is shown in Fig. 7.2. Thereis reasonableagreementbetween
thecalculatedandexperimentaltransients,especiallyin view of thesimplemodelweused
to describetheopticalresponse.

It is well known thatcoherentcouplingbetweenthepumpandprobepulsesnot influ-
encesthe transientspectra,but alsothe pump-probedelayscans[64]. Whenpumpand
probehavethesamefrequency, it is clearthatcoherentcouplinggivesriseto anextracon-
tribution to thepump-probesignalwhenthepulseshave temporaloverlap(seeRef. [64]
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FIGURE 7.2. Calculatedtransientspectrumfor τ = 0 ps anda pumpfrequency of 3430cm@ 1

(indicatedwith anarrow onthefrequency axis).Cf. theexperimentaltransientspectrumpresented
in Fig. 2(b)of Ref. [23].

or section3.3.3).Thisextracontributionarounddelayzerois notpresentwhenpumpand
probehave different frequencies.This is preciselywhat is observed in the delayscans
presentedin Fig. 3 of the article. When the probeis tunedto the pump frequency of
3410cm� 1 (curveslabeled’II’ in Fig. 3 of thearticle [23]), thecoherentcontribution to
the signal causesthe signal to rise significantly fasterthanwhen the probeis tunedto
3340cm� 1 (curveslabeled’I’ in Fig. 3 of thearticle).Thiseffect is nicely reproducedby
Eq.(7.15),ascanbeseenfrom thecalculateddelayscansshown in Fig. 7.3.Accordingto
Laenenetal. however(p.2624of thearticle[23]), the“sloweramplitudegrowth” of curve
’I’ with respectto curve ’II’ is not causedby a coherenteffect, but by “crossrelaxation,
i.e.,conversionof moleculesin environmentsI andII.”
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FIGURE 7.3. Delay scanscalculatedusingEq. (7.15), with a pumpfrequency of 3410cm@ 1,
andprobefrequenciesof 3410cm@ 1 (a) and3340cm@ 1 (b). Cf. the experimentaldelayscans
presentedin Fig. 3 of Ref. [23], wherethey arelabeledas’II’ and’I’, respectively.



68
�
7.3

7.3.2 “ SPECTRAL HOLES” IN ETHANOL

Theexplicit expression(7.15)for thepump-probesignalin a two-colorexperimenton a
homogeneoustransitionis a very generalone,andappliesfor arbitraryγ1, γ2, andpulse
durations.Theonly assumptionmadeis thatthepulseis significantlylongerthanthefree-
inductiondecay, which is very oftensatisfied,in particularin thecaseof thevery broad
OH stretchingbands.

Equation(7.15)canthereforealsobeappliedto thetwo-colorpump-probeexperiments
ontheOH-stretchmodeof hydrogenbondedethanol,whichwerepresentedpreviouslyby
Laenen,RauscherandLaubereau[20]. In thetransientspectraof their studyon ethanol,
the authorsagainobserve sharp“spectralholes” at the pumpfrequency, againsuperim-
posedon a very broadbleachingsignal. Interestingly, these“spectralholes”alwayshave
the samewidth, independentof the pumpfrequency. Furthermore,in ethanolthey have
virtually thesamewidth asthe“spectralholes”in water. Preciselyasin water, in ethanol
the“spectralholes”disappearwhenthepumpandprobepulseshavenotemporaloverlap,
seeFig. 1(c)of thearticle[20].

All of this stronglysuggeststhat the “spectralholes” in ethanolarealsocausedby
coherentcouplingbetweenthe pumpandprobepulses. This is confirmedby the good
agreementbetweentransientspectracalculatedusingEq. (7.15)andthe experimentally
observed transientspectra[20]. As an example,Fig. 7.4 presentsa calculatedtransient
spectrumfor delayτ � 0 anda pumpfrequency of 3450cm� 1, which the readershould
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FIGURE 7.4. Transientspectrumfor theOH-stretchmodeof ethanololigomerscalculatedusing
Eq. (7.15),with a pumpfrequency of 3450cm@ 1, anddelayτ = 0 ps. Cf. the experimentally
observedtransientspectrumshown in Fig. 2(b)of Ref. [20].

compareto the experimentaltransientspectrumpresentedin Fig. 2(a) of Ref. [20]. We
have taken γ1 � 1 � 11 Thz (T1 � 0 � 9 ps, seeTable3.1), andγ2 � 18� 8 THz (which cor-
respondsto the experimentalFWHM of 200 cm� 1 of the absorptionband[15]), anda
band-centerfrequency of 3330cm� 1 (seeFig. 3.1).

In their analysisof theethanolexperiments,Laenenet al. againdo not take coherent
couplingeffectsinto account,andthey interpretthesharpfeaturein thetransientspectrum
asdueto selective bleachingof certainethanololigomers.Indeed,theauthorsexplicitly
excludethepossibility that the “spectralholes” in ethanolarecausedby a coherentcou-
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pling effect. They supportthis claim by noting that the ratio of the sharppeakandthe
broadbleachingsignaldoesnot changewhenchangingpumpintensity(p. 3204of the
article [20]). This however, is preciselywhat oneexpectsfor a coherentartefact, since
both thebleachingandthecoherentartefactscalelinearly with thepumpintensity. This
is clearly seenin Eq. (7.13): both the incoherentbleachingterm andthe coherentcou-
pling termcontaintwice thepumpamplitudeẼ1. Therefore,this intensity-independence
confirmsratherthanexcludesthatthesharppeaksarecausedby coherenteffect.

7.4 Conclusions

Summarizing,weseethatthepeaksLaenenetal. referto as“spectralholes”arecausedby
coherentcouplingbetweenpumpandprobe,andthey containno informationwhatsoever
aboutthebroadeningmechanismof theOH-stretchabsorptionband,neitherin waternor
in ethanol.Nearlyall of theresultspresentedby Laenenetal. in Refs.[23] and[20] canbe
well describedby assumingahomogeneouslybroadenedOH-stretchabsorptionband.Of
course,thisdoesnot imply thattheabsorptionbandis indeedhomogeneouslybroadened;
it doesimply thatit is not possibleto decidewhetheror not thebandis homogeneouson
thebasisof the resultsof Laenenet al., andthatan interpretationof their measurements
onwaterin termsof threedifferent“local substructures”canhardlybetakenseriously.



8 Vibrational Förster transfer in liquid water

8.1 Intr oduction

In thepreviousfour chapters,thedynamicsof theOH-stretchvibrationhavebeenstudied
in dilutesolutionsof HDO in D2O,asystemthatis oftenusedto studyvibrationaldynam-
ics in liquid water[22,23,31,115,127]. Theuseof HDO:D2O solutionswasmotivated
by thefactthattheintermolecularcouplingof theOH-stretchvibrationsof differentHDO
moleculeswill be negligible if the solutionsaresufficiently diluted. As a consequence,
theOH-stretchoscillatorscanberegardedasisolatedwith respectto eachother, andtheir
dynamicsaredeterminedonly by their (hydrogen-bond)interactionswith thesurrounding
D2O molecules.

It may be expectedthat in ’real’ water (H2O) the couplingbetweenthe OH-stretch
vibrationsis verystrong.ThismeansthattheOH-stretchexcitationwill notremainonone
molecule,but will rapidly betransferredto surroundingOH-oscillators.It is thepurpose
of this Chapterto investigatethis intermoleculartransferof the OH-stretchexcitation in
liquid water.

In general,theOH-groupsof two moleculesin liquid waterwill notbeorientedparal-
lel, andtransferof anOH-stretchexcitationfrom onemoleculeto anotherwill resultin a
changeof thepolarizationof theexcitation. This meansthat theenergy transferleadsto
a decayof therotationalanisotropy of theexcitation.Hence,a straightforwardmethodto
studytheintermoleculartransferof theOH-stretchexcitationis to excite a fractionof the
OH-oscillatorsto thevOH

� 1 state,andto measurehow theanisotropy of theabsorption
of theexcitedmoleculesdecayswith increasingtime.

Sincethe transferratedependsstronglyon thedistancebetweenthe’donor’ and’ac-
ceptor’ molecule,the averagetransferratewill dependstronglyon the concentrationof
OH-oscillators.Hence,by varyingtheconcentration,wecandistinguishthedirectenergy
transferfrom othercontributionsto thedecayof therotationalanisotropy, in particularthe
orientationaldiffusionof theOH-groups.

8.2 Experiment

With thesetupdescribedin Section2.4.2,two independentlytunablemid-infraredpulses
with a durationof approximately200fs aregenerated.Oneof thesepulseshasanenergy
of approximately20µJandis usedaspump,theotherhasanenergy of lessthan1 µJandis
usedasprobe.Thepumppulseis tunedto thecenterfrequency of thevOH

� 0 � 1 absorp-
tion band,andtheprobepulseto thevOH

� 1 � 2 transitionfrequency. Thepumppulse
inducesa significantpopulationof thevOH

� 1 level. This resultsin transientanisotropic
absorptionchanges,which are monitoredby the probepulse. The probepolarization

70
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is at 45� with respectto the pump polarization,and the relative transmissionchanges
ln � T � T0 ���	� andln � T � T0 ��
 of the parallelandperpendicularpolarizationcomponentsare
monitoredsimultaneouslyasa functionof delay. In this way, both the rotation-freesig-
nal ln � T � T0 � �	��� 2ln � T � T0 � 
 and the rotationalanisotropy R (definedby Eq. (5.2)) are
determinedasa functionof thedelaybetweenpumpandprobe.

Thesamplesconsistof a thin layerof eitherHDO dissolvedin D2O or pureH2O. The
HDO:D2O samplesarepreparedby mixing appropriateamountsof H2O (HPLC grade)
and D2O ( 
 99.9 atom%D), and are kept betweentwo CaF2 windows separatedby a
teflon spacerof 15 or 25 µm thickness. Samplesconsistingof pureH2O areprepared
by squashinga dropletof H2O (HPLC grade)betweentwo CaF2 windows, andapply-
ing pressureuntil the sampleis sufficiently thin. The samplethicknessachieved in this
way is approximately1 µm, asdeterminedfrom the sampletransmissionand literature
values[128,129] of theinfraredextinctioncoefficientof liquid H2O. All experimentsare
performedat roomtemperature(298K).

