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1 Introduction

1.1 Thehydrogen bond

Thehistoryof the hydrogerbondcommenceg 1920,whenLatimerandRodetush,who
wereatthattime studyingthestructureandpropertieof waterwith G. N. Lewis, remarled
that

A freepair of electronon onewatermoleculemightbe ableto exert suficient force
on a hydrogenheldby a pair of electronson anothemwatermoleculeto bind thetwo
moleculedogether Structurallythis mayberepresenteds

. H
H:OH:O:
H
Suchcombinations:ieednotbelimited to theformationof doubleor triple molecules.
Indeedthe liquid may be madeup of large aggrgatesof molecules,continually
breakingup andreformingundertheinfluenceof thermalagitation[2].

The authorsusedthe hypothesisof the hydrogenbondto explain the high proton con-

ductvity anddielectricconstanof liquid water Simultaneouslyvith the developmenbf

thequantum-mechanic#heoryof chemicalbondingin theyearsthereafteranincreasing
amountof researclwasdevotedto the natureof the hydrogenbond. An entirechapterof

Linus Pauling’s The Nature of the Chemical Bond, which appearedn 1939,wasdevoted
toit. In theintroductionof this chapterPaulingwrote

| believe that[...] it will be found that the significanceof the hydrogenbond for
physiologyis greaterthanary othersinglestructuralfeature[3].

This predictioncametrue whenit wasfoundthatthe double-helixstructureof DNA and
thesecondangtructureof proteinsarebothdeterminedy hydrogernbonding.Sincethen,
aneverincreasinghumberof studieshasbeenconcerneavith thestructuralnddynamical
propertieof the hydrogernbond.

Hydrogenbondingplaysanimportantrole in determiningthe physicalandchemical
propertiesof mary substanceslhe mostobviousexampleis water which in theabsence
of hydrogernbondingwould be a gasatroomtemperatureTheabnormallyhigh viscosity
surfacetension,andheatof vaporizationof waterarealsocausedy hydrogenbonding.
The effect of hydrogenbondson crystalstructureis bestillustratedin ice Ih, which has
a very openstructurethat optimizesthe hydrogen-bondnteractionbetweenthe water
molecules.

The hydrogenbondis an attractve interactionbetweena protondonor X—H anda
protonacceptory, in the sameor a differentmolecule: X —H---Y, whereX andY are

9



10 §1.2

electrongative atomssuchasoxygen,nitrogenor fluorine. The hydrogenbondhasco-
valentcharacteras hasbeenconfirmedrecentlyby meansof inelasticX-ray diffraction
experimentd4]. This covalentcharacteaccountgor the cooperatre natureof thehydro-
genbond:formationof ahydrogerbondX —H---Y increaseb®oththepolarity of theX—H

bondandthe basicityof Y, which canresultin a significantincreasean strengthof addi-
tional hydrogernbonds[5]. Hydrogenbondsaredirectional[6], andhase bondenegiesin

therangefrom 3 to 30 kJ/mol. This meanghatthey aremuchwealer thanordinarycova-
lentbondswhichtypically have bondenegiesontheorderof 500kJ/mol. Becaus®f this
smallbondenegy andthe smallactivationenegy involvedin its formationandrupture,
hydrogenbondsareespeciallyimportantin chemicalandphysicalprocessetakingplace
atroomtemperature.

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

Formationof thehydrogerbondX —H---Y causesredshiftof thefundamentafrequeny
of the XH-stretch(vxy) vibration. This redshiftincreasesapproximatelylinearly with
decreasindiydrogen-bondlistanceRx_...y. The relationbetweenhydrogen-bondlis-
tanceandvxy frequeng wasunambiguoushydemonstrateavhenthe Rx_y...y distances
of alargenumberof hydrogen-bondegubstance@eterminedy X-ray diffraction)were
comparedwith their vxy frequencieq7]. For moderatelystrongO—H---O hydrogen
bonds suchasoccurin waterandethanol the redshiftof voy is typically 200-300cm.
Simultaneouslywith the redshift of the XH-stretchfrequeng, an increaseof both the
linewidth andthe absorptioncrosssectionof the vxy = 0 — 1 transitionoccurs. The
strongcorrelationof thehydrogen-bondtrengthandthevyy frequeng hasmadeinfrared
spectroscopby farthe mostimportanttool to studyhydrogenbonding.

Both the redshiftand the increaseof the linewidth of the vxy transitionare dueto
anharmonicouplingbetweernthe vxy...y hydrogen-bonenodeandthe vxy mode. The
Hamiltonianof the systemconsistingof the coupledvxy...y andvxy oscillatorsis very
oftenassumedo have theform [8-12]

H = p?/2m+ mw?q?/2+ P?/2M + MQ?Q?%/2+ K?Q, (1.1)

whereq, p, m,w andQ, P, M, Q referto the normalcoordinate conjugatemomentumfe-
ducedmassandfrequeng of thevxy andvxy...y mode,respectrely, andK is ananhar
moniccouplingconstantThis Hamiltoniancanalsobewritten as[12]

H = p?/2m+mwgg (Q)q?/2+ P?/2M + MQ*Q?/2 (1.2)

wherewe (Q) is theeffective vxy frequeny, givenby

Wef (Q) = wy/ 1+ 2KQ/mu? ~ w—+ const x Q. (1.3)

ThereforetheHamiltonian(1.1)reproducetheapproximatelyinearrelationshifetween
theredshiftof thevxy frequeng andthehydrogen-bondlistanceRx_n...y. Sincethefre-
queny Q of thevxy...y modeis muchsmallerthanthefrequeng w of thevxy mode,we
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canuseanadiabaticapproximationandcalculatepotentialenegy functionsfor the slow
VxH..y modein thevxy = 0 andvxy = 1 states. The minima of the (harmonic)poten-
tial enegy functionsfor the hydrogen-bonanodeobtainedn this way aredisplacedwith
respecto eachother(seeFig. 1.1). In afully quantum-mechanicahodel,the adiabatic
potentialcanbeusedto calculatethehydrogen-bondvave functionsy(Q) in thevxy =0
andvxy = 1 potentials. The probability of a transitionbetweenvxy = 0 andvxy = 1

V= 1
0x(Q)
Q
V= 0
Xg—cHy - Y

FIGURE 1.1. Adiabatic potentialenegy functionsfor the hydrogenbond, calculatedusingthe
Hamiltonian(1.1).

statesdependn the overlapof the hydrogen-bondvave functionsin the vxy = 0 and
vxH = 1 potential{Franck-Condoffiactor). Thedisplacementf thevxy = 0andvxy = 1
potentialswith respectto eachothergivesriseto vxy = 0 — 1 transitionsin which the
VxH...y quantumnumberchanges.In the vxy spectrumthesetransitionsappearassum
anddifferencdrequeny bandsatvyy +nvxy...y (Franck-Condomprogression)Fromthe
overlapof the hydrogen-bondvave functionsin the vxy = 0 andvxy = 1 potentialsthe
relative intensitiesn the Frank-Condorprogressiortanbe calculated10]. Maréchaland
Witkowski were the first to do this, andfound good agreemenbetweencalculatedand
experimentalOH-stretchabsorptiorbandsof severalhydrogen-bondedomplecesin the
gasphasg8, 10].

In the condensegbhase the hydrogen-bondnodestronglyinteractswith otherlow-
frequeny degreesof freedom(’bath modes’). This leadsto the well-known broadand
smoothvxy spectraof hydrogen-bondetholeculesn liquids andsolids. Thetheoryout-
lined above, which appliesto isolatedhydrogen-bondedompleces,mustthenberefined
to includetheinteractionof thevyy...y oscillatorwith thebath. Thisapproacho thestudy
of vxy bandsof hydrogen-bondedystemsn the condenseghasehasbeendeveloped
mainly by Robertsorand Yarwood [9,11]. The Hamiltonian(1.1) is still used,but the
VxH...y modeis modeledasa classicaharmonicoscillatordrivenby arandomforcewhich
representsheinteractionwith the bathmodes.As a consequencehevxy...y coordinate
Q(t) obeysaLangevin equationandthe Hamiltonian(1.1) governingthevxy motionbe-
comesa stochastioperator Thevyy frequeng is determinedy thetime dependencef
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Q(t) via Eq. (1.3). Essentiallythis meanghatthe fluctuationsof thevxy frequeng of a
hydrogen-bondetholeculedirectly mirror the dynamicsof the hydrogen-bondanotion.

The relationshipbetweenQ(t) andthe vxy frequeng motivatesthe useof infrared
spectroscop on the XH-stretch mode to study hydrogen-bonddynamicsin the con-
densedhase.Until recently suchinfraredstudieshave only beendonewith linearspec-
troscopy [13,14]. Unfortunately the broadvxy bandsthattypically occurin the linear
absorptionspectraof hydrogen-bondedystemsn the condenseghaseonly reflectthe
distribution of vxy frequencieghydrogen-bondengths) andprovide noinformationcon-
cerningthe dynamicsof the hydrogenbond. Suchinformationcanbe obtainedoy means
of nonlinearspectroscoponthevyy mode whichmalkesit possibleo studythedynamics
of asubensemblef themoleculeswith aspecificvxy frequeng. With theadwentof laser
setupghatproduceultrashortpulseswith highintensitiesin the mid-infraredwavelength
region, nonlinearspectroscopon molecularvibrationsbhecamepossibleandalargenum-
ber of nonlinearoptical studieson hydrogen-bondedgibrationshassincebeenreported,
mostof whichinvolvedpump-probexperimentsin theseexperimentsa subensemblef
thehydrogen-bondetholeculeswith a certainvxy frequeng is selectvely excited by an
intenseresonanpumppulse,andits evolutionis studiedby a delayedprobingpulse(see
the next Section). Initially, mid-infraredpulseswith durationsin the picosecondange
wereusedto performvibrational pump-probesxperiments.In this way, the vxy modes
of several hydrogen-bondedystemswere investigatedjn particularthe voy, vnu, and
vcH modesof hydrogen-bondedomplexesdissohedin CCly [15-21],the voy modeof
dilute HDO:D-O solutions[22,23] andof a hydrogen-bondegolymer([24,25], andthe
von modeof hydrogen-bondedurfacehydroxyls[26,27]. In the pastfew years thede-
velopmentof amplified Titanium:sapphirdasersystemsrasmadeit possibleto generate
intensemid-infraredpulsesin the femtosecondange[28,29]. Femtosecondibrational
studieson hydrogen-bondedystemseportedto dateinclude spectrallyresohed pump-
probeexperimentson the voy modeof HDO:D,O [30, 31], visible-pump/infrared-probe
experimentson theve_p modeof hydrogen-bondedomplexesin solution[32], andthe
experimentgeportedn thisthesis.

1.3 Vibrational pump-probe spectroscopy

1.3.1 GENERAL CONSIDERATIONS

In avibrationalpump-probeexperiment,anintensepumppulseprepares nonstationary
statein which a fraction of the moleculess in an excited stateof a molecularvibration,
usuallythefirst excited (v = 1) state.This nonstationargtateis interrogatedaftera delay
time 1t by aprobingpulse.Thepopulationof thev = 1 stateof the molecularvibrationby
the pumppulsegivesrise to decrease@bsorptionat thev = 0 — 1 frequeny andstim-
ulatedemissionatthev = 1 — 0 frequeng (bleaching),andto anincreasedabsorption
atthev=1— 2 frequeng (excited-stateabsorption).The OH-stretchvibrationsstudied
in thisthesisareanharmonicandthev =0 — 1 andv= 1 — 2 frequencieseparatedy
proximately250cm™1. Hencewhetherthebleachingr theexcited-statebsorptioris ob-
seneddepend®nthe probefrequeng. In generaltwo typesof pump-probexperiments
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areperformed:(1) delayscansjn which the pumpandprobehave fixed frequenciesand
the absorptionchangeof the probepulseis measuredsa function of the relatve delay
betweernpumpandprobe;(2) transientspectrajn which the delayand pumpfrequeng
have afixedvalue,andtheabsorptiorchangeof the probepulseis monitoredasafunction
of thefrequeng of the probepulse.

1.3.2 QUANTITATIVE DESCRIPTION OF PUMP-PROBE SPECTROSCOPY

The pump-probesignalis definedasthe differencebetweerthe transmissiorof the probe
pulsewith andwithout excitation of the sampleby the pump pulse. We thereforewant
to calculatethe differencebetweenthe time-integratedintensitiesof the probepulseat
the endof the samplewith andwithout the presencef the pumppulse. Theintensityin

absencef theprobepulseis givenby the Lambert-Beefaw. To calculatetheintensityin

the presenc®f the pumppulse,we have to consideithe propagatiorof the probepulsein

thenonlinearlypolarizedmedium.The pumpandprobefieldshave theform

E;(r,t) = Ej(zt)®Z 9t 1 cc, (1.4)

with j = 1 for the pumpand j = 2 for the probefield. In this equationEj (zt) arethe
pulseenvelopefunctions,andw;j the centerfrequencie®f the pumpandprobepulses.In
theslowly varyingervelopeapproximationthewave equatiorfor the probereadq33]:

(%+%%)Exmg:—mgwhﬂ;o+§%?d3@0, (1.5)
whereP(® (z,t) is the ervelopefunctionof the third-orderpolarizationandog(wy) is the
linear absorptioncoeficient at the probefrequeng. In this thesis,we will studybroad
OH-stretchabsorptiorbands,andwe cansafelyassumehat ag(w) is constantover the
power spectraof the pumpand probepulses.If we work in a moving frameandusethe
retardedime coordinate) =t — z/v this equatiorbecome$34]

Do W) g )y 4+ 2092503 (5 9. (1.6)

0 -~
—Ex(zn)=- > -

0z
Thethird-orderpolarizationis a functionof the pumpandprobefields,which meanghat
theevolutionof theprobepulseis governedoy asystenof coupledequationgor the probe
field andthe third-orderpolarization. Whenthe third-orderpolarizationhasa relatively
small effect on the probeintensity we canusea perturbatve approach.we calculatethe
third-orderpolarizationusingthe unperturbedinearwave-equations

0 =~ Oo(Wj) ~
SEN@n)= ——0(2 ED (), (1.7)

which have the solutions:

EY (zn) = Ej(0,n)e0(@)/2, (1.8)
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With an explicit expressiorfor the third-orderpolarizationin termsof Ej(l) (z,n) we can
calculatethe probeintensityin the presencef the pumppulse:

~ ~ i Z ~
Exzn) = Eg” (zn)+ 2%*’26—%(@)42 / dZ BB (Z,n)eto@2)?/2. (1.9)
0

The pump-probesignalis definedas the differencebetweenthe time-integratedprobe
intensitiesat the endof the samplein the presencendabsencef the pumppulse,andis
givenby

s = [ a{Ewor-EP Ly

- 4? |m/°° dn Eél)*(l—ar])e_%((*)z)l'/z/l_dZF'3(3) (z,n)e0(@2)7/2
S 5
(1.10)

wherelL is the thicknessof the sample. In this equation,we have negglectedthe higher
ordertermquadratian thethird-orderpolarization.Eq. (1.10)is a generalkxpressiorfor
the transmissiordecreas®f the probein the presencef the pumppulse,andholdsfor
arbitraryopticalthicknessioL of the sample.For optically thin samplegogL < 1), P

andEél) areindependendf z, andEq.(1.10)reducedo thewell-known expression33, 35]
S= %m / dtESV* (1)BO)(t). (1.11)

In pump-probesxperimentsonly contritutionsto the third-orderpolarizationwhich
containthe pumpfield twice andthe probefield oncecontributeto the signal. Hence the
third-orderpolarizationat positionz is anintegrationof theform [35]

B(zn) = [ dns [ dn [ dnaE" @no) Y 2 n2)E (zna)F (n.na.nzna)
(1.12)
whereF is a function representinghe nonlinearoptical responsef the medium. After
substitutionof Eg. (1.8) into this equation,the integrationover z in Eq. (1.10) canbe
carriedout, andwe obtain

Aty € A(@2)L(1— g (@

S
nc a(w)

)L co . .
) im / dED (0,0 (0t),  (1.13)

which is identicalto Eq. (1.11) apartfrom a proportionalityconstant. Thus, for broad
absorptiorbandstheopticalthicknessof the samplehasnoinfluenceonthedelaydepen-
denceof the pump-probesignal. In the remainderof this thesis,Eq. (1.13) (without the
prefactor)will beusedto calculatevibrationalpump-probesignals.

1.4 Outlineof thisthesis

This thesisis concernedwith the dynamicsof the OH-stretch(voy) modein strongly
hydrogen-bondegystemswhich will be studiedby meansof vibrational pump-probe
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spectroscop First, a descriptionof the experimentalsetupis givenin Chapter2. The
study of hydrogen-bondlynamicsbegins in Chapter3, with hydrogen-bondeéthanol
clustersn solution.Sinceanethanoimoleculecanonly participatdan two hydrogerbonds,
theseclustersarelinearaggr@atesof hydrogen-bondedthanolmoleculesandconstitute
arelatvely simplemodelsystento investigatehydrogen-bondlynamican thecondensed
phase.

Chapter4 is thefirst of five chapterson the dynamicsof the muchmorecomplicated
systemof liquid water Sincethe dynamicsof the voy modein liquid H2O is compli-
catedby thestrongcouplingbetweerthe OH-oscillatorspreviousstudieshave very often
concentratean the voy modeof dilute solutionsof HDO in D20, wherethe coupling
betweenthe voy vibrationsis negligible. In Chapters4 to 7 we will extensvely study
the dynamicsof thevpoy modein dilute HDO:D,O. First,we will concentraten thefast
spectrarelaxationthattakesplacein thefirst picoseconafterexcitationof thevoy mode
(Chapterd). Thentheorientationarelaxationof the O—H groupsis discussedwhich will
befoundto beintricatelyconnecteavith thespectratelaxation(Chaptel5). After thefirst
picosecondthe voy dynamicsaredeterminedmainly by the populationrelaxationout of
thevoy = 1 state,whichis discussedn Chapter6. The interestinganddramaticeffects
thatcoherentouplingcanhave ontheobsenrationsmadeusingpump-probespectroscop
aredescribedjuantitatvely in Chapter7. Theresultsobsenedin a pump-probestudyon
thevoy modeof HDO:D,O by Laeneret al. areexplainedin termsof theseeffects. This
Chapterconcludeghe investigationof the voy modeof the modelsystemHDO:D,0. In
Chapter8 we presenthefirst pump-probestudyon thevoy modein liquid H»O, thatis,
in 'real’ water

ThelastChapterof this thesisis a photon-echstudyof thevoy modein a hydrogen-
bondedsystem. Here,the emphasiwill not be on the voy dynamics,but ratheron the
useof mid-infraredincoherentphotonechoego studythe homogeneoudephasingf a
molecularvibration.



2 Experimental setupfor time-resohedvibrational
spectroscopy

2.1 Intr oduction

Nonlinearspectroscop of vibrationaltransitionsrequiresultrashortpulsesthat are tun-
ablein the mid-infraredregion of the electromagnetispectrum.The pulseshave to be
intense sincemolecularvibrationaltransitionsarehardto saturatedueto their smallab-
sorptioncrosssections. Sincethe dynamicsof vibrationaltransitionsoften takes place
on subpicosecontme scalesthe pulselengthsshouldpreferablybe in the femtosecond
region.

Continuouslytunablepulsesin the mid-infraredcanbe generatedy differentlasers
andtechniquessuchasfree-electroaserq36], color-centedasersdifference-frequenc
mixing [37,38], and optical parametricgeneratiorand amplification. Parametricgener
ationandamplificationis a favorablechoicebecausét candeliver short,widely tunable
pulsesof highintensity

Optical parametricamplification(OPA) is a nonlinearinteractionin which two light
waves of frequenciesw; andwy, areamplifiedin a mediumwhich is irradiatedwith an
intensepumpwave of frequeng w3z = wy + wp. Thehigherof thetwo frequenciesvy, w,
is referredto asthesignal,thelowerastheidler. For the parametriamplificationto occur
efficiently, the phase-matchingonditionks = k1 + ko mustbesatisfied.Thisis generally
achievedby usingbirefringentnonlinearcrystals.By changingheangleof theopticalaxis
of the crystalwith respecto the polarizationof oneor two of the threeinteractingfields,
a particularsetof frequenciesws, wy, is selectedor which both the conditionsof phase
matching(nzws = N1 + N2wp) andenegy conseration (w3 = wy + wyp) arefulfilled.

From a classicalpoint of view, parametricamplificationcanoccuronly if the pump
andat leastone of the two otherfields (signalor idler) is presentat the entranceof the
nonlinearmedium. However, at sufficient pumpenegies, signalandidler aregenerated
evenif theinitial numbersof photonsat w;, andwy, is zero. This phenomenois referred
to asopticalparametricsuperfluorescend&9] or optical parametriggeneratio(OPG). It
canonly beunderstoodrom a quantum-mechanicaloint of view, andcanberegardedas
parametricamplificationof the zero-pointfluctuationsof the electromagnetidield. The
factthat parametriogenerations essentiallyparametricamplificationwhich startsfrom
gquanturmoisewill beexploitedin Chapter.

Themethodof parametriggeneratiorandsubsequerparametriamplificationto gen-
eratepicoseconddler pulsesin the mid-infraredhasbeenusedextensvely in the past.
Initially, the parametrigprocessesvere carriedout in LiNbO3 crystalspumpedwith the
fundamentabutputof a Nd:glasslaser[40]. Later, Nd:YAG lasersbecamepopularas
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pumplasersbecausef their higherpulseenegy andrepetitionrate,andfor a numberof
yearsNd:YAG-pumpedmid-infraredOPG-OR systemshave beenusedaslight sources
in time-resoledinvestigation®on the picosecondime scale[41,42].

With the adwent of amplifiedfemtosecond’itanium-sapphiréTi:sapphire)lasersys-
tems, parametricgenerationand amplificationhave beenextendedto the femtosecond
time scale.The3-BaB,O4 (BBO) crystalis agoodchoicefor parametriggeneratiorwith
femtosecongulses,becauseat hasa high damagethreshold[43] and supportsa large
bandwidth.BBO crystalsarethereforeoften usedin commercialOPG-OR systems.If
thesadevicesarepumpedwith thefundamentali:sapphirevavelength(~800nm), signal
andidler cover a wavelengthregion of 1-2.6um. Longerwavelengthscannotbe gener
atedbecausef the onsetof infraredabsorptionin BBO at approximately2.6 um [43].
Thetuningrangecanbe extendedo 10 um by difference-frequencmixing of the signal
andidler in adifferentcrystal,but theresultingintensitiesareratherlow.

The generatiorof femtosecongbulseswith sufiicientenegy in the 3 um wavelength
regionrequiresanonlinearcrystalthatis transparenin thisregion. A suitablecandidates
KTIOPO, (KTP), whichis transparenandphase-matchablgpto awavelengthof 4.5um.
Sinceit hasalow damagehreshold43], it cannotbeusedfor parametrigenerationThis
suggestshe useof BBO to generatea (weak)signalpulseat the appropriatevavelength,
which cansene asa seedin subsequenparametricamplificationin KTP to generateghe
requiredidler at ~3 um. The mid-infraredpulsesusedin the experimentspresentedn
this thesisweregeneratedn this way. With our setup,idler wavelengthaupto 3.4 um are
easilyobtained Wavelengthdongerthan3.4 um aredifficult to generatesinceonly very
smallamountsof the requiredsignalseedcanbe generatediueto the absorptionof the
correspondingdler in BBO.

Recentlyanalternatve method consistingof continuumgenerationn glasscombined
with parametri@amplificationin BBO (pumpedby the seconcharmonicof the Ti:sapphire
laser)hasbeenusedto generatehe seed. Subsequenparametricamplificationin KTP
(pumpedby the fundamentabf the Ti:sapphire)resultsin mid-infraredidler pulsesthat
have enegies of the sameorder of magnitudeasthosegeneratedvith our setup,anda
someavhatbettertime-bandwidtiproduct[29].

2.2 Lasersystem

ThecommercialTi:sapphiresystemwe useto pumpthe parametricdown-corversionpro-
cesgs depictedn Fig. 2.1(a).A tunablemode-locled Titanium:sapphir@scillator(Spec-
tra PhysicsTsunami)is usedto generatepulsesof 65 fs FWHM at a repetitionrate of
82 MHz, with a centerwavelengthof 800 nm. The oscillatoris pumpedwith a Spectra
PhysicsBeamlock2060continuous-vave Ar T -laserrunningat anoutputpower betweers
and7 W. Theoscillatoroutputis usedto seeda Quantronix4800regeneratre Ti:sapphire
amplifier, whichis pumpedwith a QuantronixSeriesl00intra-cavity frequeng-doubled
Q-switched\Nd:YLF laserwith anoutputof 9 mJin ~300nsatarepetitionrateof 1 kHz.
The seedpulsesarefirst stretchedo a lengthof severalhundredf picosecondsisinga
single-gratingstretchercompressorThey arecouplednto andoutof theregeneratre am-
plifier atafrequeng of 1 kHz usinga Poclel’s cell. A photodiodemonitoringthe output
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(a)
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FIGURE 2.1. (a) Theamplified Ti:sapphirelasersystem.(b) Autocorrelationtraceof the com-
presseamplifieroutput,recordedn a 100 pm thick BBO crystal. The solid curve is a Gaussian
with a FWHM of 181fs. (c) Powver spectrunmof the pulsesrecordedwith a scanningnonochro-
mator Thesolid curveis a Gaussiamwith aFWHM of 9.7 nm.

pulsesof the Ti:sapphireoscillatoris usedtogethemith afrequeng dividerto triggerthe
Poclel’s cell andthe Q-switchof the Nd:YLF laser ensuringthatthey aresynchronized
with theseedpulses After recompressionf theregeneratre amplifieroutput,transform-
limited pulsesof 1 mJand130fs durationat a repetitionrateof 1 kHz areobtained.A
typical power spectrumand autocorrelatiortrace of the amplified pulsesare shovn in
Fig. 2.1(b)and(c).

2.3 The optical parametric amplifier TOPAS

The commercial Traveling-wave Optical Parametric Amplifier of Superfluorescence
“TORAS” (Light Corversion)cangeneratesignalandidler pulsesthat are continuously
tunablefrom 1 to 2.6 um. It is basedon the two-stageparametricamplificationof para-
metric superfluorescenceBoth the generatiorand amplificationtake placein the same
5 mm (3-Barium Borate(BBO) crystal(optical axis cut at 28°). The frequeng of signal
andidler is determinedby the phase-matchingngleof the crystal. BBO is a negative
uniaxial crystal: the extraordinaryrefractve index ng (for light polarizedalongthe opti-
calaxis)is smallerthanthe ordinaryrefractve index ng (for light polarizedperpendicular
to the optical axis). The polarizationof the signalis perpendiculato the optical axis,
whereaghe pumpandidler polarizationshave a componenalongthe optical axis, and
henceexperiencearefractiveindex n(8) = (cos 8/n2 + sir?8/n2)~1/? determinedy the
angle® betweenthe optical axis andthe polarization. The phase-matchingonditionis
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thereforenz(0)ws = n1(0)ws 4+ Npwy, whichis referredto astypell phasematching[44].
Usingthe Sellmeierequationdor the dispersiorthe refractve indicesn, andne [44], we
cansolve the phase-matchingonditionfor 6 to obtainthe so-calledtuning curve, which
isshovnin Fig. 2.2.

