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Abstract

Vibration-Rotation-Tunneling Dynamics in Small Water Clusters

by
.,

• Nick Pugliano

Doctor of Philosophy in Chemistry
'11

University of California at Berkeley

Professor Richard J. Saykally, Chair

The goal of this work is to characterize the intermolecular vibrations of small water

clusters. Using tunable far infrared laser absorption spectroscopy, large amplitude

vibration-rotation-tunneling (VRT) dynamics in vibrationally excited states of the water

dimer and the water trimer are investigated.

This study begins with the measurement of 12 VRT subbands, consisting of

approximately 230 transitions, which are assigned to an 82.6 cm" 1intermolecular vibration

of the water dimer-d4. Each of the VRT subbands originate from Ka" = 0 and terminate in

either Ka' = 0 or 1. These data provide a complete characterization of the tunneling

dynamics in the vibrationally excited state as well as definitive symmetry labels for all VRT

energy levels. Furthermore, an accurate value for the A' rotational constant, of 122.9

GHz, is found to agree well with its corresponding ground state value. Ali other excited

state rotational constants are fitted, and discussed in terms of the corresponding ground

state constants. In this vibration, the quantum tunneling motions are determined to exhibit

large dependencies with both the Ka' quantum number and the vibrational coordinate, as is

evidenced by the measured tunneling splittings. The generalized internal-axis-method41r

(IAM) treatment, which has been developed to model the tunneling dynamics, is considered

for the qualitative description of each tunneling pathway, however, the variation of

tunneling split'tings with vibrational excitation indicate that the high barrier approximation
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does not appear to be applicable for this vibrational coordinate. The data are consistent

with a motion possessing a' symmetry, and the vibration is assigned as the v12 acceptor

bending coordinate. This assignment is in agreement with the vibrational symmetry, the

results of high level ab initio calculations, and preliminary data assigned to the analogous

vibration in the D20 - DOH isotopomer.

Also, in an effort to begin the study of larger water clusters, so that the influence of

non-pairwisc additive forces and concerted tunneling dynamics of many-body systems may

be examined, the En'st detailed experimental study of the cyclic water trimer is reported. A

vibrational band of the perdeuterated cluster has been measured near 89.4 cm "1, using

tunable far infrared lasers, and a group theoretical model is formulated to explain the

observed VRT structure. From this model, the measured tunneling splittings establish that

the full molecular symmetry group of the trimer is G96. The intermolecular vibrational

motion is assigned as a coordinate which involves a librational motion of the water subunits

about the hydrogen bond axis. This assignment is supported by the group theory and high

level ab initio calculations. The data indicate a chiral six-membercd ring structure with

rapid (> 10 ps) quantum tunneling process¢:s in_:erconverting the enantiomers. It is

speculated that larger water clusters will also exhib:it a transient chirality, and that similar

effects may be found in liquid water.
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Chapter 1

" An Introduction to the Study of Water

1.1 Introduction

Due to its obvious importance in chemistry and biology, an incredibly large effort

has surrounded the investigation of the properties of water in both its gaseous and liquid

phase. A review of relevmt theory and experiment is best summarized in the seven volume

treatise of Franks, I and the text by Eisenberg and Kauzmann. 2 Although a great deal of

work has been acornplished, there still remain important unanswered questions which have

potentially significant impact on many chemical and biological problems. In particular, the

details of solvation processes, 3 phase changes, 4 and the correct description of the

intermolecular forces which exist between water molecules 5 have been current topics of

interest. Recently, a great deal of effort has also been directed toward understanding the

role of tunneling and librational motions with regard to many aqueous phase processes.

These considerations are critical elements in gaining the necessary insight related to many

aqueous phase chemical phenomena, such as electron transfer, and the structure of liquid

water itself. 6 To achieve an adequate description of the forces and dynamics 9perating in

, water, it is imperative that experimental information is gathered for the intermolecular

vibrations of small water clusters, because an understanding of these motions is proving to

be extremely influential in the full characterization of the aqueous phase. This will be

demonstrated in this chapter, for it provides part of the motivation behind the experiments

described throughout this dissertation.



Although it is important to examine water in the form of clusters, very little work

has been accomplished to date. Prior to the studies contained within, no intermolecular

vibrations have been examined with high resolution spectroscopic probes. Certainly the

!_ge body of data relating to the ground state of the water dimer has been of value in terms

of its structural zmd dynamical aspects. However, this characterization is confined to the

intermolecular potential energy surface (IPS) minimum, because it samples the v - 0

manifold. Furthermore,, no detailed information has been previously obtained for l_crger

water clusters. The experiments related to clusters of water are reported hathe references,7

and upon inspection of these results it becomes clear that a great deal of important work is

necessary.

Two measurements are reported in this dissertation. The first represents the only

detailed characterization of an intermolecular vibration for the water dimer. A vibration-

rotation-turmeling (VRT) band of the water dimer-d4 has been observed near 82.6 cm-1,

and this work is presented in Chapter HI. In Chapter IV, the first detailed experimental

characterization of the cyclic form of the water trimer is described through the analysis of

an intermolecular vibration of the perdeuterated isotopomer near 89.6 cm-l. using the hi,_

spectral resolution of the Berkeley tunable far infrared laser spectrometer, the VRT

dynamics in both of these clusters have been characterized for these vibrations. The

remainder of this introduction will present a brief discussion of the theoretical efforts

involving the liquid phase of water. Particularemphasis will be placed on properties which

are though to aid in the understanding of pairwise and nonpairwise additive intermolecular

forces, and the tunneling and large amplitude motions in condensed phase water.

O

1.2 Theoretical Intermolecular Pair Potentials

The study of binary clusters permitsthe details of the pairwise intermolecular forces

to be characterized without the complication of many body forces. Until this thesis work

no intermolecular vibration of the waterdimer had been detected with a high resolution

2
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spectroscopicprobe.However,a largenumberoftheoreticalgroupshaveattemptedto

calculatetheIPSofwater.Many ofthesecalculationshavebccnusedforthepredictionof

theintermolecularvibrationalfrequenciesforthedirect,8 toformulatetheorieswhich

. attempt to explain the tunneling dynamics in the ground state, 9 to calculate structures for

larger water clusters, 10 and to explore a vaxicty of aqueous phase problems. 11 Although a

great deal of effort has been devoted to the IPS, it is difficult to determine the global

usefulness of a particular potential because they usually arc constructed to address a

particular aspect of the water-water interaction.

To illustratethelargerangeofuncertai_,'yh,thetheoreticallygeneratedIPS,alistof

thepredictedharmonicvibrationalfrequenciesforthenormalisotoporncrofthewaterdirner

isshowninTable1.1forseveralofthemorewidelyusedcalcula_ons.Thistableemploys

thenormalmode assignmentswhicharereproducedinFigure1.1fromReference7. A

varietyoftheoreticalmethodsarcconsideredinTable 1.1,and theinspectionofthe

associatedreferencesisleftup totheinterestedreaderforthedetailsofeach. Forthe

purposeofestimatingfrequencyfortheintermolecularvibrations,themost.reliable

calculationsarcprobablythoseofFrischctal.,11orAmos,12becausefortheseresultsthe

mostextensivebasissetshavebeenexploredwiththehighestlevelsofabinitiotheory.

The empiricalpotentialsareusuallydevelopedtodescribea specificpropertyofliquid

water(exceptfortheEPEN model),andtheRWK2 potentialisprobablythebestarternptat

a globallyusefulIPS. The most definitiveway inwhich an IPS may bc testedisto

measuretheintermolecularvibrationsofthewaterdirect'and tocomparetheresults

' directly with theory. This thesis work constitutes a step in this direction.

Through the study of the water trimer, nonpairwise additive forces arising from a
t

multibody interaction can eventually be addressed. Very few theoretical studies employ

nonadditive terms in the interaction energy of a cluster, for it is exceedingly difficult to

arrive at a conclusive method for partitioning the energy. Nevertheless, several attempts

have been conducted from both an ab initio 5,t2 and the molecular dynamics13,14approach.



From this work it is concluded that the long range induction energy (through induced

polarization effects) provides the primary interaction which results in nonadditivity. In

1)

Table 1.1

The predicted intermolecular vibrational frequencies (in cm"1) for several theoretical IPS of
the water dimer. The last column indicates the method in which the calculation was
conducted.The vibrationallabelisdefinedaccordingtothenormalmodes showninFigure
1.1.

v6 v7 v8 Vl0 Vll v12
Semi-empirical with

RWK2-M 3 483 272 169 782 219 115 AnharmonicTerms
CentralForce

C F 15 327 120 281 509 307 87 Empirical
Empirical

PM616 344 108 338 708 831 132 PolarizationModel
EmpiricalPotential

BJH 17 333 190 154 537 131 42 for Watertiq Vibrations
SCF/CI

MCYL 18 350 186 149 620 131 115 Ab Initio
HF

Frisch ct al.19 377 198 164 661 162 135 Ab Initio
SCF

Amos 20 356 174 142 589 153 129 Ab Initio
Molecular Mechanics

MMC 21 352 214 135 547 226 147 of Clusters/Empirical
SCF

.Swanton ct al.22 322 169 96 541 113 106 Ab Initio

EmpiricalPotential
EPEN 23 496 168 189 593 161 98 Electrons and Nuclei

Reference 5, a detailed partitioning of the energy is accomplished up to 3rd order in a
II

Moller-Plesset Perturbation Theory treatment for dispersion, polarization, and exchange

terms. This study shows that the total three body correction is very small at the minimum
@

energy structure, due to the cancellation from the individual terms. However, it also

explores the anisotropy of these terms, and indicates that the three body terms may become

more noticeable as the cluster proceeds through low barrier tunneling motions. Thus, the

4
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Figure 1.1
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VRT dynamics for the trimer will be valuable in gaining a full appreciation for the

nonpairwise additive forces in the water trimer.