In orderto performpump-probespectroscopy in transmission,the samplehasto be
sufficiently thin to transmita measurablefraction of the probeintensity. More specifi-
cally, with thehighly concentratedHDO:D2O andpureH2O samplesusedin thischapter,
the requiredthicknessvariesfrom 1 to 25 µm. At thesedensitiesof OH-groups,the vi-
brationalrelaxationprocess(conversionof the vibrationalenergy into heat)resultsin a
significanttemperatureincreasein the focus. In fact,evena singlelasershotwill result
in a temperatureincreaseof several K. This meansthat it is essentialto avoid accumu-
latedheatingin thefocus.In thepreviouschapters,thiswasdoneby circulatingthewater.
However, with thethin samplesusedin thischapter, veryhighpressureswouldbeneeded
to achieve this. Therefore,we have useda differentmethodto make surethata freshpart
of thesampleis in thefocuswith eachlasershot(seeFig.8.1). In thisapproach,theentire
sampleis rapidly rotatedusinga smallDC motor. Thesamplecell holderandthemotor
aremountedonaheavy aluminumblock to reducemechanicalvibration.

FIGURE 8.1. Sample-cellmountusedin the experimentspresentedin this chapter. The laser
beamis directedperpendicularto theplaneof thepage,andthefocus(representedby anasterisk)
is ata fixedposition.Thesampleis rapidly rotatedto avoid steady-stateheating.

8.3 Resultsand discussion

8.3.1 GENERAL CONSIDERATIONS

Fig. 8.2 representsa typical pump-probescan,recordedin an8.7 M solutionof HDO in
D2O, with a pumpfrequency of 3400cm� 1anda probefrequency of 3000cm� 1. The
relative transmissionchangesln � T � T0 � �	� andln � T � T0 � 
 of theprobepolarizationcompo-
nentsparallelandperpendicularto thepumppolarizationareplottedasafunctionof delay
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betweenpumpandprobe. Thenegative valueof ln � T � T0 � observedfor smalldelayval-
uesis dueto theexcited-state(vOH

� 1 � 2) absorption,anddecaysastheexcitedHDO
moleculesrelax to the vibrationalgroundstate. For large delay, ln � T � T0 � approachesa
small positive valuedueto the temperatureincreasethat occursuponvibrationalrelax-
ation. Both in HDO:D2O [126] andin pureH2O [128,129] thevOH

� 0 � 1 absorption
bandshifts towardshigher frequency anddecreasesin magnitudewith increasingtem-
perature.Sincethe spectrumof the probepulseslightly overlapswith the vOH

� 0 � 1
absorptionband,the increasein temperatureuponvibrationalrelaxationcausesa small
increaseof the transmissionof the probepulse. In orderto studythe orientationaland
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FIGURE 8.2. Pump-probescansrecordedin liquid HDO:D2O with νpu � 3400cm� 1andνpr �
3150cm� 1, showing the absorptionincreaseat the probefrequency vs. the delaybetweenthe
pumpandprobepulses,for theparallel(solid circles)andperpendicular(opencircles)compo-
nentsof theprobepulse.

vibrationalrelaxationin moredetail,we subtractthesmall transmissionincreasecaused
by the temperaturerise. In this way, we obtain the parallel andperpendicularcompo-
nentsof theexcited-stateabsorptionasa functionof delay. Fromthesewe calculatethe
rotation-freesignal ln � T � T0 ���	� � 2ln � T � T0 � 
 , which is not sensitive to the orientational
dynamicsandonly probesthe excited-statedecay, and the rotationalanisotropy R (de-
fined by Eq. (5.2)), which is only sensitive to the orientationaldynamicsandnot to the
populationrelaxation[46].

8.3.2 HDO DISSOLVED IN D2O

The rotation-freesignal observed for threedifferent HDO concentrationsis shown in
Fig. 8.3. For delayvalueslarger than1 ps,all transientscanbedescribedwith a single-
exponentialdecaywith a time constantof 720 fs. This valuerepresentsthe vibrational
lifetime T1 of the OH-stretchmode(seeChapter6). Clearly, the vibrational relaxation
dynamicsof the OH-stretchmodeof HDO in D2O shows no significantdependenceon
theHDO concentration.
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FIGURE 8.3. Rotation-freeexcited-stateabsorption � ln � T � T0 ��� � � 2ln � T � T0 ��� recordedin
HDO:D2O solutionswith threedifferentHDO concentrations.The pumpfrequency andprobe
frequenciesareνpu � 3400cm� 1andνpr � 3150cm� 1, respectively. Thetransientsfor �HDO� �
8 � 7 M and �HDO� � 13 M have beenvertically displacedfor clarity. Thesolid linesrepresenta
single-exponentialdecayswith a timeconstantof 720fs.

Fromthe transmissionchangesln � T � T0 � �	� andln � T � T0 ��
 of theparallelandperpen-
dicularcomponentsof theprobepulse,we cancalculatethe rotationalanisotropy R, de-
finedby Eq.(5.2).Fig.8.4showsR, normalizedwith respectto thevalueatzerodelay, asa
functionof thedelaybetweenpumpandprobe.In contrastto thevibrationalrelaxation,the
orientationalrelaxationdynamicsof theOH-stretchexcitationclearlydependstronglyon
theHDOconcentration.Clearly, thecontributionof theorientationaldiffusionof theHDO
moleculesto thedecayof R will not dependon theHDO concentration.Theobservation
of a concentrationdependenceof theorientationaldynamicsthereforeconstitutesstrong
evidencefor directtransferof theOH-stretchexcitationbetweentheHDOmolecules.This
processis usuallyreferredto asFörsterenergy transfer[56], andhasbeenobservedpre-
viously both for electronic[130–133]andvibrationalexcitations[57,134]. The rateof
Förstertransferby dipole-dipolecouplingbetweenanexcitedmolecularoscillatorandan
oscillatorin thegroundstateis proportionalto 1� r6, wherer is thedistancebetweenthe
two oscillators(seeEq. (3.1)). Sincethe ’acceptor’ transitiondipole will generallynot
beorientedparallelto the ’donor’ transitiondipole, the Förstertransferleadsto a decay
of therotationalanisotropy. Becauseof thestrongdependenceof thetransferrateon the
intermoleculardistance,Förstertransfercausesthe rotationalanisotropy to decayfaster
with increasingconcentration,asobservedin Fig. 8.4. To our knowledge,thisconstitutes
thefirst observationof vibrationalFörstertransferin a liquid.

In aquantitativeanalysisof thedata,it mustberealizedthatthedecayof therotational
anisotropy with increasingdelayτ is determinedby two processes:(1) therandomorien-
tationalmotionof theHDOmolecules(discussedin Chapter5); (2) Försterenergy transfer
of theOH-stretchexcitationfrom theoptically excited’donor’ HDO molecules(oriented
approximatelyparallel to the polarizationof the pumppulse)to randomlyorientedsur-
rounding’acceptor’HDO molecules.In a modeloften usedto describeFörsterenergy
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FIGURE 8.4. Rotationalanisotropy R, normalizedwith respectto thevalueatdelayzero,recorded
in HDO:D2O solutionswith threedifferentHDO concentrationsand in pureH2O. The pump
frequency andprobefrequenciesareνpu � 3400cm� 1andνpr � 3150cm� 1, respectively. The
solid curveshave beencalculatedusingEq. (8.7). The dottedcurve hasbeencalculatedusing
Eq.(8.8).

transfer[133,135],it is assumedthatoncetheexcitationhasbeentransferredfrom anopti-
callyexcited(vOH

� 1) moleculetoarandomlyorientedacceptor(vOH
� 0) molecule,it no

longercontributesto therotationalanisotropy. Detailedcalculationsshow thatafteroneor
moretransferstheexcitationwill contributelessthan3%to therotationalanisotropy [135].
Notethattheacceptormoleculeswill indeedberandomlyoriented,sinceonly averysmall
fractionof theHDO moleculesis excitedto thevOH

� 1 state(approximately1%,asde-
terminedfrom therelativeabsorptionchange).Thismeansthatthe(anisotropic)depletion
of thegroundstatewill not significantlychangetheisotropicorientationaldistribution of
the acceptor(vOH

� 0) molecules.If we momentarilyneglect the orientationalrandom
motionof the exited molecules,thenthe contribution of an OH-stretchexcitation to the
rotationalanisotropy will decayas the probability that it is still on the initially excited
HDO molecule.If a particularmoleculeis excitedat t � 0, thentheprobabilityρ � τ � that
at t � τ themoleculeis still excitedis givenby [136]

ρ � τ � ��� N

∏
j � 1

exp �! wjτ "�#%$ (8.1)

wherewj is the rate constantfor Försterenergy transferfrom the excited moleculeto
acceptormoleculej, N is thenumberof acceptormolecules,and �'&(&(& # denotesastatistical
averageover all possiblespatialdistributionsof theacceptormolecules.Theassumption
that oncethe excitation hasbeentransferred,it no longer contributesto the rotational
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anisotropy implies that R� τ � is proportionalρ � τ � . If we assumefor simplicity that wj

dependsonly on the distancer j betweenthe donor and acceptor(not on their relative
orientation),wehave thewell-known relation

wj
� 1

T1

)
r0

r j * 6 $ (8.2)

wherer0 is a constant,usuallyreferredto astheFörsterradius[136,137]. Theacceptor
moleculesarerandomlydistributed,sotheprobabilityof finding acceptorj at a distance
betweenr j and r j � dr j is simply 4πr2

j dr j � V, with V the total volume of the sample.
Averagingover thisprobabilitydistributionfor eachmolecule,we have

ρ � τ � �,+ 4π
V - Λ

0
exp .� τ

T1 / r0

r 0 6 1
r2dr 2 N $ (8.3)

wherewe have assumedthatthesampleis a spherewith radiusΛ, centeredat theexcited
molecule(henceV � 4πΛ3 � 3). Performingtheintegration,weobtain

ρ � τ � �43 exp .5 τ
T1 / r0

Λ 0 6 1 � πτ
T1 / r0

Λ 0 6 6
erf 7 πτ

T1 / r0

Λ 0 6 8  19;: N & (8.4)

Using the fact that theconcentration(expressedin particlesperunit of volume)is �C" �
3N � 4πΛ3 to eliminateΛ, andexpandingin termsof 1� N, weobtain

ρ � τ � � <=	> 1  4π3? 2 �C"
3

r6
0τ
T1

)
1
N * �A@ )

1
N * 2 B	CD N & (8.5)

Takingthethermodynamiclimit N � ∞, we obtain

ρ � τ � � exp EFG 4π3? 2
3

�C" r6
0τ
T1 HI & (8.6)

This delayandconcentrationdependenceof the decayof the rotationalanisotropy asa
consequenceof Förstertransferhasbeenexperimentallyconfirmedfor opticalexcitations
in thevisible [131,132].

