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In oneof thelargestcomputersimulationsto dataof liquid water,theeffect of astrong,external,uniaxialelectricfield on an
equilibrium sampleof 1372moleculeshasbeeninvestigated.Theorientationalrisetransientfrom field-offto field-onequilibrium
showsacomplexpatternof oscillationsin thesub-picosecondrangewhichareneitherpredictedtheoreticallynorseenin previous
computersimulations.Ontheotherhand,thephenomenonoffall transientaccelerationfirst discoveredby computersimulation
in asampleof only 108moleculesis confirmedin thepresentwork, indicatingthattheaccelerationeffectis independentof sample
size,andis afundamentalphysicalpropertyof liquids, including water.

Early computersimulationsof moleculardiffu- 15]. Theitinerantoscillatorequationshavealsobeen
sion,usingasmallsampleof 108molecules,resulted givenarigorousandgeneralframeworkby Grigolini
in theobservationof field decouplingandfall tran- andMarchesoni[7,16]andby SchneiderandFreed
sientacceleration[1—5].Subsequentanalyticalwork [17]. In simple terms,for example,a two dimen-
[5—10]showedthat theseare fundamentaldynam- sional Langevinequationfor rotationaldiffusion is
ical processeswhich provideuniqueinformationon supplementedby an extraterm representingthe ef-
thestatisticalpropertiesofthe molecularliquid state fectof theintermolecularpotential V

0sin0 [18]:
of matter.Thefield decouplingeffect showsthatthe ~ ~0 sin0= W, (1)
molecularensembleis statistically non-markovian,
andthe fall transientaccelerationcan be explained wherefi is the friction coefficient, V0 the potential
only by usingan effective intermolecularpotential barrierheight, I the momentof inertia,and Wthe
which is nonlinearin the diffusion coordinate(lin- stochasticnoise (Wiener process)of the two di-
earor angulardisplacement,dependingon whether mensionalrotationalLangevinequation.Whenthis
the processis translationalor rotationaldiffusion). equationis solvedfor the dipole orientational,fol-
A simplediffusionprocesssuchasthatenvisagedby lowing upon the instantaneousapplication of a
Debye [11] in the original theoryof rotational dif- strong,uniaxial, electric field to a sampleof diffus-
fusioncannotbeusedto explain theseeffects.How- ing molecules, rise and fall transientscan be ob-
ever,theconceptof itinerantoscillation,torsionalor served. As the external electric field strength is
linear oscillation superimposedupon rotationalor increasedthe theoreticalrise transientsstartto os-
translationaldiffusion,canbeput intomathematical ciliate atsub-picosecondintervals,andthe fall tran-
form andin somecasesthe resulting equationscan sientsareacceleratedin timedependencewithrespect
besolvedanalyticallyforobservablesof interest[12— to the equilibrium dipole orientationalautocorrela-.

tion function.Latertheoreticalworkby Grigolini and
I . Marchesoni[16] showedthatundercertaincircum-Permanentaddress:Departmentof Physics,University Col-

legeofSwansea,SingletonPark,SwanseaSA2 8PP,Wales,UK, stancesthe fall transientcanbe deceleratedaswell
andVisiting Academic,Departmentof Microelectronicsand as acceleratedby a nonlinearfield term. However,
ElectricalEngineering,Trinity College,Dublin 2, Ireland. the additional term in the Langevin equationmust
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be nonlinearin 0 for the theoreticaldescriptionof energiesof the sampleat field-off andfield-on equi-
fall transientaccelerationor deceleration.A simple librium are the sameon average.During the rise
harmonicpotential term, proportional to 02, pro- transienttimeinterval, however,thesampleis in the
ducesa fall transientwhosetimedependenceisiden- processof re-equilibrationso thata temperaturere-
tical with that of the equilibriumorientationalauto- scalingprocessis utilized to control theeffectivero-
correlationfunction. tationalandtranslationalkinetic energies.

In this Letter we not only provide the first nu- Temperaturesrescaling in our simulationstakes
merical verification of the rise transientoscillation placeat irregular intervals definedby a limit over
(RT) in real liquid, aspredictedfrom the modified which the temperatureis allowedto fluctuate(usu-
planar-rotationalLangevinequationby Coffey, Ry- ally about±50 K). Rescalingisautomaticandtakes
barsch,andSchroerin 1982 [18], but alsopoint out place sometimesover successivetime steps and
theemergenceof morecomplexpatternsasthe field sometimesonceevery ten,hundred,or eventhou-
strengthis increased.Althougtheoriginaltheoretical sand,timesteps.Its effect, if present,isusuallyman-
prediction was madewith planarrotationaldiffu- ifested as cuspsin the transientsand correlation
sion, the presentcomputersimulation,using 1372 functions [7,18]. The observedmaxima and mm-
water molecules,showsthat RTO is also observable ima in therisetransientsof thiswork, aswill be seen,
numericallyin threedimensions.Thisis supporting are quite different in nature,being regularly pen-
evidencefor the validity of simpleplanardynamics odic, differentiable, continuous, and field depen-
for threedimensionaldiffusion. In thefollowing the dent,andthusarenottobeattributedtotheartifacts
method andthe potential for water—waterinterac- of the temperaturerescaling.