1.3 The Molecular Dynamics of Liquid Water

The quantum tunneling dynamics in water clusters are characterized by motions
tL

which destroy and regenerate the weak hydrogen bond (H-bond) via internal rotations of

the substituent water monomers. These motions may be thought of as the cluster

counterparts to the reorientational motions present in aqueous phase H-bonded networks,

for the timescales upon which the dynamics proceed (10 ps), and possibly even the

pathways related to quantum tunneling in the clusters, are similar to motions in liquid

water. In particular, tunneling motions in clusters possess an increasing level of

significance, because the analogous motions in the liquid phase have been predicted to be

responsible for certain anomalous solvent and thermodynamic properties of water. This

section will deal with examples in which these properties are addressed.

Modeling of reorientational dynamics in liquid water (and ali many body liquids),

require the application of sophisticated molecular dynamics (MD) calculations.

Unfortunately, to make the simulation tractable, theorists are required to neglect particular

aspects of the global problem to address a specific property of interest. However,

calculations of this sort provide the most up to date understanding of the aqueous phase

problem. With this in mind, a few results from some of the most recent calculations will be

presented to illustrate the possible connection from the dynamics in clusters to those of the

condensed phase.

Since both tunneling and reorientational processes require the breaking and forming

of hydrogen bonds, it is necessary to define what is meant by an H-bond. From a simple

perspective, an H-bond is an attractive interaction between a proton donor and a proton

acceptor. For the specific case of water, the proton donor and acceptor capabilities are both

fully present. H-bonded species are typically characterized by rather distinct chemical

6



signatures, such as red shifted IR stretching frequencies and a decrease in nuclear magnetic

shielding of several ppm for the proton donating subunit involved. With regard to MD

calculations, a more quantitative definition is needed so that a benchmark may be used to

. compare the reorientational and energetic fluctuations in the liquid. Therefore, within the

context of this section, the H-bond will be defined with both an energetic and a geometric

" constraint. A system will be considered to exhibit H-bonding when the interaction between

the constituents is larger than a given energy cutoff which is typically set at approximately

16 kjoules/mole. The second criterion involving geometric considerations define an H-

bond in water as a bond which has a nearly linear O - H.-.O angle, and a specific range of

oxygen-oxygen (Ro0) distances from ca. 2.77-3.5 angstroms. These values of ROO

correspond to the distance between the oxygens in the normal ice structure at 0 oC, and to

the first minimum in the oxygen-oxygen pair correlation function for liquid water,

respectively. Since the macroscopic properties of water are constructed through the

consideration of microscopic cooperative mechanisms, it is important to explore such

dynamics in the condensed phase through simulation, otherwise the properties of the bulk

may only be understood in terms of ensemble averaged quantities. Bei:ause of the many

unusual characteristics of liquid water, and its deviation from theories describing simple

liquids, 24 a molecular understanding is critical in determining its microscopic makeup, and

this is attempted through MD simulation.

The simulations of Stillinger and Rahman 11,25 have sparked a great deal of

enthusiasm toward the study of water through MD calculations. This work demonstrates

• that properties such as pair correlation functions, scattering data, and self diffusi on can be

adequately reproduced for liquid water by considering the ST2 pairwise additive interaction

potential. However, the thermodynamic properties of water have been extremely puTt ling

for quite some time. For example, heat capacity measurements (Cp) of binary H20/H202

and H20/N2H4 have shown 26 that when the mole fraction of water exceeds a value of ca.

0.8, anomalously large values of Cp are observed. At these concentrations, water-water

7



interactions are proposed to explain the dramauc deviation from results p_edicted with

models describing simple liquids. These measurements as well as those for the

viscosity, 27 thermal expansivity, and isothermal compressibility 28 properties of water

illustrate the thermodynamic singularity in Cp at a temperature of Ts = -45 oC. It has been

proposed that the dynamic reorientational effects of the H-bond in the _,icinity of Ts
ro.

correlate to the unusual deviation from simple fluid theory. 29 For _his simulation the H-

bond is defined as above. By fitting the ensemble average of the distribution of H-bond

lifetimes <P(I:)> versus T to a power law of the form (T - Ts) "ox,a value of Ts = -44 +/- 5

oC is determined. "Ihus it appears that the longer-lived H-bonds in supercooled water near

the temperature of Ts correlate with the experimentally observed singularity in Cp. Since

the reorientational dynamics mimic tunneling in small clusters from both a temporal and

path specific viewpoint (for they are both sensitive to the orientational anisotropy of the

IPS), it is critical in developing an understanding of tunneling dynamics in small clusters,

for it appears that this aspect of water may provide a direct connection to its bulk phase.

To continue with this discussion, the results of MD calculations regarding H-bond

rearrangement in the water pentamer and hexamer will be considered to further elucidate the

possibility of the connection between reorientational dynamics in clusters and liquids. A 6-

31G* basis has been used to define an interaction potential at the Hartree-Fock level of ab

initio theory, upon which an MD calculation has been conducted. 30 These simulations

were initially tested by adding energy to specific vibrational modes, and monitoring the

resulting reorientational dynamics. As expected, energy implanted in librational modes

corresponded to H-bond rearrangement, whereas the excitation of the higher energy ring

stretching modes resulted in only ring oscillations and no reorientational dynamics were
I'

detected. In other words a pathway dependence was determined to be critical. This

behavior is not only intuitive, but it can be easily rationalized by the power spectrum

obtained in this work. Furthermore, upon study of the addition of energy into the cyclic

trimer librations, internal rotations were found to occur through occasional ring opening



events, resulting in H-bond disruption followed by the subsequent reformation. Although

the level of theory used in this calculation is unrefined these results qualitatively describe

the minimum energy pathways responsible for internal rotation of the water monomers, in

clusters possessing a simple H-bonded network. The VRT tunneling dynamics measuredi

through FIR laser absorption spectroscopy is specifically sensitive to these reorientafional

" pathways.

Finally, quantum tunneling and facile internal rotations in liquid water have been

related to several prototypical chemical reactions. Quantum Monte Carlo studies 31 of the

aqueous electron exchange reaction of Fe 3+-> Fe2+reveal that quantum tunneling of the

solvent directly influenced the free energy of activation for this reaction. A correction to

this free energy was included to account for the extra solvation energy due to quantum

tunneling modes from the water molecules. The experimentally observed rate of electron

transfer was qualitatively reproduced through this correction, and was further tested by

examining the isotopic substitution of the solvent molecule (H20 -> I320). The librational

modes of water have also been proposed as a energy source for pushing a reactive pair up

and over a reaction barrier. MD simulations for the 121-+ CH3C1 SN2 reaction have been

performed in aqueous solution. It was found that in this reaction, energy is applied to the

reaction coordinate from the hindered internal rotations of the solvent to permit the barrier

crossing to product formation. As a separate consideration, the solvent was also found to

be responsible for orientating the reaction parmers to create an ion-dipole complex.

• 1.4 Conclusion

These examples have iUustrated that VRT dynamics in liquids and clusters may

possibly be treated from analogous perspectives. Although considerable complications

arise in the treatment of the liquid phase, an understanding of quantum tunneling in water

clusters provides the necessary means for the extrapolation from the cluster to the liquid

phase. Furthermore, the study of water clusters may directly pertain to liquid water from

9



one final, although intriguing point of view. S___everalstudies have been undertaken which

propose that the aqueous phase consists of large aggregates of water molecules which in

turn are H-bonded to each other.32"34These studies propose that chlatherates, polyhedral

species, or octamers account for the self replicating H-bonded structures which characterize

the spacious voids of liquid water, and they rationalize a variety of related thermodynamic

properties. Therefore, it will be of enormous value to determine the dynamical and if

possible the structural parameters associated with larger water clusters, for if any merit

resides in the cluster models of the liquid, these theories will be greatly advanced by FIR

VRT characterization.

10
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Chapter 2

The Far Infrared Laser Spectrometer

2.1 Experimental Introduction

Over the past several years, the Berkeley tunable FIR laser spectrometer has been

described in several review papers 1,2 and dissertations, 3,4_5,6,7therefore, only a brief

description of the entire apparatus will be included in this chapter. There are several

purposes for this chapter. First it is to serve as a sort of technical manual so that future

experimenters will have a starting point from which they may work. Since this work

represents the f'trst data obtained in the spectral region above 2.4 THz, this chapter will

include procedural details that have been determined to be useful for the operation of the

spectrometer at these frequencies. For example, it will become apparent that the presently

available laser coverage is rather sparse above 3 THz, so part of this chapter will include

new spectrometer features which extend the microwave coverage about a particular laser.