2.5

207

157

signal wavelength (um)

10T

25 30 35
angle 6 (degrees)

FIGURE 2.2. Calculatecsignalwavelengthasa functionof theangled for apumpwavelengthof
800nm. Notethat8 is theanglebetweerthe opticalaxisandthe polarizationinsidethe crystal.
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FIGURE 2.3. Thetraveling-wave optical parametricamplifier TOPAS. The 800 nm pumpbeam
is shavnin grey, thesignal+idlerbeamin black. All mirrorsare800nm high-reflectve dielectric
mirrors,exceptM3, M7 andM8 which aremetallicmirrors. BBO: -BariumBoratecrystal; TD1
andTD2: birefringentplatesto generatalelaybetweersignalandidler; G: glassplate;BS1and
BS2: beamsplitters.

TheTORAS is depictedschematicallyn Fig. 2.3. The800nm pumpbeamis splitinto
threepartsby thebeamsplitter8S1andBS2. Thefirst partpasseshroughatelescopend
is directedto the BBO crystalby the mirrors M1 andM2. There,parametriggeneration
takes place,resultingin a broadbandseedpulse. The seedis reflectedby M3 andthe
signalis parametricallyamplifiedby the secondgoartof the pumpbeamwhichis directed
to the BBO by mirrors M4—6. It passeshrougha glassplate G which compensatethe
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paralleldisplacementf the seedwhenthe phase-matchingngleof the BBO is changed.
Sincethe amplificationtakes placein the far field of the seed,it providesa wavelength
selectioormechanismThe preamplifiedsignalbeamis slightly increasedn diameterand

againdirectedto the BBO crystalby mirrors M7 andM8. Thereit is stronglyamplified

by the third and mostintensepart of the pumpbeam,directedto the crystalby mirrors

M9-11. ThebirefringentplatesTD1 andTD2 sene to generateatime delaybetweerthe

signalandidler, which areperpendicularlypolarized.This time delaybetweersignaland

idler ensureshatthe pumppulsehastemporaloverlaponly with signal.

Very high corversionefficienciescanbe reachedvith the TOPAS, andwith someef-
fort, signal+idlerenegiesof 300 pJ canbe obtained. At idler wavelengthdongerthan
2.5um the BBO crystalstartsto absorb resultingin a muchlower corversionefficiency.
Thusthe TOPAS cannotbe useddirectly to generatehemid-IR pulsesneededor experi-
mentson OH-stretchbandswhich arelocatedin the 3 um wavelengthregion.

2.4 Generationof intenseultrashort pulsesin the 3000-360@m~1 frequencyregion

2.4.1 ONE-COLOR SETUP

Thesignalwavelengthof approximatelyl.1 um which correspondso anidler in the3 pm
wavelengthregion canstill be generatedn BBO, althoughwith a low corversioneffi-
ciengy, sincebothsignalandidler areneededn the parametriamplificationprocessand
the idler photonsare immediatelyabsorbedafter being generated.In orderto produce
pulseswith sufficientintensityin the 3 um wavelengthregion, we usea 5 mmthick KTP-
crystal[45] cut at 6 = 40°, ¢ = 0° to amplify the weak signal output of the TOPAS at
approximatelyl.1 p with theresidualpumpavailableat the output(seeFig. 2.4). KTP is
a biaxial crystal[44], which meanghatit hasthreedifferentrefractve indicesny, ny, nz.
However, sincetwo of theseare nearlyequal,it canin practicebe regardedasa (posi-
tive) uniaxial crystal,with nz asthe extraordinaryrefractve index. The signaloutputof
the TOPAS is polarizedperpendiculato the 800 nm pumpandidler beams. The KTP
is positionedwith theY-axisalongpump(andidler) polarization,andphasematchingis
achiezedby varyingthe anglebetweerthe crystals Z-axisandthe signalpolarization.
At signalwavelengthsaroundl um the signaloutputof the TOPAS hasa very broad
power spectrumboth becausef the absorptionof the idler in BBO which reduceshe
lengthover which signalandidler interact,and becausehe tuning curve of the BBO is
very steep in thatwavelengthregion (seeFig. 2.2). As a consequencehe signalwhich
senesasa seedfor the parametricamplificationin KTP hasa very broadspectrumand

800 nm
800 nm pump — L Rl10o
KTP = \ . ~» idler
broad-band -1
R800
seed at ~1100 nm LWP
signal

FIGURE 2.4. Setupfor thegeneratiorof tunablemid-infraredpulses LWP:long-wave pasdilter;
R800:800nm reflective mirror on Cak; R1100:1060nm reflective mirror on Cak,.
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FIGURE 2.5. Paver spectraandautocorrelatiortracesof theidler pulsesgenerateavith the one-
color setupshawvn in Fig. 2.4. The openand solid pointsin the left and right panelsmatch.
(a) Power spectrarecordedwith a scanningmonochromatoanda PbSedetector (b) Autocor
relationtracesof theidler pulsesrecordedn a3 mm thick LilO 3 crystal. The solid curve is a
Gaussiarfit to the solid points,with a FWHM of 0.287ps, the dottedcurve a Gaussiariit to the
openpoints,with a FWHM of 0.335ps.

the centerwavelengthof theresultingidler is determinedmainly by the phase-matching
angleof theKTP crystal.

We usea dielectricmirror to separatesignalandidler, anda long-wave passfilter to
block the remainingsignal. In this way idler pulsesof ~200fs and30 pJ aregenerated
in the 2.6-3.4um wavelengthregion. Typical power spectrarecordedusinga scanning
monochromatoanda PbSedetectoy and non-collinearautocorrelatiortraces,obtained
usinga 3 mm LilO 3 crystal,areshowvn in Fig. 2.5. Theidler pulsesare not transform
limited (AvAt1~0.6) dueto groupvelocity dispersiorin theKTP crystal[28].

2.4.2 TwO-COLOR SETUP

In orderto performexperimentsn which the pumpandprobepulseshave differentcenter
frequencieswe usethe setupshovn in Fig. 2.6. In this setup,we exploit thefactthatthe

frequeng of theidler generatedn the KTP crystalsis determinedmainly by the phase-
matchingangleof the KTP. Thuswe canusethe samesignal outputof the TOPAS to

generategwo differentidler frequencies. To do this, the broadbandseedpulseis split

into two parts. Thefirst partis combinedwith the 800 nm pumppulsein a KTP crystal
to generatehe intensepump pulse. The residual800 nm pulseis usedagainwith the

secondoartof theseedo generatehewealer probepulsein asecondKTP crystal.Since
depletioneffectsin the first KTP crystaldeterioratehe beamprofile of the pumppulse,
only weakpulsescanbe obtainedin the secondcrystal(enegy typically lessthan1 pJ).

However, sincethe secondpulseonly senesasa probe,this posesno problems. The

centerfrequencief pumpandprobeareindependentlyunableby adjustingthe phase-
matchingangleof the KTP crystals. Typical characteristic®f the two-color setupare
shovnin Fig. 2.7.
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FIGURE 2.6. Two-color setupfor the generatiorof indepentlytunablemid-infaredpump and
probepulses: SWP: short-wave pass-filtey cutoff at 2 um; LWP: long-wave passfilter; R800:
800nmreflective mirror on Cak,; R1100:1060nm reflective mirror on CaF,.
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FIGURE 2.7. Characteristicof the idler pulsesgeneratedvith the two-color setupshavn in
Fig. 2.6. (a) Pawer spectraof pump(solid points)andprobe(openpoints)recordedwith a scan-
ning monochromatoanda PbSedetector The solid curvesare Gaussiarfits, with FWHM of
95 cm~1 and63 cm~1for pumpandprobe,respectiely.(b) Cross-correlatiotrace,recordedoy
meanf sum-frequeng generatiorin a5 mmthick LilO 3 crystal. Thesolid curveis a Gaussian
fit with aFWHM of 0.295ps.

2.5 Pump-probeexperiments

The pump-probesxperimentsare donewith a standardoump-probesetup,a typical ex-
ampleof which is shavn in Fig. 2.8. In the one-colorpump-probeaxperimentsthe in-
fraredpulsesaresplit into anintensepumppulsethatexcitesa significantfraction of the
moleculesandaweakdelayedprobepulsethatmonitorstheinducediransmissiorchange.
In thetwo-colorexeprimentgheprobepulseis generatethdependentlyseeprevioussec-
tion). The pumpandprobepulsesarefocusedn the sampleby a CaF, lens(focal length
100mm), andthetwo beamsenterthe samplemakinganangleof lessthan5°.
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FIGURE 2.8. Pump-probesetup.The detectorafterthe samplemeasureshe transmissiorof the
probepulsein the presenc€T) andabsencdTp) of the pumppulse. Part of the probebeamis
split off beforethe sample,and measuredy a seconddetector(not shavn) for reference.The
polarizationof the probepulseis rotatedwith respecto thatof thepumppulseusinga zero-order
A/2plate.

Thetransmitte¢probeenegy is measureavith aPbSedetectoplacedafterthesample.
A partof theprobebeamis split off (eitherby picking up theweakreflectionfrom theA/2
plateor by a CaF, plate) beforethe sample,and measuredy a secondPbSedetector
for reference.The pumpbeamis choppedsynchronouslyat 500 Hz, causingevery other
pump pulseto be blocked. The transmittedand referencesignalare usedto determine
T, the transmissiorof the probepulsein the presenceof the pump pulse,and Ty, the
transmissiorof the probepulsein absencef the pumppulse.In a pump-probescanthe
value of the normalizedpump-inducedabsorptionchangeln(T /To) is determinedasa
functionof thedelayt betweemumpandprobepulses.

Thepolarizationof the probepulsecanbe rotatedwith respecto thatof the pumpby
meansof zero-order\ /2-plate. In mostexperimentsthe probepolarizationis setat the
magicangle(arctan/2 ~ 54.7°) with respecto the pump. This ensureshatthe obsened
dynamicsarenotinfluencedoy orientationakffects[46]. Thephysicalexplanationfor the
valueof themagicangleis asfollows. Thepumppulseis linearly polarizedandmolecules
with transitiondipole momentsalongthe pumppolarizationarepreferentiallyexcited. As
a consequencanitially alargervalueof In(T /Tp) is measuredf the polarizationof the
probeis parallelto that of the pumpthanwhenit is perpendicular The orientational
relaxationcauseghe parallelsignalto decreas@ndthe perpendiculasignalto increase,
andfor a particularangleof the probepolarizationthesetwo effectsshouldcancel.Since
thetransitiondipolemomentcanescapéo two dimensionotherthantheoneof thepump
polarization,but only one of theseis probedwith perpendiculaprobepolarization,the
weightof the perpendiculacontrikbution to the signalshouldbe twice aslarge asthat of
the parallelcontritution. Sincetheweightsaregivenby the square®f the projectionsof
the probepolarizationonthe parallelandperpendiculaaxes,the anglebetweerthe pump
andprobepolarizationsshouldbe arctan/2. The readermight careto know thatin an
m-dimensionalniverse the magicangleis arctan,/m— 1 (for adipoletransition).

To studythe orientationaldynamicsthe probepolarizationis setat 45° with respect
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to the pump pulse,andthe paralleland perpendiculaprobecomponentsre monitored
separatelyoy meansof a polarizerplacedbehindthe sample(Fig. 2.8). In thefirst orien-
tationallyresohed experimentgpresentedn Chapters3 and5), alarge numberof scans
was recorded,in which the absorptionchangeof eitherthe parallel (In(T”/To)) or the
perpendiculafin(T, /To)) componentvasmonitored.Therotationalanisotropy

_In(T};/To) —In(T. /To)
~In(T))/To) 4+ 2In(T, /To)

2.1)

was calculatedafterwardsfrom the 'parallel’ and’perpendicular'scans.In later experi-
mentsabeam-splitteandtwo polarizersvereusedto monitorthe parallelandperpendic-
ular componentsimultaneously In this way, the rotationalanisotroy canbe measured
directly (on a single-shobasis).ldenticalresultswereobtainedwith the indirectandthe
directmethod exceptfor the muchbettersignal-to-noiseatioin thelatter.



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

3.1 Introduction

The hydrogenbondsof alcoholsin apolarsolution have beenthe subjectof numerous
infraredspectroscopistudies[1, 15,16,47-53]. The stronginfluenceof hydrogen-bond
formation on the linear responseof the OH-stretchmode of ethanolin apolarsolution
was establishedifty yearsago[l]. Sincethen, hydrogen-bondedlcoholhasbecome
one of the guineapigs in the hydrogen-bondesearcHield, andthe coupling between
the OH-stretchmodeandthe hydrogenbondin alcohololigomershasbeenextensvely
characterizef47-51].

Neverthelessgetailedknowledgeaboutthe dynamicalaspectf this couplingwas
lacking until recently GraenerYe and Laubereay15,16,52] werethe first to employ
picosecondime-resohed mid-infrared pump-probespectroscop to investigatethe dy-
namicsof the OH-stretchmodeof hydrogen-bondedthanololigomersin dissohed CCly.
Their studiegevealedthatexcitationof the OH-stretchmodeof hydrogen-bondedthanol
resultsin a fastpredissociatiorof the hydrogenbond, followed by a muchslower reas-
sociationprocesq15]. The time constantof the reassociatioprocessvasfoundto be
20+5 ps,while anaccurataedeterminatiorof the predissociatiofifetime wasdifficult asit
wasmuchshorterthanthe pulselength. In this Chapteywe presenthefirst femtosecond
mid-infraredpump-probestudy of the OH-stretchmodeof hydrogen-bondedthanolin
CCly.

3.2 Experiment

Thepump-probesetupusedor theexperimentsn this Chaptehasbeendescribedn detalil
in Section2.5. Mid-infrared pulsesgeneratedn a one-colorsetup(seeSection2.4.1)
are split into an intensepump pulse (~20 pJ) that excites a significantfraction of the
moleculesandaweakdelayedorobepulse(~1 pJ)thatmonitorstheinducedtransmission
change.The pulsesarefocusedin the sampleby a Cak, lens(focal length100 mm). In
most experimentsin this Chapter the polarizationsof the pump and probe pulsesare
parallel. Scanswith perpendicularlypolarizedpump and probe pulsesare obtainedby
meansof a zero-order\/2-platein the probebeam. Auto-correlationtracesof the mid-
infrared pulsesarerecordedoy meansof second-harmonigeneratiorin a3 mm LilO 3
crystal.

In the pump-probescanghevalueof thepump-inducedransmissiorchangdn(T /To)
is determinedas a function of the delayt betweenpump and probepulses. We study

25
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solutionsof ~0.4 mol/l ethanoldissohedin CCly. In orderto avoid steady-stat@éeating
effects,the EtOH:CCl; solutionis rapidly circulated.

3.3 Reaults

3.3.1 HYDROGEN-BOND PREDISSOCIATION

The effect of hydrogenbondingon the OH-stretchmodecanclearly be seenin Fig. 3.1,

which shaws the linear infrared absorptionspectrumof an 1.5 mol/l solutionof ethanol
in CCly. ThefundamentalOH-stretchregion containsthreedistinctbands[15]. Thein-

tensebroadbandcenteredat vz~3330cm! is dueto absorptionof hydroxylic groups
at internal positionsof hydrogen-bondealigomers. The narrov absorptionband at
3625cm1 is dueto both hydroxylic groupsof non-hydrogerbondedethanolmolecules
(va = 3630 cm 1) and hydrogen-bondacceptormoleculesat the end of open chain

oligomer monomer
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FIGURE 3.1. Infrared absorptionspectrumof 1.5 mol/l ethanolin CCl, in the spectralregion

from 3100to 3700cm~1 atroomtemperatureshaving the OH-stretchbandsJabeledaccording
to Ref.[15]. Thedottedcurvesshaw the contributionsof theinternalhydroxylic groupsandthe
terminal hydrogen-bondionor hydroxylic groups,centeredat 3330cm? (v5) and3500cm

(vy), respectiely. The narrav absorptionbandat 3625cm~! is dueto hydroxylic groupsof

isolatedmoleculeqvy) andof hydrogen-bondgmoleculesat terminalhydrogen-bondcceptor
positions(vg).

oligomers(vg = 3620 cm ). The hydrogen-bondionorend groupsof the openchain
oligomersabsorbatvy~35000m—1. Theintegratedabsorptiorcrosssectionsof theinter-
nal andterminalhydrogen-bondionorhydroxylic groupsare12 and3.5timesaslargeas
thatof theisolatedandhydrogen-bon@cceptoterminalgroups[47].

We haverecordedoump-probescanswith parallelpolarizationsof thepumpandprobe
beamsat four excitation frequenciewithin the broadOH-stretchbandof the hydrogen-
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bondedethanolmoleculesat internal positions. Fig. 3.2 shavs a delay scanrecordedat
3330cm™1, closeto the maximumof the absorptiorband. The populationof thevoy = 1
stateof the hydrogen-bondedthanolmoleculesresultsin a decrease@bsorptionat the

0.06 - 7,=270fs

o
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FIGURE 3.2. Delay scanshaving therelative transmissiorchangdn(T /To) vs. delay recorded
atanexcitationfrequeng of 3330cm~1. Thesolid curve representa calculationusingvaluesof
14 = 270fs andt, = 15 ps. In theinset,the dashecturve representsheincoherentontribution
y) (1) to thesignal,thedottedcurve thecoherentontritution 3 (1), asdiscussedh section3.3.3.

Vo = 0—1 transitionfrequeng. This bleachingdecaysin two stages:first a rapid de-
caytakesplace(time constant~250fs), followedby a slowver decayto a slightly elevated
transmissiorevel (time constant-15 ps). Theseransienbleachingeffectscannotedue
to a shift in the dissociation-associatiogquilibrium of the oligomers,sincetemperature
jump studieson the EtOH:CCl, systemhave shavn thatthe responsef this equilibrium
to temperaturechangesoccurswith a time constantof 240 ps [52]. The obsened de-
cay of the bleachingcanbe explainedif the vibrationalrelaxationtakesplaceby arapid
enegy transferfrom the OH stretchingcoordinateroy to the hydrogen-bonatoordinate
ron-.o [15,53]. Theexcitationenegy exceedgshe bindingenegy of the hydrogenbond,
whichis ~2000cm! [47]. This meanghatrelaxationto the von = 0 stateleadsto dis-
sociationof thehydrogernbond. Thedepopulatiorof thevoy = 1 stateleadsto adecrease
of the populationdifferencewith the vibrationalgroundstateandtherebyto a decrease
of thebleaching.Thedissociatioraltersthe distribution of hydroxylicgroups,decreasing
the numberof internalgroupsandincreasingthe numberof terminalgroups. Sincethe
terminalgroupsabsorbat 3500cm~1 and3625cm™! [15], thesewill notbe obseredby
the probeat 3330cm™1, sothatthe predissociatioeadsto a decreas®f the bleaching
to half its initial value. As the systenrelaxesto thermalequilibrium,the hydrogerbonds
are againformed and the residualbleachingvanisheswith a time constantof ~15 ps.
The transmissiordecaydo a plateauvaluewhich is someavhathigherthanobsened for
negative delay times becausehe equilibriumis reachedat a slightly elevatedtempera-
ture,at which thereis arelatively smallerconcentratiorof oligomersandthusa reduced
absorptiorat 3330cm.
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Fig. 3.3 shows a pump-probescanrecordedat an excitationfrequeng of 3225cm1,
at thered sideof the absorptiorband. This scanshowvs aninitial transmissiordecrease,
which vanishessery rapidly (time constani~250fs), followed by a bleachingwhich de-
caysmuchmoreslowly (time constant~15 ps). Theinitial transmissiordecreaseesults

0.02

0.01

In(T/IT)

0.00

-0.01

-0.02 |

1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50
delay T (ps)

FIGURE 3.3. Delay scanshawing therelative transmissiorchangen(T /To) vs delay recorded
atanexcitationfrequeng of 3225cm~1. Thesolid curve representa calculationusingvaluesof
Tq = 250fs andty = 15ps.

from absorptiorof theexcitedvpoy = 1 state.Overtonestudieshave shavn thatthe center
frequeny of the voy = 1 — 2 absorptiorbandis locatedat 3110cm! [49]. Sincethe
homogeneouknewidth of thevoy = 1 — 2 absorptiorbandcanbe expectedo belarger
thanthat of the voy = 0 — 1 transition[24], andthe crosssectionof thevoy =1 — 2
transitionis approximatelytwice that of the voy = 0 — 1 transition[54], at 3225cm !
theneteffect of thebleachingat 3330cm ™! andtheinducedabsorptiorat3110cm tis a
transmissiordecreaseVibrationalrelaxationthroughdissociationof the hydrogenbond
causesheinducedabsorptiorto vanish.As discusse@bove, the hydrogen-bondlissoci-
ationresultsin a residualbleachingat the OH-stretchfrequeng of the hydrogen-bonded
internalhydroxylicgroupswhich causeshebleachingobsenredin Fig. 3.3. As thehydro-
genbondsareagainformed,the bleachingvanishes.Thetime constanf the hydrogen
bond reassociatiorprocesss the sameas obsened at 3330cm~1. The obsenation of
inducedvpoy = 1 — 2 absorptionconfirmsthatthe systemis in the voy = 1 stateduring
a finite time beforebreakingof the hydrogenbondoccurs. No significantvoy = 1 — 2
absorptionvasobsenedin Ref.[15], probablybecausehe durationof pulsesemployed
thereexceededy far the predissociatiotime constant.

To investigatevhetherthe hydrogen-bongredissociatiomatevariesover the absorp-
tion band,we have also performedpump-probescansat excitation frequenciesf 3390
and3450cm™1 (Figs.3.4and3.5). Fromthesescanst is clearlyobsenedthatthe predis-
sociationlifetime increasesignificantlywith the excitation frequeng, reachinga value
of ~900fs at 3450cm~1. At 3390and3450cm~! the dissociationof the hydrogen
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FIGURE 3.4. Delay scanshawving the relative transmissiorchangein(T /Tg) vs delay recorded
atanexcitationfrequeng of 3390cm1. Thesolid curve representa calculationusingvaluesof
Tq = 440fs andt, = 15 ps. In theinset,the dashedturve representsheincoherentontribution
y) (1) to thesignal thedottedcurve the coherentontritution 3;;(1).

0.03 |
Eo 0.02 -
£
£
0.01
0.00
1 1 1 1 1 1 1
0 10 20 30
delay t (ps)

FIGURE 3.5. Delayscanshaving therelative transmissiorchangdn(T /To) vs delay recordedht
anexcitationfrequeng of 3450cm~1. The solid curve represents calculationusinga valueof
14 = 870fs andt, = 15 ps. In theinset,the dashedturve representsheincoherentontribution
y) (1) to thesignal,thedottedcurve the coherentontribution 3;(1).

bondgivesriseto a smallerresidualbleachingthanat 3225and3330cm™1. The cause
for this effect is that the absorptionincreaseat vy = 3500cm~ dueto the creationof
terminalhydroxylic groupsbecomesoticeableat thesehigherfrequenciesTo verify that
predissociatiordoestake placeat high excitation frequenciesywe have performeda pi-
cosecondwo-color pump-probesxperiment(usinga setupdescribecklsavhere[19]), in
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which the pulseshada bandwidthof only 20 cm™. Theresultis shovn in Fig. 3.6. If
the v bandis excited at 3450cm™1, thenat a probefrequeng of 3500cm™! indeeda
transientabsorptioris obsened. As expectedthis absorptiordecayswith atime constant
of approximatelyl5 ps.

0.00

In(T/T)

-0.02}

-0.04 :
50 100

-50 0

delay 1 (ps)
FIGURE 3.6. The pointsshawv atwo-color pump-probescanrecordedwith 20 pslong pulsesjn
adilute EtOH:CC}, solution. The centerfrequeng of the pumppulseis 3445cm™, thatof the
probepulse3506cm~L. Thedecreasef thetransmissioratvy shavsthatevenatvoy frequencies
ashigh as3445cm™! dissociatiorof the hydrogenbondtakesplaceuponexcitation. The solid
curverepresents convolution of the crosscorrelationfunctionwith anexponentialdecaywith a
time constanbf 15 ps.

3.3.2 ORIENTATIONAL RELAXATION

The orientationaldynamicsof the OH-stretchexcitation of the hydrogen-bondedthanol
moleculescanbe investigatedy varyingthe polarizationof the probepulsewith respect
to thatof thepumppulse.Fig. 3.7 shavstwo delayscansecordedat 3390cm—1, onewith
perpendiculaandonewith parallelpolarizationsof thepumpandprobepulses.in orderto
determineaccuratelytheratio of the signalswith parallelandperpendiculapolarizations,
thesescanswere recordedby adjustingthe A /2-platesuchasto rotatethe polarization
of the probebeam45° with respecto thatof the pumpbeam,andmonitoringeitherthe
parallelor perpendiculacomponenbf the probebeamby meansof a polarizerplacedin
front of the PbSedetector

Thetime dependencef theratio of thepump-probesignalsfor parallelandperpendic-
ular polarizationss determinedoy the orientationalrelaxationof the vibrational excita-
tion. For delayslargerthanthe pulselength,the obsered pump-probesignalsfor parallel
andperpendiculapolarizationsdecaywith the sametime constantandthe ratio of the
pump-probesignalsin(T, /To)/In(T;/To) hasa constantvalue of ~0.7, which is much
largerthanthevalueof 1/3 expectedn the caseof very slow orientationakelaxation[55].
Thisimpliesthatorientationarelaxationoccursonatime scalemuchfasterthanthepulse
length.Curiously theratio of the pump-probesignalswith perpendiculaandparallelpo-
larizationsis lessthanunity, indicatingthatthe orientationaldistribution of the excitation
hasnotbecomdully isotropicafterthe orientationakrelaxation.