It is reasonableto assumethattheorientationalmotionof theHDO moleculesandthe
Förstertransferareindependentprocesses.If wefurthermoreassumethattheorientational
randommotion of the HDO moleculesresultsin an exponentialdecayof R with time
constantτor, thenthetotaldecayof theanisotropy will givenby:

R� τ �
R� 0� � exp EFJ τ

τor
 4π3? 2

3
�HDO" r6

0τ
T1 HI & (8.7)
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Wefoundthatall scansrecordedin HDO:D2O canbewell describedby Eq.(8.7),with
τor

� 4 & 0 psanda Försterradiusr0
� 2 & 2 Å (solid curvesin Fig. 8.4). FromEq. (8.2)we

seethat r0 is the distancebetweentwo OH-oscillatorsat which the Förstertransferrate
becomescomparableto thevibrationalrelaxationrate.Thelargevalueof τor is dueto the
fact that in the pump-probescanspresentedin this chapterthe vOH

� 1 stateis probed,
which is morestronglyhydrogen-bondedthanthe vOH

� 0 state(seeChapter4). As a
consequence,theorientationalmotionwill takeplaceveryslowly (seeChapter5).

8.3.3 L IQUID H2O

Fig. 8.4 alsoshows the decayof the rotationalanisotropy observed for the OH-stretch
excitationin liquid H2O.Thisdecayoccursonaveryrapidtimescale,only slightly slower
thanthecross-correlationtraceC � τ � of thepumpandprobeintensityenvelopes.

To investigatethis in more detail, we compareboth the numeratorln � T � T0 ���	�  
ln � T � T0 �K
 andthedenominatorln � T � T0 ���	� � 2ln � T � T0 �K
 of R with thecross-correlation
functionC � τ � , seeFig. 8.5. Clearly, thedenominatordecaysmoreslowly thanthecross-
correlationfunction,which impliesthatthepopulationrelaxation,andhencethedecayof
ln � T � T0 �%�L� andln � T � T0 ��
 , doesnot takeplaceveryfast.On theotherhand,thenumerator
ln � T � T0 � �L�  ln � T � T0 � 
 doesnot differ significantlyfrom thecross-correlation.Sincethe
decayof ln � T � T0 � �	� andln � T � T0 ��
 is muchslower(ontheorderof thatof therotation-free
signal),this mustbe dueto an instantaneousorientationalscramblingof the OH-stretch
excitationthatrapidly reducesthedifferencebetweenln � T � T0 ���	� andln � T � T0 � 
 to zero.
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FIGURE 8.5. Numeratorln � T � T0 ��� � � ln � T � T0 � � anddenominatorln � T � T0 ��� �NM 2ln � T � T0 � � of
therotationalanisotropy. Thedenominatorhasbeenscaledby a factor1/6 for bettercomparison.
Also shown is the cross-correlationof the intensityenvelopesof the pumpand probepulses.
Thesolid linesshow least-squaresfits to thecross-correlation(Gaussian)andto thedenominator
(convolutionof a Gaussianwith a single-exponentialdecay).

Curiously, even though the differenceln � T � T0 � �	�  ln � T � T0 � 
 follows the cross-
correlationC � τ � , the decayof R� τ � canneverthelessstill take placeslower thanthat of
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C � τ � . Thiscanbeunderstoodasfollows. If theorientationalrelaxationtakesplaceinstan-
taneouslyon the time scaleof thepulses,thedelaydependenceof thenumeratorof R is
givenby C � τ � , andwehave

R� τ � ∝
C � τ �

ln � T � τ � � T0 " �	�O� 2ln � T � τ � � T0 " 
 & (8.8)

If thedenominatordecayson a fastenoughtime scale,it will decreasesignificantlywith
increasingτ evenwithin thedurationof thecross-correlation.In thatcase,R� τ � is given
by C � τ � dividedby a rapidly decayingfunction,andhencewill decayslower thanC � τ � .
Only if thedenominatoris a constant(infinitely slow decayof therotation-freesignal)R
will decayequallyfastasC � τ � . Thus,the decayof R in H2O observed in Fig. 8.4 does
notmirror theorientationalrelaxation,but is determinedby thecross-correlationfunction
andthedecayof therotation-freesignal(thedenominatorof R), which is determinedby
populationrelaxationonly.

Indeed,if we evaluate(8.8) usingleast-squaresfits to the cross-correlationfunction
androtation-freesignal(solid curvesin Fig. 8.5),we find thatthisexpressiongivesa rea-
sonabledescriptionof decayof therotationalanisotropy in H2O (dottedcurvein Fig.8.4).
This shows that in liquid watertheorientationalscramblingof theOH-stretchexcitation
occursinstantaneouslyon thetimescaleof ourexperiments( P 100fs).

Part of the orientationalscramblingobserved in H2O will be due to intramolecular
transferof theOH-stretchexcitation. Excitationof theeitherthe symmetricor antisym-
metricOH-stretchmodeof theH2O moleculeis followedby arapidintramolecularredis-
tribution of theexcitationover thetwo modes[138]. It is easilyshown that thecomplete
transferof adipoleexcitationfrom aninitially excitedoscillatorto anacceptingoscillator
changesthe rotationalanisotropy from the initial valueof 2

5 to 2
5P2 � cosδ � , whereP2 is

thesecond-orderLegendrepolynomialandδ theanglebetweenthetwo transitiondipole
moments[139]. Sincefor the symmetricandantisymmetricOH-stretchmodesof H2O
we have δ � 90� , andthe excitationwill bedistributedwith equalprobabilitiesover the
symmetricandantisymmetricmodes,weexpectthattheintramolecularredistributionwill
reducetheanisotropy to 1

2 � 2
5 � 2

5P2 � 0�(� � 1
10. Thus,theintramoleculartransfercausesthe

rotationalanisotropy to decreaseto a quarterof its initial value. Thecompletevanishing
of R is causedby theintermolecularenergy transfer.

It shouldbe notedthis intermolecularenergy transferwill beof a morecomplicated
naturethanis describedby Eq. (8.2). Becauseof thehigh densityof OH-groupsin liquid
H2O a simpleexpressionof the form (8.2),which describesthe interactionbetweentwo
point dipolesseparatedby largedistance,canno longerbeused.In fact, theOH-groups
in wateraresocloseto eachotherthatnotonly dipole-dipole,but alsodipole-quadrupole,
quadrupole-quadrupole,andhigher-orderinteractionswill becomeimportant,aswell as
mechanicalanharmoniccoupling[140]. The Försterexpressionhingeson the fact that
theseother interactionsdecreasemuch more rapidly with increasingdistancethan the
dipole-dipoleinteraction,andthusbecomelessimportant.At theshortdistancesoccurring
in H2O this is of coursenot thecase,anda moregeneraltreatmentof the intermolecular
couplingis necessaryto accuratelydescribethis liquid.
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Theprocessof orientationalscramblingcanalsobedescribedin termsof delocalized
excitationsinsteadof excitationtransfer. As Försterhasremarked[141], thetwo descrip-
tionsarecomplementary, theformerbeingmoreappropriateto describestationarystates
of thesystem,the latter to describenon-stationarystates.Theeigenstatesof liquid H2O
will bestatesin whichtheOH-stretchexcitationis delocalizedovermany molecules[142].
Thesedelocalizedstatesarenondegeneratebecauseof theintermolecularcouplingtermin
theHamiltonian.Opticalexcitationof thesystemwith alinearlypolarizedpulsewill result
in anexcited-statewavefunctionthatis asuperpositionof many of theseeigenstates,such
that theresultingexcited-stateabsorptionhasa maximumin thepolarizationdirectionof
theexcitationpulse.The lossof coherencebetweenthecontributing eigenstatesandho-
mogeneousdephasingprocesseswill rapidly rendertheexcited-stateabsorptionisotropic.

8.4 Conclusions

We have studiedthe decayof the rotationalanisotropy of the OH-stretchexcited-state
absorptionin waterasa function of the concentrationof OH-oscillators.In HDO:D2O,
thedecayrateincreasessignificantlywith increasingHDO concentration.Thisconstitutes
evidencefor rapidintermoleculartransferof theOH-stretchexcitation.We foundthatthe
transfercanbewell describedquantitatively by a dipole-dipoleenergy (Förster)transfer
mechanism.

In H2O, the orientationalscramblingoccursinstantaneously. This is causedby both
intramolecularredistribution of theOH-stretchexcitationover thesymmetricandasym-
metricOH-stretchmodesof theH2O molecules,whichreducestheanisotropy to aquarter
of its initial value,andvery rapidintermoleculartransferof theOH-stretchexcitationbe-
tweentheH2O molecules.