Also, the description and specifications for Ge:Ga photoconductors will be presented, for

these are the detectors of choice for high frequency scanning. Finally, helpful suggestions

along with possible sources for specification improvements, will be discussed separately

for each component of the apparatus.

The apparatus is briefly described as follows and reference should be made to

Figure 2.1 for the general layout of the FIR laser system. A 150 Watt line tunable CO2
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Figure 2.1
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laser is used to longitudinally pump a fixed frequency FIR laser which acts as the local

oscillator (LO) e r carrier frequency. Tunable FIR radiation is generated by mixing

continuously tunable (2 - 110 GHz) microwave radiation (the intermediate frequency: IF)

witlithefixedfrequencyLO ina Schottkybarrierdiodemountedinacomercubemixer.

Thesetunablesidebandfrequencies(Vsidebands= Vlascr+/-Vmicrowaves)areseparatedfrom
i.

themore intenseLO (ILO= Isidebandsx 102-104)withaMartin-P_.iplcttdiplexcrforwhich

" theovticalpathisshown inthecircularblowup ofFigure2.1.Furtherseparationis

routinelyaccomplishedwithtwoNimeshesoperatingasatunableFabry-Perotetalon.The

shadedregionofFigure2.1representsa purgebox throughwhichtheFIR laserbeam

procee_towardthechamber.A cont_,uousflowofdryN2 orAr issuppliedasapurgeso

thatscanningnearFIR amlosz_hcricwaterabsorptionsismade possible.Onceenteringthe

chamber,theradiationis,rmltipasscd3 8-16timesthrougha supersonicallycooled

molccnlarexpansion,from whichtheclustersofinterestarcformed.Typicalchamber

pressuresof20-300retortaremaintainedbva 2800cfrnRootsblowersystem,depending

on thecharacteristicsofthesource.The laserradiationisdcta:tedby a varietyofFIR

detectors,andabsorptionfeaturesarcmeasuredasadecreaseindetectedsidebandpower.

The tunablesidcbandsarefrequencymodulatedat50khz withasinewave,andabsorption

signalsareprocessedwith!ockindetectionat2f.Thisschemetypicalyieldsa sensitivity

specificationforwhichtheminimum detectablefractionalabsorptionisnominally1-5ppm.

2.2 Th_ AooUo C02 Laser

41

lhc detaileddiscussionof thetunableFIR laserabsorptionspectrometerbegins

withthecontinuouswave (cw)carbondioxideinfraredlaser,8whichisusedtooptically
"4¢

preparetheFIR gainmedium intoaninvertedlasingenergylevel.The modelusedisan

Apollo 150 (currentlysupportedby LaserPhotonicsInc.)which can be tunedover

approximately80 frequenciesinthe10.6grnregionoftheinfrared."lhclaserisdesigned

so that both laser end mirrors are mounted intracavity to maximize the output power. The
=
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grating (APOLLO PN A379-009) acts as a totally reflective end mirror and is ruled on a

copper substrate with a 135 line/inch groove spacing. It is efficiently heat sunk to the

cooling plate with a small amount of DOW Coming Heat Sinking Compound. The ZnSe

output coupler (II-VI PN 656-123) is designed with a 20 m radius of curvature on the
c

intracavity side of the optic, upon which an 80% reflective dielectric 10.6 ttm coating is

- applied. This dielectric serves as a partially reflective laser end mirror. On the flat output

side of the optic, a 100% antireflective dielectric 10.6 Bm coating is applied to assure the

complete transmission of the intense lR radiation. When aligned properly, this cavity

configuration supports a Gaussian output beam of 12 mm in diameter, for which a

maximum ew output power of ca. 130 Watts is maintained when operating at 10P(20) with

100% fresh gas, and 60 mA through each arm of the laser.

The Apollo laser has had a variety of problems over its period of operation and

some solutions related to its repair are outlined below, for undoubtedly it will need attention

some time in the future. To avoid serious problems, this discussion will begin with a few

simple steps which may be taken to prolong its operational lifetime. The gas mixture of 6%

CO2, 18% N2, and 76% He is flowed through the two arms of the laser at the output

coupler and grating ends, and is evacuated through a center tee which connects the two

discharge tubes. As a cost effective measure, the gas mixture is directed from the vacuum

pump exhaust into a CO2 gas recycling unit which removes residual oil from the mixture

and reintroduces it into the laser through a tee in the gas input plumbing. The CO2 laser is

generally operated continuously for long periods of time, therefore it is imperative that the

gas recycler be maintained so tha_ the intracavity optical components will be protected from

the possibility of oil contamination. Such an occurrence will most certainly reduce the

performance of the laser, and has the potential for permanently destroying the intracavity

optics. The recycler has recently been upgraded so that it meets the standards needed to

keep the laser functioning properly and a diagram of this unit along with a list of

17
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replacement part numbers, is contained in the FIR laboratory notebook. Possibly the most

critical component regarding the general maintenance of the recycler is the oil indicating

filter, because it provides a measure of the amount of oil entering the discharge region of

the laser. It should be checked as often as every 2-3 days to assure that the entire unit is

operating properly. The majority of the oil from the pump exhaust is trapped in two oil

filter reservoir boils. If these are emptied when the accumulation of oil is substantial, the oil

indicating filter should last for quite some time. A catalytic converter is used to replenish

the CO2 gas from CO which is generated as a discharge byproduct. The catalyst in this unit

must be changed (40 grams) every 6-12 months.. The oven which houses the catalyst

should always remain on because it takes several hours for it to reach its operational

temperature. By checking these components regularly, the performance characteristics of

the CO2 laser will be sustained.

Another routine maintenance task involves the high voltage electrodes located in the

cathode housings at the ends of the center tee. When striking the discharge a transient

voltage at the cathodes rises to a level between 20 - 25 kV, after which they are

continuously maintained at 6 kV to keep the discharge tubes lit. Each housing is f-fliedwith

a high dielectric oil to keep the cathodes thermally stable, and this oil must completely

surround the entire metal portion of the electrode to prevent electrical breakdown. Each

housing seals against a mounting plate on the laser with O-rings, and because of day-to-day

thermal cycling, these seals tend to leak oil at a rather slow rate. Therefore, it is important

to check the oil level every 20-30 days. If this task is forgotten, and the oil in these

housings drops below a critical level, the self destruction of the cathode housings will

occur. Thus, checking this oil level regularly is highly recommended.

The tube nearest the grating has been particularly problematic over the past few

years. The most common failure has been the destruction of the O-ring seals which isolate

the discharge from the rest of the laser fluids. When these seals are broken the risk of
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leaking oil and/or water into the discharge tubes is high, and this almost certainly leads to

damaged laser optics. If any vacuum problems, low output power, or _ amount of oil in

the discharge tube is noticed, the cathode housings should be considered as a possible

source of the problem. If the diagnosis is related to the electrodes, it is most likely that the

glass laser tubes must be removed from the housings. This process is begun by draining

" the water and cathode oil from the laser tubes and removing ali of the panels of the laser.

With the cathode housing locked in piace, the endmounts are slowly pulled away from the

tubes while the water jacket is gently twisted. The tubes are then carefully removed and

stored in a safe piace. Replacing the tubes is a more difficult task because they must pass

through the O-ring seals in the cathode and anode ends of the laser. A small amount of

vacuum grease should be applied to each O-ring through which the tube must pass, and the

tube should be twisted into position while applying the smallest amount of force required to

the endblock to get the tube through the seals. When doing this it is critical to be certain

that the tubes are not entering the housings at an angle, otherwise the force exerted on the

metal endblock will crack the glass.. Regardless of the amount of care given, this procedure

usually amounts to cracking one of the tubes about 50% of the time, so it is always useful

to have an extra tube in the laboratory.

lt should be noted that when turning the CO2 laser on at the beginning of the day,

the diode should always remain disconnected from any electrical device, such as the

microwave source or the bias box. Ground spikes and an excessive amount of RF have

both been the cause of many diode contact problems in the past when striking the CO2

discharge. In fact RF noise was found to be completely prohibitive when initial

,. experiments conducted with small anode diodes such as the 1T12. The problem was found

to originate in the high voltage cabling which is submerged in the cathode oil baths. In the

past the cathode oil had a tendency to wick along the multistrand high voltage conductor

(under the insulation of the cable) until it worked its way back to the power supply. Over a

" 19



long period of time, a large amount of oil built up under the insulation and a discharge path

for the high voltage was created within the cable so that they essentially became an

experimentally (prohibitively noisy) RF source. As a result, the faster more sensitive 1T12

diode would consistently bum out. To solve this problem the cables were replaced, and in

doing this the cable connection to the cathode was modified to prohibit the wicking of oil

along the high voltage conductor. This modification is shown below in Figure 2.2.