The mostlikely mechanisnfor the fast orientationalrelaxationis delocalizationof
the OH-stretchvibration over the hydrogen-bondedligomerthroughdipole-dipolecou-
pling. The hydrogenbondis approximatelfinear, anddirectedtowardsa lone electron
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FIGURE 3.7. Delay scansshaving therelative transmissiorchangdn (T /Tp) vs delay recorded
with parallelandperpendicularlypolarizedpumpandprobepulsesat anexcitationfrequeng of

3390cm™t. The solid curvesrepresenthe calculatedsignals,using valuesof 14 = 440 fs and
p = 0.65. Thedashedcurvesrepresentheincoherentcontribution y(t) to the signal,the dotted
curvesthe coherentontritution 3(1).

pair-containingsp? orbital on the oxygenatomof the hydrogen-bondcceptof6]. This

meansthat within a hydrogen-bondedligomerthe OH bondspoint in differentdirec-
tions,andthatenegy transferfrom onehydroxylic groupto anothedeadsto orientational
scramblingof the vibrationalexcitation. Sincethe oligomerscontaina finite numberof

ethanolmoleculesthe orientationaldistribution of the vibrationalexcitationis not com-
pletelyrandomizedy thedelocalizatiorprocessbut still hasa maximumin thedirection
parallelto the polarizationof the excitationfield. A roughestimatefor the dipole-dipole
enegy-transferatek,_,, from anexcitedhydroxylicgroupa to its nearesheighborb can
be obtainedrom the Forsterexpressior{56,57], whichin Sl unitsis givenby:

12}2K2
e = Toomieziosre. | VO(IG0) (3.)
In this expressionu, = |y, Is the transitiondipole moment,n the refractve index of the
mediumsurroundingthe dipoles, Ry, the distancebetweenthe dipoles,and g, p(v) are
thenormalizedvibrationalline shapesTherelative orientationof thedipolesis expressed
by thefactorkp, whichis givenby Ky, = €00, — 3C00, 0By, Wherebyy is theangle
betweerthetwo dipole vectorand8,, arethe anglesbetweerthe dipole vectorsandthe
interdipolevector If it is assumedhattwo hydroxylic groupshave roughlythe sameex-
citationfrequeng, thenbecausef thelargehomogeneouknewidth of the OH-stretching
vibration [15], theintegral in EqQ. (3.1) will be of the orderof unity. Assuminga tetra-
hedralgeometryaroundthe acceptoroxygenatom (6,5 = 70°), and assumingthat the
dipolesarelocatedatthe centerof the OH bondswe have Ryp = 2.53A andk, = —1.14,
whereanO- - -O distanceof 2.8A, known from neutrondiffractionstudied58], andanOH
bondlengthof 0.967A [59] have beenused.Fromtheintegratedabsorptiorcrosssection
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of the hydrogen-bondeéthanol[47], a valueof u= 0.18 D is found for the transition
dipole moment. Furthermoreassumingn = 1.5, we obtaink,_,, = (0.3 fs)~1. Although
thisis only a very roughestimatejts orderof magnitudedoesindicatethatthe very fast
orientationalrelaxationmight indeedbe causedby delocalizationof the OH-stretchex-

citation over the hydrogen-bondeéthanololigomers. Dielectric relaxationand nuclear
magnetiadesonancstudieshave shovn thattheorientationatelaxationof isolatedethanol
moleculesandof the hydrogen-bondedligomerasa wholetake placeon a muchslower
time scale[60, 61].

3.3.3 ANALYSIS

In the quantitatve interpretatiorof the data,the influenceof coherentouplingeffectson
the pump-probesignal hasto be taken into account[34,46,62,63]. In our experiment
pump and probe pulseshave the samecentralwavelengthand are non-collinear This
meanghatwhenthe delayis smallerthanthe coherencéime of thefield, the pumpand
probepulseswill interfereandinducea spatialmodulation(grating)of the intensityand
thusagratingof thelight-inducedchangen theabsorptiorandrefractve index [64]. This
grating diffractsthe pump pulseinto the direction of the probebeam,and constructve
interferenceof the diffractedpumplight with the probeleadsto anincreaseof the trans-
mitted probesignal.

The pump-probdransientouldin principle beinfluencedby the free-inductionde-
cay, which mayalterthe pulseshapeasthe pulsepropagateshroughthe sample[65, 66].
However, if thefree-inductiordecaytakesplacemuchfasterthanthepulsecoherencéime
(whichin ourexperimentss nearlyequalto the pulselength),this effectdoesnotinfluence
thetransientsandthe pump-probesignal(including the coherentouplingeffect) canbe
describedusinga relatively simplemodel[63]. Thetime constantof the free-induction
decaywhichis theinverseof thewidth of the OH-stretchabsorptiorspectrumis approx-
imately 25 fs. This is certainlymuchshorterthanthe pulseduration,andthereforethe
presenexperimentcanbewell describedoy the modelof Ref. [63]. It shouldbe noticed
thatspectraliffusioncannothave asignificantinfluenceon thetransientssincetheband-
width of ourlaserpulseds very closeto thevalueobtainedor thehomogeneouknewidth
measuredisingpulsesof 10 ps[15]. In this Sectionfirst the caseof parallelpolarizations
of the pumpandprobepulsesis discussedthenthat of perpendiculapolarizations.Our
analysisollowsthatof Ref.[62] andSectionl.3.2.

If we write the pumpand probefieldsasin Eq. (1.4) (with j = 1 for the pumpand

j = 2 for the probe),thenthe unperturbegpoumpandprobefields Ej(l) (t) aregivenin the
slowly-varying ervelopeapproximationby Eq. (1.8). Sincethe probepulseis a weak
time-delayectopy of the pumppulse we have

Jzt) = e 292 (t—z/v) (3.2)
lzt) = LU -T-2/v), (3.3)

wherew= w; = uy, 0g = 0g(wW1) = 0o(wy), andE(t) = E1(0,t) is thepump-fieldin z=0
(atthebeginningof the sample) Thevalueof 2 is lessthan0.05.
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The pump and probefields interactto give rise to a third-orderpolarizationat fre-
gueng w in the probedirectionk, which for pumpandprobepulsespolarizedin the x
directionis givenby [63]

~ t t ~ ~
PO (1) O Ey(z,t) / dt’ / dt"E (2,t) Ea(2t") Aot —t")
+E(zt) / dt’ / dtES (21)Ex(2,t") At —1"), (3.4)

whereAxut) = Alyult) +1AL (1) describesheresponsef thethird-ordersusceptibility
tensor Sincefor approximatelytransform-limitedpulsesthe spatialmodulationof the
refractve index only resultsin asecond-ordeintensitychangeof the probepulse[63,64],
the presentcalculationonly takesthe modulationof the absorptioninto account,i.e., of
theimaginarypartA,,.(t) of thethird-ordersusceptibility

Theenegy lossof the probepulseasa consequencef the third-orderpolarizationis
proportionalto Im f dt ESV*(0,t)P(3(0,t), seeSection1.3.2. SubstitutingEg. (3.2) and
(3.3)in Eq. (3.4), we find anexplicit expressiorfor the third-orderpolarizationthatcan
beusedto calculatethe pump-probesignal:

St 0 Im / Zdt EX*(0,)B3(0,t)
O V|\(T)_+[3||(T)7 (3.5)
where
i@ = [ ot [ ) PIEW) Pt 1) 36
and

00 t - - - -
B (1) = /_ e /_ dE*(t—TEWE (1B — 1)Auoft 1), (3.7)

andL is thelengthof thesample.This equationis in agreementvith the expression®b-
tainedin Refs.[62,64] for the pump-probesignalwith parallelpolarizedpumpandprobe
pulsesandholdsfor arbitraryopticalthicknessigL of thesamplg(seeSectionl.3.2). The
firsttermin thisexpressiorrepresenttheincoherenpump-probesignal,anddependsnly

onthepulseervelopefunction. Theseconderm,whichis only non-zerovhenthe pump
andprobepulsescoincidein time andaremutually coherentn the sampleyepresentshe
coherenttouplingeffect. This term containsthe fourth-ordercorrelationfunction of the
field amplitude.Sincetheinfraredpulsesarenotfully transform-limitedandsincethena-
ture of the phase-modulatiors not known, this correlationfunction cannotbe evaluated.
However, provided the responsdunction AY,,.(t) decaysslowly comparedo the coher

encetime of the field, knowledgeof the natureof the phasemodulationis not required,
sincein thatcaseA/,,,(t) canbeapproximatedo first orderby A/, ..(0), which simplifies

By (1) to

0 5 . 2
B(1) = Al ‘ | dE-vEw)| - (3.8)
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It is seenthatin this casethe coherentcouplingpart of the signalis proportionalto the
squareof the first-ordercoherencdunction of the pulses.This coherencdunctionis the
inverseFouriertransformof the power spectrunof the pulseq67]. Thereforeknowledge
of the power spectrumandtheintensityenvelopeof the pulsess sufficientto describethe
data,andthenatureof the phase-modulatiois notrelevant.

d_
=N

FIGURE 3.8. Schematiaepresentatiomf the enegy levels usedin the calculation. Resonant
excitation (indicatedby the thick arrov) at frequeng v resultsin populationtransferfrom the
Von = 0 to the voy = 1 state. As a consequencejoy = 1—2 absorptionbecomegossibleat
3110cmL. Relaxationwith a time constantrg resultsin a changein absorptiorfrequeny due
to the breakingof the hydrogenbonds.Reassociationf the hydrogenbondsoccurswith atime
constantry, to a new equilibriumatanelevatedtemperatureTheincreasdn temperaturgesults
in aslightly differentabsorptiorcrosssectionfor level 3 ascomparedo level O.

We now setoutto derive theresponsdunction AY,,.(t) for thehydrogen-bonde®H-
stretchexcitation(seeFig. 3.8). Orientationakffectsdo nothave to betakeninto account,
sincedueto thefastorientationakelaxationthe orientationadistribution canbe assumed
to be time independentResonantxcitation at frequeng v leadsto populationtransfer
from the voy = 0 (np) to thevpy = 1 (n1) stateof the hydrogen-bondethternalethanol
moleculesVibrationalrelaxationtakesplacewith atime constanty by predissociatioof
thehydrogerbond. Thisleadsto creationof terminalhydroxylicgroups(ng) whichabsorb
at3500cm 1. Subsequent|yeassociationf the hydrogerbondstakesplacewith atime
constantr,. Thehydrogen-bondetlydroxylic groupscreatedn this way (ngy) will have a
slightly differentabsorptioncrosssectiondueto the temperaturencreasean the sample.
The equationdor the populationdensityof the excited statelevels at a given positionin
the sampleandfor anintensityprofile | (t) atthatpositionare:

dnl N ny
ot go(no— )l (t) — 4 (3.9)
dn
d—to = —0p(no— )l (t) (3.10)
dng  m ng
T (3.11)
dna _ Na (3.12)

at T,
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Thetransientabsorptiorcoeficient o (t) atagivenpositionis givenby
a)(t) = 0o(No — N1) + 01Ny + GyNg + TaNa, (3.13)

where gq are the effective crosssectionsof the differentenegy levels, labeledas in
Fig. 3.8. Note thattheseeffective crosssectionsdependon the probingfrequeng. The
responséunctionAl,..(t) is definedby [64]

Aay(t) = ay(t) — 0o = 0o /_tw dt’ 1 (t") At —t'), (3.14)

whereog = Oghiet (With Nyt = N + N1 + g + N thetotal populationdensity)is the equi-
librium absorptiorcoeficient. Sincethe populationchangesaresmall (typically 5%), the
term op(np — n1) at the right-handside of Eq. (3.9) canbe approximatedy ag, andby
integratingEgs.(3.9-3.12)it is easilyshowvn thatfor the four-level modelusedhere,the
responséunctionis givenby

Td

" Ta —t/1
Aux(t) = (01—00+0 -0 e /Hd
ool t) = (01 0 de_Ta aTd—Ta)

T
+(0a— od)iae*t/Ta+0a—oo. (3.15)
Td—Ta

Here, 14 andt, arethetime constant®f the predissociatiomndreassociatioprocesses.
Substitutionof EqQ.(3.15)in Eq. (3.5) resultsin anexplicit expressiorfor the pump-probe
signal.

Thenumericalanalysisof thedatawasperformedy usingasinput parameterghe ex-
perimentallydeterminedWHM of the pulseernvelopeandof the power spectrumwhich
arebothassumedo begaussianThepower spectrunwasusedto calculatehefirst-order
coherencdéunctionwhichoccursin Eq. (3.8). A least-squarefit wasperformedo obtain
valuesfor the predissociatiortime constantry atthefour differentexcitationfrequencies
rangingfrom 3225to 3450cm~1. Thereassociatiotime constantry wasdeterminedy
aleast-squarefit to theresultsat 3225and3330cm—1, andwaskeptfixedat 15 psin the
least-squarefts to the resultsat 3390and3450cm~1. Theresultsof the least-squares
fitting proceduraregivenin Table3.1andareshovn asthesolid curvesin Figs.3.2—3.5.
Thevalueobtainedfor thetime constanbf the hydrogen-bondeassociatioprocesss in
agreementvith the valueof 20+5 psobtainedn the picosecondatudieg15]. It mustbe
realizedthattheremightexist adistribution of reassociatiotime constantsn thesolution.
In thatcasethevalueof 1, obtainecherewould represenanaverageoverthis distribution.
Thepredissociatiotifetime reportedn Ref.[15] (5£3 ps)is significantlylargerthanthe
valuesobtainedhere. Probablythe length of the pulsesemplo/edin that study (10 ps)
renderechnaccurataleterminatiorof tq4 difficult.

The largestobsened vibrationallifetime (870fs) of the hydrogen-bondedthanolis
still an orderof magnitudeshorterthanthe lifetime of non-hydrogerbondedethanolin
CCly solution,whichhasbeenfoundto be8 ps[68]. Thisindicateghatthehydrogen-bond
predissociatiornis indeeda very efficient relaxationchannel.lt is evidentthatthe predis-
sociationtime constantlependstronglyon the excitationfrequeng. This meanghatthe
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OH stretchingoandof thehydrogen-bondedligomersis inhomogeneousligroadenedas
wasobsened previously in picosecondtudieson EtOH:CCl, [15]. It is well-known that
theredshiftof the OH-stretchfrequeny is a measuref the hydrogen-bondtrength69].
Apparently wealer hydrogen-bondindeadsto slower predissociation.In fact, studies
on hydrogen-bondedcid:basesystemq18, 70] have shown that for very weak hydro-
gen bonds(small redshift) no significantpredissociatioroccurs. To our knowledge,a
frequeny dependencef the predissociatiomate of the hydrogenbondin the condensed
phasewhich hasbeenpredictedin theoreticaktudieg53], hasnot beenobsered previ-
ously

Theresultsobtainedwith perpendiculapolarizationscanbe describedjuantitatvely
by assuminghattheorientationalelaxationtakesplacemuchfasterthanthetime scaleof
theexperimentandthatit resultsin anorientationalistribution of thevibrationalexcita-
tion whichis time independentThe expressiorfor the pump-probesignalobtainedwith
the pumppulsepolarizedin the x directionandthe probepulsein they directioncontains
the Ag,’yxx and Ag,’xxy component®of the third-ordersusceptibilitytensor[62]. Following
Ref.[62], we definethe depolarizatiorfactor

P = Ayyxx/ Avocx (3.16)

whichhasavaluebetweeril/3 (noorientationascramblingandl1 (completeorientational
scrambling)[62]. If p is time independenandthe mediumisotropic,it canbe shavn

thattheincoherentandcoherenpartsy, (1) andp, (1) of thepump-probesignalobsened
with perpendicularlypolarizedpumpandprobepulsesarerelatedto thoseobseredwith

parallelpolarizedpulsesby [62]:

yL(®/y(t)=p (3.17)
BL(D)/B(1)=(1-p)/2. (3.18)

This meanshat the differencebetweenthe pump-probescanrecordedwith parallelpo-
larizationsand the pump-probescanobtainedwith perpendiculapolarizationsis deter
mined by p only. From a least-squarefit to the resultsshovn in Fig. 3.7 we obtain
p = 0.65+0.05, which is equivalentto a value of the rotationalanisotroly (definedas
R = [Aa —Ada_]/[Aa) +2Aa, ] [55]) of 0.15for delayslarger than the pulselength.

TABLE 3.1. Predissociatiorifetime 1ty and reassociatiorime constantt, at different excita-
tion frequenciesy, obtainedfrom numericalanalysisof the data(shavn asthe solid linesin
Figs.3.2—3.5). Thevaluesin parentheseepresengo.

viem 1  14/fs 14/ps
3225  250(50) 15(3)
3330  270(40) 15(3)
3390  440(40)
3450  870(90)
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Notethatwith perpendiculapolarizationghe pump-probesignalcontainsamuchsmaller
coherentcoupling contritution thanwith parallelpolarizations. This canbe understood
asfollows. If the polarizationsof the exciting fields are perpendicularthereis no spatial
intensitymodulation,anda coherentouplingeffect canonly resultfrom anorientational
grating. However, dueto the virtually instantaneousotationalscramblingonly a very
weakorientationalgratingwill be present.Thisresultsin acomparatrely smallcoherent
couplingcontrikution if the pumpandprobepulseshave orthogonalpolarizations.Since
the coherentontritutionto In(T, /To) is smallerthanthatto In(T; /To), thedifferencebe-
tweenthesetransmissiorchangesill decayrapidly with increasingdelay This decayis
notdueto anorientationakelaxationprocesgut simply dueto the decayof the different
coherentcontributions. Hence,the signalsat small delaysonly provide informationon
theorientationabistribution of themoleculesf thecoherent-couplingontributionsf3; (1)
andp, (1) areproperlyaccountedor.

3.4 Conclusions

In this Chapter we have presentec femtoseconanid-infraredpump-probestudy of the
vibrational relaxationof the OH-stretchmode of hydrogen-bonde@thanololigomers.
Uponexcitationto thevpoy = 1 state vibrationalrelaxationtakesplaceonthefemtosecond
time scaleby predissociatiorof the hydrogenbonds. The predissociatiortime constant
increasestronglywith the excitation frequeng, indicatingthat the predissociatiorrate
dependstronglyonthehydrogen-bondtrength.Thereassociatiowasobsenedto occur
with a time constantof 15 ps, in accordancevith previous studies. Finally, a very fast
orientationalrelaxationof the OH-stretchexcitation is obsered, 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 wasdiscusseth Chaptell thatfor hydrogen-bonde® — H- - - O systemshe OH-stretch
frequeny voy is stronglycorrelatedo the hydrogen-bondengthRo _n...0. This correla-
tion resultsfrom the differencebetweenthe potential-enagy functionsof the hydrogen-
bondmodein the voy = 0 andvpoy = 1 states. Thesepotentialenegy functionshave
approximateljthe sameshape put in the voy = 1 statethe minimum occursat a smaller
valueof Ro_n...0 thanin thevpoy = 0 state[8,11,71-73]. If the hydrogen-bongboten-
tials areharmonic,this resultsin alinearrelationshipbetweernvoy andRo_n...o [11], in
agreementvith experimentabbsenrations[14].

In isolated (gas-phasehydrogen-bondedcomplees, the difference betweenthe
hydrogen-bongbotentialsn thevoy = 0 andvpoy = 1 statedeadsto Franck-Condoipro-
gressionsn thevoy spectrg74,75]. In the condenseghasethe hydrogen-bondanode
is stronglydampedby interactionwith bathmodesresultingin a smoothandbroadvoy
absorptionband. Upon excitation from the voy = 0 to the voy = 1 state,the hydrogen-
bondwill initially bein a non-equilibriumpositionof the voy = 1 potential. Subsequent
relaxation(contraction)of the hydrogen-bondo its equilibrium positionin thevoy =1
stateshouldleadto a dynamicStokesshift of thevoy frequeng of the excitedmolecule,
in closeanalogywith the dynamicStokesshift obseredin electronictransitionsof fluo-
rescenprobemoleculesn liquid solution[76].

For harmonichydrogen-bongotentialgseeFig. 1.1),therelationbetweerthe Stokes
shift 2A (in unitsof angularfrequeng) andthea\bsorptionineshapa‘a—‘*’z/2A2 is relatively
simple[35]:

2\ = AN? /kgT, (4.1)

with h Plancks constant,kg Boltzmanns constant,and T the temperature.lt is clear
from this expressionthat therewill be a significantStokes shift for strongly hydrogen-
bondedsystemdor which the variationin Ro_n...o resultsin a broadabsorptionband.
For instancefor the voqy modeof HDO dissohed in D,0O, the width (FWHM) of the
absorptionbandof 260 cm™ correspondso a Stokes shift of approximately60 cm2.

NeverthelessavibrationalStokesshift hasnever beenexperimentallyobsered. This can
be partly understoodrom the fact that it is impossibleto obsenre a vibrational Stokes
shift in the fluorescencespectrum,sincethe quantumyield of the fluorescencevill be
extremelylow dueto the shortvibrational lifetime of hydrogen-bondegdystemsn the
condenseghase.The Stokesshift canalsobe probedusingultrafasttransientabsorption
spectroscop[35]. Unfortunately for an OH-stretchvibration, the shapeof the transient
spectrumis stronglyaffectedby excited-stateabsorptiorandthevery fastandfrequeng-

dependentibrationalrelaxation,which makesit far from straightforvardto obsene the

38
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Stokesshift. As a result,in previous picosecond22,23] and femtosecond31] pump-
probestudiesof the spectralrelaxationof the voy modeof HDO:D,O, the vibrational
Stokes shift wasnot obsered. In the femtosecondtudy[31], the time resolutionwas
sufficient to resole the spectraldynamics but the dynamicswereinterpretedn termsof
thefirst momentof thetransientspectrumThisis avery poorparameteto infer a Stokes
shift, dueto the excited-stateabsorptiorandthe vibrationalrelaxation.

In this Chapterwe presenthefirst experimentabbsenationof a vibrationaldynamic
Stokes shift. This Stokes shift is obsered in a femtosecongump-probestudy on the
von modeof HDO dissolhedin deuterateavater(D,0). The essentiatlifferencewith the
previouswork onthis systemis thatthedynamicsof thespectraresponsareinvestigated
via delayscansobtainedwith differentcolorsfor the pumpandproberatherthanby the
first spectramoment.As will beshawn, this methodhasdecisve advantagesn providing
evidencefor avibrationaldynamicStokesshift.

4.2 Experiment

With thetwo-colorsetupdescribedn Section2.4.2 two independentlyunable200fs mid-
infrared pulsesare generated One of thesepulseshasan enegy of ~25 pJ andis used
aspump,the otherhasanenepy of lessthanl pJ andis usedasprobe. The pumppulse
is tunedto a specificfrequeng in the broadvoy = 0 — 1 absorptiorband,andthe probe
frequeny is eitherredshiftedof blueshiftedwith respecto the pump. The pumppulse
inducesa significantpopulationof thevoy = 1 level. This resultsin transientabsorption
changeswhich aremonitoredby the probepulse. The probepolarizationis at the magic
anglewith respectto the pump polarization,ensuringthat the obsered signalsare not
influencedby orientationaldynamics(seeSection2.5). The sampleconsistsof a 500 um
layer of dilute (~1:200) solutionof HDO in D,0, preparedby mixing the appropriate
amountsof H,O (HPLC grade)and D,O (>99.9 atom%D), andis kept betweentwo
CaF, windows atroomtemperatur€298K). Thewateris circulatedto avoid steady-state
heatingeffects.

4.3 Resultsand discussion

Figure4.1 presentpump-probescangecordedvith apumpfrequeny of 3450cm ! and
redshiftedprobefrequencieof 3363and3330cm 1. We took carethat the pumpand
probehave ngyligible spectraloverlapto avoid coherentartefacts. Also shown is a con-
volution of the cross-correlatiorof pump and probewith an exponentialdecaye /™
(T1 = 740fs, seeChapter6), which representshe pump-probesignalfor instantaneous
responsehat would be obsered if no spectralrelaxationwould take placeon the time
scaleof the experiment. At a probefrequeng of 3363 cm™1, the pump-probesignal
risessignificantlymoreslowly thanthis calculatedcorvolution. At a probefrequeny of
3330cm™1, thepump-probesignalrisesevenmoreslowly. Figure4.2 shavs pump-probe
scangecordedvith apumpfrequeng of 3320cm~* andblueshiftedprobefrequenciesf
3445and3500cm™L. If the probeis tunedto 3445cm~1, the measuremertanbe well
describedy a convolution of the cross-correlatiomwith e /1. Only if the probeis tuned
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FIGURE 4.1. (a) Pump-probescangecordedn dilute HDO:D,O at roomtemperatureshowving

thetransmissiorchangdn(T /To) of the probepulseasafunctionof thedelaybetweerpumpand
probe,with a pumpfrequeng of 3450cm™tandprobefrequencie®f 3363and3330cm™2. The
dashedurverepresentthecorvolutionof thecross-correlatiowith anexponentiadecaye™/™,

with T; = 740fs (seeChapter6). (b) Cross-correlationtracesof the pump and probepulses.
(c) Pawer spectraof the pumpandprobepulses(represente@s starsandcircles, respectiely),

andthe OH-stretchabsorptiorband(dashecturve).
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FIGURE 4.2. (a) Pump-probescansrecordedin dilute HDO:D,O at room temperaturewith a
pumpfrequeny of 3320cm~tandprobefrequencie®f 3445and3500cm~1. Thedashecturve
is thecorvolutionof thecross-correlatiowith anexponentiadecaye~t/T, with T; = 740fs [77].
(b) Cross-correlatiotracesof the pumpand probepulses. (¢) Paver spectraof the pumpand
probepulsesandthe OH-stretchabsorptiorband.

to 3500cm ™1, the pump-probesignalis slightly delayedwith respecto theinstantaneous
signal. It is alsoobsened thatthe bleachingsignalsare muchsmallerthanin Fig. 4.1.
Fromthe differencebetweernthe measurementgresentedn Figs.4.1and4.2it is clear
thatwith increasinglelay thebleachingsignalbroadensnuchstrongetowardslowerfre-
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guencieghantowardshigherfrequenciesThis obsenationshavs thata dynamicStokes
shift of thevoy frequeng indeedoccursin liquid HDO:D,O.

Figure 4.3 shovs schematicallywhat happensafter excitation at a specificvoy fre-
gueng. The bleachingis causedby both the depletionof the voy = 0 state(usually
referredto asthe 'hole’ contrikution [35]) andthe populationof the voy = 1 state(the
'particle’ contribution[35]). After excitationfrom thevoy = 0to thevpoy = 1 state thehy-
drogenbondis initially in anon-equilibriumstate.Subsequentlaxationof thehydrogen

Vou= 2
A
|1 0g A8, +2a)
O A0, |
g h: : VOH= 1
> E \
S v
o g
c I
o X
(0] |
o : A
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: Vo= 0
20 d
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FIGURE 4.3. Schematigicture of the potentialenegy functionsof the vo_n...0 modein the
von = 0, von = 1, andvpy = 2 states. After excitationto the voy = 1 state,the hydrogen-
bondexperienceshevoy = 1 potential. The minimumof this potentialoccursata smallervalue
of Ro_n...0, andhencethe hydrogenbondis initially in a non-equilibriumstate. Subsequent
relaxationleadsto a redshiftof the voq = 0 — 1 frequeng. The linear displacementf the
Vo = 2 potentialwith respecto thevoy = 1 potentialis a timesthatof thevoy = 1 potential
with respecto thevoy = 0 potential.

bondto its new equilibrium positionleadsto a redshiftof thevoy = 0 — 1 frequeng of
theexcitedmoleculeandhenceo aredshiftof the’particle’ contrikutionto thebleaching.
This relaxationcorrespondso a contractionof the hydrogenbond. Simultaneouslythe
depletionin thevpoy = 0 stateat the excitationfrequeng is graduallyfilled up dueto the
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modulationof Ro_n...0 of theremainingmoleculesn thevpoy = 0 state causinghe’hole’
contribution to broaderntowardsthe linear absorptiorband. The total bleachingsignalis
thesumof the’particle’ and’hole’ contribution, andthereforebroadensnainly towardsto
theredsideof theabsorptiorband.In a previoustheoreticaktudyof the dynamicsof the
OH-stretchmodein HDO:D,0, only the’hole’ contribution wastakeninto accountand
henceonly a broadeningf the spectrahole towardsthelinearvoy absorptiorspectrum
waspredicted78].