tion are briefly describedbefore theresults. Rise transientswere definedat eachtime stepas
The translationalandrotationalequationsof mo- the simple averageover 1372 moleculesof the z

tion wereintegratednumericallyfor 1372watermol- componentof the dipoleunit vectorandwerecorn-
ecules interacting through a pairwise additive putedoverabout500 time stepsafter the instanta-
intermolecularpotential approximatedwith a Len- neousapplicationofthez-axisexternalfield; andfall
nard-Jones5 by 5 site—siterepresentationdeveloped transientssimilarly calculatedafter its instantaneous
by Evanset al. andwell testedin the literature [19— removal. FTA is detectedby comparingthe nor-
211. Thetimestepusedwas0.5 fs at a molarvolume malized orientationalfall transientwith the equiv-
of 18.0cm3/moleanda temperatureof 293 K. Sim- alentorientationalautocorrelationfunction at field-
ple cubic periodicboundaryconditionswith mini- freeequilibrium, andfor this purposethe latterwas
mum imageinteractionswereemployedto simulate computedusing standardrunning time averaging
aninfinite system.Electricfield wasappliedafterthe techniques.
systemhad beenequilibratedfor about 5000 time Fig. 1 exemplifiesrise transientoscillationswith
steps.The durationof the appliedfield lastedfor 2 a field of sufficient strength (‘..~5 x l0~V/rn) to
ps. nearly saturatethe Langevin function.The equiva-

Whenan electric field is turnedon, it is assumed lentenergybeingpumpedinto thesystemby thefield
to producea torque on eachmolecule of the type is 20.0 kJ/mole,which lifts the field-of equilibrium
—p xEwherep isthemoleculardipolemomentand potential energy of —35.5 kJ/mole to a field-on
E the externalfield strengthappliedin the z direc- equilibrium level of — 15.5 U/mole. The oscilla-
tion. This is the type of torqueconsideredanalyti- tions in fig. 1 occur at regularintervalsaspredicted
cally by Coffey, Rybarsch,andSchroer[181. More by the theory. Below the saturation,both the am-
complicatedtypesof field—dipole interactioncould plitudeandtheoscillation frquencyare seento de-
becodedif necessary,e.g. as in previouswork [4,51 creasewith decreasingexternal field strength,as
on the generationof secondorder Langevinfunc- predictedessentiallyin theoriginal paperby Coffey
tions (known as Kielich functions) by computer et al. [181. However, if the externallyappliedfield
simulation, strengthis doubled,the oscillationsin therise tran-

As in previouswork with a small sampleof 108 sientdeepenandsplit asillustrated in fig. 2. Thisis
moleculesthe rotational and translationalkinetic an effect which is not predictedby the simpletwo
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at fixed temperatureandmolarvolume.Thedepen-
Time (psec) denceof numbersofpeakson field strengthhasnever

Fig. 1. Riseandfall transientsof thedipole Cu) autocorrelation beenpredictedtheoretically(much lessexpenmen-
functionsfor anexternalfield energeticallyequivalentto + 20.0
kJ/mole:Rise transient (1) showingoscillations;Fall transient tally), anindicationthat thesimplesinepotentialin
(2) acceleratedwith respecttotheequilibriumonentationalau- eq. (1) is notan adequatedescriptionof the actual
tocorrelationfunction(3). intermolecularpotentialeffectivein controlling the

diffusion dynamics.A morerealisticpotentialwould

dimensionaldiffusion theory of Coffey, Rybarsch, bethe onesu~estedfrom a Fourierexpansionin 0.
andSchroer[18] andwhich is reportedherefor the In previoussimulations [1—5]of RTO with only
first time.Thesimplediffusionaltheorypredictsone 108 water moleculesthe oscillationswereunobserv-
RTO frequencyonly, which is deepenedby increas- able,beingeithertoolow in amplitudeor maskedby
ingthe field strength.In ourlargesamplesimulation, noise.Thereforethereisa pronouncedeffectof sam-
on the otherhand,increasingthe field strengthre- ple size, large samplesare essentialin eliminating
sultsin extraRTO peaksas in fig. 2 comparedwith statisticalnoise,which tendedto dominatethe rise
fig. 1. transientsobtainedwith only 108 molecules[1—5].

Thenumberof peaksin the risetransientsis plot- Furthermore,the field inducedrise transientoscil-
tedagainstfield strengthin fig. 3, whichclearlyshows lationsareeasily distinguishablefrom noiseby their
that the former is roughlyproportionalto the latter regularityandfield dependence.TheRTO increases

with externalelectric field strengthwhereasstatis-
tical noisein the rise transientsdecreases.

In contrast,the fall transientacceleration(FFA)
1.0 I

effect is clearly observablein small samplesof 108
molecules,andis confirmedin this work with 1372
watermoleculesafter the instantaneousremovalof

A theuniaxialelectricfield. Both field strengthsshown
in figs. 1 and2 aresufficientto producea verylarge~05
fall transientaccelerationasillustratedthere.Thefall
transientsarefree of oscillationsbut decayfar more

V quickly to zero thanthe equivalentequilibriumon-
entationalautocorrelationfunction. FTA wasalso
explainedanalyticallyby Grigolini usinga type of

0 I I I planarintinerant oscillatorwhere the effective in-0 0.1 0.2 0.1 0.2 termolecularpotentialwasrepresentedby a cosine
Time (psec) term,nonlinearin the rotationalcoordinates[221.

Fig. 2. Asfor fig. 1, but field is increasedin intensityby 2 times. A full descriptionof this theory is available [231,
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and confirms that FFA appearsanalytically only pulsesof laserradiation, andthe secondLegendre
throughthe useof nonlinearpotential terms.This polynomial rise and fall transientsmonitoredwith
alsomeansthat suchtermsmustbe usedat field free optical Kerr effect apparatus.
equilibrium in a morecompletedescriptionof dif-
fusion processesthanallowedfor in theoriginalwork Oneofus (M.W.E.) wouldlike toexpresshisgrat-
of Debye,wherethereis no representationofthe ef- itude to IBM for a financial support during 1986/
fective intermolecularpotential.Experimentalveri- 1987.
fication of the analyticalandnumericalwork would
provideuniqueandnovelinformationon theroleof
the effectiveintermolecularpotential in the context References
of liquid statediffusion.
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