Figure 2.2

Plastic Cable Ties
Solder Filling the

A Cablethrough the Collar

Knife Edge Brass

Multistrand High Voltage Cable _To Lug
I

Collar

The modified cable connection to the cathode electrodes.

The brass collar in this illustration has an I.D. which is slightly larger than the O.D.

of the cable, and a knife edge was machined so that it could easily cut under the insulation

of the cable. Once in piace, the collar was filled with solder to essentially create a solid
a,

core conducting w_e, and plastic tie wraps were used to tightly compress the insulation

around the brass collar. A lug was then soldered onto the bare wire and the connection was

screwed tightly into the cathode to maintain good electrical contact. The replacement of
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these cables provided for a quiet laser which was essential in operating the more sensitive

diodes, and no RF noise has since been noticed after the modification.

As previously mentioned, any major repair of the laser usually requires

" disassembling the discharge tubes. If the cathode housings are removed it is almost always

necessary to realign the laser tubes relative to each other, and the intracavity optical

components, because there is a fair amount of play in the positioning of the four

independent electrodes. Therefore, it is important to adjust their centers so that they reside

along a unique laser axis. To do this it is recommended that the anodes be aligned to the

center of the mounting plates first. This assures that the ends of the tubes are centered

relative to the grating and output coupler. After this, the cathode housings are tapped with

a mallet into alignment. To check the quality of the alignment, the intersection of the

centering crosshairs of an autocollimating site9 are positioned at the center of the tubes in

the region of the four electrodes.

Although many problems have been presented above, the operation of the CO2 laser

is generally straightforward. The overall system is more or less reliable and requires only

minor adjustments from day to day. If the power output is optimized daily, the alignment

into the FIR laser is occasionally checked, (while AM-ing the laser system with a low

frequency mechanical chopper, and detecting the radiation with the Schottky diode) and the

general maintenance suggestions are followed, the laser will perform in a reliable fashion.

2.3 The Far Infrared Laser
B

The far infrared waveguide laser is very similar to the design of Farhoomand et

al., 1° and a detailed description of the laser used throughout this work can be found in K.

B. Laughlin's Dissertation. 7 An excellent review of FIR waveguide lasers can also be

found in the articles by Degnan 11and Abrams and Chester. 12 In Table 2.1, the lasers

which have been observed for frequencies greater than 2.4 THz are reported. Briefly, the
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Table 2.1
Laser lines that may be used for scanning above 2.4 Thz. With the exception of the 109

}_m CH2F2 laser, all frequencies have been observed with both a 6 and 10 mm output
coupler. Rectification values are reported after purging atmospheric water from the FIR
beam path. The polarization of the lasers are referred to the vertically polarized Apollo CO2
laser. The 2633900 MHz 13CH3OH laser has been calibrated in this laboratory, and this
results in a frequency precision which is slightly worse than the other lasers. Although the

laser near 89 _m has been observed, at this time its frequency is not known to better than
three significant digits.

Laser Frequency' Wavelength Medium Pump .Polarization Rectification

i,iii

2409293.2 MHz 124 lain CH2DOH 10P34 PAR 100 mV

2447968.5 MHz 122 lain CH2F2 9R22 PRP 200 mV

2522781.5 MHz 118 lain CH3OH 9P36 PRP 2000 mV

2546495.0 MHz 117 Izrn CH2F2 9R20 PRP 500 mV

2588361.8 MHz i15 l.tm 13CH3OH 10R16 PAR 350 mV

2633900 MHz 114 I.tm 13CH3OH 9P30 PAR 800 mV

2664058.3 MHz 113 lain CH2DOH 9P12 PAR 200 mV

2714715.1 MHz 110 larn 13CH3OH 10R18 PAR 200 mV

2742946.0 MHz 109 lxrn CH2F2 9P24 PAR 350 mV

2851169.2 MHz 105 lain 13CH3OH 10R18 PAR 150 mV

2907088.9 MHz 103 lain CH3OD 9P30 PRP 50 mV

3105936.8 MHz 96 l.tm CH3OH 9R10 PAR 300 mV

3630000.0 MHz 89 lain .CH3OD 9P30 PAR 200 mV

4251673.8 MHz 70 lana CH3OH 9P34 PRP 100 mV ii
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CO2 laser is focussed with a 1 m focal length mirror and is folded into the FIR laser with a

series of flat mirrors which help to minimize spherical aberration of the Gaussian pump

beam. The infrared beam is then directed through a 10.6 I.tm AR coated flat 0.75 inch

diameter, ZnSe input window (CVI PN PP0708-ZS) mounted on a port in the vacuum tightg

stainless steel laser endblock. The beam proceeds into the laser cavity through a 4 mm hole

" in a gold coated flat input coupler (CVI PN HR-CU-2.0-AU) which serves as a fixed laser

end mirror. From this point the CO2 laser pump beam slowly diverges until it is totally

absorbed at approximately 2/3 the round trip length of the FIR laser cavity. The output

coupler is mounted on a translational stage driven by a 0.5" travel motorized encoder

micrometer (ORIEL PN 18219) so that coarse adjustments to the cavity length are possible.

A water cooled electro-mechanical translator (EM'I3, which has a travel of approximately

60 l.tm over its 0 - 40 V dynamic range, is mounted at the rear of the output coupler to

allow for fine tuning of the laser cavity. Both end mirrors are water cooled to provide a

heat sink for the powerful CO2 pump beam incident on the intracavity optics. The leak rate

of the laser is currently ca. 500 mtorr/day, which is low enough to use lasers which require

expensive lasing media without the need to flow the gas. The most likely piace where leaks

are found is in the end mirror cooling lines, and such problems are avoided by

continuously flowing water through this plumbing. External adjustments of the horizontal

and vertical positions of the end mirrors is made possible through vacuum tight electrical

feedthroughs which connect to precision 0.5" motorized micrometer (ORIEL PN 18030)

drives. When properly aligned the optimum output mode of the laser should be the EH 11

• mode; this is the lowest order hybrid mode for a waveguide laser of this kind. 12

For the experiments presented in this dissertation a 6 mm diameter FIR output

coupler is used to minimize cavity losses, thus allowing weak lasers to more easily surpass

gain threshold. This cavity configuration has increased the power output of several lasers

which were previously used in this spectral region, and has permitted the use of many

others, as can be realized by the inspection of Table 2.1. Nevertheless a variety of output
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couplers have been tested in this laser system. The ones most commonly used have clear

apertures of 6, 8, or 10 mm drilled through a gold coated flat copper end mirror to allow

for the radiation to be coupled out of the gain medium. The infrared beam incident on the

output hole is reflected back into the laser cavity with a flat piece of Z-cut quartz with a

si!_iconoverlayer (CVI PN PP-2020SI) placed behind the output coupler. This prevents the

heating of the laser endblock and output window by the CO2 pump radiation. Output

coupling of this kind has worked reasonably weil, and has been the standard method used

with this laser system. However, because the Si disk which reflects the pump beam is

positioned several millimeters away from the Au coated reflector, and because it is not a

perfectly transmitting optical element with respect to the FIR radiation, the possibility for

two separate FIR longitudinal modes always exists. The competition of these cavity modes

may in fact be the cause for lasing instabilities. For this reason, hybrid output couplers

have been constructed out of a 4 mm thick flat piece of Si with a Au overlayer to try and

address this problem. For this optical component, a 6-8 mm aperture was created in the

center of the Si disk, so that the bare substrate would allow for transmission of the FIR

laser beam. These hybrid couplers were manufactured at Berkeley, with the Majda bell jar

metal deposition chamber on the 3rd floor of Hildebrand Hall. The apertures were masked

from the metal deposition beam with a circular piece of iron which was held in piace with

strong bar magnets placed on top of the Si disks. After allowing the chamber to reach ca. 5

x 10-7 torr, 5 nm of chromium was deposited onto the disks to assure that the Au overlayer

would adhere to the Si substrate, after which 660 nm of Au was deposited. This thickness

corresponds to nearly 5 skin depths at 300 GHz and provides for good reflectivity

throughout the entire FIR spectral region. Because the gold overlayer is thin compared to

the wavelength of the FIR lasers, such a design should support only one cavity mode for a

given position of the translating output coupler. After installing the 8 mm element, it

performed well for some period of time with high output powers, however its performance

seemed to degrade with time presumably due to a slight absorbance at the infrared pump
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frequency. Upon inspection of the Si, it appeared that the material had been heat treated

which seemed to scar or aneal the uncoated area. In the future, l_[gg _ puriw silicon,

which can be purchased from Lattice Material Co., should be used for this application to

avoid the slow degradation of this type of optic.
a

Typically the FIR laser is extremely reliable, so in the event that the power output

- seems low the alignment of the far infrared laser should only be attempted after all other

possibilities have been considered. Occasionally the laser does drift out of alignment over a

period of time, so a description of the alignment procedure is included for when this

situation arises. The alignment of the laser is, in principle, easy to understand yet often

difficult to apply. The final result should yield two end mirrors parallel to one another and

perpendicular to the laser bore axis. To achieve this, alignment apertures which are stored

under the output endblock of the laser are used to help guide a HeNe laser beam through

the center of the waveguide tube. After removing both of the end mirrors from the Gimbal

mounts, the two alignment apertures are bolted onto the input and output window ports of

the laser endblocks so that the holes which lie off center define a line parallel to the laser

axis. The HeNe laser is then passed through an adjustable telescope which is used to focus

the beam in the far field. With two mirrors, the HeNe is directed through the output

endblock and is passed through the center holes of the two alignment apertures. The HeNe

must then be walked towards the two holes which lie off of center on the alignment

apertures. Once this is accomplished, the input coupler is installed and the motorized

micrometers are adjusted to send the HeNe reflection back onto itself through the first hole

and onto the telescope leaving the input coupler aligned.