9 Infrared photon echoes with parametrically generated
incoherent light

9.1 Introduction

Vibrationallineshapesin thecondensedphasecontaininformationon the interactionsof
molecularvibrationswith their environment[143]. In a crudeapproximation,the vibra-
tional linewidth is causedby mechanismsreferredto as inhomogeneousbroadening(a
distribution of transitionfrequencieswhich canberegardedasstaticon thetime scaleof
theexperiment)andhomogeneousbroadening(frequency fluctuationsfasterthanthetime
scaleof theexperiment).In orderto studyvibrationaldynamics,it is essentialto separate
thehomogeneousandinhomogeneouscontributionsto thelineshape.Recently, nonlinear
spectroscopictechniqueshave beenemployedin orderto separatethe two contributions.
Raman-active vibrationshave beenstudiedwith Raman-echospectroscopy [144,145],
while infrared-activevibrationshavebeeninvestigatedwith transienthole-burning[24,26]
andinfraredphoton-echospectroscopy [36,146,147]. Theechotechniquesprobetheho-
mogeneousdephasingin the time domain,andprovide anelegantmeansof determining
thehomogeneousdephasingtimeT2.

Sincedephasingof molecularvibrationsin the condensedphasetypically occurson
picosecondandsubpicosecondtime scales,it would seemthat in orderto performnon-
linear time-resolvedstudies,infraredpulsesof thesameor shorterdurationarerequired.
Moreover, high intensitiesareneeded,asinfraredabsorptioncrosssectionsaregenerally
rathersmall.Until recently, suchpulsesweredifficult to generate,andfor a long time the
only infraredphoton-echoexperimentsreportedwereperformedon theCO-stretchmode
(famousfor its largeabsorptioncrosssection),usingpicosecondinfraredpulsesgenerated
with a free-electronlaser[36,146,148].

Morita andYajima [149] werethe first to realizethat the time resolutionin a time-
delayedfour-wave mixing experimentis not determinedby thepulseduration,but rather
by thecoherencetime of theelectromagneticfield, which, in caseof an incoherentlight
source,canbeshorterby severalordersof magnitude[150]. Themainadvantageof spec-
troscopy with incoherentpulsesis that thesametime-resolutioncanbeobtainedaswith
coherentpulsesof thesamebandwidth,but thattheincoherentlight is usuallymucheasier
to generate.Up to now, photon-echostudieswith incoherentlight havemainlybeendone
in thevisible region, in particularby employing broadbanddyelasers[150–153].But the
incoherentlight neednotevenbegeneratedwith a laser:femtosecondphoton-echoexper-
imentscanbeperformedwith suchdiverselight sourcesassynchrotronradiation[154], a
light-emittingdiode[155], andevenanincandescentlamp[156]. In thelatterparticularly
amusingphoton-echostudy, a time-resolutionof 150fs wasachievedusinga light bulb.

79
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In this Chapter, we presentthe first incoherentphoton-echoexperimentson a vibra-
tional transition.In theseexperiments,subpicosecondtime-resolutionwasobtainedusing
mid-infraredpulseswith adurationof 20ps,whichweregeneratedbymeansof parametric
generationandamplification.

9.2 Experiment

9.2.1 EXPERIMENTAL SETUP

Thesetuplaserusedto generatethe incoherentmid-infraredpulsesis shown in Fig. 9.1.
Parametricgenerationandamplificationareusedto downconvert thefundamentaloutput
of a commercialmode-lockedNd:YAG laser(35 pspulsesat a repetitionrateof 10 Hz).
Theparametricdownconversiontakesplacein threeLiNbO3 crystals(5 cm long,optical
axis cut at 47.1� ). The first crystal is pumpedwith approximately10 mJ andgenerates
signalandidler via typeI phasematching.Thesignalgeneratedin thefirst crystalis fur-

FIGURE 9.1. Parametricgenerationandamplificationsetupto generateincoherentidler pulses
(left part),andfour-wavemixing setup(right part).BS: beamsplitterfor 1064nm; HR: 1064nm
high-reflectivemirrors;SWP:short-wave passfilter; DM: dichroicmirror to separatesignaland
idler.

ther amplifiedin the secondcrystalusingthe remainingpump. The secondcrystal is at
a distanceof 2 m from the first to ensurethatonly thesignalcollinearwith the pumpis
amplified. After thesecondcrystal,idler andpumpareblocked,andthesignalis further
amplifiedin thethird LiNbO3 crystalwith a freshpumppulseof 8 mJ.Themid-infrared
pulsesgeneratedin this processhave a durationof approximately20 ps (FWHM), and
an energy of 100 µJ. The centerfrequency is tunablefrom 2500to 6900cm� 1, andthe
bandwidthis 20cm� 1 at3450cm� 1. Theparametricallygeneratedlight is highly tempo-
rally incoherent.Theincoherenceis dueto theprocessof parametricgeneration,which is
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essentiallyformedby the amplificationof zero-pointfluctuationsof the electromagnetic
field [39].

Thefour-wave mixing setupis alsoshown in Fig. 9.1. Theinfraredbeamis split and
one part is sentthrougha variabledelay. The two beamsare focusedinto the sample
by a 100 mm CaF2 lens in slightly different directionsk1 and k2 making an angleof
approximately5� . TheFWM signalin thedirection2k2 � k1 is detectedasa functionof
delayusingaPbSedetector.

9.2.2 SAMPLES

Sinceinfraredhole-burningstudieshave shown that theOH-stretchbandcanbestrongly
inhomogeneouslybroadenedin hydrogenbondedsystems[24,26], we have appliedthe
methodto theOH-stretchmodeof a methanolsolutionandof a hydrogen-bondedpoly-
merfilm. Themethanolwasstudiedin a 100µm thick sampleconsistingof a 2.2 mol/l
solutionof methanolin bromoformat room temperature.The hydrogenbondingof the
methanolmoleculesgivesriseto abroadOH stretchbandcenteredat � 3330cm� 1, which
is identicalto thatof ethanolshown in Fig 3.1.

FIGURE 9.2. (a) Chemicalstructureof poly(vinylbutyral). (b) Infrared absorptionspectraof
poly(vinylbutyral) from 3100to 3700cm� 1 at roomtemperature(dottedline) andat15 K (solid
line).

The polymer sampleis a terpolymerconsistingof 77% poly(vinylbutyral), 20%
poly(vinylalcohol)and3% poly(vinylacetate)(chemicalstructureshown in Fig. 9.2(a)).
TheOH-groupsin thepolymerarehydrogen-bonded,andtheOH-stretchband,shown in
Fig. 9.2(b),is known to bestronglyinhomogeneouslybroadened[24]. A layerof approx-
imately50 µm of this polymerwasdepositedona sapphireplatefollowing theprocedure
describedby Graeneret al [24]. Thesapphireplatewasmountedon thecold fingerof a
closed-cycleheliumcryostat.

9.2.3 PHYSICAL MECHANISM OF THE PHOTON ECHO WITH INCOHERENT LIGHT

In the condensedphase,moleculesin different environmentsoften have different res-
onancefrequenciesω0. This leadsto inhomogeneousbroadeningof the spectralline,
determinedby a distribution function g � ω0 � of resonancefrequencies.If suchan inho-
mogeneouslybroadenedsystemis coherentlyexcited, the macroscopicpolarizationwill
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rapidly decayasmoleculeswith differentresonancefrequenciesstartto run out of phase.
The dephasingof the individual molecules,characterizedby the homogeneousdephas-
ing time T2, often takesplaceon a muchslower time scale. Photon-echospectroscopy
providesa meansof determiningthehomogeneousdephasingtime of predominantlyin-
homogeneouslybroadenedsystems.In theremainderof this section,we will first discuss
thephysicalmechanismof thecoherent(‘ordinary’) photonecho,andthenfocuson the
somewhat morecomplicatedmechanismof the photonechogeneratedwith incoherent
light.

In a coherenttwo-pulsephoton-echoexperiment,thefirst pulse(with wavevectork1)
createsa macroscopicpolarizationin the resonantmedium,which rapidly decaysdueto
the inhomogeneousbroadening.Providedthedelayτ betweenthefirst andsecondpulse
is shorterthanthehomogeneousdephasingtimeT2, thepolarizationof eachsubensemble
with aparticulartransitionfrequency, whichdecaysase� t � T2, will still exist atthemoment
thesecondpulsearrives.Thesecondpulse(with wavevectork2) thengeneratespopulation
gratingsfor eachtransitionfrequency (with gratingvectork2 � k1), which arespatially
shiftedwith respectto eachotherbecauseof the phasedifferencesaccumulatedduring
thedelaytime. Thesecondpulsegeneratesfrom eachgratinga third-orderpolarization,
whoseinitial phaseis determinedby thespatialshift of thegrating,andwhich oscillates
at the appropriatetransitionfrequency. At time t 	 2τ, all the third-orderpolarization
componentsinterfereconstructively to form a macroscopicpolarizationin the direction
2k2 � k1, which generatesthe photonecho. Thedecayof the intensityof the echowith
increasingdelayτ is determinedby thehomogeneousdephasingwhichtakesplaceduring
the time interval 2τ. This homogeneousdephasingcausesthe third-orderpolarizationto
decayase� 2τ � T2, andhencetheechointensityase� 4τ � T2.

FIGURE 9.3. Schematicpictureof an incoherenttwo-pulsephoton-echoexperiment. The two
beamsk1 andk2 aretime-delayedcopiesof eachother, andcanbe consideredto consistof a
train of ’subpulses’,eachof which hasa lengthof approximatelythecoherencetime τc. When
thedephasingis instantaneous,thetime-integratedsignalconsistsof a broadbackgroundsignal
andasharppeakcenteredatdelayzero,with awidth of approximatelyτc.