In arecentfemtosecondtudy it wasfoundthatthefirst spectraimomentof thetran-
sientspectrumof the OH-stretchmodein HDO:D,O doesnot shift to a Stokes-shifted
value[31]. This resultseemso be inconsistenwith the fact that for liquid watervoy
stronglydepend®n Ro_...0, sincethis dependencanpliesthatthe hydrogen-bongbo-
tentialsof the voy = 0 andvoy = 1 statesmustbe displacedwith respecto eachother
This displacemenwill leadto a significantStokesshift. However, it shouldbe realized
thatthefirst momentis not only affectedby the Stokesshift, but alsoby two othereffects
that shift the frequeng of the first momentto a highervalue. Firstly, the first spectral
momentwill be stronglyinfluencedby the transientvoy = 1 — 2 absorptionwhich is
redshiftecby ~270cm~1 with respecto thevoy = 0 — 1 transitionfrequeng [22]. This
absorptioris extremelybroad(approximately500cm—! [22]) andstronglyoverlapswith
the red side of the voy = 0 — 1 bleaching,leadingto a significantblueshiftof the first
spectralmoment. The strongeffect of the voy = 1 — 2 absorptioncanbe seenfrom the
delayscanwith a probefrequeng of 3330cm 1 (Fig. 4.1), which shows a decreasef
the transmissiorfor small delaytimesdueto this absorption. Secondly the vibrational
lifetime stronglydecreasewith decreasinyon [79], which for longerdelaysalsoleads
to a blueshiftof the first spectralmoment. Due to theseeffects, the frequeng to which
the first momentcorvergesafter spectralrelaxationmay even be above the maximumof
the linearabsorptionspectrum.Therefore the first spectraimomentis a poor parameter
to infer adynamicStokesshift. Fortunatelyin spiteof the abore-mentioneceffects,it is
still possibleto obsere the dynamicStokesshift, sinceit is the only effect thatleadsto
strongetbroadeningf thebleachingo lowerfrequencieshanto higherfrequenciesThis
effectis clearlyobseredFigs. 1 and2.

We describeour dataquantitatvely assuminghat the hydrogen-bonds a Brownian
oscillatorcoupledto the optically excited OH-stretchmode[35]. The Brownian oscilla-
tor modelassumesarmonicpotentialenegy functionsfor thelow-frequeng (hydrogen-
bond)mode,which arelinearly displacedy a distanced with respecto eachotherin the
groundandfirst excitedstateof theoptically excited(OH-stretchymode(seeFig. 4.3). Be-
causeof theapproximatelyGaussiarshapeof the OH-stretchabsorptiorbandwe assume
that the hydrogen-bondanodeis a strongly overdampednode(SOM) [35]. The motion
of the Brownian oscillatoris thendiffusive, andthe dynamicscanbe describedn terms
of threeparameters/\, theinverseof the correlationtime of the diffusive motion, 2A, the
Stokesshiftin unitsof angularfrequeng, andA, thelinewidth parametef35]. An explicit
expressionfor the pump-probesignal Sop in termsof A, A, A, andthe pulseparameters
canbe foundin theliterature(Eq. (13.32)of Ref.[35]). Thevoy = 1 — 2 transitionis
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incorporatedy addinganextratermto this expression:

—1/T.
Spr(W1, W, T) = 2e U o (W1—0gg—A)?/2(A%+w])
@2+ w)a2(n)

x @ (@2=we(0)?/20(0? | g(0p—ey(1))%/2a()?

_ Gege (2GR )?/28%a(1)?) (4.2)
with
We(T) = wly—A+e " (0p—wl+A), 4.3)
(1) = ag+A+e M (wo—wgy—A), (4.4)
WealT) = 0+ — Bann-ae ™ (6 — gy 1), (4.5)
A? 0 W2

= e Nz 4.6

a?(t) = A?|1— e M| w3, (4.7)

A2+ w2

wherew, w1 andwy,, w, arethecenterfrequeng andspectralvidth of thepumpandprobe
pulse respecitiely, andwgg + A the centerfrequeny of theabsorptiorband.In Eq. (4.2),
the first and secondterm in the bracescorrespondo the ’'particle’ and’hole’ contritu-
tionsto the bleaching,which have delay-dependergenterfrequenciesuve(T) andwy(T),
respectrely. Thethird termrepresentthe excited-stateabsorptionwith centerfrequeng
wea(T). The excited-stateabsorptionis characterizedby the voy = 1 — 2 crosssection
Oea (relative to the voy = 0 — 1 crosssection),the anharmonicitydwan, andthe scale
factora for the displacemenof the voy = 2 potential(seeFig. 4.3). We addeda factor
e /™ to accounftor thefinite excited-statdifetime. We found betteragreemenbetween
theoryanddataif a smallhomogeneoubroadeningFWHM 33 cm™1) in additionto the
broadeningcausedby the Brownian oscillator was assumed.Corvolution of the result
of equation(2) with the experimentallydeterminedcross-correlationrace (Figs. 4.1(b)
and4.2(b))yieldstheoreticalpump-probedelayscans.To describethe data,the spectral
widthsandcenterfrequencie®f pumpandprobeweredeterminedrom least-squarests
to the power spectra(Figs. 4.1(c)and4.2(c)). We useddwann = 270cm 1 [22], arela-
tive excited-statecrosssectionof 0.4 = 1.54, anda scalefactorof a = 2. This valuefor
a implies that the voy = 2 potentialis displacedsignificantly more with respectto the
Von = 1 potentialthanthe voy = 1 with respecto the voq = 0 potential,in agreement
with the experimentallyobsered very broadvoy = 1 — 2 andvoy = 0 — 2 absorption
bands[22,80]. With T, = 650fs, A =2 THz, A =7 THz, andA = 19 THz, we found
goodagreemen(Fig. 4.4(a)). With the sameparametevalueswe couldalsodescribethe
linearabsorptiorspectrum(Fig. 4.4(b)). Thevaluefor A correspondso a Stokesshift of
74cm~1, whichis in quitegoodagreementvith the Stokesshift of 60 cm~! obtainedrom
equation(4.1) usingthe linewidth of 260 cm™? of the von bandof HDO:D,O asinpuit.
Thevalueof 2 THz for A correspondso a correlationtime of 500 fs for the diffusive
motionof thehydrogerbond.
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FIGURE 4.4. (a) Experimentapump-probelelayscangpoints),anddelayscansalculatedising
the Brownian oscillatormodel(solid curves). (b) ExperimentalOH-stretchabsorptiorspectrum
(dashedturve) andtheabsorptiorspectruntalculatedusingthe Brownianoscillatormodel(solid

curve).

It is clearthatthe Brownianoscillatormodelprovidesa quantitatve descriptionof the
obsenedbroadeningf thebleachingsignaltowardslowerfrequenciesinterestinglythis
redshiftresultsboth from the Stokesshift of the stimulatedemissionof thevop=1— 0
transitionandfrom the Stokesshift of thevoy = 1 — 2 inducedabsorptionthatis a times
aslarge. Thefactthat Ty = 650fs insteadof 740 fs leadsto a betterdescriptionof our
datasuggestshatthe Brownianoscillatormodeldoesnot accuratelydescribehe spectral
relaxationfor large delay times. This is probablydue to the assumptiorof harmonic
potentialgd11]. In fact,thehydrogen-bongbotentialis probablystronglyanharmoni¢77,
81], andthehydrogen-bongotentialsn thevoy = 0 andvoy = 1 statesnayhave different
shape$53]. Both of theseeffectswill leadto morecomplicatedspectraldynamics.

4.4 Conclusion

In conclusionwe have obsenedevidencefor atransientStokesshift of amolecularibra-
tional transition.In water the couplingbetweerthe OH-stretchrandhydrogen-bonanode
is particularlystrong,leadingto alarge differencebetweerthe potentialenegy functions
of thehydrogerbondin thevpoy = 0 andvpoy = 1 states As aconsequencdor waterthe
vibrationalStokesshift is very pronouncedSimilar effectscanbe expectedfor ary other
optically excited vibration thatis coupledto a low-frequeng mode. Hence,this effect
shouldbe consideredn any studyon spectrakelaxationof avibrationaltransition.



5 Orientational dynamicsin liquid water

5.1 Introduction

Knowledgeaboutthe orientationaldynamicsof wateris essentiafor understandinghe

(bio)chemicalndphysicalprocessethattake placein thisliquid, notablychemicalreac-
tionsandsolvation. Thereforethereorientationaimotionof moleculesn liquid waterhas
beenextensvely studiedfor over half a century in particularby suchmethodsasdielec-
tric relaxation82,83], THz spectroscop[84,85], opticalandRaman-induce# err-effect

spectroscop [86,87], andnuclearmagneticresonancg61]. However, all of the experi-

mentaltechnigueemployedto dateprobedtheorientationamotionindirectly or averaged
overall moleculesn theliquid. In addition,it is oftennot clearto whatkind of molecular
motion the relaxationobsenred with thesemethodss related. In contrast,polarization-
resolhed pump-probespectroscop yields unambiguousnformationaboutthe dynamics
of orientationalrelaxationof smallmoleculesn theliquid phas€e55,88]. In this Chap-
ter, we apply this techniqueto the OH-stretchmodeof dilute solutionof HDO in D20O.

In this way, we candirectly study the orientationalmotion of OH groupsof the HDO

molecules.Thefrequeng tunability of theinfraredpulsesmakesit possibleto studyspe-
cific subensemblesf thewatermolecules.

5.2 Experiment

Mid-infrared pulsesaregenerateadvith the setupdescribedn Section2.4.1.In the pump-
probeexperimentsthe infraredpulsesaresplit into anintensepumppulse(~20 uJ) that
excitesa significantfraction of the HDO moleculesandaweakprobepulse(~1 uJ) that
monitorsthe inducedrelative transmissiorchangein(T /Tp) asa function of the delayt
betweerthe pumpandprobepulseswhereTy denoteghe equilibriumprobetransmission
(no pumppulse). Autocorrelationtracesof the pulsesare obtainedby second-harmonic
generationn a3 mmthick LilO 3 crystal.

Thesamplas 200um thick andcontainsl mol/l solutionof HDO in D20, preparedy
mixing appropriateamountsof H,O (HPLC grade)and D20 (>99.9atom%D). During
themeasurementbhewateris rapidly circulatedto ensurehatfor everylasershotthereis
afreshpartof theliquid in thefocus.

5.3 Reaults

We have recorded pump-probescansat excitation frequenciesof 3320, 3400 and
3500cm™. The power spectraof the pulsesat thosefrequenciesare shovn in Fig. 5.1,
togetherwith the infrared absorptionspectrumof the samplein the OH-stretchregion,

45
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FIGURE 5.1. Infrared absorptionspectrumof the OH-stretchmode of HDO in DO (1 mol/l
in 200 um), correctedor the D,O backgroundabsorptionblack curve), andnormalizedpower
spectraof thelaserpulses centeredat 3320(openpoints),3400(triangles)and3500cm~1(solid
points),respectrely.

measuredisinga corventionalinfraredspectrometerThe intensityof the pumppulseis
sufficientto excite a significantfraction of the HDO moleculedo the voy = 1 state.Due
to the large anharmonicityof the voy mode(270cm—1 [22]), thesemoleculesno longer
absorhthe probepulse.Thisresultsin atransmissionncreasef the probepulsefor posi-
tive delays.Thedecayof therelative transmissiorthangesn(T /To)| . of theprobepulse
is determinedy bothvibrationalrelaxationof the moleculesn thevpoy = 1 stateandthe
spectrabndorientationakelaxationof the moleculesn thevpoy = 0 andvpoy = 1 states.
In orderto study the orientationalrelaxationof the excited molecules,we usethe
methoddescribedn Section2.5: thepolarizationof theprobepulseis rotated45° with re-
spectto thatof the pumppulseusinga zero-ordei/2-plate andthetransmissiorthanges
In(T /To) of the component®of the probe pulsepolarizedparallel and perpendiculato
the pump pulseare monitoredby meansof a polarizerplacedbehindthe sample.If the
pumpfield is polarizedalongthe z-axis,thevoy = 0 — 1 transitionprobabilityof aHDO
moleculeis proportionalto cog 8, where® is the anglebetweerthe moleculartransition
dipolemoment(directedalongthe OH-bond)andthe z-axis. Sinceat thermalequilibrium
themoleculattransitiondipolemomentsarerandomlyoriented theexcitationby thepump
field resultan anorientationatistribution of the OH-bond<f theexcitedmoleculegiven
by f(0) = %[cosze. As a consequencanitially the transmissiorchangefor the probe
pulsecomponenparallelto the pumpfield (In (T/To)||) is threetimeslarger thanfor the
perpendiculacomponen(In (T /To) 1) [55]. As rotationalreorientatiorof the molecules
takesplace thedifferencebetweerthein (T /To); andIn (T /To), componentsiecreases,

andin thelimit of completeorientationakcramblingvanishegf (8) — %[ )
Fig. 5.2 shavs theresultsobtainedoy pumpingat 3400cm—1, atthe centerof thevon
absorptiorband for theparallel(]|) andperpendicula¢.l) componentsf theprobepulse.
Vibrationalrelaxationleadsto a populationtransferfrom thevoy = 1 to thevpoy = 0 state
andthusto a decreasef the bleachingfor both polarizationcomponentf the probe
pulse,but doesnot changetheratio [In (T /To) /In (T /To)_]. It is easilyshawn thatthe

rotation-freesignalAarg(t), whichis definedas[55]

—AaRre(T) = In(T (1) /To)| +2In (T (1) /To) 1, (5.1)
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FIGURE 5.2. Pump-probescansrecordedpumpingand probing at an excitation frequeng of
3400 cm™! (pulse spectrumshavn as the trianglesin Figure 5.1). The relative transmission
changdn (T /To),, . of theprobepulseis plottedversushedelayt, for thecomponentgolarized
parallel(solid points)andperpendiculatopenpoints)to the pumppulse.

reflectsonly the excited-statepopulationdynamics,whereasthe rotational anisotroy
R(1), whichis definedas[55]

~ In(T(1)/To)y = In(T (1) /To) 1
RO=h (T()/To) +2In(T(1)/To) .’ (5.2)

reflectsonly the orientationabdynamicqindependenof thevibrationalrelaxation) with a
valuebetweerD (completeorientationalscramblingand0.4 (maximalanisotropy).

Fig. 5.3shavstheobsenedrotationalanisotroly asafunctionof delay for threeexci-
tationfrequenciesvithin thevoy absorptiorband. Thepowerspectrareshavnin Fig.5.1
(the point stylesof Figs.5.1 and5.3 match). The orientationaldynamicsclearly depend
dramaticallyon the excitation frequeng. At the high frequeng side of the absorption
band(solid points)the decayof the rotationalanisotroy occursmuchfasterthanat the
low frequeng side(openpoints),whereit remainsnearlyconstant.Sincethe OH-stretch
frequeny von decreasewith increasindiydrogen-bondtrength(seeSectionl.2),ourre-
sultsimply thatthe orientationakelaxationtakesplacemuchfasterfor weakly hydrogen-
bondedmolecules(high voy frequeng) thanfor strongly hydrogen-bondednolecules
(low voy frequeng), which apparentlyremainmore or lessfixed in their environment.
Surprisingly atthe centerfrequeng (triangles)andthe high-frequeng side(solid points)
of the absorptionband,the decayoccursin a non-eponentialmanner For small delays
thedecayis very fast,for large delaystherotationalanisotroy decaysnuchslower.

5.4 Discussion

In orderto rotateandchangets anglewith respecto thepolarizationof thepumppulse an
OH groupmustbreakits hydrogerbond. Suchaproceswill costmoreenengy for strongly
hydrogen-bonde®H groupsthan for weakly hydrogen-bondedroups. This explains
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FIGURE 5.3. Logarithmof therotationalanisotroly asafunctionof the delaybetweerthe excit-
ing and probing pulse,at threeexcitation frequencieswithin the voy absorptiorbandof watet
The point stylesof the dataandthe power spectrashavn in Fig. 5.1 match.Thecurvesrepresent
decays<calculatedusingthe modeldescribedn thetext.

why the orientationalrelaxationtakes placemuchmoreslowly at low thanat high voy
frequenciesln orderto quantitatvely describehis effect, we assumehattheorientational
relaxationis athermallyactivatedprocessTheactivationenegy Ea (von) of thisprocess,
whichwill be onthe orderof the hydrogen-bondlissociatiorenegy of 2000cm™1 [47],
is assumedo increasdinearly with decreasinyon (increasinghydrogen-bondtrength).
Thisleadsto afrequeny dependentlecayconstanof therotationalanisotropy:

TR(VoH) = CeFavor)/keT T%. (5.3)

We have addeda constantr? in the above expressionto accountfor the fact that even
for very weaklyhydrogen-bonde®H groupstheorientationatelaxationrateshouldstill
have afinite value,determinedy the momentof inertiaof the HDO moleculeandsteric
effects.

In a quantitatve descriptionof the decayof the rotationalanisotroy, we musttake
accounbf thespectrakelaxationof thevoy excitation,which takesplaceon atime scale
of approximatelyb00fs (seeChapte#). To dothis,we usetheBrownianoscillatormodel,
which was describedin Chapter4. Whentg is frequeng dependentit is difficult to
obtainexplicit expressiongor thedecayof therotationalanisotropy of anoptically excited
modecoupledto a Brownianoscillator Fortunatelyfor a stronglyoverdampednode the
Brownian oscillatormodelis equivalentto a spectraldiffusion model[35], in which the
Vo = 0 — 1 frequeng of amoleculein thevoy = O stateis givenby

wo1(t) = wly+ A+ dwos (t), (5.4)
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wherethe detuningduyi(t) is a Gauss-Markv randomprocesswith a correlationfunc-
tion [35]

(Bwo1(t) B (0)) = A% (5.5)
Similarly, thevon = 1 — O transitionfrequeng of amoleculein thevpoy = 1 stateis given
b

’ wio(t) = gy — A+ Swao(t), (5.6)

with

(Buno(t)Soro(0)) = A%e . (5.7)

In Egs.(5.5)and(5.7),A is thelinewidth parameteand A theinversespectrakrelaxation
time constant,both of which are definedin Chapter4. This spectraldiffusion process
canbeimplementechumerically which allows usto calculatethe decayof therotational
anisotropy.

Theinitial spectraldistribution of the’particle’ (voy = 1 — 0) and’hole’ (voy =0 —
1) contrikbutionsto the bleachingis givenby a corvolution of the power spectrumof the
pumppulsewith thehomogeneoutnewidth of 33cm™1(seeChapter). Thespectralif-
fusion causeghe spectraldistribution of the’hole’ to broadentowardsthe linearabsorp-
tion spectrum,andthat of the 'particle’ towardsthe linear absorptionspectrumStokes-
shiftedby 2\ (seeChapter). Thespectradistributionsof the’particle’ and’hole’ contri-
butionswerecalculatedasa functionof time by numericalintegrationof theequationgor
the spectraldiffusion. After eachtime step,the decayof the rotationalanisotroy R(w)
in eachfrequeng bin wasevaluatedusingEq. (5.3). The obseredrotationalanisotroy
is obtainedby integratingthe productof R(w) andthe power spectrunof the probepulse
over w. In the calculation,the valuesfor A, A, andA obtainedin Chapter4 wereused.
We usedGaussiamulseenvelopedor the pumpandprobepulsesthewidth of whichwas
obtainedrom autocorrelatiortracesrecordedaftereachof the scanshavn in Fig. 5.3.

We found goodagreemenbetweenthe calculatedanisotroy andour dataat all ex-
citation frequenciesusing the parametervaluesr% = 0.7 ps,C = 0.08 fs and Ep =
9.6(3670— von) cm™! (seeFig. 5.3). The decayconstanttr(von) for theseparameter
values,calculatedusing Eq. (5.3), is shavn in Fig. 5.4. Clearly, it exhibits a dramatic
frequeny dependenceln fact, the water moleculesmay be divided in a fraction that
is stronglyhydrogen-bondeflow voy frequeng), andthatexhibits virtually no orienta-
tional relaxation,and a fraction that is weakly hydrogen-bonde¢high voy frequeng),
andthat shaws orientationalrelaxationwith a time constantof approximatelyr%. Thus,
with regardto the orientationaldynamics,our measurementsuggest two-component
modelfor liquid water The factthatthe orientationalanisotropy still shavs a decayat
the lowestprobefrequeny of 3320cm1(seeFig. 5.3) eventhoughthe orientationalre-
laxationrateat thatfrequeng is practicallyzero(seeFig. 5.4), is causedyy the spectral
diffusion,which causegxchangeetweerthe OH-groupswith highandlow voy frequen-
cies. Orientationakelaxationof an OH-groupwith a highvoy frequeng (shorttr(von))
anda subsequenthangeof its voy frequeng to a low value (dueto spectraldiffusion)
will contritute to the decayof the rotationalanisotroy at this low voy frequeng. This
leadsto aneffective decayof therotationalanisotroly atlow voy frequeng thatis much
fasterthanwould be expectedrom thevalueof 1r(von) atthatfrequeng.
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FIGURE 5.4. Frequeng dependencef the activation enegy Ea (von) andthe decayconstant
Tr(Von). Thedottedcurve showvs the Gaussiavoy absorptiorbandusedin the calculation.

It is interestingo compareheresultspresentedh this Chaptetto dielectricrelaxation
andTHz studieson liquid water In theseexperimentspnemeasureshe comple dielec-
tric functione(w) atlow frequenciefGHz and THz regime). The dielectricfunctionis
relatedto therelaxationof the electricpolarizationasfollows [89]:

g(w) = aoo—i-/ooodtei‘*’t(p(t), (5.8)

wherethe relaxationfunction ¢(t) is the decayof the electricpolarizationP thatwould
be obsered uponinstantaneouswitchingoff of a constantelectricfield appliedto the
systemuntil time t = 0 [89]. Usually, the relaxationfunction @(t) is assumedo be a
sumof exponentiallydecayingfunctionsexp(—t/1p,j), which resultsin the well-known
Debye-typedielectricfunction[83,89]:

c

i
s(w)—eoo—i-z T iwip) (5.9)
wherec; areconstantsandtp j arereferredto as Debyerelaxationtimes. In dielectric
relaxationand THz experimentsthe orientationalrelaxationin waterhasoften beenob-
senedto occurontwo time scales.Theslow time scalehasanassociate®ebyerelaxation
time of 1p 1 =~ 8 ps[83,85,90], whereaghe valuesreportedor the Debyeconstantisso-
ciatedwith thefasttime scalevary from 1p » < 200fs to 1p » = 1.02 ps[83,85,90]. The
difficulty in obtainingan accuratevaluefor 1p » is dueto the fact that the contritution
of the fastprocesgo the dielectricfunctionis very small comparedo that of the slow
process.

We canuseour modelfor Tr(Von) to calculatethe relaxationfunction @(t) of the
electric polarization,which describeshe dielectric function throughEqg. (5.8). It can
be shavn that for an ensembleof dipolesthat exhibit orientationaldiffusion [89], the
Debyeconstanttp andthe decayconstanttr of the rotationalanisotroly arerelatedby
Tp = 3R (seethe Appendix).Our modelthereforempliesa Debyeconstanthatdepends
onvoy. Thatis, eachsubensemblef water moleculeswith a specificvoy frequeng
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(and hence,a specifichydrogen-bondtrength)exhibits orientationaldiffusion with an
associatedebyeconstangivenby 1p(von) = 3tr(Vor), Wheretr(von) is determined
by Eq. (5.3). Thetotal electricpolarizationis the sumof the electricpolarizationf each
of thesubensembledt shouldbe notedthatthe decayof thetotal electricpolarizationis
determinedhotonly by tp(Von), but alsoby thespectratiffusion,whichcausegxchange
betweerthe subensemblesith highandlow 1p(von). Thisleadsto a fasterdecayof the
electric polarizationthan would be obsered in absenceof spectraldiffusion, sincethe
subensemblesith long tp(vor) Will have afastereffective decayroutefor reorientation
throughspectralexchangewith subensemblesith shorttp(von).

To calculatethe relaxationfunction ¢(t) of the total electric polarization,we assume
thatatt = O theelectricpolarizationof all subensemblesreequal,andthatall molecules
are in the voy = 0O state. The decayof eachsubensemblés calculatedby numerical
integration, in which we take the spectraldiffusionin the voyq = 0 state(describedby
Egs.(5.4)and(5.5)) andthe decayof the electricpolarization(describedy 1p(von)) of
eachsubensembleto account. The total electric polarizationis evaluatedat eachtime
stepby addingthe electric polarizationsof eachof the subensemblesyeightedby the
distribution of voy frequencieswhich we assumeo be givenby thevoy absorptiorband
(shovn asthedottedcurwein Fig. 5.4).

The calculatedrelaxation function @(t) of the electric polarizationis shavn in
Fig. 5.5(a). After aninitial fastdecay @(t) becomesxponentialwith a decayconstant
of 7.1 ps. Therelaxationfunctioncanbe well describedvith a biexponentialdecaywith
time constant®f 7.1 psand0.3ps(seeFig. 5.5(a)),whichimpliesa dielectricfunction of
theform (5.9) with 1p ; = 7.1 psandtp > = 0.3 ps. Thedecayconstanbf 7.1 psagrees
well with the Debyeconstanbf approximately8 psoftenobseredin THz anddielectric
relaxationstudieson liquid water The slight discrepang betweerthe two valuesmight
be dueto the factthat 1, which wasusedto calculateg(t), describeghe orientational
relaxationof thevoy transitiondipolemomentof HDO, whereadgp describesheorienta-
tionalrelaxationof the permanentdlipolemomentof thewatermolecule or to thedifferent
momentsof inertiaof HDO andH20. Thedecayconstanbf 0.3 pscorrespondso thefast
time constantrp » obseredin dielectricrelaxation,THz, andKerr-effect measurements.
This fastpartof the decayis determinedy boththe orientationalndspectrakelaxation.
It is clearfrom Fig. 5.5(a)thatthecontrikution of thisfastprocesgo thedielectricfunction
is very small.

Note that both the dielectric relaxationmeasurementand the polarization-resoled
pump-probexperimentshav thattheorientationarelaxationtakesplaceontwo distinct
time scales.However, thatthesetwo time scalesareassociateavith differenthydrogen-
bond strengthscan only be shovn with pump-probespectroscop which allows us to
selectvely studysubensemblewith a specifichydrogen-bondtrength(voy frequeng).
This information could not have beenobtainedwith linear techniquesuchasdielectric
relaxationand THz experimentswhich inherentlymeasurenaverageover all molecules
in theliquid.

Fig. 5.5(b) shavs the frequeng-dependenpart of the complex dielectric function
£(w), obtainedfrom the calculatedp(t) usingEq. (5.8). The calculationagreesvell with
the experimentallyobsened dielectric function, as presentedn for example Ref. [83],
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FIGURE 5.5. (a) The solid curve representshe logarithmof the calculatedrelaxationfunction
@(t) for the electricpolarization. The dottedcurwe is a biexponentialdecaywith time constants
of 0.3and7.1 ps. (b) Realandimaginarypart of the frequeng-dependenpart of the dielectric
function,calculatedrom ¢(t) usingEq.(5.8).

andwe canconcludethatboththepolarization-resoled pump-probesxperimentsandthe
dielectricrelaxationmeasurementsanbe well describedwvith the modelfor the orienta-
tional relaxationin liquid waterpresentedhere.