To align the output coupler, the direction of the HeNe is reversed so that it passes

" through the input endblock and is centered through the two center holes of the alignment

apertures. The output coupler is then installed and the reflected beam off of the Si disk is

positioned onto the initial hole leaving the output coupler aligned....now for the hard part!

To insure that the optics are aligned relative to each other, a fine adjustment of the cavity
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Figure 2.3
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end mirrors must be.conducted. With the two end mirrors in place, the HeNe must be

walked off of the center of the output coupler, (ca. 4 mm for the 6mm output coupler and

ca. 6mm for the 10 mm) so that it is imaged onto the gold coating of the laser optics. This

spot observed on the Au overlayer of the output coupler must remain vertically centered

during this adjustment, while the HeNe laser continues to pass through the center hole of

- the input alignment aperture. This orients the beam so that it is no longer parallel to the

laser tube axis. This is illustrated in Figure 2.3. By moving the output coupler, the beam

may then be positioned onto the input coupler in a similar manner. Iterating between the

two mirrors will create the back-and-forth off-axis pattern that is shown in Figure 2.3. The

separation of each of the spots on the end mirrors may be measured by inserting a clear

"transparency" between the laser tube and each mirror. After this process is completed,

only minor adjustments of the cavity will be needed to optimize the power output of the

laser.

Often times, the realignment of the FIR laser provides an opportune time to adjust

the CO2 laser input into, and through the FIR laser bore. This should be done any time

before the f'mal installation of the output coupler. To do this, ali apertures should be

removed from the endblocks and the cooling water to the end mirrors and the laser cooling

jacket must be flowing. The CO2 laser is then turned on with a low current setting and a

power measurement should be taken before imaging it into the FIR cavity. The lR is then

centered on each of the gold coated copper mirrors which fold the light toward the FIR

laser and is carefully adjusted so that it passes through both the center of the input window

• port and the 4 mm hole in the input coupling optic. The CO2 laser power meter is then

mounted at the FIR laser output port and the incident power should be optimized at this

" point with the final two folding mirrors while maintaining the focussed IR in the center of

the 4 mm input hole. The IR power density is extremely high at the 4 mm hole of the inout

coupler, thus. a _ro'eatdeal of caution is recommended when monitoring the beam at this
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point. This should be done 0vith a small piece of cinder block, and protective eycware

should definitely be worn!

Once aligned the FIR laser power should be measured with the Scientech (Scientech

PN 360001 S/N 1927) power meter at the highest frequency line available because the

position of the optics is obviously most sensitive to the shorter wavelength lasers. As a

benchmark, the 118 ktm CH3OH laser with the 6 and 10 mm output couplers installed in

the laser provide power output levels of ca. 150-200 and 250- 300 mW, respectively, when

pumping the cavity with 100 W at 9P36. If this is not the case, small adjustments of the

end mirrors should be attempted while monitoring the laser power for its optimum output.

The time constant of this power meter is slow, (ca. 3 s) so adjustments need to take piace

patiently.

2.4 The Schottky Barrier Diode

The GaAs Schottky Barrier Diode is without question the most important element of

the tunable FIR laser spectrometer. Fortunately, technological advances in the

rnicrofabrication of these elements evolve at an e×tremely rapid pace. 13 To date these

elements remain the most sensitive mixing devices for generating sum and differences

frequencies in the spectral range accessible with optically pumped FIR lasers (0.4-5.0

Thz.), however other devices have been characterized for this purpose. 14 This section

attempts to summarize the present state of GaAs diode technology used with the Berkeley

FIR lasers.

This discussion begins with a brief summary of the important characteristics for

Schottky diodes so that an understanding of the mixers may be applied to the improvement

of the tunable FIR apparatus. The most serious signal losses in a Schottlcy diode occur at

three places in the diode circuitry; between the antenna and mixer, within the mixer itself,

and in the coupling of the IF onto the element. Although the comer cube open structure

design, originally proposed by Krautle et al. 15 is rather inefficient, it is still the most
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effective way to couple the LO and RF with the diode via a contacted antenna. Also, for

the purposes of the tunable FIR laser system, the coupling of the IF onto the diode is

usually not an issue, for although impedance mismatching problems lead to power

fluctuations at the element, the available microwave sources in the laboratory can provide

sufficient power from approximately 2-90 GHz. This leaves the diode itself as the primary

- source for technological improvement.

Since the diode noise 16is far below other noise sources of the experiment, (detector

or laser) it will not be considered as a means for improving the laser system. Thus, the

optimization of diode performance for this experiment involves the enhancement of mixer

conversion efficiency at higher FIR laser (LO) frequencies. The figure of merit relevant to

this aspect of performance is known as the diode cutoff frequency, which should ideally be

at least 3X the frequency of the LO. This frequency is defined as Vco = (2nRsCj0) "1, in

which Rs is the series impedance and Cjo is the junction capacitance of the contacted diode.

These two terms are referred to as the parasitics inherent in the diode which reduce the

responsivity of the element at higher freq'_encies, and are characterized by the following

equivalent circuit 16shown in Figure 2.4.

Figure 2.4
Rj

mmlm

I RS I I IIII II

Cjo

This diagram represents the equivalent circuit for a contacted diode.

The minimization of the RsCj0 product can be accomplished by increasing the dopant

concentration and reducing the size of the contact e"ea to sufficiently match the impedance
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that the diode sec8 from the _atenna. A great deal of effort has been and continues to be

devoted to this area of research.

The 1T12 and 1T13 diodes recently purchases from the Crowe group at the

University of Virginia (UVa) are exceedingly good examples of performance improvements

in this field of research. Unfortunately, the available time period only allowed for the

testing of the 1T12 element and the majority of the discussion to follow compares its

performance to mat of the 117die,de. The following test data has been supplied by UVa for

the two new diodes, and are reported in Table 2.2.

Table 2.2

Specifications for the two 0.5 grn anode diameter diodes. Each parameter is defined in the
texL

Off......S_ficati lT12 1"113i1 IIHII i i iii i ii i i1111iii ii l

i i i ii i ii ii iiii illl i i

0.5fF 0.7fFcp=
Rs = 24.3 t2 15 f_

AV = 78.6 mV 76.9 mV

VKNEE= 0.78 V 0.77 V

VBR @-1 gA = 5.4 V 5.1 Vii

The parameters Cj0 and Rs have already been defined above, and the protiuct of the two

yield a cutoff frequency of 13.1 and 15.2 THz for the 1T12 and lT13 diodes, respectively.

AV is tlae change in voltage across the diode from -10 and-100 _tA, VKNEEis the voltage

of an adequately contacted diode at zero bias and VBR is the linfit of the video response of

the element at which the diode breaks down.

Video response can be used to describe the performance of a diode, and is

measured as the ratio of rectification (in volts) to the incident laser power (in Watts). This

figure of merit l',as been defined by accurately measuring the power of the FIR laser with

the Scientech 360001 power meter and then imaging the radiation onto the comer cube
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receiver to detect as diode rectification. The video response for the IT12 diode at 432 and

I 18 _tm was measured to be approximately 300 and 50 V/W, for laser powers of 10 and

100 mW, respectively. Clearly the diode is a better receiver at the lower frequencies,

however the 118 )arnvalue is nearly a factor of three larger than that for the II7 element at

this frequency as measured in this laboratory. These results compare well with those
O

" reported by Titz et al. I"] Also, the single sideband conversion efficiency at 2.5 THz

exhibited approximately a five-fold increase for the 1T12 over that of the I17, as measured

by a Ge:Ga stressed photoconductor while using a 750 fine/inch Ni mesh Fabry-Perot

etalon to isolate the pure sideband radiation. Although there are many sources for error in

measurements of this kind, these data qualitatively show that the IT12 outperforms the 117

diode at frequencies >2.4 THz and further research should be conducted to characterize this

element with the Berkeley tunable FIR laser system.