Thetimeresolutionof photon-echospectroscopy with incoherentpulsesis determined
by the coherencetime τc, which is approximatelythe inverseof the spectralbandwidth,
andcanbe ordersof magnitudeshorterthanthe durationof the pulses. In orderto un-
derstandhow this time resolutionarises,it is convenientto view theincoherentpulseasa
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train if shorttransform-limited’subpulses’,eachof which hasa differentphaseandam-
plitude,andanaveragedurationof τc [157]. Thek2-beamis a time-delayedcopy of the
k1-beam,seeFig. 9.3. A subpulsein the beamk1 anda subpulsein the beamk2 can
generateanexcited-statepopulationgratingin thesamewayasin acoherentphotonecho
experiment,providedthedelaybetweenthesubpulsesis lessthanT2. All subpulsesin k2

following andincludingtheonethatcreatedthegrating,cangeneratea third-orderpolar-
ization,andhenceanechosignal,from this grating(providedthegrating,which decays
ase� t � T1, still exists). Whenthedelayτ is lessthanT2, excited-statepopulationgratings
aregeneratedby pairsof correlatedsubpulses.Thismeansthatthetotalgratingamplitude
will grow linearlywith thenumberof contributingsubpulses.Thethird-orderpolarization
generatedfrom thisgratingconstitutesthecoherentcontribution to thesignal(’coherence
spike’), and its decaywith increasingdelay is determinedmainly by the homogeneous
dephasingtime T2 andthecoherencetime τc. Excited-statepopulationgratingscanalso
begeneratedby pairsof uncorrelatedsubpulses.In thiscase,therewill bearandomphase
differencebetweenthe two pulsesthat generatethe grating,andeachgratinggenerated
by a pair of uncorrelatedsubpulseswill bedisplacedrandomlywith respectto theothers.
Hence,in this casethegratingamplitudewill only grow asthesquareroot of thenumber
of contributing subpulses.The third-orderpolarizationgeneratedfrom this gratinggives
rise to an incoherentbackgroundcontribution to the echosignal. This incoherentback-
groundsignalis nearlyindependentof delay, its intensitybeingdeterminedmainlyby the
temporaloverlapof theaverage-intensityenvelopesof theincoherentpulses.

The fact that the coherencetime is muchshorterthanthe pulsedurationrendersthe
photonechogeneratedwith incoherentlight similar to anaccumulatedphotonecho[158,
159]. Thesubpulsesin theincoherentpulsek2 generatetheechofrom agratingthatis the
sumof thegratingsgeneratedby thepreviouspairsof correlatedsubpulsesin theincoher-
entpulses(within T1). Theaccumulationof thegratingamplitudeduring the incoherent
pulseresultsin anechosignalthatcanbemuchlargerthancouldbegeneratedwith apair
of coherentpulsesof thesamelengthandintensityasthesubpulsesin theincoherentpulse
train.

9.3 Results

9.3.1 METHANOL

Figure 9.4 representsa scanrecordedin methanol,obtainedby monitoring the time-
integratedintensity in the direction 2k2 � k1 as a function of delay τ, at an excitation
frequency of 3330cm� 1. Thesignalconsistsof acoherencespikewith awidth of approx-
imately1 pssuperposedonabroadbackgroundwith awidth of approximately20ps.This
canbe understoodin termsof the discussionin the previous section. For small delays,
thesubpulsesin thetwo incoherentpulsesk1 andk2 arestronglycorrelatedandgenerate
a strongechosignal. This signalforms the coherencespike andits decaywith increas-
ing delayreflectsthehomogeneousdephasingif T2 
 τc [149]. In Figure9.4,which has
beenobtainedby excitationof theOH-stretchmodeof methanolat roomtemperature,the
coherencespike is symmetricarounddelayzero. This indicatesthatunderthesecircum-
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FIGURE 9.4. Integratedfour-wavemixing intensityasa functionof delaybetweenk1 andk2, at
anexcitationwavelengthof 3.0 µm in a 100µm thick sampleconsistingof a 2.2 mol/l solution
of methanolin bromoformat roomtemperature.Thesignalconsistsof a symmetriccoherence
spikesuperposedona broadbackground.

stancesthehomogeneousdephasingtimeT2 is muchshorterthanτc, andthatthewidth of
the coherencespike is determinedonly by τc. Note that the coherencetime is about20
timessmallerthanthepulseduration,demonstratingclearlythatthepulsesareincoherent.
For delaysmuchlarger thanτc andT2, thesignalis generatedby uncorrelatedsubpulses
anddependsmainlyontheoverlapof thetwo pulseenvelopes(seeprevioussection).This
signal forms the broadincoherentbackground,which canbe asymmetricif the excited
statelifetime T1 is of theorderof thethewidth of thepulseintensityenvelopeor longer.
In that casethe backgroundsignalis dueto subpulsesin k2 that diffract from a grating
which is thesumof thegratingscreatedby all previouspairsof uncorrelatedsubpulsesin
thepulseenvelope.As this sumis largestat theendof thepulseenvelope,themaximum
of thebackgroundsignalwill occurat positive delay, asis observed in Figure9.4. If T1

is muchshorterthanthewidth of thepulseintensityenvelope,thebackgroundsignalwill
representa third-orderautocorrelationfunctionof thisenvelope(seebelow, Eq.(9.14)).

9.3.2 POLY(VINYLBUTYRAL)

Delayscansof thecoherencepeakat roomtemperatureand15 K areshown in Fig. 9.5.
At room temperature,the FWM signalis symmetricaroundτ 	 0, implying that at this
temperaturethehomogeneousdephasingtime is muchshorterthanthecoherencetime of
thefield. In thiscase,theobservedsignalis determinedonly by thecorrelationfunctionof
theelectromagneticfield. At low temperaturethesignalbecomesasymmetric,indicating
that T2 is at leastof the orderof τc. Furthermore,the maximumshifts to a larger delay
time, which implies that the inducedpolarizationlastslong enoughto build up duringa
subpulse,confirmingthat T2 is larger thanτc. Note that the linear absorptionspectrum
(shown in Fig. 9.2)hardlychangesgoingfrom roomtemperatureto 15K.

From the measureddataat 15 K (Fig. 9.5) the homogeneousdephasingtime at this
temperaturecanbederived,but this is somewhatlessstraightforwardthanin thecaseof a
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FIGURE 9.5. Integratedfour-wave mixing intensityasa functionof delaybetweenpulseswith
wavevectorsk1 and k2, at an excitation frequency of 3450 cm� 1 at room temperature(open
points)and15 K (solid points). At low temperaturethe signalbecomesasymmetric,which in-
dicatesthatT2 is larger thanthethecoherencetime of thefield. The lineshave beencalculated
usingthemodeldescribedSection9.4.

photonechogeneratedwith coherentpulses.An importantdifferenceis thatwhereasthe
observeddecayof thesignalgeneratedwith coherentlight is determinedby a singletime
constantT2 (whichin itself dependsonthepuredephasingrateandT1), in thepresentcase
theobserveddecayis determinedby boththevaluesof T2 andT1 [149]. This is dueto the
occurrenceof scatteringeventsinvolving threesubpulses:a subpulsep in k2 mayscatter
off a gratingcreatedby its correlatedsubpulsep’ in k1 andanarbitrarysubpulseq in k2,
providedq occursbetweenp’ andp. TheFWM signaldueto suchprocesseswill depend
both on the decayrateof the polarizationand the decayrateof the gratingamplitude,
resultingin a delaydependencedeterminedby both T1 andT2 [149]. Hence,if T1 is of
the orderof T2, a detailedquantitative analysisis neededto obtainT2 from incoherent
photon-echospectroscopy.

9.4 Quantitative description

To describethe dataquantitatively, we follow the analysisby Morita andYajima [149],
which describesthe four-wave mixing interactionof a two-level systemwith the inco-
herentfield using a third-orderperturbationapproximationfor the densitymatrix. It
will beassumedthat thematerialresponsecanbedescribedby theBloch (T1 � T2) model
(the calculationcaneasilybe modifiedto cover morecomplicatedsituations),and that
τpulse � T1 � τc � T2. It is alsoassumedthat the incoherentfield amplitudeis a Gaussian
process.This assumptionis rigorouslyjustified,sincequantum-opticalcalculationshave
shown thatparametricallygeneratedlight is indeedaGaussianprocess[160].

This sectionis organizedas follows: first, an expressionfor the FWM signal will
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be obtainedfor arbitraryT2, T1 andcoherencefunction f � t � . The caseof instantaneous
materialresponse,wherethe FWM signalis determinedby the coherencefunction f � t �
alone,will then be obtainedby taking the limit T2 
 0. Comparingthis limit to the
room temperatureFWM signal,we obtainthe second-ordercorrelationfunction f � t � of
theparametricallygeneratedlight. With this f � t � we thencalculatetheFWM signalfor
finite T2 andcomparetheresultto themeasurementat low temperature.

Following Ref. [149], we write the total electricfield asthe sumof two incoherent
fields:

E � r � t � 	 Ẽ � t � τ � ei � k1 � r � ω � t � τ ��� � Ẽ � t � ei � k2 � r � ωt � � c � c � � (9.1)

with ω thecentralfrequency of thefield, andτ thedelaybetweenthetwo fields.Thetwo
fieldswith wavevectorsk1 andk2 aretime-delayedreplicas,sincethey aregeneratedfrom
thesamefield usingabeamsplitter. Theamplitudes

Ẽ � t � 	 ε � t � R� t � (9.2)

areproductsof thepulseenvelopefunctionε � t � andthestationarycomplex circularGaus-
sian randomprocessR� t � which describesthe randomfluctuationsof the field [161],
with [149] �

R� s��� 	 0 ��
R� s� R� s � t ��� 	 �

R��� s� R��� s � t ��� 	 0 ��
R��� s� R� s � t ��� 	 f � t ��� (9.3)

wheref � t � is calledthesecond-ordermomentfunction.Therandomprocessisnormalized
suchthat

f � 0� 	 �
R� t � R� � t ��� 	 1 � (9.4)

TheFWM intensitycannow becalculatedusingathird-orderperturbationapproxima-
tion for thedensitymatrix. In this approach,the third-orderpolarizationin thedirection
2k2 � k1 is givenby [149]:

P � 3� � r � t � 	 P̃ � 3� � r � t � e� iωt � c � c � � (9.5)

P̃ � 3� � r � t � 	 Nµ � ∞

0
dω0ρ̃ � 3� � r � t � ω0 � g � ω0 ��� (9.6)

whereg � ω0 � representstheinhomogeneousdistributionof oscillatorfrequencies,N is the
numberdensityof oscillators,µ the transitiondipole moment(assumedto be real), and
ρ̃ � 3� � r � t � the componentin the direction2k2 � k1 of the third-orderoff-diagonalmatrix
elementof thedensitymatrix. By perturbative solutionof theopticalBloch equationsit
canbeshown that[149]:

ρ̃ � 3� � r � t � 	 � 2i � µ
h̄  3

exp ! i "#� 2k2 � k1 �%$ r � ωt &(') � t� ∞
dt1 � t1� ∞

dt2 � t2� ∞
dt3 exp ! � � t1 � t2 ��* T1 � � t � t1 � t2 � t3 ��* T2 '! Ẽ � t1 � Ẽ � t2 � Ẽ � � t3 � τ � exp " � i � ω0 � ω � � t � t1 � t2 � t3 � &� Ẽ � t1 � Ẽ � � t2 � τ � Ẽ � t3 � exp " � i � ω0 � ω � � t � t1 � t2 � t3 � &+',� (9.7)
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TheobservedFWM signalis thetime-integratedsquaredmodulusof this third-orderpo-
larization,statisticallyaveragedover thefluctuationsof R� t � :� ∞� ∞

dt
��-

P̃ � 3� � r � t � - 2 ��� (9.8)

wherethe brackets
� ����� � denotea statisticalaverageover R� t � . Substitutionof Eq. (9.7)

into (9.6)and(9.6)into (9.8)yieldsanexpressionfor theFWM signal[149]. Thisexpres-
sioncanbesubstantiallysimplifiedfor astronglyinhomogeneouslybroadenedsystem.In
that case,which often applies(in particularin the presentexperiment),the width of the
inhomogeneousdistributionis muchlargerthanT � 1

2 andthanthewidth of thepulsespec-
trum, andwe cansetg � ω0 � constantin Eq. (9.6),andaftersubstitutionof this simplified
expressionfor P � 3� � r � t � into Eq.(9.8)oneobtainsaFWM signalproportionalto

S� τ � 	 C � τ � � τ� ∞
dt1 � t1� ∞

dt2 � τ� ∞
ds1 � s1� ∞

ds2�
R� t1 � R� t2 � R� � t1 � t2 � R� � s1 � R� � s2 � R� s1 � s2 ���) exp . � t1 � t2 � s1 � s2

T1
� 2t1 � 2s1 � 4τ

T2 / � (9.9)

with
C � τ � 	 � ∞� ∞

dt
-
ε � t � - 4 - ε � t � τ � - 2 (9.10)

the third-order autocorrelationof the averagepulse intensity envelope
-
ε � t � - 2. Since

τpulse � T1 � τc � T2, this is a slowly varying function comparedto the other time scales
of theexperiment.We now usetheGaussianpropertyof R� t � to factorizethesixth-order
correlationfunction:�

R� t1 � R� t2 � R� � t1 � t2 � R� � s1 � R� � s2 � R� s1 � s2 ��� 	
f � � t2 � f � t2 � s1 � f � s1 � � f � � t2 � f � t2 � s2 � f � s2 � � f � t1 � s1 � f � � t1 � f � s1 �� f � t1 � s1 � f � t2 � s2 � f � s1 � s2 � t1 � t2 � � f � t1 � s2 � f � � t1 � f � s2 �� f � t1 � s2 � f � t2 � s1 � f � s1 � s2 � t1 � t2 � � (9.11)

Substitutionof Eq. (9.11) into (9.9) yields an expressionfor the FWM signal in terms
of T2, T1, and the second-ordermoment f � t � only. It appliesto temporallyincoherent
Gaussianlight with arbitrarysecond-ordermomentfunction f � t � .

In thelimit of instantaneousopticaldephasing,wehaveT2 0 τc, andequation(9.9) is
easilyshown to reduceto [162]

S� τ � 	 C � τ �21 const�3� -
f � τ � - 24 � (9.12)

This meansthatif thedephasingis instantaneous,theFWM signalasa functionof delay
τ is determinedby the coherencepropertiesof the light only, and is given by

-
f � τ � - 2

(neglectingtheconstantbackgroundsignalandthedelaydependenceof theslowly varying
functionC � τ � ). This canbeunderstoodasfollows: thetwo beamsk1 andk2 interfereto
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createa transientpopulationgratingk2 � k1, from which thebeamk2 is diffractedin the
direction2k2 � k1. If thedephasingis instantaneous,thegratingamplitudeis determined
only by the coherenceof k1 and k2 and is given by f � τ � . The amplitudeof the light
diffractedfrom thegratingis proportionalthegratingamplitude,andhencethediffracted
intensitywill beproportionalto

-
f � τ � 2 - .

Thuswhenthedephasingis instantaneous,theFWM signalis thesquaremodulusof
the second-ordermomentof the incoherentlight. This meansthat we canusethe room
temperatureFWM signal(whereT2 0 τc) to obtain f � t � . As seenin Fig. 9.5, the room
temperaturesignalis well describedby adouble-sidedexponential.Thismeansthat f � t � 2,
andhencef � t � , is a double-sidedexponential,andthat for the parametricallygenerated
light wecanassume

f � t � 	 exp � � -
t * τc

- ��� (9.13)

with thecoherencetimeτc to bedeterminedfrom theroomtemperaturemeasurement.
Wenow wanttoobtaintheFWM signal(Eq.(9.9))for asecond-ordermomentfunction

of theform (9.13).In theliterature,explicit expressionsaregivenfor theincoherentFWM
signal are given for variouslimiting casesof the relative magnitudesof τc, T1 and T2

(T1 � T2 � τc in Ref. [162], T1 � T2 � τc in Ref. [149]). In thepresentcasehowever, T1, T2

andτc areall of thesameorderof magnitude,andnosimplifyingassumptionscanbemade
exceptthatthepulsedurationτpulse is muchlargerthantheothertimeconstantsinvolved.

Fortunately, with someeffort, theFWM signalof Eq. (9.9)canbecalculatedanalyti-
cally without any assumptionsconcerningtherelative magnitudeof τc, T2 andT1, if f � t �
is of theform (9.13).Performingthemultiple integrationin Eq.(9.9),wefind:

S� τ � 	 C � τ � � S1 � τ � � S0 �5� (9.14)

with S0 the delay-independentbackgroundFWM signaldiscussedin Section9.2.3,and
S1 � τ � thedelay-dependentFWM signal,givenby

S1 � τ � 	 � 2γ1
3 � 2 � 1 � γ2 � � 4γ1

2 � 2 � γ2 � � γ1 � 7 � 5γ2 ��� e2x

γ1
2 � 1 � γ1 � � 2 � γ1 � � 1 � γ2 � � 1 � 2γ2 � � 2 � γ1 � 2γ2 � if τ 6 0,

S1 � τ � 	87 24e2 � � γ1 � γ2 � x � � eγ1x � e2γ2x �� 4 � 5γ1
2 � γ1

4 � � γ1 � 2γ2 � 2 � 4 � 3 � 3e� 2γ1x� 4γ2x �� 4 � 5γ1
2 � γ1

4 � � γ1 � 2γ2 � 2� 8 � � 1 � e� � 2� γ1 � 4γ2 � x �� γ1 � 2� γ1 � 2 � γ1 � � 2 � γ1 � 4γ2 � � γ1 � 2γ2 �� 4 � 4e� � 2� γ1 � 4γ2 � x� � 2 � γ1 � γ1 � 2 � γ1 � � 2 � γ1 � 4γ2 � � � 1 � γ2 �� 4e� γ1x� 2γ2x � � 1 � e2 � � 1� γ2 � x �� � 2 � γ1 � γ1 � 2 � γ1 � � γ1 � 2γ2 � � � 1 � γ2 �� 4e2 � � 1� γ2 � x � � 1 � e� γ1x� 2γ2x �� γ1 � 2� γ1 � 2 � γ1 � � γ1 � 2γ2 � � γ2 � 1� � e2 � � 1� γ2 � x � � 1 � e2γ2x �� γ1 � 2� γ1 � γ2 � 1� γ2� 2 � � 1 � e� γ1x� 2γ2x �
γ1 � 2 � γ1 � � γ1 � 2γ2 � � 1 � γ2 � � 2 � � 1 � e� γ1x� 2γ2x �� � 4 � γ1

2 � � γ1 � 2γ2 � � 1 � γ2 �
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9.4 89� � 1 � e2 � � 1� γ2 � x� � 4 � γ1

2 � � � 1 � γ2 � � 1 � γ2 � � 1
γ1 � 2 � γ1 � γ2 � 1 � γ2 �� 2 � � 1 � e� � 2� 4γ2 � x �� γ1 � 2� � γ1 � 1� γ1 � γ1 � 2γ2 � � 2γ2 � 1� � � 1 � e� 4γ2 � 2� x� γ1 � 2� γ1 � γ2 � 1� � 2γ2 � 1�� 2

γ1 � 1 � γ1 � � 2 � γ1 � � γ1 � 2γ2 � � 1 � 2γ2 � � 1
γ1 � 2 � γ1 � γ2 � 1 � 2γ2 �� 4e� γ1x� 2γ2x � � 1 � e� � 2� γ1 � 2γ2 � x �� � 2 � γ1 � � � 1 � γ1 � γ1 � γ1 � 2γ2 � � � 2 � γ1 � 2γ2 �� 4 � � 1 � e� γ1x� 2γ2x �

γ1 � 1 � γ1 � � γ1 � 2γ2 � � 2 � γ1 � 2γ2 � � 4 � � 1 � e� γ1x� 2γ2x �
γ1 � 2 � γ1 � � γ1 � 2γ2 � � 2 � γ1 � 2γ2 �� 4

γ1 � 1 � γ1 � � 2 � γ1 � � γ1 � 2γ2 � � 2 � γ1 � 2γ2 �� e2γ2x � e4γ2x �9� 3e2x � 2e4γ2x � γ2 � e2γ2x � � 4 � e2γ2x � γ2
2 � 2e4γ2xγ2

3

e2xγ1
2 � γ2 � 5γ2

3 � 4γ2
5 �� γ � 1

1 : � 4e2 � � 1� γ2 � x � � 1 � e� γ1x� 2γ2x �
γ1 � 2 � γ1 � � γ1 � 2γ2 � � � 1 � γ2 � � e2 � � 1� γ2 � x � � 1 � e2γ2x �

γ1 � � 1 � γ2 � γ2� � 1 � e2 � � 1� γ2 � x� � 2 � γ1 � � � 1 � γ2 � γ2 � 1 � γ2 � � � 1 � e� � 2� 4γ2 � x� � 1 � γ2 � γ2 � � 1 � 2γ2 � � � 2 � γ1 � 2γ2 �� 1
γ2 � 1 � γ2 � � 1 � 2γ2 � � 2 � γ1 � 2γ2 � � e� 2x� 2γ2x

2 � γ1 � 2γ2
2 � γ1γ2

2� 8 � � 1 � e� γ1x� 2γ2x � � γ1
2 � 2γ1γ2 � 4 � � 3 � γ2

2 ���� � 2 � γ1 � � 2 � γ1 � � γ1 � 2γ2 � � � 1 � γ2 � � 1 � γ2 � � � 2 � γ1 � 2γ2 � � 2 � γ1 � 2γ2 �� 1� 2 � γ1 � � � γ2 � γ2
3 �<;2= e� 4γ2x

2
if τ 
 0, (9.15)

whereγ1 	 τc * T1, γ2 	 τc * T2 andx 	 τ * τc. Thecomplexity of thisexpressionis aresultof
thefactthatin themultiple integrationtheintegratedvolumehasto bedividedinto a large
numberof subvolumesdependingon the sign of the argumentsof the f � t � ’s occurring
in the integrand. The integrationover eachsubvolumeis in itself straightforward. The
expression(9.15) is continuousanddifferentiablein τ 	 0. We checked its correctness
by taking the limit τc 
 0. In that case(9.14)exactly agreeswith the FWM signalfor
f � t � 	 δ � t � , whichhaspreviouslybeencalculatedby Morita andYajima[149].

We now describethe experimentalresultsin termsof Eq. (9.14). First, we will use
the room temperaturedata(for which T2 0 τc) to determinethe coherencetime τc. To
calculateC � τ � , we usethe intensityenvelope

-
ε � t � - 2, which is givenby a Gaussianwith

a FWHM of 20 ps (asdeterminedfrom an autocorrelationtrace). The dashedcurve in
Fig. (9.5) representsa least-squaresfit to theroomtemperaturedatausingEq. (9.14)and
literaturevalues[24] of T1 	 5 psandT2 	 0 � 2 ps.Thegoodagreementbetweenthedata
andthecalculationjustifiestheuseof Eq. (9.13). Thefit to theroomtemperatureyields
a valueof τc 	 1 � 13 > 0 � 07psfor thecoherencetime. Therefore,at roomtemperaturewe
indeedhaveT2 0 τc, andinsteadof Eq.(9.14)onecouldalsouse(9.12).As wasdiscussed
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at theendof Section9.3.1,thedecayof theechosignalis determinedby bothT1 andT2.
With τc known, the dataat 15 K can be usedto determinethe value of T2 at this

temperature.We did this by meansof a least-squaresfit of Eq. (9.14)to thedatapoints,
usingtheliteraturevaluefor T1 at300K. It mightbethatat15K thevalueof T1 is slightly
largerthanat300K, althoughnotemperaturedependenceof thisvaluehasbeenobserved
over a temperaturerangefrom 80 to 300K [25]. SimulationsusingEq. (9.14)show that
increasingT1 by several ps hasa negligible effect on the valueobtainedfor T2. From
thefit a valueof T2 	 2 � 8 > 0 � 3 pswasobtained(solid curve in Fig. 9.5), which implies
that at 15 K the homogeneousdephasingtime is an order of magnitudelarger than at
roomtemperature.Furthermore,themeasuredvalueof T2 correspondsto ahomogeneous
linewidth of � 4 cm� 1, which implies thatat 15 K the homogeneouslinewidth is nearly
two ordersof magnitudesmallerthanthewidth of theabsorptionband(shown in Fig.9.2).

Theoreticalanalysishasshown thatphoton-echoexperimentsperformedwith incoher-
ent light canbesensitive to spectraldiffusion [159,163]. This meansthat the valueob-
tainedfor T2 might in principlecontaina contribution dueto spectraldiffusion,although
in thepresentsystemtheinfluenceof slow frequency-fluctuationson thesignalis limited
dueto therapiddecayof theexcitedstatepopulation[24].

9.5 Conclusions

To summarize,we have presenteda simplemethodto generateinfraredphotonechoes
usinga standardsetupfor parametricdownconversion.Thetime resolutionof theexper-
iment is determinedby thecoherencetime of the infraredpulses,andis shortenoughto
enablethe investigationof vibrationaldephasingin thecondensedphase.Thetechnique
hasbeenappliedto a hydrogen-bondedpolymer, andyieldedan accuratedetermination
of thehomogeneousdephasingtimeof theOH-stretchvibrationof thispolymer. With the
setupdepictedin Fig. 9.1,any vibrationin the1.5–4µm wavelengthregioncanbestudied
in thesameway. Theaccumulativenatureof theincoherentphotonechomakesit possible
to studymolecularvibrationswith smallabsorptioncrosssections,notablytheOH-, CH-,
andNH-stretchmodes,whichareof greatchemicalandbiologicalimportance.

Themethodof incoherentfour-wavemixing is averypowerful one:it enablesphoton
echostudieswith high time resolutionin wavelengthregionswherecoherentultrashort
pulsesarenot yet available,or difficult to generate.In the visible wavelengthregion, it
hasnotonly beusedto studydephasingof opticaltransitions,but alsofor thestudyof ori-
entational[164] andpopulationrelaxation[165]. Similar experimentscanbeperformed
on vibrationaltransitionsusingthe setupshown in Fig. 9.1. The most importantdisad-
vantageof the incoherentFWM methodis that the delaybetweenonly two of the three
fieldsthatcreatethethird-orderpolarizationis known. Thatthis renderstheinterpretation
morecomplicated,becomesclearwhenonecomparestheincoherentphoton-echosignal
(Eq.(9.15))to thesimpleexpressione� 4τ � T2 whichappliesfor coherentphotonechoes.
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Summary

This thesis is concernedwith the dynamical behavior of vibrational excitations in
hydrogen-bondedsystems.In particular, we have investigatedthe dynamicsof the OH-
stretchmodein water, ice, andhydrogen-bondedethanolclusters.The dynamicsof the
OH-stretchmodesuppliesimportantinformationonthestructureanddynamicsof thehy-
drogenbondsin thesesystems,becausetheOH-stretchvibrationandthehydrogenbond
arestronglycoupled.Themethodusedin ourexperimentsis thatof time-resolvedpump-
probespectroscopy: an intenseresonantpumppulseexcitesa fractionof theOH-groups
from the ground(vOH

� 0) stateto the first excited (vOH
� 1) state,anda second,de-

layedprobingpulsemonitorsthevibrationaldynamics.By detectingtheprobepulsein a
polarization-resolvedmanner, theorientationaldynamicsof thevibrationalexcitationcan
bemonitoredaswell.

Wefoundthatin hydrogen-bondedethanolclusters,excitationof theOH-stretchmode
leadsto a fast (subpicosecond)predissociationof the hydrogenbond. The predissocia-
tion lifetime decreaseswith increasinghydrogen-bondstrength,asa consequenceof the
strongercouplingbetweentheOH-stretchmodeandthehydrogenbond.Thepolarization-
resolvedmeasurementsshow thattheOH-stretchexcitationis rapidlydelocalizedoverthe
ethanolmoleculesin thehydrogen-bondedcluster.

Thestrongcouplingof theOH-stretchmodeandthehydrogenbondin waterleadsto
severalremarkablefeaturesin thevibrationaldynamicsof this liquid. We foundthat the
excitationof theOH-stretchmodein dilute solutionsof HDO in D2O leadsto a dynamic
Stokesshift of the OH-stretchfrequency. This Stokesshift is a consequenceof the fact
thattheminimaof thehydrogen-bondpotentialsin thevOH

� 0 andvOH
� 1 statesoccur

atdifferentpositions.Uponexcitationfrom thevOH
� 0 to thevOH

� 1 state,thehydrogen
bondis initially in anon-equilibriumpositionandthesubsequentrelaxation(contraction)
to its equilibriumpositionin thevOH

� 1 statecausesa dynamicStokesshift of theOH-
stretchfrequency.

The couplingbetweenthe OH-stretchmodeandthe hydrogen-bondleadsto an ap-
proximatelylinear relationbetweenthe hydrogen-bondstrengthandthe OH-stretchfre-
quency. This meansthatby tuningthecenterfrequency of theinfraredpulsesusedin our
experimentsto a particularOH-stretchfrequency, we can in principle selectively study
subensemblesof watermoleculeswith aspecifichydrogen-bondstrength.In thisway, we
wereable to study the influenceof hydrogen-bondingon the orientationaldynamicsof
HDO moleculesdissolvedin D2O. It wasfoundthattheorientationalrelaxationof awater
moleculecanoccuron two distinct time scales,dependingon the local hydrogen-bond
structure.On thebasisof our measurements,we proposea modelfor thehydrogen-bond
strengthdependenceof theorientationalrelaxationconstant.In this model,we alsotake
into accountthe dynamicStokesshift of the OH-stretchvibration that occursuponex-
citation to the vOH

� 1 state. It is found that the modelaccuratelydescribesboth our
pump-probemeasurementsandthe low-frequency dielectricresponsefunction of liquid
water.

As a consequenceof thestrongcouplingbetweentheOH-stretchmodeandhydrogen
bond,energy canbe transferredvery efficiently from the first excited stateof the OH-
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stretchmodeto thehydrogen-bondmode.Thevibrationallifetime in wateris observedto
becomelongerwith increasingtemperature,in contrastto whatisgenerallyobserved.This
canbeexplainedby thefactthattheaveragecouplingstrengthbetweentheOH-stretchand
hydrogen-bondmodedecreaseswith increasingtemperature.