5.5 Conclusion

In this Chapter we have studied the orientational relaxation of frequeng-selected
moleculedn liquid water It is foundthatthe orientationakelaxationtakesplaceon two
distincttime scales:weakly hydrogen-bondedholeculesshav rapid orientationalrelax-
ationwith adecayconstanbntheorderof t1& = 0.7 ps,whereastronglyhydrogen-bonded
moleculegetaintheir orientationfor amuchlongerperiodof time. Theseresultssuggest
that a mixture model appliesto liquid water and that with respectto the orientational
dynamicswo molecularspeciesxistin theliquid. Themodelfor the orientationakelax-
ation proposedn this Chapteralsogivesa good quantitatve descriptionof the complec
dielectricfunctionof liquid water

Appendix: Relation between tr and the Debye relaxation time 1p

Let f (B, @t) be the distribution of orientations(6, ¢) of an ensembleof dipolesat time
t. If thedipolesundego Brownianrotationalmotion, it canbe shavn thatin absencef
externalfieldsthe orientationaldistribution functionsatisfieghe equation89]:

of@,@t) 1 [ 1 o7 0f(6,qt) 1 3%f(8,@1)
ot _2rD{sineae [S'”e 26 s7e 0@ | ©10

wheretp is the Debyerelaxationconstantwhich contritutesto the dielectricfunction of
thesystemn theform [89]

ES_ Eoo

e A1
1-iwtp (5.11)
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We useEq. (5.10)to calculatethe decayof the rotationalanisotroy R of the dipolesin
casetheinitial distributionis givenby

3

pr cos 8. (5.12)

f(6,9,0) =

Thesolutionof Eq. (5.10)is thenfoundto be

f(8,@t) = %{ (3co$8—1)e /™ 1], (5.13)
Therotationalanisotroyy is the differencebetweercos’ 8 andcos @sir? 6 weightedwith
thedistribution f (6, @,t):

_ J[dQ(cogB - cog sirt6) f(6,p.t)
[/ dQ(co$8+2coL@sin?6) f(6,p,t)

R(t) = (2/5)e” 3/ (5.14)

We seethatthe decayconstanbf therotationalanisotropy is givenby tr = 1p/3.



6 Anomaloustemperature dependence of vibrational
lifetimesin water and ice

6.1 Introduction

Marny physical propertiesof water exhibit a remarkabletemperaturedependence.The
bestknown exampleis probablythe density whichis largerin theliquid thanin the solid
phase. Other examplesinclude the viscosity the specificheat,and the static dielectric
constantall of which shav temperaturelependencethat differ significantlyfrom what
is generallyobseredin liquids. In mary casegsheanomalousemperaturelependencef
thesepropertieshasprovided fundamentalnformationon the dynamicsand structureof
water

A betterunderstandingf the physicalpropertiesf liquids canbe obtainedby study-
ing the dynamicsof the elasticandinelasticmicroscopicmolecularinteractions. Infor-
mationon the inelasticmolecularinteractionscanin turn be obtainedoy measuringhe
lifetime of molecularvibrations. Of specialinterestin this respecis the measuremeruf
the vibrationallifetime asa function of temperaturesincein mary caseghis allows the
identificationof themodedo whichtheenegy of theexcitedmodeis transferredIn most
theoriedor vibrationalrelaxation91-93]thevibrationallifetime stronglydecreasewith
temperaturein mostcasesasaresultof theincreaseaccupatiorof theenegy-accepting
modes. Measuringthe temperaturelependencef the lifetime allows the determination
of thefrequencie®f thesemodesandthusmayhelpin theiridentification.It is clearthat
measuringhe lifetime of a vibration of the watermoleculeasa function of temperature
mightprovide uswith new insightsin themicroscopianolecularcouplingsn water which
eventuallymayleadto a betterunderstandingf theanomalousnacroscopi@ropertieof
this liquid. The OH-stretchingnodeof wateris obviously the mostsuitablecandidateas
it is a very sensitve probefor the hydrogen-bondatructure[13]. Unfortunately thetime
resolutionin previoustime-resoled mid-infraredstudieson ice andwaterwasnot suffi-
cientto accuratelydeterminghe OH-stretchindifetimes[22,23,94,95]. In this Chapter
we reporton the determinatiorof OH-stretchindifetime andits temperaturelependence
in dilute HDO: D20 solution,bothin theliquid andsolid (ice Ih) phase.

6.2 Experiment

For the pump-probeexperimentswe usethe two-color setupdescribedn Section2.4.2.
The pumpandprobepulsesarefocusedto a spotwith a diameterof ~300 um andhave
spatialoverlapin thesample.Thepumppulseis tunedto thevoy = 0 — 1 frequeng, and
theprobepulseto eitherthevoy = 0 — 1 orthevoy = 1 — 2 frequeng. Thepumppulse

54
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inducesa significantpopulationof the voy = 1 level, which is monitoredby the probe
pulse. By measuringhe excited state(voy = 1 — 2) absorptionasa function of delay
betweerthe pumpandprobepulseswe determinghevibrationallifetime T;. The probe
polarizationwas at the magicanglewith respecto the pumppolarization,ensuringthat
theobsenedtransientaredeterminedy thevibrationalrelaxationonly [55].

The sampleconsistedf a 500 um layer of dilute (~1:500)solutionof HDO in D,0
keptbetweertwo sapphirevindows,andwasmountedonthecoldfingerof aclosed-gcle
He cryostatequippedvith a heater This enabledusto continuoushjtunethetemperature
of thesamplerom 30to 363K with anaccurag of 0.2K. Theice waspreparedy slowly
coolingdown sampleuntil solidificationoccurredtypically at ~265K. Sincethe sample
cannotbe circulated,we hadto lower the pump pulserepetitionrateto 70 Hz to avoid
heatingof the samplein the focus. Using the differentialequationfor diffusion of heat
andthethermophysicapropertieof D20, anupperboundcanbeobtainedor thesteady-
stateheatingn thefocus,whichis 2.6 K for waterand1 K for ice (seethe Appendixatthe
endof this Chapter). Thesevaluesrepresenthe uncertaintyin the reportedtemperature
values.

6.3 Results

6.3.1 GENERAL CONSIDERATIONS

It hasbeenshavn recentlythatin inhomogeneouslgroadenetbandsof hydrogen-bonded
OH groupsthe vibrational lifetime can be strongly dependentbn the excitation fre-
gqueng [79,96]. In addition therecanbespectratelaxatioreffects[23,97]. Toinvestigate
if sucheffectsoccut we have recordedoump-probescangn liquid wateratroomtemper
ature,with afixed pumpfrequeng of 3500cm=1, whichis at the high-frequeng sideof
thevopy band,andthreedifferentprobefrequenciesvithin the broadvoy = 0 — 1 band
(Fig. 6.1). If theprobepulseis tunedto thesamerequeng asthe pump,thedecayrateof
thebleachings initially largerthanthevalueapproacheébr largedelayswhichis clearly
suggestie of spectrarelaxation88]: thespectrakelaxationof the excited OH groupsout
of the spectralwindow of the probepulsegivesrise to an extra contribution to the decay
of the bleaching,which addsto that of the vibrationalrelaxation. At probefrequencies
away from thepumpfrequeng, thedecayrateis initially slowerdueto spectrarelaxation
of the excited OH groupsinto the spectralwindow of the probe,a procesghatcompetes
with thevibrationalrelaxation.The spectrakelaxationalsocausedhe bleachingat these
frequenciego riseto amaximumat largerdelayvaluesthanatthe pumpfrequeng. After
approximatelyl ps,thedecayratehasbecomeequalatall probingfrequenciesindicating
thatno morespectrarelaxationtakesplace(seealsoChapter).

6.3.2 VIBRATIONAL LIFETIMES

Typical pump-probescangecordedn ice andin water shaving the excited state(voy =
1 — 2) absorptiorvs.thedelaybetweempumpandprobe arepresentedh Fig. 6.2. These
scansshawv thatin water at 353 K the vibrational lifetime is significantly longer than
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FIGURE 6.1. Pump-probescangrecordedn dilute HDO:D,O atroomtemperatureshaving the
transmissiorchangeln(T /To) of the probepulseasa function of the delay betweenpumpand
probe,atthreedifferentvon = 0 — 1 probingfrequenciesindwith vpump = 3500cm1.

at 298 K, in striking contrastwith the generallyobsened decreas®f excited-statdife-
timeswith temperaturepoth for vibrational [98—101] and electronic[102—104]transi-
tions. Fig. 6.2 alsoshaws thatthe vibrationalrelaxationtakes placeapproximatelytwice

asfastin ice asin water

0.1

In(TIT)

0.01

1E-3

o water at 298 K
e water at 353 K
ice at 270 K

delay (ps)

FIGURE 6.2. Pump-probecansecordedn HDO:D,0 in theliquid (vpy = 3400cm™1, vy, = 3150
cm~1) andsolid phasevpy = 3330cm™, vy = 3090cm~1), shaving the absorptiorincreaseat
the probefrequeng vs. the delay betweenthe pumpand probepulses. The dravn curvesare
cornvolutionsof a Gaussiamwith mono-eponentiadecayswith time-constantsf 740fs (298K),
861fs (353K), and385fs (270K), respectiely.

We have recordedpump-probescansin a broadrangeof temperatureskeepingthe
pumpfrequeny fixedat 3400cm? for waterand3330cm™ for ice (the centerfrequen-
ciesof thevpy bandatroomtemperatur@and260K, respectrely). The probewasalways
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FIGURE 6.3. Vibrationallifetime T; of the OH-stretchingnodeof dilute HDO:D,O asafunction
of temperature.Note that the lifetime at T = 270 K hasbeenmeasuredothin the solid and
(undercooledliquid phase Thedashedurve hasbeencalculatedusinga power-law dependence
of T; onthehydrogen-bondnducedredshiftof the OH-stretchfrequeng: Ty O (8von) ~18 [53].

tunedto thevon = 1 — 2 frequeng (3150cm™? for water 3090cm? for ice). By fitting
mono-e&ponentialdecaysto the pump-probescanswe have determinedhe vibrational
lifetime Ty asa functionof temperatureEventhoughthe obsenedtransientsanbewell
describedby a corvolution of a Gaussiarwith a mono-e&ponentialdecay(Fig. 6.2), it
cannotbe excludedthat for small valuesof the delaythe decayof the absorptionat the
vox = 1 — 2 frequeng mightbe partly determinedy effectsof spectrakelaxation simi-
lar to thedecayof thebleachingatthevoy = 0 — 1 frequeny (seethepreviousparagraph
andChapter). For thisreasonpnly thedatapointsfor delayvalueslargerthanl pswere
usedin thefits to themeasurementsn liquid watet

Fig. 6.3 presentsl; asa function of temperature.ln ice, no significanttemperature
dependences obseredall theway from 30 K up to the melting point. At thetransition
from thesolidto theliquid phase 1 suddenlyincrease$rom 384+ 16to 745+47fs. Note
thatin undercooledvaterat 270K the vibrationallifetime is closeto the valueat room
temperatureandroughly twice that measuredn ice at 270K. As the temperaturef the
waterincreasesthevibrationallifetime becomesignificantlylonger

6.4 Discussion

6.4.1 THEORETICAL BACKGROUND

In describingthetemperaturelependencef vibrationalrelaxationratesin the condensed
phase,it is often assumedhat the acceptingmodesare harmonic oscillators, either
phonongin solids)or instantaneousormalmodeg(in liquids) [93]. This alwaysleadsto
avibrationallifetime thatdecreasewith temperatureTo illustratethis, let usassumedor
simplicity thatonly oneacceptingnodeis involvedin the vibrationalrelaxationprocess.
Wewill call thehigh-frequeng coordinateg andthelow-frequeng (accepting-modejo-
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ordinateQ. If the high-frequeng excitation relaxes by the emissionof m phononsof
enegy wq = wq/m, the decayrateK = 1/T; dueto the anharmoniccoupling operator
gQ™ canbe calculatedwith first-orderperturbatiortheory[105]:

T) Oy Pagl(Ogno +miQ™ 1qng) 2, 6.1)
nQ

where\lq ng) and|0gng + m) denotethe initial andfinal statesof the relaxing system,
andpPy, = e"ewe/keT /5, e=kMix/keT i the thermalprobability distribution. Writing Q
in termsof phononcreationandannihilationoperatorspneobtains:

K(T) O [{0q/61q)|* (Rg +1)", (6.2)

whereng = (e"@o/keT —1)-1is thethermaloccupatiomumberof the phonon.Thesame
resultis obtainedif the anharmoniccouplingis qQ and mth-orderperturbationtheory
is usedto describethe relaxation[105]. Sinceng increasesvith temperatureEq. (6.2)
predictsthatthevibrationallifetime shoulddecreasevith increasingemperature.

This temperaturalependencean be understoodasfollows: the value of the matrix
element(0q ng + M|/4Q™| 14 o) stronglydependon theoverlapof theq andQ wavefunc-
tions, andincreasesvith ng, sincefor a harmonicoscillatorthe correspondingng) and
Ing + m) wavefunctionsare more extended. With increasingtemperaturehigherlevels
of the Q modewill be occupiedandthethermallyaveragedvalueof the couplingmatrix
elemenincreases.

Summarizingif theacceptingnodeis aharmonicoscillatot thevibrationallifetime is
predictedto decreaseavith temperatureThis holdsnot only for the very simplesituation
discussedbove, but alsowhenmorethanoneacceptingnodeis involved[93], or when
higherorderperturbatiortheoryis usedto describetherelaxation[105].

6.4.2 THE HYDROGEN BOND AS ACCEPTING MODE

Previous studieshave shavn thatin the vibrationalrelaxationof the voy = 1 stateof a
hydrogen-bonde®H groupalargepartof theenegy is transferredo the hydrogen-bond
(O—H---0) mode[15,79], which typically hasa frequeng of ~200cm~1. Therefore,
by virtue of the discussionn the previous section,one would expecta strongdecrease
of the vibrationallifetime with temperaturepothin ice andin water The obsenation
thatin ice therelaxationis neverthelessemperaturéndependentnightbe dueto thefact
thatthehydrogerbondis astronglyanharmonimscillatot the potentialfunctionpossibly
containingtwo minimaseparatedby a barrierand/orstrongquarticcontributions[14,81,
106]. As aresult,the wavefunctionsof the excited hydrogen-bondtatesare probably
not much more extendedthan that of the groundstate. Therefore,the matrix element
(13no|qQ™|0gng + m) will be virtually independenbf ng. Consequentlythe thermal
averageof this matrix elementandthereforethe vibrationallifetime, maybe expectedto
dependonly weaklyon thetemperatureasis indeedobsenedin ice.

At first sight,in liquid watera similarindependencef temperatureouldbe expected
asin ice. However, the vibrationallifetime in wateractuallyincreaseswith temperature.



§6.4 59

To ourknowledge,up to now suchanincreasef thevibrationallifetime with temperature
hasonly beenobsenredfor the Ty, stretchingnodeof W(CO)s dissolvedin someorganic
solventsandin supercriticalfluids [107—110]. For the latter systemsthe increaseof T,
with temperatureouldbeexplainedfrom the strongtemperaturelependencef the prop-
ertiesof the solventjust above the critical point. At temperaturesuficiently far above
thecritical point, thelifetime exhibitedthe usualdecreasevith increasingemperatureln
the caseof W(CO)s in someorganicsolvents,it wasfound thatthe increaseof T; with
temperaturanustresultfrom a strongdecreasef the couplingto the acceptingmodes
with temperaturebut thereasorfor this decreaseouldnotbeidentified[111].

Therearetwo temperature-dependeoarametershatin principle couldleadto ade-
creasaf thecouplingbetweerthe OH-stretchingnodeandtheacceptingpathmodewith
temperaturdandthusto a decreasen vibrationallifetime), namelythe densityandthe
averagehydrogen-bondtrength.

Above 277K, thedensityof liquid waterdecreasewith increasingemperatureyhich
in principle couldleadto alengtheningf thevibrationallifetime [111]. Althoughit can-
notbeexcludedthatfor liquid watertheincreasef T, with temperatur@artly resultsfrom
the decreasen density it is clearthatthe densityin itself is not animportantparameter
sincetheT; of liquid wateris muchlongerthanthatof thelessdensece.

A muchmoreimportanteffect is that the averagehydrogen-bondgtrengthdecreases
with increasingtemperaturg¢112], ascanbe derived from the redshiftof the hydrogen-
bond(O—H---O) stretchingrequeng obsenedin thefarinfraredandlow-frequeny Ra-
manspectraof water[113,114], andfrom the blueshiftof the OH-stretchingnodein the
Ramarandinfraredspectrd115,116]. In ice,the OH-stretchfrequeng variesmuchmore
slowly with temperaturg115], which indicatesthatthe effectsmentionedbelown will be
lessrelevantfor ice.

A decreasef the hydrogen-bondtrengthwill leadto a decreasef the anharmonic
interactionbetweerthe OH-stretchingnodeandthehydrogerbond.If thehydrogerbond
forms oneof the acceptingnodesof the vibrationalenepy, this will leadto anincrease
of the vibrationallifetime. To seeif sucha mechanisntould explain the obseredtem-
peraturedependencef T1(OH), we tried to describeour datawith apreviously developed
modelfor the vibrational relaxationof hydrogen-bonde®H groups[53]. This model
describeghevibrationalrelaxationof anisolatedOH grouphydrogen-bondetb anoxy-
genatom,andassumeshatall vibrationalenegy initially presentin the OH-stretching
modeflows to the hydrogen-bondO—H---O) mode. It shows that the vibrationallife-
time T1(OH) strongly dependson the hydrogen-bondnducedredshiftdvoy of the OH-
stretchingrequeng with respecto the gas-phasgalue,andpredictsthe power-law rela-
tion T1(OH) O (dvon) 8, which hasbeenobsened experimentallyfor a wide rangeof
hydrogen-bondedomplexes[117]. We usedthisrelationandtheexperimentallyobsened
temperaturalependencef dvoy in dilute HDO:D,O [115] to calculatethe vibrational
lifetime T1(OH) asa function of temperature.The proportionalityconstantwas chosen
suchthatthe calculatedT; at 323K equalsthe experimentallyobsenedvalue. Sincethe
thermaloccupatiorof the hydrogen-bonanodeis not expectedo influencethe tempera-
turedependencef T; (seeabove), it wasnotincorporatedn theanalysis.The calculated
Ty is shavn asthe dashedcurwe in Fig. 6.3. The agreemenbetweenthe calculatedand
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obseredvaluesis reasonablygoodover the entiretemperatureéangefrom 30 to 363K,
especiallyin view of the fact that the model of Ref. [53], which describesan isolated
O—H---Ounit, is surelya strongoversimplificationof the actualsituationin liquid watet

It thusseemdikely thatthe origin of the strongcorrelationbetweent;(OH) andthe
hydrogen-bondatrengthlies in the anharmonicouplingbetweerthe OH-stretchandthe
hydrogen-bondnodes,althoughit cannotbe excludedthat the hydrogen-bondatrength
andTy(OH) arerelatedin a differentmanner For instancethe decreasef the hydrogen-
bond inducedredshift of the OH-stretchfrequeng with temperaturanight lead to an
increaseof the enegy gap betweenthe OH-stretchand other acceptingmodes,thereby
decreasindhe rate of vibrationalenegy transferto theseothermodes.We think thatas
yetit is not possibleto determinehe precisemechanisnbehindthe correlationbetween
the lifetime and the hydrogen-bondstrength,but we hopethat our datawill stimulate
theoreticalwork to elucidatethis mechanism.

6.5 Conclusions

Summarizingwe have foundthatthevibrationallifetime of the OH-stretchingnodedra-
maticallyincreasestthephasdransitionfromiceto water andshovsahighly anomalous
temperaturelependencin theliquid phaseln ice, T1(OH) is independentf temperature,
probablydueto the stronganharmonicityof the hydrogen-bondanode,which causeghe
couplingbetweerthe OH-stretchandhydrogen-bondnodego dependnly weaklyonthe
thermaloccupatiorof the excitedlevelsof the lattermodes.We think the strongincrease
of T; atthephasdransitionfrom iceto water andtheincreasef T; with temperaturén the
liquid bothresultfrom the concomitantlecreasef the averagehydrogen-bondtrength.

Appendix: An upper limit for the heating in the focus

During the vibrational relaxationprocessthe enegy of the mid-infrared pump pulse,
which is initially in the OH-stretchmode, is rapidly corvertedinto heat. Betweentwo
laserpulsesthis heathassometime to diffuseout of the focusto the sapphirevindows,
which have amuchlargerheatconductvity thanD,O andhencesene asaheatsink. After
asufficientnumberof lasershots a steadystatewill establishin whichtheamountof heat
diffusingout of thefocusin betweertwo laserpulsesis equalto the amountdumpedper
pulse. In this steadystate the temperaturen the focuswill be somavhathigherthanin
therestof thesample.

To estimatan a simpleway anupperlimit for the steady-stateemperaturéncreasen
thefocuswith respecto therestof thesamplewe assumehatafterthevibrationalrelax-
ationtheheatis distributeduniformly overa cylindrically shaped/olume,with adiameter
of 300 um (the diameterof the focus)anda lengthof L = 500 um (the thicknessof the
sample).Sincewe only wantto obtainanupperlimit for thetemperaturén thefocus,we
will neglectthe trans\ersediffusion of heat,andassumehatall heatdiffuseslongitudi-
nally, to thesapphiravindows. This meanghattheproblemreducego aone-dimensional
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heatdiffusionproblem,andthelocaltemperaturéncrease\T (z,t) is determinedy [118]

0AT(zt)  0°AT(zt) .. =
ot =K 372 , Withk =A/pcp, (6.3)

wherec, is the heatcapacityper unit mass,p is the massdensity andA is the thermal
conductvity. Sincethethermalconductvity of sapphiras ordersof magnituddargerthan
that of liquid andsolid D,0O [59], the windows areassumedahot to heatup significantly
Hencewe cansafelythe boundaryconditionsAT (0,t) = AT (L,t) = O for all t, whereL
is the length of the sample. Let Ty be the initial temperaturencreasean the cylindrical
volumedueto onelaserpulse. For the caseof a singlepumppulsehitting the sampleat
t = tp (initial conditionAT (z,t9) = Tp for 0 < z < L), Eq. (6.3)is easilysolved by writing
AT (z t) asa Fourierseriesin z. For the steady-statsituation,we wantto know AT (z,t)
after aninfinite numberof pumppulses,at the momentjust beforethe next pumppulse
arrives. If thetime betweentwo laserpulsesis At, this meanswve mustaddall separate
temperaturéncreased\T (z,0) dueto the pump pulseshitting the sampleat to = —mAt
(m=1,2,...). After carryingoutthe summatiorover m, theresultis

o0 KAt[(2n4+-1)T/L]% _ 1)1
4To(e 1) in<(2n—|— 1)nz) , (6.4)

AT(z,0) = n;) (2n+ 1)1 L

whichhasamaximumin z= %L. Usingthethermophysicapropertiesof D,O (cp = 2.22-
103Jkg 1K1, p=1.01810°kgm 3, A=2.28WK 1 m1for D,Oiceat260K [119-
121],andc, = 4.15-10° Jkg~ 1K1, p = 1.105- 103 kgm~3, A = 0.589W K~ m~1 for
liquid D>0O at293K [59,119]). With apumppulseenegy of 25 pJwe have To = 0.154K
in waterandTy = 0.314K inice. Using Eq. (6.4) with At = 14 ms,we find AT(%L,O) =
0.53K in ice andAT(%L,O) = 2.60K in water At lower temperatureshe temperature
risein ice will be smallerthanat 260K, since) scalesapproximatelyasT 1 [121] and
Cp asT [119]. It shouldalsobe notedthatin Eq. (6.4) only the n = 0 term contritutes
significantlyto the steady-stat@eating. For this reasonapproximatelythe sameanswer
is obtainedif a morerealistic(exponentiallydecaying)z-dependencef the temperature
profile shortly after a pump pulseis used. Finally, we seethatthe temperaturencrease
To causeduy a singlelaserpulseis very small, so thatthe temperatureluring the pump
pulseandthevibrationalrelaxationis well defined.In the experimenton purewater(see
Chaptei8) thisis nolongerthecase.



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

7.1 Intr oduction

Recently a picosecondwo-color pump-probestudy on the OH-stretchabsorptionband
of dilute HDO:D,0 hasbeenpublishedin PhysicalReview Lettersby LaenenRauscher
andLaubereay23]. Onthebasisof theirmeasurementsheauthorsclaimto have burned
spectraholesin the OH-stretchbandof HDO:D,O, andconcludethatwaterhasa three-
componentstructure. The sameauthorshave previously reportedon very similar tran-
sientspectrain a pump-probestudyon the OH-stretchingnodeof ethanololigomersin
CCly [20].

Curiously Laenenet al. completelyneglectthe coherentouplingbetweerthe pump
andprobepulsesin the analysisof their results. It hasbeenknown for quite sometime
thatthesecohereneffectsstronglyinfluencethe obseredpump-probesignalg34,46,62,
66,122—125]andleadto anincreasedrobetransmissiorat the frequeng of the pump
pulse,evenif the absorptionline which is studiedis homogeneouslyproadened122].
Suchatransmissiomncreasen thetransienspectrunmighterroneoushpbeinterpretedas
aspectrahole[124].

Thepurposeof thecommenpresentedh this chapteiis to demonstratéhatthe“spec-
tral holes” obsened by Laenenet al. are causedby a coherentcoupling effect, and not
by the selectve bleachingof a certain“local substructure’in the OH-stretchabsorption
band. To demonstratehis, we will simply assumehatthe OH-stretchbandis homoge-
neouslybroadened;alculatethe pump-probesignalusingtheexperimentaparametersf
Laenenet al., andcomparethe resultsto their experimentalobsenationson water[23]
andethanol[20].

7.2 Calculation

We describeéheopticalresponsef the OH-stretchmodein termsof the Bloch modelfor a
homogeneouslproadenedransition,with centerfrequeng wy, linewidth 2y (in unitsof
angularfrequeng), andpopulationlifetime T;. The pumpandprobeangularfrequencies
arew; andwy respectrely, andthetotal electromagnetifield is givenby

E(r,t)=3 {El(t) ghar—ioit 4 £t 1) gke =i Qat+iwot) g-icnt 4 ¢ ¢, (7.1)
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whereQj = wj — wy arethe detuningsof the pump(j = 1) andprobe(j = 2) frequen-
cieswith respectto the resonancdrequeny wp, andt is the delay betweenpump and

probe. We will assumehat the absorptionbandis much broaderthanthe width of the

power spectraof the pumpandprobepulses. This is justified, sincethe FWHM of the

OH-stretchbandis 250 cm™1 [126], certainlymuchlarger thanthe FWHM of the power

spectraof the pumpand probepulsesusedin the experiment(8 cm~* and16 cm™1, re-

spectvely [23]). Whenthe absorptiorbandis muchbroadetthanthe power spectraof the

pumpandprobepulsesthefree-inductionrdecaycanbe considerednstantaneousl here-
fore, the polarizationanducedby the pumpandprobedo not influencethe shapeof the

pumpandprobepulsesandto first ordet the only effect the absorptionbandhason the

pumpandprobefieldsis to introducean exponentialdecayof theamplitudeasthebeams
propagatehroughthe sample.Hence,in orderto find the pump-probesignal, it sufiices
to calculatethethird-orderpolarizationat onespecificpositionin the sample.