The 1T12 diode is without question the highest quality diode used thus far with the

tunable FIR laser system, yet it is not without its drawbacks. The diameter of the contact

area for the faster diode is 0nly 0.5 _tm which is a factor of 2 smaller than that of the 117,

and this makes the diode more difficult to contact and more sensitive to transient voltage

surges in the laboratory. Photographs of these diodes are shown in Figure 2.5 as supplied

by T. W. Crowe. 18 Thus, to make contact to these diodes, a sharp strong whisker is

nc_ded. The 25 _rn diameter Au/Ni alloy wire used as the antenna in this laser system is

currently being etched with a 3% HC1 solution instead of the 10% KCN/5% Fe(CN)6

solution used previously in the laboratory. A lh wire and the whisker (dipped ca. 250 _tm

- into the solution) act as the electrodes for the electrochemical etching process. A DC

voltage of 7 V is applied until enough metal has been etched away from the whisker so that
t.

it pops out of the liquid. This usually occurs after ca. 4 - 8 seconds. At this point the

whisker is usually perfect, however examination under the high power microscope should

still be conducted to inspect the quality of the tip. Each whisker may be contacted several

times on the IT12 diode until it becomes too blunt, upon which it may then bc used to
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Figure 2.5

t

A Scanning Electron Micrograph of the IT12 GaAs Schottky Barrier Diode.

contact a 117 diode. Also, transient voltage surges have been discussed in the section on

the CO2 laser, and greater care must be taken when turning _ piece of equipment on in

the laboratory when the more sensitive diodes is installed. Regardless of the added

difficulties in using these diodes it seems imperative that l_se.arghcontinue along these lines

to perfect the incorporation of these high quality chips into the tunable FIR laser system.

The lT13 is designed with the best specifications of any diode residing in the laboratory

and should be attempted for scanning above 3 THz. Currently, the Crowe group at UVa

have fabricated a series of diodes with an anode diameter of 0.25 ktm, which exhibits a

video response approximately 10 times greater than that of the 1T12. t8 Although this

sounds like a formidable challenge, the bold experimenter would greatly benefit from such

an enhanced sensitivity.
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In concluding this section it should be noted that for the water cluster experiments,

more efficient sideband generation has been obtained in the spectral region above 2.4 THz

by utilizing the 1T12 diode. Furthermore, by applying the formulae for optimal mixing

• efficiency as a function of whisker length derived by Zmuidzinas et al., 19 the design

performance of the Martin-Puplett diplexer has been realized in the 2.5-3.0 THz spectral

" regime. These relationships are

Omax= cos"I [I - 0.37101 _rL]
(2.1)

s = 0.97 1/ 2 sin 0max,

for which 0 is the angle between the antenna (whisker) and the incident laser radiation, L is

the whisker length, _. is the wavelength of light, and s is equal to the distance between the

whisker and the comer cube reflector. By fixing s and 0max at the values calculated from

Equation 2.1, for a given L and _., the optimum performance of the diplexer was

consistently maintained. In doing so, the optimal antenna mode of the whisker is coupled

out of the comer cube mixer and this results in highly collimated double sideband radiation

(full angle divergence of 50 mrad at 2550 GHz) over the full length of the beam path. The

added collimation helps in aligning the multipass cell so that the probe laser samples the

cluster beam more effectively.

2.5 Tunable Microwaves

2.5.1 General Microwave Technology; 2 - 20 GHz

As discussed earlier in this chapter, laser coverage is very spotty above 3 THz.

This prohibitive element of the spectrometer requires the improvement of the microwave

" tuning range, and this section is devoted to the description of the available equipment used

for such a task. A Hewlett Packard (HP Model 8673B) microwave synthesizer supplies

the fundamental frequency to the diode which is mixed with the fixed frequency carrier.

By multiplying this radiation, the available coverage may be extended. The majority of this
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section will deal with the multiplication of the IF radiation. The HP synthesizer produces

radiation from 2 - 26 GHz and this can be easily coupled onto the diode via standard SMA

(single mode transmission line from 1.1 - 18.0 GHz) coaxial cable. Using a Watldns

Johnson Model A2000N (S/N 8F11) frequency doubler and an Hughes 800lH traveling

wave mbe amplifier, the IF may be doubled up to 40 GHz. The test data for the A2000N is
m

given in Table 2.3. IF radiation from 2 - 40 GHz has been commonly used for several

years to tune sideband radiation off of many closely spaced FIR lasers. However, as the

laser coverage becomes more sparse, it becomes clear that the tuning range of the IF needs

to be extended.

2.5.1 40 - 65 GHz Tuning of the FIR Laser

An HP model 8349B 2 - 20 GHz solid state amplifier and a Watldns Johnson

Model Q2300N (S/N 8F10) frequency tripler are available for obtaining coverage up to 60

GHz. The test data for the Q2300N are also shown in Table 2.3. Figure 2.6 shows the

microwave rectification between 39 - 60 GHz when using standard SMA coaxial

connections with the Q2300N tripler. The curve represented by the solid circles was taken

with an SMA bias tee, whereas a K - type DC - 40 GHz bias tee was used to obtain the

curve represented by the open squares. It is easily noticed that the installation of the K bias

tee provided an improvement in the amount of microwave rectification on the diode, yet it is

still far below an optimum level (at least 100 - 200 mV) needed to generate a sufficient

amount of sidebands which may be used for scanning.

To improve the transmission of the IF onto the Schottky diode, the entire comer

cube has been converted over to V - type, DC - 65 GHz connectors. Ifr Figure 2.7 two

power curves as a function of frequency are shown, to illustrate the higher quality of

microwave transmission onto the diode with the V - connectors. The variation of the two

curves is most probably caused by slight imperfections in the grounding scheme, which

may introduce unwanted mode characteristics due to impedance mismatching of the
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Table 2.3

Test data for Watkins and Johnson Frequency Doubler and Tripler show the output
frequencies and the power output. The input for the doubler and tripler was fixed at 25 and
20 mW, respectively. Maximum input powers for the doubler and tripler should not
exceed 100 mW (20 dBm) and 63 mW (18 dBm), respectively.

A2000N Doubler Q2300N Tripler

26.6 GHz 2.7 mW 40 GHz .90 mW

" 28 GHz 3.2 mW 41 GHz .92 mW

29 GHz 3.2 mW 42 GHz .77 mW

30 GHz 3.4 mW 44 GHz .77 mW

31 GHz 3.8 mW 46 GHz .64 mW

32 GHz 3.5 mW 48 GHz .67 mW

33 GHz 3.3 mW 50 GHz 1.00 mW

34 GHz 4.7 mW 52 GHz .93 mW

36 GHz 4.5 mW 54 GHz 1.07 mW

37 GHz 3.6 mW 56 GHz 1.23 mW

38 GHz 3.4 mW 58 GHz 1.36 mW

39 GHz 3.5 mW 59 GHz .98 mW

40 GHz 2.5 mW 60 GHz .75 mW
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Figure 2.6

q

Tripled Microwave Power on Diode vs. Frequency (17.2 dBm)
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This figure demonstrates the transmission characteristics of K type cables which are
specified as single mode transmission line from DC to 40 GHz. The curve represented
with the black diamonds was measured with an SMA bias tee, whereas the data
corresponding to the open squares was measured with a K type bias tee. This comparison
indicates that the cabling scheme is inadequate for the propagation of microwaves in the 40
- 60 GHz frequency range.



Figure 2.7

Tripled Microwave Power on Diode vs. Frequency (18.0 dBm)
t
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These two curves are both taken with the V transmission cable. It is readily noticed that the
microwave coverage can be adequately extended using the Watldns Johnson Q2300 tri.pier.
Although the diode rectification is less than the 400 mV that is usually applied to the maxer,
it is sufficient. The difference of the two data sets most likely comes from the fact that two
they were measured with different whiskers. It was found that a good electrical contact
was necessary for optimum performance of the transmission line. This was not the case
for the solid line.
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radiation ,_nto the diode. It is therefore important to be sure that the contact of each

connection is made properly and tightly. One way to remove a source of error in the

cabling would be to solder each V - bead into its own flange launcher insert which would

also help in the handling of the smaller bead size, thus preventing whisker mutilation.

Although the microwave rectification is sufficient for scanning between 40 - 63

GHz, more power is needed to maintain the highest level of sensitivity, because the tripler

does not perform nearly as well as the doubler, for example, which yields more than

enough power to saturate the diode. To overcome this power limitation, an Avantek

SMW91-2920 40 - 60 GHz amplifier has been purchased as an engineering prototype to

provide sufficient power in the 40 - 60 GHz frequency range. The quoted specifications

for this unit are shown in Table 2.4.

Table 2.4
Specifications for the 40 - 60 Avantek Amplifier

i .... j i III IJ I Jl li J

Frequency Range 40-60GHz Input Voltage 12 V DC

Gain 20 dB Input Current 250mA/350mA max

Gain Flatness +/- 3 dB Case Temp Range 25 oC

Noise Figure 8.5 dB Connectors V- type

VSWR in/out 3:1 Case T4V

2.5.2 65 - 110 GHz Tuning of the FIR Laser

Tuning capabilities exist for the frequency range from 65 - 110 Ghz through the use

of an InP Gunn diode (Model EE 893-038) obtained from J. Carlstrom. The Gunn Diode

is housed in a compact container (Model Number Hl16) upon which two precision

micrometers and an SMA jack are mounted. High frequency microwave radiation travels

through WR-10 waveguide which can be attached to the exit port of the H116 and
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connected to the similar waveguide mounted on the comer cube mixer. Absolute power

output versus frequency for this diode is plotted in Figure 2.8 across its entire tuning

range. This data was collected with an HP432A power meter and a Hughes 45776H-1100

microwave detector. The frequency was measured by splitting ca. 10% of the microwaves
J

out of the waveguide with a directional coupler (Aerowave 10-4040/10), and sending this

- radiation to a precise frequency counter. Before entering the detector, the radiation was

attenuated with a Hughes 45726H-1000 variable attenuator.