It is well known thatin pump-probeexperiments,theobservedtransientsarestrongly
influencedby coherentcouplingbetweenthepumpandprobepulses.This effect is well
understoodandhasbeendescribedquantitatively in many studies.If thepumpandprobe
pulseshave thesamecenterfrequency, thecoherentcouplingleadsto anadditionalcon-
tribution to the pump-probesignal, that caneasilybe mistaken for a spectralhole in a
transientpump-probespectrum.Usinga third-orderperturbationexpansionof thedensity
matrix, we show that the “spectralholes” in the OH-stretchbandsof waterandethanol,
which wererecentlyreportedby Laenenet al., arein factsuchcoherentcouplingcontri-
butionsto thepump-probesignal,andhavenothingto dowith thevibrationaldynamicsof
theOH-stretchvibration.

Finally, we have presentedthe first observation of an incoherentvibrationalphoton
echo.Comparedto coherentphoton-echospectroscopy, themethodof incoherentphoton
echoeshasthe advantageof experimentalsimplicity: sincethe time resolutionis deter-
minedby thecoherencetime ratherthanthedurationof thelight pulsesusedin a photon-
echoexperiment,a good time-resolutioncan be obtainedusing relatively long pulses.
We demonstratethis in a vibrationalphoton-echoexperimentwith subpicosecondtime-
resolutionusingpulseswith adurationof 20picoseconds.

It is only sincea few yearsthat it is possibleto generatethe shortandintensemid-
infraredpulsesneededfor femtosecondtime-resolved vibrationalspectroscopy. In this
shortperiod,femtosecondspectroscopy on theOH-stretchmodehasrevealedmany new
aspectsof thecomplex dynamicsof hydrogen-bondedsystemssuchasliquid water. There
is no doubtthat in thefuture,asfemtosecondvibrationaltime-resolvedspectroscopy will
beusedto investigateevenmorecomplicatedsystems,suchassurfaces,adsorbates,and
proteins,many otherunexpectedpropertiesof matterwill berevealed.



Samenvatting van het proefschrift “F emtosecond vibrational dynamics in
hydrogen-bondedsystems”

In dit proefschriftwordt het dynamischgedragvan vibratie-excitatiesin waterstof-
gebrugdesystemenbestudeerdmet behulpvan tijdsopgelostespectroscopie.In het
bijzonderhebbenwe de dynamicavan de OH-strekvibratiein water, ijs en ethanol
onderzocht.Het gedragvandeOH-strekvibratiewordt in hogematebepaalddoorde
structuurendynamicavandewaterstofbruggeneromheen.Daardoorvormt destudie
van de OH-strekvibratieeenidealemethodeom de waterstofbrugstructuurte onder-
zoeken. In onzeexperimentengebruiken we de zogeheten‘pump-probe’methode:
eenintenseresonantepulsexciteerteendeelvandeOH-groepenvandegrondtoestand
naardeeersteaangeslagentoestand,eneenzwakke probe-pulswordt gebruiktom de
responswaartenemen.Doordeprobe-pulspolarisatie-opgelosttedetecteren,kanook
hetdynamischgedragvandeoriëntatievandeOH-groepenwordenwaargenomen.

We vonden dat in waterstofgebrugdeethanolclustersexcitatie van de OH-
strekvibratieleidt tot predissociatievan de waterstofbrug.Dezepredissociatievindt
snellerplaatsbij sterkerewaterstofbruggenalsgevolg vandesterkerekoppelingtussen
deOH-strekvibratieendewaterstofbrug.Polarisatie-opgelostemetingenlatenverder
ziendatdeOH-strekvibratiezeersneldelokaliseertoverdeethanolcluster.

In waterleidt desterke koppelingtussendeOH-strekvibratieendewaterstofbrug
tot bijzondereeffecten.Zo vondenwe dat in verdundeoplossingenvanHDO in D2O
excitatie van de OH-strekvibratieleidt tot eendynamischeroodverschuiving van de
OH-strekfrequentie.Dezeroodverschuiving wordt veroorzaaktdoordeverschillende
evenwichtspositiesvan de waterstofbrugin de vOH

� 0 en vOH
� 1 toestand.Wan-

neereenHDO-molecuulvan de vOH
� 0 naarde vOH

� 1 toestandwordt gebracht,
bevindt dewaterstofbrugzichaanvankelijk in eenniet-evenwichtspositie.Derelaxatie
(contractie)vandewaterstofbrugdie vervolgensplaatsvindtveroorzaakteenroodver-
schuiving vandeOH-strekfrequentie.

De koppeling tussende OH-strekvibratieen de waterstofbrugleidt tot een
bij benaderinglinear verbandtussende sterktevan de waterstofbrugen de OH-
strekfrequentie.Door de frequentievan de infrarodepulsenin onzeexperimenten
op eenbepaaldewaardein te stellenkunnenwe watermoleculenmet eenbepaalde
waterstofbrugsterktebestuderen.Op dezemanierhebbenwe de invloed van de wa-
terstofbrugsterkteop de oriëntatie-dynamicavan HDO moleculenopgelostin D2O
onderzocht.Uit onzeexperimentenblijkt dater eenduidelijke tweedelingbestaatwat
betreftdebewegingsvrijheidvandewatermoleculen.Eenklein deelvandemoleculen
kanmin of meervrij roteren.Dit blijkendemoleculenmetzwakke waterstofbruggen
te zijn: de OH-groepenvan dezemoleculenverliezenbinnenongeveer700 femto-
secondenhun oorspronkelijke richting. De moleculenmet sterke waterstofbruggen
daarentegenblijkenvrijwel stil testaan.Delokalewaterstofbrug-structuurbepaaltdus
in hoeverreeenwatermolecuulzichkanbewegenin vloeibaarwater.

Als gevolg vandekoppelingtussendeOH-strekvibratieendewaterstofbrugkan
energie zeer efficiënt worden overgedragenvan de eersteaangeslagen(vOH

� 1)



toestandvan de OH-strekvibratienaar de waterstofbrug. De levensduurvan de
vOH

� 1 toestandblijkt in water langerte wordenbij hogeretemperatuur, in tegen-
stelling tot wat in bijna alle anderestoffen wordt waargenomen.Dezetemperatuur-
afhankelijkheid wordt veroorzaaktdoordatde gemiddeldesterktevan de koppeling
tussenOH-strekvibratieendewaterstofbrugafneemtbij hogeretemperatuur.

Het is bekenddat pump-probemetingensterkwordenbëınvloed door coherente
koppelingtussendepump-enprobe-pulsen.Wanneerdeexcitatie-endeprobe-puls
dezelfdefrequentiehebben,leidt decoherentekoppelingtussendetweepulsentot een
extra bijdrageaanhet pump-probesignaal,die in frequentie-opgelostemetingende
vorm heeftvan eenscherpepiek. Door middel van eenkwantitatieve analysewordt
in dit proefschriftgetoonddat de scherpepieken in de pump-probe-metingendie in
meerderepublikatiesvan Laenenen Laubereauvoorkomeneengevolg zijn van co-
herentekoppeling,en derhalve geeninformatie over het dynamischgedragvan de
OH-strekvibratiebevatten.

Tenslottewordt in dit proefschriftde eerstewaarnemingvan eenincoherentefo-
ton echoaaneenvibratie-overganggepresenteerd.De methodevanincoherentefoton
echo’s berustop hetfeit datdetijdsresolutiein eenfoton-echo-experimentniet wordt
bepaalddoordeduur, maardoordecoherentietijdvandelichtpulsen.Met zeerlange
pulsenkan dus toch eengoedetijdsresolutiewordenbereikt,mits de coherentietijd
maarkort genoeg is. Dit wordt gedemonstreerdaande handvan eenfoton-echo-
experimentwaarinsub-picosecondetijdsresolutiewordtbereiktondankseenpulsduur
van20picoseconden.

Het is pas sinds enkele jaren mogelijk om de korte en intensemid-infrarode
pulsente genererendie nodig zijn voor femtosecondetijdsopgelostespectroscopie
aanvibraties. In dezekorte periodeheeft femtosecondespectroscopieaande OH-
strekvibratieal zeer veel nieuwe aspectenonthuld van het dynamischgedragvan
waterstof-gebrugdesystemenzoalswater. Waarschijnlijkzal in de nabije toekomst
femtosecondevibratie-spectroscopiewordengebruiktom ook complexeresystemen
zoalsoppervlakken,adsorbatenenprotëınente onderzoeken,enzullenook vandeze
systemenvelenieuweenonverwachteeigenschappenwordenontdekt.
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Dankwoord

Aan het eindevan dit proefschriftzou ik hendie aande totstandkoming ervan hebben
bijgedragenwillen bedanken.Datzijn in deeersteplaatsHuib BakkerenUli Emmerichs.
VanHuib,diezelfsdeingewikkeldstenatuurkundigeproblemenin eenmumvantijd weet
op te lossen,hebik ongelooflijk veel geleerd,inzonderheiddat wiskundigevaardigheid
fysischinzichtnooitkanvervangen.Uli is mijn leermeestergeweestophetgebiedvande
gepulstelaser. Zijn somswat knorrige,maaraltijd nuttigeadviezenzijn vanonschatbare
waardegeweestvoor mijn promotie-onderzoek.Beideherenduizendwerfdank! Verder
magik niet vergetenmijn hooggeschattepromotorAd Lagendijkte noemen,die ik be-
dankvoor het kritisch lezenvan dit proefschrift. Petervan der Meulenbedankik voor
velenuttigediscussiesenvoor hetkritisch lezenvanmijn manuscripten.RobKemperen
HincoSchoenmakerbenik zeerdankbaarvoorhuntechnischeondersteuning,delaatstein
hetbijzondervoor het reanimerenvandecryostaatenvoor defraaiesamplecel-wobbler.
Hanster Horstzouik willen bedankenvoor hetontwerpenenmakenvanonzegevoelige
infrarood-detectors.Verderbedankik Han-KwangNienhuysvoor zijn robuustemeetpro-
gramma,en hemen de andere(ex-)groepsledenMischaBonn, Frederikvan denBroek,
Michel Kropman,Ingrid Giebels,Arjan Lock enMingchengZongvoor deprettigesfeer
in degroepVibratie-dynamica.