We write thefirst andthird-orderpolarizationsas

()
(3)

%Néjl)(t)eiki‘r*“*’ot—i—c.c. (7.2)
%Néf’)(t)éki‘r*i‘*’ot—i—c.c. (7.3)

with j = 1,2 for pumpand probe,respectrely. The equationgor the time dependence
of thefirst-orderpolarizationsi5|£jl), the excited-statepopuIationnéz), the excited-stategpo-

pulationgratingnl((zz)_kl andthethird-orderpolarizationISS) aregivenby perturbatve so-
lution of the Bloch equationdor a homogeneousvo-level system.In the rotating-wave

approximatiorwe have [124,125]:

dR,’ iNpi2f* = i 5
_ —1Qit (1)
= g hibe V2P (7.4)
dFﬁg) iN |pa2|® = it +i 5
_ 1\ e Qot et (1)
ol = Ex(t—1)e V2R, (7.5)
2 :
any i By e ™R — B 1) €AY | - van” (7.6)
dt 4hN ka 1 k1 0
(2) -
dnkz—kl _ I [Ez(t - .[.) e—int—l—i(L)lef)(l)* . E* (t) eiQ]_t If)(l)]
dt 4hN k1 1 ko
—ying . (7.7)
dR) 2iN|pa2f? = 0t (2 g iQat-+i
— - —iQat+ (2)
dtz = ——F [El(t)e "Nk, T Ea(t — 1) e R ing ]
~ 2R, (7.8)

wherey; = 1/T; andys is half the FWHM of the absorptionband(in units of angular

frequeng). The excited-statedensitygrating nl(<22)—k1 is formedby interferencebetween
the pumpandprobepulses,anddecayswith the excited-statdifetime T;. Diffraction of
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the pump pulsefrom this gratinggivesrise to a contrikution to the third orderpolariza-
tion in the directionof the probe. This coherentontrikbution to the pump-probesignalis

representedy thefirst termin Eq. (7.8). The excited-statepopuIationnéz) causedy the

pumppulsealsodecayswith T;, andinteractionof néz) with the probepulseleadsto the
bleachingpartof the pump-probesignal,representetly the secondermin Eq. (7.8).
Solvingequation(7.4),we obtain

2
F~>(1)(t) 'N\le\/ dt'Ex(t)) e 105ty (1) (7.9)

We now usethefactthatthe pulseenvelopevariesvery slowly comparedo y, Ltoreplace
E1(t') by E1(t). Onethenobtains

51) .y iN[pol? Eq(t) e 1
R O="—"F"~, "ia, (7.10)
andin thesameway, by solvingEq. (7.5):
. H 2 E _ —iQot+HiupT
Pﬁ?(t)='N‘%_12| Eot-1)e (7.12)

Y2—iQ2
Substitutingtheseequationsnto (7.6) and(7.7) andintegrating,one obtainsexpressions

for néz) (t) andnl(é)_kl(t). Substitutingheseinto (7.8) andintegratingagain we obtainthe
following expressiorfor thethird-orderpolarizationin thedirectionks:

~(3 iN H12 4 1 i i Y2
Plgz) (t) — |ﬁ3 ‘ y2_ IQ2 e Ita-HCOzT/ dt [yz QZ eylt Ez(t —T)‘E]_( +t)|

1 1 _ L
+ (V?_-HQl + V?_—iQp_) g (Q1—Qa)t' +yat Ex(t)EL(t +t)E7_('[/+t—‘[) ’

(7.12)
whereagainthe facthasbeenusedthatthe pumpandprobefieldsvary slowly compared
to the free-inductiondecay The pump-probe(bleaching)signalis given by the time-

integratedgain —Im[E3 PS)] of the probefield (seeSection1.3.2):
S(Q1,Q2,7) = —'m/ dtEs(t— 1) B 1)

_N|H12‘4 ZV% 0 1 yit! oo 2 N2
=5 {(y%_i_Q%)(y%_l_Q%)/mdteV | dtEat-D)PEst+1)]

1 1 :
+Re| : / it/ (202 +vit
[VZ—IQZ <V2+|Ql Vz—le>

< /_ Z dtE3 (t — T)EL()E; (1 + 1) Ea(t +1 —r)] } . (7.13)

Thisexpressiorconsistf two terms(which correspondo they(t) andf(t) termsof sec-
tion 3.3.3). Thefirst termin this expressions a convolution of the cross-correlatiofunc-
tion of the pumpandprobeintensitieswith an exponentialdecaywith time constantT;.



§7.3 65

Thisis thewell-known incoherenpartof thepump-probesignal,andits delaydependence
is determinedy thevalueof the populationlifetime T;. As expectedijts probe-frequenc
(Q2) dependencsimply follows the broadLorentzianabsorptionineshape.The second
termin Eq. (7.13) is causedby coherentcoupling betweenpump and probe. Its delay
dependences determinedy the temporaloverlapof the pumpandprobefields. Thisis
to beexpectedsinceit representaninterferencesffect betweerpumpandprobe.

In casethe pumpandprobefieldsareGaussian:

Ej(t) = e 9%, (7.14)

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

TN |2 { ' ( vl(d1+dz)—8d1d2r)
Q1,Q0,7) = ex
(D= \r e P\ g

w [ 14 erf 4dydiT — yl(dl + dp_) L Re [ 1. < 1. n 1. )
2,/2(d1 + d)chdy Y2—1Qo \Y2+iQ1  Y2—1Q2

[V1+i(Ql—Q2)]2—4d1d2T2 y1+i(Ql—Q2)
S Sy

7.3 Results

7.3.1 "“SPECTRAL HOLES” IN WATER

Bothin Ref.[23] andin Ref.[20] the pulseernvelopeswere Gaussianthe FWHM of the
pumpandprobeintensityenvelopesbeingl and2 ps. This meanswve canuseEq. (7.15),
with d; = 0.347 ps~? andd, = 1.386 ps~?, to calculatethe transientspectraand delay
scansthat would be obtainedif the OH-stretchabsorptionbandof HDO:D>O were ho-
mogeneoushbroadened.We take y» = 23.6 THz, which correspond¢o a FWHM of
the absorptiorbandof 250cm™! (this is the actualFWHM of the OH-stretchabsorption
band[126]),andy; = 1.35Thz (T, = 0.74 ps,seeChaptei6), andabandcenterfrequeng
of 3410cm 1. In the remainderof this section,we will subsequentianalyzeall of the
measurementsresentedn Ref.[23] in termsof ahomogeneousliproadened®H stretch
band,thatis, in termsof Eqg. (7.15).

Fig. 7.1 shaws transientspectracalculatedusing Eq. (7.15), for four differentdelay
valuesanda pumpfrequeng of 3490cm~. Thereadershouldnotethe goodagreement
betweerthesecalculatedransienspectrandthetransienspectrgpresentedby Laeneret
al. in Fig. 1(a)—(c)of theirarticle[23]. Sincetheanalysisabove only takesthevoy = 0 and
Vou = 1levelsinto accountwe only reproducehebleachingpartof thetransienspectrum
(probefrequenciesgargerthan3200cm™1), andthe experimentallyobseredexcited-state
(Von = 1 — 2) absorptiorat ~3000cm! is notreproducedn our calculation.Of course,
thecalculationcaneasilybeextendedo includethevoy = 2 level (andhenceheexcited-
stateabsorptionpswell.
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FIGURE 7.1. Calculatedtransientspectrafor delay valuesof (a) T = —2 ps, (b) T = 0 ps,

(c) T =1 ps,and(d) T = 3 ps. The pumpfrequeny is 3490cm™? (indicatedwith anarrov on
the frequeng axis). Thesecalculatedspectrashouldbe comparedo the experimentalkransient
spectrashavn in Figs.1(a)—(c)of Ref.[23].

Thetransiensspectraconsistof two parts:abroadbackgroundiueto the bleachingof
the absorptionbandby the pumppulse(thefirst termin Eqg. (7.13)),anda sharpfeature
which is only presentwhenpumpandprobehave temporaloverlap,andwhich is dueto
coherentoupling(thesecondermin Eq.(7.13)). Thegoodagreemenetweerkq.(7.15)
andthe measurementstrongly suggestshat the sharppeaksat the pumpfrequeng ob-
sened by Laenenet al. at delay valuesof 1 = —2 andt = 1 ps simply representhe
coherentouplingbetweerpumpandprobe,andnot a spectrahole dueto the bleaching
of a“selectedsubensemble[23]. At delayt = 3 ps,seeFig. 7.1(d),the coherenpeakin
thetransienspectrundisappearsincethe pumpandprobepulsesnolongeroverlap. This
is preciselywhatis obsenredin the experimentakransientspectrumatt = 3 ps,shovn in
Fig. 1(c) of the article[23]. The broadbackgroundsignalon the otherhand,which rep-
resentghetruebleachinganddecayswith the excited-statgpopulationlifetime Ty, is still
presentatT = 3 ps,bothin the calculatedandthe experimentatransientspectrum.

In Fig. 2 of thepapel[23], transienspectraarepresented whichthepumpfrequeny
was3430cm~1, andthe delaysetto T = 0 ps. Again, coherentouplinggivesriseto an
increasedransmissiorof the probepulseat the pumpfrequeng. A transientspectrum
calculatedusingEg. (7.15)is shavn in Fig. 7.2. Thereis reasonablagreemenbetween
thecalculatecandexperimentatransientsespeciallyin view of thesimplemodelwe used
to describegheopticalresponse.

It is well known thatcoherentouplingbetweerthe pumpandprobepulsesnot influ-
encesthe transientspectraput alsothe pump-probedelay scang64]. Whenpumpand
probehavethesamerequeng, it is clearthatcoherentouplinggivesriseto anextracon-
tribution to the pump-probesignalwhenthe pulseshave temporaloverlap (seeRef. [64]
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FIGURE 7.2. Calculatediransientspectrumfor T = 0 ps anda pumpfrequeng of 3430cm~1
(indicatedwith anarron onthefrequeng axis). Cf. theexperimentatransienspectrunpresented
in Fig. 2(b) of Ref.[23].

or section3.3.3). This extra contribution arounddelayzerois not presenwvhenpumpand
probehave differentfrequencies.This is preciselywhatis obsenedin the delay scans
presentedn Fig. 3 of the article. Whenthe probeis tunedto the pump frequeny of

3410cm! (curveslabeled'II’ in Fig. 3 of the article[23]), the coherentcontritution to

the signal causeghe signalto rise significantly fasterthan whenthe probeis tunedto

3340cm1 (curveslabeled!’” in Fig. 3 of thearticle). This effectis nicely reproducedy

Eq.(7.15),ascanbeseenfrom thecalculatedlelayscanshaovn in Fig. 7.3. Accordingto

Laeneretal. however(p. 26240f thearticle[23]), the“sloweramplitudegrownth” of curve

‘I with respecto curve’ll’ is not causedy a coherenteffect, but by “crossrelaxation,
i.e., corversionof moleculesn ervironmentd andll.”

0.10
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FIGURE 7.3. Delay scanscalculatedusing Eq. (7.15), with a pumpfrequeng of 3410cm™2,
andprobefrequencieof 3410cm™! (a) and3340cm™? (b). Cf. the experimentaldelay scans
presentedh Fig. 3 of Ref.[23], wherethey arelabeledas’ll’ and’l’, respectiely.
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7.3.2 "SPECTRAL HOLES” IN ETHANOL

The explicit expression(7.15)for the pump-probesignalin a two-colorexperimenton a
homogeneougransitionis a very generalone,andappliesfor arbitraryyi, y», andpulse
durations.Theonly assumptioomadeis thatthe pulseis significantlylongerthanthefree-
inductiondecay which is very often satisfied,in particularin the caseof the very broad
OH stretchingoands.

Equation(7.15)canthereforealsobeappliedto thetwo-colorpump-probexperiments
onthe OH-stretchmodeof hydrogerbondedethanolwhich werepresentegreviously by
LaenenRauscheandLaubereay20]. In thetransientspectreof their studyon ethanol,
the authorsagainobsene sharp“spectralholes” at the pumpfrequeny, againsuperim-
posedon a very broadbleachingsignal. Interestingly these‘spectralholes” alwayshave
the samewidth, independenof the pumpfrequeng. Furthermorejn ethanolthey have
virtually the samewidth asthe“spectralholes”in water Preciselyasin watet in ethanol
the“spectralholes”disappeawhenthe pumpandprobepulseshave notemporaloverlap,
seeFig. 1(c) of thearticle[20].

All of this strongly suggestghat the “spectralholes” in ethanolare also causedoy
coherentcoupling betweenthe pump and probepulses. This is confirmedby the good
agreemenbetweentransientspectracalculatedusing Eg. (7.15) and the experimentally
obsered transientspectrg[20]. As an example,Fig. 7.4 presentsa calculatediransient
spectrumfor delayt = 0 anda pumpfrequeny of 3450cm—1, which the readershould

0.08

0.04F

In(T/T,)

0.00 1 1 1 t 1
3100 3200 3300 3400 3500 3600

probe frequency (cm-1)

FIGURE 7.4. Transientspectrunfor the OH-stretchmodeof ethanololigomerscalculatedusing
Eq. (7.15), with a pumpfrequengy of 3450cm™1, anddelayt = 0 ps. Cf. the experimentally
obsenedtransienspectrunshownn in Fig. 2(b) of Ref.[20].

compareto the experimentaltransientspectrumpresentedn Fig. 2(a) of Ref. [20]. We
have takeny; = 1.11 Thz (Ty = 0.9 ps, seeTable 3.1), andy, = 18.8 THz (which cor-
responddo the experimentaFWHM of 200 cm~! of the absorptionband[15]), anda
band-centefrequeny of 3330cm™! (seeFig. 3.1).

In their analysisof the ethanolexperimentsLaenenet al. againdo not take coherent
couplingeffectsinto accountandthey interpretthesharpfeaturein thetransienspectrum
asdueto selectve bleachingof certainethanololigomers.Indeed the authorsexplicitly
excludethe possibility thatthe “spectralholes”in ethanolarecausedy a coherentou-
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pling effect. They supportthis claim by noting that the ratio of the sharppeakandthe
broadbleachingsignal doesnot changewhen changingpumpintensity (p. 3204 of the
article [20]). This however, is preciselywhat one expectsfor a coherentartefact, since
boththe bleachingandthe coherentartefaict scalelinearly with the pumpintensity This

is clearly seenin Eq. (7.13): both the incoherentbleachingterm andthe coherentcou-
pling term containtwice the pumpamplitudeE;. Therefore this intensity-independence
confirmsratherthanexcludesthatthe sharppeaksarecausedy cohereneffect.

7.4 Conclusions

Summarizingwe seethatthe peakd_aeneretal. referto as“spectralholes’arecausedy
coherentouplingbetweerpumpandprobe,andthey containno informationwhatsoeger
aboutthe broadeningnechanisnof the OH-stretchabsorptiorband,neitherin waternor
in ethanol.Nearlyall of theresultspresentedby Laeneretal. in Refs.[23] and[20] canbe
well describedy assuminga homogeneousliproadene®H-stretchabsorptiorband. Of
coursethis doesnotimply thatthe absorptiorbandis indeedhomogeneouslizroadened,;
it doesimply thatit is not possibleto decidewhetheror notthe bandis homogeneousn
the basisof theresultsof Laenenet al., andthataninterpretationof their measurements
onwaterin termsof threedifferent“local substructurestanhardlybetakenseriously



8 Vibrational Forster transfer in liquid water

8.1 Intr oduction

In the previousfour chaptersthe dynamicsof the OH-stretchvibrationhave beenstudied
in dilute solutionsof HDO in D20, asystenthatis oftenusedto studyvibrationaldynam-
icsin liquid water[22,23,31,115,127]. The useof HDO:D,O solutionswas motivated
by thefactthattheintermoleculacouplingof the OH-stretchvibrationsof differentHDO
moleculeswill be ngligible if the solutionsare sufiiciently diluted. As a consequence,
the OH-stretchoscillatorscanberegardedasisolatedwith respecto eachother andtheir
dynamicsaredeterminednly by their (hydrogen-bondinteractionswith thesurrounding
D>0O molecules.

It may be expectedthatin 'real’ water (H>O) the coupling betweenthe OH-stretch
vibrationsis very strong.Thismeanghatthe OH-stretchexcitationwill notremainonone
moleculebut will rapidly betransferredo surroundingOH-oscillators.lIt is the purpose
of this Chapterto investigatethis intermoleculatransferof the OH-stretchexcitationin
liquid water

In generalthe OH-groupsof two moleculesn liquid waterwill notbe orientedparal-
lel, andtransferof an OH-stretchexcitationfrom onemoleculeto anothemwill resultin a
changeof the polarizationof the excitation. This meanghatthe enegy transferleadsto
adecayof therotationalanisotroly of the excitation. Hence a straightforvard methodto
studytheintermoleculatransferof the OH-stretchexcitationis to excite a fractionof the
OH-oscillatorsto the vpoy = 1 state,andto measurénow the anisotropy of the absorption
of theexcitedmoleculedecayswith increasingime.

Sincethetransferratedependstronglyon the distancebetweenthe’donor’ and’ac-
ceptor’ molecule,the averagetransferrate will dependstrongly on the concentratiorof
OH-oscillators Hence by varyingthe concentrationywe candistinguishthedirectenegy
transferfrom othercontritutionsto thedecayof therotationalanisotrop, in particularthe
orientationadiffusionof the OH-groups.

8.2 Experiment

With the setupdescribedn Section2.4.2,two independentlyunablemid-infraredpulses
with a durationof approximatel\200fs aregeneratedOneof thesepulseshasanenegy

of approximately20 uJ andis usedaspump,theotherhasanenegy of lessthanl pJandis

usedasprobe.Thepumppulseis tunedto thecenterfrequeny of thevoy = 0 — 1 absorp-
tion band,andthe probepulseto thevoy = 1 — 2 transitionfrequeng. The pumppulse
inducesa significantpopulationof thevpoy = 1 level. This resultsin transientanisotropic
absorptionchangeswhich are monitoredby the probe pulse. The probe polarization

70
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is at 45° with respectto the pump polarization,and the relatve transmissiorchanges
In(T/To);; andIn(T /To)_ of the paralleland perpendiculapolarizationcomponentsre

monitoredsimultaneoushasa function of delay In this way, both the rotation-freesig-

nal In(T /o) + 2In(T /To) . andthe rotationalanisotroy R (definedby Eq. (5.2)) are

determinedhsafunctionof thedelaybetweermpumpandprobe.

Thesamplegonsistof athin layerof eitherHDO dissohedin D2O or pureH20. The
HDO:D,0 samplesare preparedoy mixing appropriateamountsof H,O (HPLC grade)
and D20 (>99.9 atom%D), and are kept betweentwo CaF, windows separatedy a
teflon spacerof 15 or 25 pm thickness. Samplesconsistingof pure H,O are prepared
by squashinga dropletof H>,O (HPLC grade)betweentwo CaF, windows, and apply-
ing pressurauntil the sampleis sufficiently thin. The samplethicknessachiaredin this
way is approximatelyl um, asdeterminedrom the sampletransmissiorand literature
values[128,129] of theinfraredextinction coeficient of liquid H2O. All experimentsare
performedatroomtemperaturé298K).

In orderto perform pump-probespectroscopin transmissionthe samplehasto be
sufficiently thin to transmita measurabldraction of the probeintensity More specifi-
cally, with the highly concentratetHDO:D,0O andpureH,O samplesusedin this chapter
the requiredthicknessvariesfrom 1 to 25 pm. At thesedensitiesof OH-groups the vi-
brationalrelaxationprocesqconversionof the vibrationalenegy into heat)resultsin a
significanttemperaturencreasan the focus. In fact, evena singlelasershotwill result
in atemperaturencreaseof several K. This meansthatit is essentiato avoid accumu-
latedheatingin thefocus.In thepreviouschaptersthis wasdoneby circulatingthewater
However, with thethin samplesusedin this chapteyvery high pressuresvould be needed
to achieve this. Therefore we have useda differentmethodto malke surethata freshpart
of thesampleas in thefocuswith eachlasershot(seeFig. 8.1). In thisapproachtheentire
sampleis rapidly rotatedusinga small DC motor. The samplecell holderandthe motor
aremountedon a heary aluminumblock to reducemechanicavibration.

o (te)

FIGURE 8.1. Sample-cellmountusedin the experimentspresentedn this chapter The laser
beamis directedperpendiculato theplaneof thepage andthefocus(representedy anasterisk)
is atafixedposition. Thesampleis rapidly rotatedto avoid steady-statbeating.

8.3 Resultsand discussion

8.3.1 GENERAL CONSIDERATIONS

Fig. 8.2 represents typical pump-probescan,recordedn an8.7 M solutionof HDO in
D,0, with a pumpfrequeng of 3400cm~tanda probefrequeng of 3000cm~t. The
relative transmissiorchangesn(T /To) andIn(T /To) . of the probepolarizationcompo-
nentsparallelandperpendiculato thepumppolarizationareplottedasafunctionof delay
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betweernpumpandprobe. The negative value of In(T /Tp) obsened for small delayval-
uesis dueto the excited-statgvoy = 1 — 2) absorptionanddecaysasthe excited HDO
moleculesrelaxto the vibrationalgroundstate. For large delay In(T /Tp) approaches
small positive value dueto the temperaturencreasethat occursuponvibrationalrelax-
ation. Bothin HDO:D,0O [126] andin pureH>0 [128,129] the voy = 0 — 1 absorption
bandshifts towardshigherfrequeny and decreasesn magnitudewith increasingtem-
perature.Sincethe spectrumof the probepulseslightly overlapswith thevoy =0— 1
absorptionband,the increasan temperaturaiponvibrational relaxationcausesa small
increaseof the transmissiorof the probepulse. In orderto studythe orientationaland

0.00

-0.05

In(T/T )

delay (ps)

FIGURE 8.2. Pump-probescansrecordedn liquid HDO:D,O with vpy = 3400cm‘1andvpr =

3150cm™?, shawing the absorptionincreaseat the probefrequeng vs. the delay betweenthe
pumpandprobepulses for the parallel(solid circles)and perpendiculafopencircles)compo-
nentsof theprobepulse.

vibrationalrelaxationin moredetail, we subtractthe small transmissionncreasecaused
by the temperaturaise. In this way, we obtainthe paralleland perpendiculacompo-
nentsof the excited-stateabsorptionasa functionof delay Fromthesewe calculatethe
rotation-freesignalIn(T /To)|, + 2In(T /To) L, Which is not sensitve to the orientational
dynamicsand only probesthe excited-statedecay and the rotationalanisotroy R (de-
fined by Eq. (5.2)), which is only sensitve to the orientationaldynamicsandnot to the
populationrelaxation46].

8.3.2 HDO DISSOLVED IN D20

The rotation-freesignal obsenred for three different HDO concentrationss showvn in
Fig. 8.3. For delayvalueslargerthanl ps, all transientanbe describedwith a single-
exponentialdecaywith a time constantof 720fs. This valuerepresentshe vibrational
lifetime T; of the OH-stretchmode (seeChapter6). Clearly the vibrationalrelaxation
dynamicsof the OH-stretchmodeof HDO in D,0 shaws no significantdependencen
theHDO concentration.
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FIGURE 8.3. Rotation-freeexcited-stateabsorption—In(T/To); — 2In(T/To). recordedin
HDO:D,0 solutionswith threedifferentHDO concentrationsThe pumpfrequeny and probe
frequenciesirevpy = 3400cm—1andvpr =3150cm™1, respectiely. Thetransientgor [HDO] =
8.7 M and[HDOQ] = 13 M have beenvertically displacedor clarity. Thesolid linesrepresena
single-ponentialdecayswith atime constanbf 720fs.

Fromthe transmissiorchangesn(T /To) | andIn(T /To) . of the parallelandperpen-
dicular component®f the probepulse,we cancalculatethe rotationalanisotroy R, de-
finedby Eq.(5.2). Fig. 8.4shavsR, normalizedwith respecto thevalueatzerodelay asa
functionof thedelaybetweerpumpandprobe.In contrasto thevibrationalrelaxationthe
orientationakelaxationdynamicsof the OH-stretchexcitation clearlydependstronglyon
theHDO concentrationClearly, thecontribution of theorientationabliffusionof theHDO
moleculego the decayof R will notdependonthe HDO concentrationThe obsenation
of a concentratiordependencef the orientationaldynamicsthereforeconstitutesstrong
evidencefor directtransferof the OH-stretchexcitationbetweertheHDO moleculesThis
processs usuallyreferredto asForsterenepgy transfer[56], andhasbeenobsened pre-
viously both for electronic[130-133]and vibrational excitations[57,134]. The rate of
Forstertransferby dipole-dipolecouplingbetweeranexcited molecularoscillatorandan
oscillatorin the groundstateis proportionalto 1/r®, wherer is the distancebetweerthe
two oscillators(seeEg. (3.1)). Sincethe 'acceptor’transitiondipole will generallynot
be orientedparallelto the 'donor’ transitiondipole, the Forstertransferleadsto a decay
of therotationalanisotroy. Becausef the strongdependencef the transferrateon the
intermoleculardistance Forstertransfercauseghe rotationalanisotroy to decayfaster
with increasingconcentrationasobsenedin Fig. 8.4. To our knowledge this constitutes
thefirst obsenationof vibrationalForstertransferin aliquid.