Figure 2.8
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The power output of the EE 893-038 Gunn diode with respect to frequency.

A diagram of a proposed method for operating the Gunn diode with the open

structure comer cube receiver is shown in Figure 2.9. During the operation of the Gunn

oscillator, the HP 8349B synthesizer should be set at a frequency which will supply the

desired frequency through an appropriate harmonic. For example, if a particular absorption
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Figure 2.9

Box
Ra )_n Control

--_R _ _ Ckble Module80 MHz ef Gunn i.

.

"Tuner ..... m..,

Isolator Directional I Variable

Coupler Attenuator

Backshort _ I _._ '

/Jack Harmonic Mixer _U_SMA

Monitor Tee I' To Comer
I Cube Mixer

l i Comer Cube

_waves

[ Precision Motor _ AsG%arblyI I Q Backshort

A block diagram showing the proposed setup for operating the Gunn diodes with the
Berkeley FIR laser absorption spectrometer.

feature has a frequency of Vabsorption = Vlaser+ 73681.02 MHz, the HP could be set up to

Absolute power versus frequency of the EE 893-038 Gunn diode.generate the 10th

harmonic at 7368.102 MHz. However, it is important to remember that the Gunn diode

always oscillates at a frequency which is 80 MHz higher than the nth harmonic of the HP,

because of the 80 MHz reference supplied to the lock box. With this in mind the

microwave synthesizer should be set up at (73681.02 - 80.0) / 10 = 7360.102 MHz to

obtain the desired frequency of 73681.02 MHz. To lock the Gunn at a given frequency,
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Table 2.5
The tuning curve as measured by G. A Blake for the EE 893-038 Gunn diode. Several
backshort positions may maximize the out-_utcoupling efficiency for a particular frequency,
yet the values listed for the tuner are r,producible as was determined during the power
measurement experiment reported in Figure 2.8. The notes in the last column indicate the
amount of microwave rectification onto a 117 diode mounted in the CalTech corner cube
mixer. The quotation " can swing diode negative " indicates that there is > 750 mV of

" rectification at that frequency.

Frequency (GHz) . Tuner ...... Backshort G.A. Blake' s Notes
" 67.08 9:2.9 165 can swing diode negative

68.08 89.0 181 can swing diode negative
69.08 79.0 176 can swing diode negative
70.08 71.8 164 can swing diode negative
71.08 66.5 157 can swing diode negative
72.08 61.6 112 can swing diode negative
73.08 57.3 143 can swing diode negative
74.08 53.2 153 can swing diode negative
75.08 49.5 150 can swing diode negative
76.08 47.1 183 can swing diode negative
77.08 43.9 124 max - 490 mV
78.08 41.2 124 max = 470 mV
79.08 38.2 101 max = 580 mV
80.08 36.0 75 max = 560 mV
81.08 33.6 70 max - 90 mV
82.08 26.5 55 max - 430 mV
83.08 24.7 36 can swing diode negative
84.08 22.9 28 can swing diode negative
85.08 26.2 106 can swing diode negative
86.08 24.6 98 can swing diode negative
87.08 23.1 76 can swing diode negative
88.08 21.8 71 can swing diode negative
89.08 20.7 65 max - 420 mV
90.08 19.4 60 can swing diode negative
91.08 18.4 66 max = 100 mV
92.08 17.4 58 No Coupling Detected
93.08 16.3 49 max = 30 mV
94.08 15.5 53 max = 20 mV
95.08 14.7 82 max - 90 mV
96.08 14.0 67 max = 10 mV
97.08 13.1 50 max = 5 mV
98.08 12.3 71 max - 5 mV
99.08 11.8 62 max = 80 mV
100.08 11.1 49 max = 25 mV
101.08 10.4 43 max = 100 mV
102.08 9.8 39 max = 25 mV
103.08 9.2 35 max = 20 mV
104.08 8.8 32 max = 30 mV
105.08 8.2 29 max = 10 mV
106.08 7.7 27 max = 5 mV
107.08 7.2 24 max = 15 mV
108.08 6.8 21 max = 6 mV
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the backshort and the Gunn tuner, should be precisely set at the positions listed in Table

2.5, which was measured by Professor G. A. Blake, and J. Carlstrom 2° with the comer

cube located on the CalTech tunable FIR laser system. Once locked, it is important to

change the microwave input setting to a different harmonic (ie. the 9th or 1lth for the

example shown above) to make certain that the lock box is set up properly. When
J

comparing the measured power output curve of Figure 2.8 with the CalTech data listed in

Table 2.5, it is noticed that the observed roll off of transmission of the microwaves onto the

comer cube antenna corresponds to a decrease in power output of the Gunn diode. Thus,

designing a comer cube mixer which acts as a good coupling device above 95 GHz seems

unnecessary until sufficient microwave power can be obtained in this frequency range. 21

In conclusion, with the addition of the V-type cabling and the Gunn diodes to the

previously available microwave components, sufficient power is now available to tune any

FIR laser +/- 2-110 GHz.
)

2.6 Detectors; Ge:Ga Photoconductors

To detect radiation above in the frequency range of the FIR > 2.0 THz, Ge:Ga is

the material of choice. 22 This semiconductor operates as a photoconductive detector which

is responsive to radiation in the frequency range from ca. 50 - 240 cm -1. In Figure 2.10,

the relative responsivity of the currently available photoconductor, is plotted versus

frequency. For this detector the FWHM spans a regionof ',he FIR between 80-200 cm -1.

The conditions of the scan are described in the Figure caption. When applying uniaxial

mechanical stress along the (100) aXis of the crystal, the FWHM of the wavelength range is

shifted to as low as 50 cm-l. 23 Such a detector will be referred to as a stressed

photoconductor (SPC), whereas the normal version for which the responsivity curve is

shown in Figure 2.10, will be referred to as the unstressed photoconductor (UPC). There

are two versions of the SPC, and they are distinguished from one another by the labels old

and new (O or N, respectively )SPC. The main difference between the two is that the the
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A reladvc responsivity for the UPC. This data was rccorded at a detector temperature of
4.2 K. Cooling the detector down to 2.7 K produced no observable change in
rcsponsivity.
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OSPC has a fixed detector bias voltage of 250 mV ra_da low noise (warm) preamplifier

which is operational for detectors possessing impedance values of-- 1 1dl,24 whereas both

the NSPC and UPC have variable detector bias circuitry associated an Infrared Labs LN8

Preamp.Eachdetectorhasasetofcoldr,ndwarm resistanceswhichmay bcconsideredas

testdatafortheindividualunits.Thisdataarcsho_ inTable2.5.

a

Table2.5
The resistancesofeachGe:Ga photoconductorandthefeedbackresistorsforeach.The
4K/darkdatacorresponastoa4K detectorviewinga4K blackbody,andthe4K/300K BB
indicatesthatthedetectorifviewingroomtc'nperatureradiationthrougha garnetpowder
filter.

i | li i |

OSPC NSPC UPC
i i iii i _ i

R4K/dark --- 460 IcQ 5°5 Ml2

R4K/300KBB 27 k_ 78.3 kf_ 191 1¢_

RRM TEMP 367 f2 944 t2 114 D_

RFEEDBACK 99-4 kf_ 47.7 k_ 901 k_

From this data it is clear that although the 4Kldark data varies considerably among the

detectors, the operational data (4K/300K BB) only varies by at most a factor of seven It

would appear that identical preamps would be sufficient for ali three units.

Current vs. Bias Voltage (IV) curves for the UF'C are shown in Figure 2.11 for the

detector viewing varying amounts of radiation. The 4K/dark IV data is essentially the

detector noise versus bias voltage over the entire noise spectrum. If the incident power on

the detector is assumed to be ca. 10 _tW (assuming a conversion efficiency of ca.

0.00015_), a value for the detector responsivity (R) can be estimated to be 0.2 A/W at a

bias of 0.6 V. This value seems a bit low, l':owever the detector may exhibit nonlinear

values for R when imaging the relatively high power sidebands onto the element.
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Figure 2.11
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Four IV curves for the UPC are plotted for the conditions listed in the legend. These data
were measured as current directly out of the detector with a picoammeter, and no
preamplification circuitry was employed. The signal to noise at the 100 kHz detection
frequency can be measured in the Hiller laboratory located in Cory Hall. A lockin
amplifier with a picoammeter plugin may be used to obtain the true S/N ratio of only the
detector.

. By measuring the S/N of the pure detector, a maximum level of sensitivity may be del'reed.