In aquantitatve analysisof thedata,it mustberealizedthatthedecayof therotational
anisotroy with increasingdelayt is determinedy two processes(1) the randomorien-
tationalmotionof theHDO moleculegdiscussedh Chaptes); (2) Forsterenegy transfer
of the OH-stretchexcitationfrom the optically excited’donor’ HDO moleculegoriented
approximatelyparallelto the polarizationof the pump pulse)to randomlyorientedsur
rounding’acceptor'HDO molecules.In a modeloften usedto describeForsterenegy
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© [HDO]=0.23M
© [HDO]=8.7M
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0.1
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FIGURE 8.4. Rotationaknisotroy R, normalizedwith respecto thevalueatdelayzero,recorded
in HDO:D,0 solutionswith threedifferentHDO concentrationgndin pure H,O. The pump
frequeny andprobefrequenciesarevy, = 3400cm~tandvy,, = 3150cm™1, respectiely. The
solid curveshave beencalculatedusing Eq. (8.7). The dottedcurve hasbeencalculatedusing
Eq.(8.8).

transfe{133,135],it isassumedthatoncetheexcitationhasbeentransferredrom anopti-
cally excited(vony = 1) moleculeto arandomlyorientedacceptofvoy = 0) moleculejt no
longercontrikbutesto therotationalanisotropy. Detailedcalculationshow thatafteroneor
moretransfergheexcitationwill contributelessthan3%to therotationalanisotrogy [135].
Notethattheacceptomoleculeswill indeedberandomlyoriented sinceonly averysmall
fraction of the HDO moleculeds excitedto thevpoy = 1 state(approximatelyl%, asde-
terminedfrom therelative absorptiorchange).This meanghatthe (anisotropicdepletion
of the groundstatewill not significantlychangetheisotropicorientationaldistribution of
the acceptor(vony = 0) molecules. If we momentarilyneglect the orientationalrandom
motion of the exited moleculesthenthe contritution of an OH-stretchexcitationto the
rotationalanisotroy will decayasthe probability thatit is still on the initially excited
HDO molecule.If aparticularmoleculeis excitedatt = 0, thenthe probabilityp(t) that
att = 1 themoleculeis still excitedis givenby [136]

N
p() = ([ ] expl—w;)), (8.1)
(1) <ﬂ [~wit])

wherew; is the rate constantfor Forsterenegy transferfrom the excited moleculeto

acceptomoleculej, N is thenumberof acceptomoleculesand(...) denotes statistical
averageover all possiblespatialdistributionsof the acceptomolecules.Theassumption
that oncethe excitation hasbeentransferred,t no longer contritutesto the rotational
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anisotroy implies that R(t) is proportionalp(t). If we assumeéfor simplicity that w;
dependsonly on the distancer; betweenthe donorand acceptor(not on their relative
orientation) we have thewell-known relation

1 o 6
wj = T_1 (ﬁ) , (8.2)

whererg is a constantusuallyreferredto asthe Forsterradius[136,137]. The acceptor
moleculesarerandomlydistributed,so the probability of finding acceptorj ata distance
betweenrj andrj +drj is simply 4T|Tj2drj/v, with V the total volume of the sample.
Averagingover this probability distribution for eachmolecule we have

4t (A T (ro\®] > N
p(1) = {V/o exp [_ﬁ (?) }r dr} , (8.3)
wherewe have assumedhatthe samples a spherewith radius/\, centeredat the excited
molecule(henceV = 4mA3/3). Performingtheintegration,we obtain
N

o ={eo -5 ()] R (Y F () ]} e

Usingthe factthatthe concentratior{expressedn particlesper unit of volume)is [C] =
3N/41A3 to eliminate/, andexpandingin termsof 1/N, we obtain

N
4m/2[C] rét (1 1)\?
pm_{l o [ (1) o)) 69
Takingthethermodynamidimit N — o, we obtain
4r3/2 rét
p(T)exp< 3 (C] TO) (8.6)
1

This delay and concentratiordependencef the decayof the rotationalanisotroy asa
consequencef Forstertransferhasbeenexperimentallyconfirmedfor opticalexcitations
in thevisible [131,132].

It is reasonabléo assumehatthe orientationaimotionof the HDO moleculesandthe
Forstertransferareindependenprocessedf we furthermoreassumehattheorientational
randommotion of the HDO moleculesresultsin an exponentialdecayof R with time
constantyy, thenthetotal decayof the anisotroy will givenby:

R(T) T 42 r8t
RO) exp (Tor -3 [HDO] Tol) . (8.7)
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We foundthatall scangecordedn HDO:D,O canbewell describedy Eq.(8.7),with
Tor = 4.0 psanda Forsterradiusro = 2.2 A (solid curvesin Fig. 8.4). FromEq. (8.2) we
seethatrg is the distancebetweentwo OH-oscillatorsat which the Forstertransferrate
becomesomparabldo thevibrationalrelaxationrate. Thelarge valueof 1., is dueto the
factthatin the pump-probescanspresentedn this chapterthe voy = 1 stateis probed,
which is more strongly hydrogen-bondethanthe voy = O state(seeChapter4). As a
consequenceheorientationaimotionwill take placevery slowly (seeChapters).

8.3.3 LiIQuib H2O

Fig. 8.4 also shaws the decayof the rotationalanisotroy obsened for the OH-stretch
excitationin liquid H»O. Thisdecayoccursonaveryrapidtime scale only slightly slower
thanthe cross-correlatiotraceC(t) of the pumpandprobeintensityenvelopes.

To investigatethis in more detail, we compareboth the numeratorIn(T /To); —
In(T/To). andthedenominatoin(T /To) + 2In(T /To) . of R with the cross-correlation
functionC(t), seeFig. 8.5. Clearly, the denominatodecaysmoreslowly thanthe cross-
correlationfunction,which impliesthatthe populationrelaxation andhencethe decayof
In(T/To);; andIn(T /To) ., doesnottake placeveryfast. Ontheotherhand thenumerator
In(T/To)|; — In(T /To) . doesnotdiffer significantlyfrom the cross-correlationSincethe
decayof In(T /To) andIn(T /To) . is muchslower (ontheorderof thatof therotation-free
signal), this mustbe dueto aninstantaneousrientationalscramblingof the OH-stretch
excitationthatrapidly reduceshe differencebetweerin(T /To) | andIn(T /To) .. to zero.

o -In(T/T ) +In(TIT ),

0.04
® —In(T/T) = 2In(TIT )

® cross-correlation

0.02

0.00

o

relative transmission change

0.0 0.2 0.4 0.6 0.8

delay (ps)
FIGURE 8.5. Numeratorn(T /To) — In(T /To) . anddenominatoin(T /To);, + 2In(T /To) . of
therotationalanisotroy. Thedenominatohasbeenscaledby afactor1/6 for bettercomparison.
Also shawn is the cross-correlatiorof the intensity envelopesof the pump and probe pulses.

Thesolid linesshav least-squarefits to the cross-correlatiofiGaussianandto the denominator
(corvolution of a Gaussiawith a single-xponentialdecay).

Curiously even though the differenceln(T /To)| — In(T/To) . follows the cross-
correlationC(t), the decayof R(t) canneverthelessstill take placeslowerthanthat of
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C(1). Thiscanbeunderstoodsfollows. If theorientationarelaxationtakesplaceinstan-
taneouslyon thetime scaleof the pulsesthe delaydependencef the numeratof R is
givenby C(1), andwe have

C(1)
In[T (1)/To]| +2In[T(1)/To] L

R(1) O (8.8)

If thedenominatodecayson afastenoughtime scale,it will decreassignificantlywith
increasingt evenwithin the durationof the cross-correlationin thatcase R(1) is given
by C(t1) divided by a rapidly decayingfunction,andhencewill decayslower thanC(1).
Only if thedenominatois a constan{infinitely slow decayof therotation-freesignal)R
will decayequallyfastasC(t). Thus,the decayof R in H,O obseredin Fig. 8.4 does
not mirror the orientationarelaxation but is determinedy the cross-correlatiofunction
andthe decayof therotation-freesignal (the denominatoof R), which is determinedy
populationrelaxationonly.

Indeed,if we evaluate(8.8) usingleast-squarests to the cross-correlatioriunction
androtation-freesignal(solid curvesin Fig. 8.5), we find thatthis expressiorgivesarea-
sonabladescriptiornof decayof therotationalanisotropy in HoO (dottedcurvein Fig. 8.4).
This shavs thatin liquid waterthe orientationalscramblingof the OH-stretchexcitation
occursinstantaneouslgn thetime scaleof our experimentg~100fs).

Part of the orientationalscramblingobsenred in H,O will be dueto intramolecular
transferof the OH-stretchexcitation. Excitationof the eitherthe symmetricor antisym-
metric OH-stretchmodeof the H,O moleculeis followedby arapidintramolecularedis-
tribution of the excitationover the two modeg138]. It is easilyshavn thatthe complete
transferof adipoleexcitationfrom aninitially excitedoscillatorto anacceptingoscillator
changeghe rotationalanisotroy from the initial value of % to %Pz(cosé), whereP; is
the second-ordekegendrepolynomialandd the anglebetweerthe two transitiondipole
momentg139]. Sincefor the symmetricand antisymmetricOH-stretchmodesof H,O
we have 6 = 90°, andthe excitationwill be distributedwith equalprobabilitiesover the
symmetricandantisymmetrianodeswe expectthattheintramolecularedistritution will
reducetheanisotropy to %(% + %PZ(O)) = . Thus,theintramoleculatransfercauseshe
rotationalanisotropy to decreas¢o a quarterof its initial value. The completevanishing
of Ris causedy theintermoleculaenegy transfer

It shouldbe notedthis intermolecularenegy transferwill be of a morecomplicated
naturethanis describedy Eq. (8.2). Becausef the high densityof OH-groupsn liquid
H>0 a simple expressiorof the form (8.2), which describeghe interactionbetweerntwo
point dipolesseparatedby large distance canno longerbe used. In fact,the OH-groups
in wateraresocloseto eachotherthatnotonly dipole-dipole put alsodipole-quadrupole,
guadrupole-quadrupolendhigherorderinteractionswill becomeimportant,aswell as
mechanicabnharmoniacoupling[140]. The Forsterexpressionhingeson the fact that
theseother interactionsdecreasenuch more rapidly with increasingdistancethan the
dipole-dipoleinteraction andthusbecomdessimportant.At theshortdistance®ccurring
in H2O thisis of coursenotthe case.anda moregenerakreatmenof theintermolecular
couplingis necessaryo accuratelydescribehis liquid.
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The procesf orientationalscramblingcanalsobe describedn termsof delocalized
excitationsinsteadof excitationtransfer As Forsterhasremarled[141], thetwo descrip-
tionsarecomplementarythe formerbeingmoreappropriatedo describestationarystates
of the system the latterto describenon-stationarnstates.The eigenstatesf liquid H,O
will bestatesn whichthe OH-stretchexcitationis delocalizedvermary moleculeg§142].
Thesedelocalizedstatesarenondgeneratdecausef theintermoleculacouplingtermin
theHamiltonian.Opticalexcitationof thesystermwith alinearly polarizedoulsewill result
in anexcited-statavave functionthatis a superpositiorof mary of theseeigenstatesuch
thattheresultingexcited-stateabsorptiorhasa maximumin the polarizationdirectionof
the excitation pulse. The lossof coherencdetweerthe contriluting eigenstateandho-
mogeneouslephasingrocessewill rapidly rendertheexcited-statebsorptionsotropic.

8.4 Conclusions

We have studiedthe decayof the rotationalanisotroy of the OH-stretchexcited-state
absorptionn waterasa function of the concentratiorof OH-oscillators.In HDO:D-0O,
thedecayrateincreasesignificantlywith increasingHDO concentrationThis constitutes
evidencefor rapidintermoleculatransferof the OH-stretchexcitation. We foundthatthe
transfercanbe well describedquantitatvely by a dipole-dipoleenegy (Forster)transfer
mechanism.

In H>0, the orientationalscramblingoccursinstantaneouslyThis is causedoy both
intramolecularedistritution of the OH-stretchexcitation over the symmetricandasym-
metricOH-stretchmodesof theH,O moleculeswhichreducesheanisotropy to aquarter
of its initial value,andvery rapidintermoleculatransferof the OH-stretchexcitationbe-
tweentheH>O molecules.



9 Infrared photon echoeswith parametrically generated
incoherent light

9.1 Introduction

Vibrationallineshapesn the condenseghasecontaininformationon the interactionsof
molecularvibrationswith their environment[143]. In a crudeapproximationthe vibra-
tional linewidth is causedby mechanismseferredto asinhomogeneoubroadeninga
distribution of transitionfrequencieshich canberegardedasstaticon the time scaleof
theexperimentlandhomogeneoubroadeningfrequeny fluctuationsasterthanthetime
scaleof the experiment).In orderto studyvibrationaldynamicsjt is essentiato separate
thehomogeneouandinhomogeneousontritutionsto thelineshape Recentlynonlinear
spectroscopitechniqueshave beenemplo/edin orderto separatehe two contrikbutions.
Raman-actie vibrationshave beenstudiedwith Raman-echspectroscop [144,145],
while infrared-actve vibrationshave beeninvestigatedvith transientiole-kurning[24, 26]
andinfraredphoton-ech®pectroscop[36,146,147]. Theechotechniquegprobethe ho-
mogeneousiephasingn the time domain,andprovide an elegantmeansof determining
thehomogeneoudephasingime To.

Sincedephasingf molecularvibrationsin the condensegbhasetypically occurson
picosecondand subpicosecontime scalesjt would seemthatin orderto performnon-
lineartime-resohed studies,nfraredpulsesof the sameor shorterdurationarerequired.
Moreover, highintensitiesareneededasinfraredabsorptiorcrosssectionsaregenerally
rathersmall. Until recently suchpulsesweredifficult to generateandfor alongtime the
only infraredphoton-echexperimentgeportedwvere performedon the CO-stretchmode
(famoudor its largeabsorptiorcrosssection) usingpicosecondnfraredpulsesggenerated
with afree-electroriaser[36,146,148].

Morita and Yajima [149] werethe first to realizethat the time resolutionin a time-
delayedfour-wave mixing experimentis not determinedy the pulseduration,but rather
by the coherencédime of the electromagnetidield, which, in caseof anincoherentight
source canbeshorterby severalordersof magnitudg150]. The mainadwantageof spec-
troscopy with incoherenipulsesis thatthe sametime-resolutiorcanbe obtainedaswith
coherenpulsesof thesamebandwidth put thattheincoherentight is usuallymucheasier
to generatelUp to now, photon-echatudieswith incoherentight have mainly beendone
in thevisible region, in particularby emplgying broadbandlye laserd150-153].But the
incoherentight neednotevenbegeneratedvith alaser:femtoseconghhoton-ech@xper
imentscanbe performedwith suchdiverselight sourcesassynchrotrorradiation[154], a
light-emittingdiode[155], andevenanincandescenamp[156]. In thelatterparticularly
amusingphoton-echatudy atime-resolutiorof 150fs wasachiezedusingalight bulb.

79
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In this Chapter we presenthe first incohereniphoton-echaexperimentson a vibra-
tional transition.In theseexperimentssubpicosecontime-resolutiorwasobtainedusing
mid-infraredpulseswith adurationof 20 ps,whichweregeneratethy meanf parametric
generatiorandamplification.

9.2 Experiment

9.2.1 EXPERIMENTAL SETUP

The setuplaserusedto generatdhe incoherenmid-infraredpulsesis shovn in Fig. 9.1.
Parametricgeneratiorandamplificationareusedto downcorvert the fundamentabutput
of acommercialmode-locled Nd:YAG laser(35 ps pulsesat a repetitionrate of 10 Hz).
The parametricddowncorversiontakesplacein threeLiNbO3 crystals(5 cm long, optical
axiscutat 47.1°). Thefirst crystalis pumpedwith approximatelyl0 mJandgenerates
signalandidler via typel phasematching.The signalgeneratedn thefirst crystalis fur-

BS
| 35 ps Nd:YAG laser |
1 variable delay
HR SWP HR DM
LiNbO, - NS —NH LiNb0, Fie—Y " 2
HR J F idler
1064 nm idler 1064 nm signal
&~
sample
2k,-k,
k1 kz PbSe
detector

FIGURE 9.1. Parametricgeneratiorand amplificationsetupto generaténcoherentidler pulses
(left part),andfour-wave mixing setup(right part). BS: beamsplittefor 1064nm; HR: 1064nm

high-reflectve mirrors; SWP:short-wave passfilter; DM: dichroicmirror to separatesignaland

idler.

theramplifiedin the secondcrystalusingthe remainingpump. The secondcrystalis at
a distanceof 2 m from thefirst to ensurethat only the signalcollinearwith the pumpis
amplified. After the secondcrystal,idler andpumpareblocked, andthe signalis further
amplifiedin thethird LiNbO3 crystalwith a freshpumppulseof 8 mJ. The mid-infrared
pulsesgeneratedn this processhave a durationof approximately20 ps (FWHM), and
anenegy of 100 uJ. The centerfrequeny is tunablefrom 2500to 6900cm™1, andthe
bandwidthis 20 cm~! at 3450cm™L. The parametricallygeneratedight is highly tempo-
rally incoherentTheincoherencés dueto the procesof parametriggenerationyhichis
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essentiallyfformedby the amplificationof zero-pointfluctuationsof the electromagnetic
field [39].

Thefour-wave mixing setupis alsoshownn in Fig. 9.1. Theinfraredbeamis split and
one partis sentthrougha variabledelay The two beamsare focusedinto the sample
by a 100 mm CaF, lensin slightly differentdirectionsk; and k, making an angle of
approximately6°. The FWM signalin thedirection2k, — k1 is detectedasa function of
delayusinga PbSedetector

9.2.2 SAMPLES

Sinceinfraredhole-turning studieshave shovn thatthe OH-stretchbandcanbe strongly
inhomogeneouslproadenedn hydrogenbondedsystemd24,26], we have appliedthe
methodto the OH-stretchmodeof a methanolsolutionandof a hydrogen-bondegoly-

merfilm. The methanolwasstudiedin a 100 um thick sampleconsistingof a 2.2 mol/I

solutionof methanolin bromoformat room temperature.The hydrogenbondingof the
methanolmoleculegyivesriseto abroadOH stretchbandcenteredit~3330cm—1, which
is identicalto thatof ethanolshovnin Fig 3.1.

(a) _CHa
—CH2—<|:H (I:H— —CHQ—(|3H— —CH2—<|:H—

o] o} OH o] 3
\CH/ ' %
| o=¢ 5
CH 7]
| ° CH, C

il

CH,

3100 3200 3300 3400 3500 3600 3700
frequency (cm-1)

77% 20% 3%

FIGURE 9.2. (a) Chemicalstructureof poly(vinylbutyral). (b) Infrared absorptionspectraof
poly(vinylbutyral) from 3100to 3700cm~ atroomtemperaturédottedline) andat 15 K (solid
line).

The polymer sampleis a terpolymer consistingof 77% poly(vinylbutyral), 20%
poly(vinylalcohol) and 3% poly(vinylacetate)Xchemicalstructureshovn in Fig. 9.2(a)).
The OH-groupsn the polymerarehydrogen-bondedndthe OH-stretchband,shavn in
Fig. 9.2(b),is known to be stronglyinhomogeneousligroadened24]. A layerof approx-
imately 50 um of this polymerwasdepositecn a sapphireplatefollowing the procedure
describedby Graenertal [24]. The sapphireplatewasmountedon the cold fingerof a
closed-gcle heliumcryostat.

9.2.3 PHYSICAL MECHANISM OF THE PHOTON ECHO WITH INCOHERENT LIGHT

In the condensedghase,moleculesin different ervironmentsoften have differentres-
onancefrequencieuy. This leadsto inhomogeneousroadeningof the spectralline,
determinedby a distribution function g(wp) of resonancdrequencies.If suchaninho-
mogeneouslproadenedystemis coherentlyexcited, the macroscopigolarizationwill
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rapidly decayasmoleculeswith differentresonancéequenciestartto run outof phase.
The dephasingf the individual molecules characterizedy the homogeneouslephas-
ing time Ty, often takes placeon a much slower time scale. Photon-echspectroscop
providesa meansof determiningthe homogeneoudephasingime of predominantlyin-
homogeneouslproadeneadystemsin theremaindeof this section,we will first discuss
the physicalmechanisnof the coherent(‘ordinary’) photonecho,andthenfocuson the
somevhat more complicatedmechanisnof the photonechogeneratedvith incoherent
light.

In a coherentwo-pulsephoton-echaxperiment thefirst pulse(with wavevectork)
createsa macroscopi@olarizationin the resonantmedium,which rapidly decaysdueto
theinhomogeneoubroadening.Providedthe delayt betweenthe first andsecondpulse
is shorterthanthe homogeneoudephasingime T, the polarizationof eachsubensemble
with aparticulartransitionfrequeng, whichdecaysase /2, will still existatthemoment
thesecondoulsearrives. Thesecondgulse(with wavevectork,) thengeneratepopulation
gratingsfor eachtransitionfrequeny (with gratingvectorks — k1), which are spatially
shiftedwith respectto eachotherbecausef the phasedifferencesaccumulatediuring
thedelaytime. The secondpulsegenerate$rom eachgratinga third-orderpolarization,
whoseinitial phases determineddy the spatialshift of the grating,andwhich oscillates
at the appropriatetransitionfrequeng. At timet = 2t, all the third-orderpolarization
componentsnterfereconstructvely to form a macroscopigolarizationin the direction
2k, — k1, which generateshe photonecho. The decayof the intensity of the echowith
increasinglelayt is determinedy thehomogeneoudephasingvhichtakesplaceduring
thetime intenal 2t. This homogeneoudephasingauseghe third-orderpolarizationto
decayase /T2, andhencethe echointensityase 4/ T2
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FIGURE 9.3. Schematigicture of anincoherenttwo-pulsephoton-echaxperiment. The two
beamsk; andk, aretime-delayedcopiesof eachother andcanbe consideredo consistof a
train of 'subpulses’eachof which hasa lengthof approximateljthe coherenceime 1. When
the dephasings instantaneoughe time-intgyratedsignal consistsof a broadbackgroundsignal
anda sharppeakcenteredhtdelayzero,with awidth of approximatelytc.

Thetimeresolutionof photon-ech@pectroscopwith incoherenpulsess determined
by the coherenceime 1, which is approximatelythe inverseof the spectralbandwidth,
andcanbe ordersof magnitudeshorterthanthe durationof the pulses. In orderto un-
derstanchow this time resolutionarisesjt is corvenientto view theincoherenpulseasa
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train if shorttransform-limited subpulses’eachof which hasa differentphaseandam-
plitude,andan averagedurationof 1 [157]. The ko-beamis a time-delayecdcopy of the
ki-beam,seeFig. 9.3. A subpulsen the beamk; anda subpulsein the beamk, can
generatanexcited-statgopulationgratingin the sameway asin a coherenphotonecho
experiment providedthe delaybetweerthe subpulsess lessthanT,. All subpulse k>
following andincludingthe onethatcreatedhe grating,cangenerate third-orderpolar
ization,andhencean echosignal,from this grating (provided the grating, which decays
ase /T still exists). WhenthedelayT is lessthanT,, excited-statgpopulationgratings
aregeneratedby pairsof correlatedsubpulsesThis meanghatthetotal gratingamplitude
will grow linearlywith thenumberof contributing subpulsesThethird-orderpolarization
generatedrom this gratingconstituteghe coherentontrikution to the signal(’coherence
spike’), andits decaywith increasingdelayis determinedmainly by the homogeneous
dephasingime T, andthe coherencéime 1.. Excited-statgpopulationgratingscanalso
begeneratedby pairsof uncorrelatedubpulseslin this casetherewill bearandomphase
differencebetweenthe two pulsesthat generatehe grating,and eachgratinggenerated
by a pair of uncorrelategubpulsesvill bedisplacedandomlywith respecto theothers.
Hence,in this casethe gratingamplitudewill only grow asthe squareroot of the number
of contributing subpulsesThe third-orderpolarizationgeneratedrom this gratinggives
rise to anincoherentackgroundccontrikution to the echosignal. This incoherentback-
groundsignalis nearlyindependentf delay its intensitybeingdeterminednainly by the
temporaloverlapof theaverage-intensitgrnvelopesof theincoherenpulses.

The fact thatthe coherenceime is muchshorterthanthe pulsedurationrendersthe
photonechogeneratedvith incoherentight similarto anaccumulateghhotonecho[158,
159]. Thesubpulse# theincoherenpulsek, generateheechofrom agratingthatis the
sumof thegratingsgeneratedby the previous pairsof correlatedsubpulses theincoher
entpulses(within T;). The accumulatiorof the gratingamplitudeduringthe incoherent
pulseresultsin anechosignalthatcanbe muchlargerthancouldbe generatedvith a pair
of coherenpulsesf thesamdengthandintensityasthesubpulse# theincoherenpulse
train.

9.3 Results

9.3.1 METHANOL

Figure 9.4 representa scanrecordedin methanol,obtainedby monitoring the time-
integratedintensity in the direction 2k, —k; as a function of delayt, at an excitation
frequeny of 3330cm~L. Thesignalconsistof acoherencapike with awidth of approx-
imately1 pssuperposedn abroadbackgroundvith awidth of approximatel\20 ps. This
canbe understoodn termsof the discussionin the previous section. For small delays,
the subpulsesn thetwo incoherenpulsesk; andk, arestronglycorrelatedandgenerate
a strongechosignal. This signalforms the coherencespike andits decaywith increas-
ing delayreflectsthe homogeneoudephasingf T> > 1¢ [149]. In Figure9.4, which has
beenobtainedby excitationof the OH-stretchmodeof methanoltroomtemperaturethe
coherencepike is symmetricarounddelayzero. This indicatesthatunderthesecircum-
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FIGURE 9.4. Integratedfour-wave mixing intensityasa function of delaybetweerk; andky, at
an excitation wavelengthof 3.0 pm in a 100 ym thick sampleconsistingof a 2.2 mol/l solution
of methanolin bromoformat room temperature The signalconsistsof a symmetriccoherence
spike superposedn a broadbackground.

stanceshehomogeneoudephasindime T, is muchshorterthantc, andthatthewidth of
the coherencespike is determinedbnly by 1.. Notethatthe coherencdime is about20
timessmallerthanthe pulseduration,demonstratinglearlythatthe pulsesareincoherent.
For delaysmuchlargerthant. andT,, the signalis generatedy uncorrelategsubpulses
anddependsnainly ontheoverlapof thetwo pulseenvelopeqseeprevioussection).This
signal forms the broadincoherentbackgroundwhich canbe asymmetricf the excited
statelifetime Ty is of the orderof the the width of the pulseintensityenvelopeor longer
In that casethe backgroundsignalis dueto subpulsesn k2 thatdiffract from a grating
whichis thesumof thegratingscreatedy all previous pairsof uncorrelategubpulsesn
the pulseenvelope.As this sumis largestat the endof the pulseernvelope,the maximum
of the backgroundsignalwill occurat positive delay asis obseredin Figure9.4. If T,
is muchshorterthanthewidth of the pulseintensityervelope the backgroundsignalwill
represenathird-orderautocorrelatioriunctionof this envelope(seebelow, Eq. (9.14)).

9.3.2 POLY(VINYLBUTYRAL)

Delay scansof the coherencgeakat roomtemperaturend15 K areshavn in Fig. 9.5.
At roomtemperaturethe FWM signalis symmetricaroundt = 0, implying that at this
temperature¢he homogeneoudephasingime is muchshorterthanthe coherenceime of
thefield. In thiscasetheobseredsignalis determineanly by the correlationfunctionof
theelectromagneti@ield. At low temperaturehe signalbecomesasymmetricjndicating
that T is at leastof the orderof 1.. Furthermorethe maximumshiftsto a larger delay
time, which implies thatthe inducedpolarizationlastslong enoughto build up duringa
subpulseconfirmingthat T, is larger thant.. Note thatthe linear absorptionspectrum
(shawvn in Fig. 9.2) hardlychangegoingfrom roomtemperaturéo 15K.

From the measuredlataat 15 K (Fig. 9.5) the homogeneousdephasingime at this
temperatureanbederived,but thisis somavhatlessstraightforvardthanin the caseof a
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FIGURE 9.5. Integratedfour-wave mixing intensityasa function of delaybetweenpulseswith
wavevectorsky andky, at an excitation frequeng of 3450 cm=! at room temperaturgopen
points)and15 K (solid points). At low temperaturéhe signalbecomesasymmetricwhich in-
dicatesthat T is largerthanthe the coherencdime of thefield. Thelineshave beencalculated
usingthemodeldescribedsection9.4.

photonechogeneratedvith coherenpulses.An importantdifferences thatwhereaghe
obsereddecayof the signalgeneratedvith coherentight is determinedy a singletime
constanfl, (whichin itself depend®nthepuredephasingateandT;), in thepresentase
theobseneddecayis determinedy boththevaluesof T, andT; [149]. Thisis dueto the
occurrencef scatteringeventsinvolving threesubpulsesa subpulsep in ko may scatter
off agratingcreatedby its correlatedsubpulse’ in k1 andanarbitrarysubpulseg in ko,
providedq occursbetweerp’ andp. The FWM signaldueto suchprocessewiill depend
both on the decayrate of the polarizationand the decayrate of the gratingamplitude,
resultingin a delaydependencéeterminedoy both T; and T, [149]. Hence,if T is of
the orderof Ty, a detailedquantitatve analysisis neededo obtain T, from incoherent
photon-ech®@pectroscop

9.4 Quantitative description

To describethe dataquantitatvely, we follow the analysisby Morita and Yajima[149],
which describeghe four-wave mixing interactionof a two-level systemwith the inco-
herentfield using a third-order perturbationapproximationfor the density matrix. It
will be assumedhatthe materialresponse&anbe describedy the Bloch (T1, T2) model
(the calculationcan easily be modifiedto cover more complicatedsituations),and that
Tpulse > T1,T¢, T2. It is also assumedhat the incoherenffield amplitudeis a Gaussian
process.This assumptions rigorouslyjustified, sincequantum-opticatalculationshave
shavn thatparametricallygeneratedight is indeeda Gaussiamprocesg160].
This sectionis organizedas follows: first, an expressionfor the FWM signal will
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be obtainedfor arbitrary T,, T; and coherencdunction f(t). The caseof instantaneous
materialresponsewherethe FWM signalis determinedy the coherencdunction f (t)
alone, will then be obtainedby taking the limit T, — 0. Comparingthis limit to the
room temperaturd-WM signal,we obtainthe second-ordecorrelationfunction f(t) of
the parametricallygeneratedight. With this f(t) we thencalculatethe FWM signalfor
finite T, andcompareheresultto the measuremerdtlow temperature.

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

E(r,t) = E(t+ 1)k 0t+0) L E(r)dke™) 4 g ¢, (9.1)

with w thecentralfrequeny of thefield, andt the delaybetweerthetwo fields. Thetwo
fieldswith wavevectorsk; andks aretime-delayedeplicas sincethey aregeneratedrom
thesamefield usinga beamsplitterTheamplitudes

E(t) =g(t)R(t) (9.2)

areproductsof the pulseervelopefunctiong(t) andthestationarycomple circularGaus-
sian randomprocessR(t) which describesghe randomfluctuationsof the field [161],

with [149] ~)
s)) =

(R(9R(s+1)) = (R(R(s+1)) =0, (9.3)
(RE(s)R(s+1)) = f(1),

wheref (t) is calledthesecond-ordemomentfunction. Therandomprocesss normalized
suchthat

f(0)=(RHR*(t)) = 1. (9.4)
TheFWM intensitycannow becalculatedusingathird-orderperturbatiorapproxima-

tion for the densitymatrix. In this approachthe third-orderpolarizationin the direction
2k, — k1 is givenby [149]:

POr,t) = PO t)e'™+cc, (9.5)
PE(r,t) = Nu /O daop® (1, t, wp)g(wp), (9.6)

whereg(wyp) representtheinhomogeneoudistribution of oscillatorfrequenciesN is the
numberdensityof oscillators,u the transitiondipole moment(assumedo be real), and
p3(r,t) the componenin the direction 2k, — k1 of the third-orderoff-diagonalmatrix
elementof the densitymatrix. By perturbatve solutionof the optical Bloch equationst
canbeshavn that[149]:

@), :-2.( ) expfi[(2ko — k1) -1 — o]}

/ dt, / dts exp{—(ti —to)/T1 — (t —t1 +tr — t3) /To}

( )E*(tg-H)exp[ i(wo—w)(t—t; —tr+1t3)]
t1)E* (t2+ T)E (t3) exp[—i (wo — w) (t —ty +t2 — t3)]}. (9.7)

y
<f ¢

Ew
+E(
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Theobsered FWM signalis the time-intggratedsquarednodulusof this third-orderpo-
larization,statisticallyaveragedver thefluctuationsof R(t):

[ et (B0, ©8)

wherethe braclets(...) denotea statisticalaverageover R(t). Substitutionof Eq. (9.7)
into (9.6)and(9.6)into (9.8)yieldsanexpressiorfor the FWM signal[149]. This expres-
sioncanbe substantiallysimplifiedfor a stronglyinhomogeneousliproadenedystem.in

that case,which often applies(in particularin the presentexperiment),the width of the
inhomogeneoudistributionis muchlargerthanTZ*l andthanthewidth of the pulsespec-
trum, andwe cansetg(uy) constanin Eg. (9.6), andafter substitutionof this simplified
expressiorfor P(3)(r,t) into Eq. (9.8) oneobtainsa FWM signalproportionaltto

T t1 T S1
—c(1) / dt; / dt, / ds; / ds,

(R)R(L)R (1 + )R (s) R ($2)R(s1+ %))

><exp( tl—t2+31—52 2tl+231_4t>7 9.9)
T2
with -
c() = / dt [e(t)[4e(t — )2 (9.10)

the third-order autocorrelationof the averagepulse intensity ervelope |g(t)|2.  Since
Tpuise > T1,T¢, T2, this is a slowly varying function comparedto the othertime scales
of the experiment.We now usethe Gaussiarpropertyof R(t) to factorizethe sixth-order
correlationfunction:

(R(t2)R(t)R (1 + )R
(to) F(ta— 1) F (1
-l-f(tl—Sl)f(tz—SQ
+fti—s)f(to—s1

SR ()R(s1+%2)) =

+ F(t2) f(ta— s2) F(s2) + Fta— ) F¥(ta) f (s1)
f(s1+sp—t1—t2)+ f(t1 — ) F*(t1) f(2)
f(s1+s—t1—1). (9.11)

Substitutionof Eq. (9.11) into (9.9) yields an expressionfor the FWM signalin terms
of T,, Ty, andthe second-ordemomentf(t) only. It appliesto temporallyincoherent
Gaussiartight with arbitrarysecond-ordemomentfunction f (t).

In thelimit of instantaneouspticaldephasingwe have T> < 1¢, andequation(9.9)is
easilyshovn to reduceto [162]

S(1) = C(1) [const+ | f (1)[?] . (9.12)

This meanghatif the dephasings instantaneoushe FWM signalasa function of delay
T is determinedby the coherencepropertiesof the light only, andis given by |f(1)|?
(ngglectingtheconstanbackgroundignalandthedelaydependencef theslowly varying
functionC(1)). This canbe understoodasfollows: thetwo beamsk; andk; interfereto
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createa transientpopulationgratingk, — k1, from which the beamk is diffractedin the

direction2k, — k1. If thedephasings instantaneoughe gratingamplitudeis determined
only by the coherenceof ki andk, andis givenby f(t). The amplitudeof the light

diffractedfrom thegratingis proportionalthe gratingamplitude andhencethe diffracted
intensitywill beproportionalto | f(1)?|.

Thuswhenthe dephasings instantaneoughe FWM signalis the squaremodulusof
the second-ordemomentof the incoherentight. This meansthatwe canusethe room
temperaturd~WM signal(whereT, < 1¢) to obtain f(t). As seenin Fig. 9.5, theroom
temperatursignalis well describey adouble-sidedxponential . This meanghat f (t)2,
andhencef(t), is a double-sidedexponential,andthat for the parametricallygenerated
light we canassume

f(t) = exp(—[t/Tc]), (9.13)

with the coherencéime 1 to bedeterminedrom theroomtemperatureneasurement.

We now wantto obtaintheFWM signal(Eq.(9.9))for asecond-ordemomentunction
of theform (9.13).In theliterature explicit expressiongregivenfor theincoherenEFWM
signal are given for variouslimiting casesof the relatve magnitudesof 1, Ty and T
(T1 > To,1c In Ref.[162], T4, T2 > 1¢ in Ref.[149]). In the presentasehowever, T1, T,
andt. areall of thesameorderof magnitudeandno simplifying assumptionsanbemade
exceptthatthe pulsedurationtpyiseis muchlargerthanthe othertime constantsnvolved.

Fortunately with someeffort, the FWM signalof Eq. (9.9) canbe calculatedanalyti-
cally without any assumptionsoncerninghe relative magnitudeof t¢, To andTy, if f(t)
is of theform (9.13). Performingthe multiple integrationin Eqg. (9.9), we find:

1) =C(1) (S1(1) + ), (9.14)

with & the delay-independerttackground=WM signaldiscussedn Section9.2.3,and
Si(1) thedelay-dependeri®WM signal,givenby

S (1) = A 2AL4Ye) + (24 y) +N(T+50)) €
Vi2(1+y1)(2+y1) (14 Y2) (14 2y2) (2+ y1+ 2y2) '
S(1) = 242V V2)X(_ghiX | g2V2X) 4(3— 3e x4y
(A-5v2+y1)(y1—2%2)° (4= 5y12+V1%) (v — 2y2)°
N 8(—1+ e (ZHv—42)x)
(Y1 = 2)Y1(2+ V1) (24 Y1 — 4Y2) (Y1 — 2Y2)
4 — A~ (2+Y1—4y2)x
+
(=24+Y)Y1(2+ Y1) (2+ V1 — 4Y2) (—1+V2)
Ae Yo+20X( 1 4 (- LHv2)X)
+
(—24+vY)Y1(2+ Y1) (YL — 2y2) (—1+VY2)
A~ 1HY2)X (1 4 @ Yaxt2vX) e~ 1HV)X(—1 4 e22)
+ +
V1—=2V1(2+ V1) (1= 2y2)(Y2—1) (V1—2Vi(y2—D)y2
2(—1+ e—VlX+2V2X) 2(—1+ e—V1X‘|‘2V2X)
- +
Vi(24+ Y1) (Y1 —2v2)(1+Y2)  (—4+Vv12)(y1—2y2)(1+Y2)
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+<2+v1><—vZ+vZ3>” ; 1>0 (9.15)

wherey; = 1¢/T1, Y2 = T/ T2 andx = 1/1.. Thecompleity of this expressioris aresultof
thefactthatin the multiple integrationtheintegratedvolumehasto bedividedinto alarge
numberof subvolumesdependingon the sign of the agumentsof the f(t)’s occurring
in the integrand. The integrationover eachsubvolumeis in itself straightforvard. The
expression(9.15) is continuousand differentiablein T = 0. We checled its correctness
by taking the limit Tc — 0. In that case(9.14) exactly agreeswith the FWM signalfor
f(t) = &(t), which haspreviously beencalculatedoy Morita andYajima[149].

We now describethe experimentalresultsin termsof Eq. (9.14). First, we will use
the room temperaturalata(for which T, < 1¢) to determinethe coherencdime 1.. To
calculateC(t), we usethe intensityervelope|g(t)|?, which is given by a Gaussiarwith
a FWHM of 20 ps (asdeterminedrom an autocorrelatiortrace). The dashedcurve in
Fig. (9.5) representsileast-squarest to theroomtemperaturelatausingEg. (9.14)and
literaturevalues[24] of Ty = 5 psandT, = 0.2 ps. Thegoodagreemenbetweerthe data
andthe calculationjustifiesthe useof Eq. (9.13). Thefit to theroomtemperaturgields
avalueof 1o = 1.134+0.07 psfor thecoherencéime. Thereforeatroomtemperatureve
indeedhave Tr < T¢, andinsteadof Eq.(9.14)onecouldalsouse(9.12). As wasdiscussed
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attheendof Section9.3.1,thedecayof theechosignalis determinedy bothT; andT».

With 1. known, the dataat 15 K can be usedto determinethe value of T, at this
temperature We did this by meansof a least-squareft of Eg. (9.14)to the datapoints,
usingtheliteraturevaluefor Ty at300K. It mightbethatat 15K thevalueof Ty is slightly
largerthanat 300K, althoughnotemperaturelependencef thisvaluehasbeenobsenred
over atemperature@angefrom 80to 300K [25]. SimulationsusingEq. (9.14)shawv that
increasingTy by several ps hasa negligible effect on the value obtainedfor T,. From
thefit a valueof T, = 2.8+ 0.3 pswasobtained(solid curve in Fig. 9.5), which implies
thatat 15 K the homogeneouslephasingime is an order of magnitudelarger than at
roomtemperatureFurthermorethe measuredalueof T, correspond$o ahomogeneous
linewidth of ~4 cm~1, which impliesthatat 15 K the homogeneoulnewidth is nearly
two ordersof magnitudesmallerthanthewidth of theabsorptiorband(shavnin Fig. 9.2).

Theoreticahnalysishasshovn thatphoton-ech@xperimentgperformedwith incoher
entlight canbe sensitve to spectraldiffusion [159,163]. This meanshatthe value ob-
tainedfor T> mightin principle containa contribution dueto spectraldiffusion, although
in the presensystentheinfluenceof slow frequeng-fluctuationson the signalis limited
dueto therapiddecayof the excited statepopulation[24].

9.5 Conclusions

To summarizewe have presenteda simple methodto generatanfrared photonechoes
usinga standardsetupfor parametricdowncorversion. Thetime resolutionof the exper
imentis determinedoy the coherenceime of the infraredpulses,andis shortenoughto
enablethe investigationof vibrationaldephasingn the condenseghase.Thetechnique
hasbeenappliedto a hydrogen-bonde@olymer andyieldedan accuratedetermination
of thehomogeneoudephasingime of the OH-stretchvibrationof this polymer With the
setupdepictedn Fig. 9.1,ary vibrationin the 1.5—-4pum wavelengthregion canbe studied
in thesameway. Theaccumulatre natureof theincoherenphotonechomalkesit possible
to studymolecularvibrationswith smallabsorptiorcrosssectionsnotablythe OH-, CH-,
andNH-stretchmodeswhich areof greatchemicalandbiologicalimportance.
Themethodof incoherenfour-wave mixing is avery powerful one:it enablegphoton
echostudieswith high time resolutionin wavelengthregions wherecoherentultrashort
pulsesare not yet available, or difficult to generate.In the visible wavelengthregion, it
hasnotonly beusedto studydephasingf opticaltransitionsput alsofor the studyof ori-
entational[164] and populationrelaxation[165]. Similar experimentscanbe performed
on vibrationaltransitionsusingthe setupshovn in Fig. 9.1. The mostimportantdisad-
vantageof the incoherentFWM methodis that the delay betweenonly two of the three
fieldsthatcreatethethird-orderpolarizationis known. Thatthis rendergheinterpretation
morecomplicatedpecomeslearwhenonecompareghe incoherenphoton-echaignal
(Eq.(9.15))to the simpleexpressiore—*"/T2 which appliesfor coherenphotonechoes.
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Summary

This thesisis concernedwith the dynamical behaior of vibrational excitations in

hydrogen-bondedystems.In particular we have investigatedhe dynamicsof the OH-

stretchmodein water ice, and hydrogen-bondedthanolclusters. The dynamicsof the
OH-stretchmodesuppliesmportantinformationon the structureanddynamicsof the hy-

drogenbondsin thesesystemspecausehe OH-stretchvibrationandthe hydrogenbond
arestronglycoupled.The methodusedin our experimentgs thatof time-resohed pump-
probespectroscop anintenseresonanpumppulseexcitesa fraction of the OH-groups
from the ground(von = 0) stateto the first excited (voy = 1) state,anda second,de-
layedprobingpulsemonitorsthe vibrationaldynamics.By detectingthe probepulsein a

polarization-resolgd manneythe orientationaldynamicsof thevibrationalexcitationcan
be monitoredaswell.

We foundthatin hydrogen-bondedthanollustersexcitationof the OH-stretchmode
leadsto a fast (subpicosecond)redissociatiorof the hydrogenbond. The predissocia-
tion lifetime decreasewith increasinghydrogen-bondtrength,asa consequencef the
strongercouplingbetweerthe OH-stretchmodeandthehydrogerbond. Thepolarization-
resohedmeasurementshow thatthe OH-stretchexcitationis rapidly delocalizedverthe
ethanolmoleculesn thehydrogen-bondedluster

The strongcouplingof the OH-stretchmodeandthe hydrogenbondin waterleadsto
severalremarkabldeaturesan the vibrationaldynamicsof this liquid. We foundthatthe
excitationof the OH-stretchmodein dilute solutionsof HDO in D0 leadsto a dynamic
Stokesshift of the OH-stretchfrequeng. This Stokesshift is a consequencef the fact
thatthe minimaof the hydrogen-bongbotentialsin thevpoy = 0 andvoy = 1 statesoccur
atdifferentpositions.Uponexcitationfrom thevoy = 0 to thevoy = 1 state thehydrogen
bondis initially in anon-equilibriumpositionandthe subsequentelaxation(contraction)
to its equilibriumpositionin the voy = 1 statecauses dynamicStokesshift of the OH-
stretchfrequeng.

The coupling betweenthe OH-stretchmodeand the hydrogen-bondeadsto an ap-
proximatelylinear relationbetweenthe hydrogen-bondgtrengthandthe OH-stretchfre-
gueng. This meanghatby tuningthe centerfrequeng of theinfraredpulsesusedin our
experimentsto a particularOH-stretchfrequeng, we canin principle selectvely study
subensemblesf watermoleculeswith a specifichydrogen-bondtrength.In thisway, we
were able to studythe influenceof hydrogen-bondingn the orientationaldynamicsof
HDO moleculeslissohedin D»O. It wasfoundthatthe orientationalelaxationof awater
moleculecan occuron two distincttime scales,dependingon the local hydrogen-bond
structure.On the basisof our measurementsye proposea modelfor the hydrogen-bond
strengthdependencef the orientationalrelaxationconstant.In this model,we alsotake
into accountthe dynamic Stokes shift of the OH-stretchvibration that occursupon ex-
citation to the voy = 1 state. It is found that the modelaccuratelydescribesoth our
pump-probemeasurementandthe low-frequeng dielectricresponsdunction of liquid
water

As a consequencef the strongcouplingbetweerthe OH-stretchmodeandhydrogen
bond, enegy canbe transferredvery efficiently from the first excited stateof the OH-
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stretchmodeto thehydrogen-bonanode.Thevibrationallifetime in wateris obseredto
becomdongerwith increasingemperaturein contrasto whatis generallyobsered. This
canbeexplainedby thefactthattheaveragecouplingstrengthbetweerthe OH-stretchand
hydrogen-bondnodedecreasewith increasingemperature.

It is well known thatin pump-probexperimentsthe obseredtransientsarestrongly
influencedby coherentouplingbetweenthe pumpandprobepulses.This effectis well
understoocdindhasbeendescribedjuantitatvely in mary studies.If the pumpandprobe
pulseshave the samecenterfrequeny, the coherentouplingleadsto anadditionalcon-
tribution to the pump-probesignal, that can easily be mistalen for a spectralholein a
transienppump-probespectrumUsingathird-orderperturbatiorexpansionof the density
matrix, we shav thatthe “spectralholes” in the OH-stretchbandsof waterandethanol,
which wererecentlyreportedby Laenenet al., arein factsuchcoherentouplingcontri-
butionsto the pump-probesignal,andhave nothingto do with thevibrationaldynamicsof
the OH-stretchvibration.

Finally, we have presentedhe first obsenation of an incoherentvibrational photon
echo.Comparedo coherenphoton-ech®pectroscop the methodof incoherenphoton
echoeshasthe adwantageof experimentalsimplicity: sincethe time resolutionis deter
minedby the coherencdime ratherthanthe durationof thelight pulsesusedin a photon-
echoexperiment,a good time-resolutioncan be obtainedusing relatively long pulses.
We demonstratehis in a vibrationalphoton-echaexperimentwith subpicosecontime-
resolutionusingpulseswith adurationof 20 picoseconds.

It is only sincea few yearsthatit is possibleto generatehe shortandintensemid-
infrared pulsesneededor femtosecondime-resoled vibrational spectroscop In this
shortperiod,femtosecondépectroscop on the OH-stretchmodehasrevealedmary new
aspect®f thecomplex dynamicsof hydrogen-bondesgystemsuchasliquid water There
is no doubtthatin thefuture,asfemtosecondibrationaltime-resoledspectroscopwill
be usedto investigateeven morecomplicatedsystemssuchassurfaces adsorbatesand
proteins,mary otherunexpectedpropertiesof matterwill berevealed.



Samervatting van het proefschrift “Femtosecond vibrational dynamics in
hydrogen-bondedsystems”

In dit proefschriftwordt het dynamischgedragvan vibratie-ecitatiesin waterstof-
gebrugdesystemerbestudeerdanet behulpvan tijdsopgelostespectroscopie.ln het
bijzonderhebbenwe de dynamicavan de OH-strekvibratiein water ijs en ethanol
onderzochtHet gedragvande OH-strekvibratievordtin hogematebepaalddoorde
structuurendynamicavan de waterstofbruggeeromheenDaardoorvormt de studie
van de OH-strekvibratieeenidealemethodeom de waterstofbrugstructuue onder
zoelen. In onzeexperimentengebruilen we de zogeheteripump-probe’methode:
eenintenseresonant@ulsexciteerteendeelvande OH-groepervandegrondtoestand
naarde eersteaangeslagetoestandeneenzwakke probe-pulsvordt gebruiktom de
responsvaarte nemen.Door deprobe-pulgolarisatie-opgelose detectererkanook
hetdynamischgedragvande oriéntatievande OH-groeperwordenwaagenomen.

We vonden dat in waterstofgebrugdesthanolclustersexcitatie van de OH-
strekvibratieleidt tot predissociatiazan de waterstofbrug.Deze predissociatiezindt
snellerplaatsbij sterlerewaterstofbruggealsgevolg vandesterlerekoppelingtussen
de OH-strekvibratieen de waterstofbrug Polarisatie-opgelostaetingenlatenverder
ziendatde OH-strekvibratiezeersneldelokaliseerbver de ethanolcluster

In waterleidt de sterke koppelingtusserde OH-strekvibratieen de waterstofbrug
tot bijzondereeffecten.Zo vondenwe datin verdundeoplossingervanHDO in D,O
excitatie van de OH-strekvibratieleidt tot eendynamischaoodwerschuing van de
OH-strekfrequentieDezeroodwerschwing wordt veroorzaaktloor de verschillende
evenwichtspositieyan de waterstofbrugn de voy = 0 envpoy = 1 toestand.Wan-
neereenHDO-molecuulvan de voy = 0 naarde voy = 1 toestandwordt gebracht,
bevindt dewaterstofbrugzich aarvankelijk in eenniet-evenwichtspositieDe relaxatie
(contractie)van de waterstofbruglie verwlgensplaatsvindiveroorzaakeenroodwer-
schuving vande OH-strekfrequentie.

De koppeling tussende OH-strekvibratieen de waterstofbrugleidt tot een
bij benaderinglinear verbandtussende sterkte van de waterstofbrugen de OH-
strekfrequentie. Door de frequentievan de infrarode pulsenin onzeexperimenten
op eenbepaaldevaardein te stellenkunnenwe watermoleculermet eenbepaalde
waterstofbrugsterktbestuderen Op dezemanierhebbenwe de invloed van de wa-
terstofbrugsterkt®p de oriéntatie-dynamicaan HDO moleculenopgelostin D,0O
onderzochtUit onzeexperimenterblijkt dater eenduidelijke tweedelingoestaatvat
betreftde bewegingsvrijheidvandewatermoleculenEenklein deelvande moleculen
kan min of meervrij roteren.Dit blijkende moleculenmetzwakke waterstofbruggen
te zijn: de OH-groepenvan dezemoleculenverliezenbinnenongeveer 700 femto-
seconderhun oorspronklijke richting. De moleculenmet sterle waterstofbruggen
daarentgenblijk envrijwel stil te staan.De lokalewaterstofbrug-structulrepaaldus
in hoeverreeenwatermolecuukich kanbewegenin vioeibaarwater

Als gevolg van de koppelingtussende OH-strekvibratieen de waterstofbrugkan
enepie zeer efficient worden overgedragenvan de eersteaangeslagerfvoq = 1)



toestandvan de OH-strekvibratienaar de waterstofbrug. De levensduurvan de
VoH = 1 toestandblijkt in waterlangerte wordenbij hogeretemperatuyrin tegen-
stelling tot wat in bijna alle anderestoffen wordt waagenomen.Dezetemperatuur
afhanlelijkheid wordt veroorzaaktdoordatde gemiddeldesterktevan de koppeling
tussenOH-strekvibratieende waterstofbrugafneemtij hogereemperatuur

Het is bekend dat pump-probemetingensterk wordenbeinvioed door coherente
koppelingtussende pump-en probe-pulsenWanneere excitatie- en de probe-puls
dezelfderequentiehebben|eidt decoherentdoppelingtusserdetweepulsentot een
extra bijdrageaanhet pump-probesignaal,die in frequentie-opgelostmetingende
vorm heeftvan eenscherpepiek. Door middel van eenkwantitatieve analysewordt
in dit proefschriftgetoonddat de scherpepiekenin de pump-probe-metingedie in
meerderegoublikatiesvan Laenenen Laubereawoorkomeneengevolg zijn van co-
herentekoppeling, en derhahe geeninformatie over het dynamischgedragvan de
OH-strekvibratienevatten.

Tenslottewordt in dit proefschriftde eerstewaarnemingvan eenincoherentgo-
ton echoaaneenvibratie-orerganggepresenteerde methodevanincoherentdoton
echos berustop hetfeit datdetijdsresolutiein eenfoton-echo-gperimentniet wordt
bepaalddoorde duur, maardoorde coherentietijdzande lichtpulsen.Met zeerlange
pulsenkan dustoch eengoedetijdsresolutiewordenbereikt, mits de coherentietijd
maarkort genog is. Dit wordt gedemonstreerdande handvan eenfoton-echo-
experimentwaarinsub-picosecondigdsresolutievordt bereiktondankseenpulsduur
van 20 picoseconden.

Het is pas sinds enkele jaren mogelijk om de korte en intense mid-infrarode
pulsente generererdie nodig zijn voor femtoseconddijdsopgelostespectroscopie
aanvibraties. In dezekorte periodeheeftfemtosecondspectroscopi@ande OH-
strekvibratieal zeerveel nieuwe aspecteronthuld van het dynamischgedragvan
waterstof-gebrugdsystemerzoalswater Waarschijnlijk zal in de nabije toekomst
femtosecondeibratie-spectroscopieordengebruiktom ook complecere systemen
zoalsoppervlaklen, adsorbatern proténente onderzoekn, enzullen ook vandeze
systemervelenieuweenonverwachteeigenschappewordenontdekt.
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