These IV curves, measured at the detection frequency of 100 kHz, and an absolute power

" measurement of the sideband radiation,will define the true performance specification of the

UPC element. The data will allow for the characterization of the product of the

photoconductive gain (Gpc) and the quantum efficiency (TI)for the detector through the

: following,
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I =F etl Gpc, (2.2)

for which e is the charge of a carrier, and 7 is the number of photons per second on the

detector. The product of TIGpc should be as large as possible, and would typically be in

the range of 0.0 I- 0.1.

The highest sensitivity of 1.3 x 106 for the UPC has been measured as the ratio of

double sideband power to the noise at a modulation frequency of 20 kHz (I Hz bandwidth)

and at _, = 118 _tm. Unfortunately, the detector currently operates under preamp noise

limited conditions at all modulation frequencies. This situation becomes prohibitive near

the detection frequency of I00 kHz. Better preamps am under consideration which correct

this problem as well as match the impedance characteristics of the element (which is

nominally I0 - 100 Icl2 at ca. 200 - 400 mV of bias, depending on the detector) more

efficiently.

2.7Conclusion

Inconclusion,thecoverageoftheFIR laserabsorptionspectrometermay bc

extendedtowardthe4 -5 THz spectralrangebycontinuingeffortsrelatedtodetection,

microwavecoverage,and diodetechnology.Partof thesedevelopmentshave bccn

cmploycdtoobtainthepresentdata,howevera greatdealofwork stillremains."lhc

majorityofthecquiprncntnecessaryforthispurposeiscurrentlyinthelaboratory,andonly

theinstallationofeachpieceoftechnologyisrequiredtofurthcradvancethespectrometer

performance.Throughtheextensionofthespectralcoverage,thecapabilitiesoftheFIR

lascrabsorptionspccu'omctcrwillbcenhanced,forhighresolutiontunableradiation

sourcesatthesefr_ucncieswillfindawiderangeofapplications.Inparticular,thestudy

ofintermolecularvibrationsofwaterclusterswillbecomereadilyaccessible.Although

initialeffortsregardingsuchexperimentsarcdiscussedinthefollowingchapters,the
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possibilities for the complete characterization of water from small clusters to the bulk may

bc accomplished as the developments of the spectrometer are pursued.
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Chapter 3
m

Vibrational and Ka' Dependencies of the Multidimensional Tunneling
Dynamics in the 82.6 cm "1 Intermolecular Vibration of the Water Dimer.d4

3.1 Introduction

The facile quantum tunneling dynamics of hydrogen atoms in the water dimer have

been examined with high resolution spectroscopic techniques for nearly two decades, 1

following the pioneering study of Dyke, Mack and Muenter. 2 The vibration-rotation-

tunneling (VRT) energy levels are currently understood in terms of permutation-inversion

(PI) group theory,3 and by considering each of the tunneling coordinates as an isolated,

adiabatic motion via the generalized internal-axis-method (IAM) developed by Coudert and

Hougen. 4,5 As a result, this cluster has become an important prototype in the treatment of

multidimensional tunneling dynamics in clusters. In the current VRT models, the barriers

on the multidimensional intermolecular potential energy surface (IPS) through which the

tunneling occurs are assumed to be much larger than the VRT spLittings induced by the

motions. Measurement of the intermolecular vibrations will provide a critical test of the

applicability of ttus approximation because these motions sample regions of the [PS that are

approximately isoenergetic with the tunneling barrier maxima. Until recently, however,

such measurements have not been technologically feasible.

Throughout the past several years, the ground vibrational states for ali possible

water dimer isotopomers have been examined in some detail with high resolution

microwave and far infrared (FIR) spectroscopic probes. 1,6,7,8 In particular, the Ka" = 0,
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1, and 2 manifolds of the normal and fully deuterated species have been extensively

studied, and these data have provided a relatively complete characterization of the ground

state VRT energy levels of these clusters in terms of Hougen's generalized IAM model. 9

• Recently, the first high resolution spectrum of an excited intermolecular vibration 10 has

been located near 82.6 cm -1 and the five VRT subbands observed were rationalized in

terms of ab initio predictions, the measured a- and c-type VRT spectra, and the fitted

tunneling splittings. Since that work, seven additional VRT subbands of this vibration

have been detected, allowing for the complete characterization of the excited state Ka = 0

and 1 manifolds. The resulting excited state energy level diagram verifies that ali of the

tunneling motions posses extremely different characteristics from those in the ground state,

as evidenced by the measured VRT splittings. The high barrier approximation assumed for

the treatment of the ground state of the water dimer defines the barrier through which a

tunneling motion passes to be much larger than the associated splitting, and this is the basis

for treating each tunneling motion as an independent coordinate. The data presented in this

work lead us to question the validity of this approximation for describing the intermolecular

vibrational degrees of freedom. Finally, the measurement of the intermolecular vibrations

are also a necessary step for the ultimate determination of an accurate intermolecular pair

potential describing the water-water interaction, and FIR-VR.T laser absorption

spectroscopy has evolved as a highly sensitive probe of these motions. 11

The data and subsequent discussions within this chapter are organized in the

following way. In Section 3.2, a brief description of the specific operating conditions used

- to collect this data are discussed. In Section 3.3, the details regarding the group theoretical

treatment of the water dirner are presented, as are the assignment of the six Ka = 0 -> 0 and

six Ka = 0 -> 1 subbands. Section 3.4 contains an examination of the strongly coupled

excited state tunneling splittings which are compared to the current understanding of

quantum tunneling in the vibrational ground state. The Ka' dependencies are particularly

inzeresting, and relevant examples of related phenomena occurring in other molecular
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systems are described for comparative purposes. In the concluding discussion of Section

3.5, the intermolecular vibrational coordinate be considered within the present excited state

tunneling picture. An isotopically substituted intermolecular vibrational band for the D20 -

HOD species is also presented in this section, because these data are consistent with the

present vibrational assignment. Finally, preliminary considerations for calculating the

dynamics on an IPS will be discussed.

3.2 Water Dimer Experimental Conditions

Only a brief description of the specific experimental configuration will be presented

below for the water dimer experiments. The frequencies of the FIR lasers 12 used to

conduct this study axe 2447968.5 MHz (CH2F2); 2522781.5 MHz (CH3OI-I); 2546494.0

MHz (CH2F2); 2588361.8 MHz (13CH3OH); 2633899.1 MHz (13CH3OI-I)13 ; 2664058.3

MHz (CH2DOH); and 2714715.1 MHz (13CH3OH). The fixed frequency FIR laser

radiation is focussed onto an antenna and mixed with continuously tunable microwave

radiation (2-65 GHz) in a 1T12 GaAs Schottky barrier diode to produce tunable sum and

difference frequencies (Vsidebands= Vlaser+/- Vmicrowaves)- These tunable sidebands are

then separated from the stronger carrier with a Martin-Puplett diplexer. Further separation

is usually accomplished with two 750 line/inch nickel meshes operating as a tunable Fabry-

Perot etalon. As the tunable FIR laser is scanned, the etalon is adjusted to the transmission

maximum for both the upper and lower sidebands, completely rejecting the FIR carrier

from the detector field of view. The tunable sidebands are then collimated and multipassed

8-16 times in front of a cw supersonic slit expansion, from which the molecular beam of

(D20)2 is formed and cooled to a rotational temperature of 4.7 K. Finally, the sideband

radiation is detected with a liquid He cooled mechanically stressed Ge:Ga

photoconductor 14 as it exits the vacuum chamber, and the molecular absorptions axe

detected with the standard lockin detection scheme described in Chapter II.

Finally, previous measurements of these particular VRT bands were conducted with
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a two inch, supersonic expansion slit source. However, it has been shown in this

laboratory that a four inch long nozzle provides adequate cooling with a minimal amount of

doppler broadening. This source has become the standard cluster source for the Berkeley

. FIR-VRT spectrometers because of the advantage of pathlength gain relative to the two inch

nozzle. The molecular beam of the water dimer-d4 is formed in this nozzle by flowing

" argon (99.99% purity) through a D20 (99.9% purity) sample. The flow rate of the mixture

was adjusted to produce a backing pressure of approximately 700 Torr while a chamber

pressure of 200 mtorr is maintained by the 2800 cfm Roots blower vacuum system.

3.3 Results and Analysis

3.3.1 Group Theoretical Considerations

In order to describe the 82.6 cm-1 VRT band system and its dynamical implications,

a review of the relevant group theory is essential. In general, tunneling splittings in the

rovibrational energy levels of the water dimer arise because equivalent nuclei in an initial

framework may be permuted along tunneling pathways through low energy barriers, to 16

symmetrically equivalent frameworks located in adjacent minima on themultidimensional

IPS of the cluster. 15 Each of these frameworks are shown in Figure 3.1 along with the

permutation-inversion operations required to reach a particular structure. The feasibility of

each tunneling motion is related to the shape of these barriers and how they impede the

conversion from the initial framework to any of the remaining 15 symmetrically equivalent

frameworks on the water dimer IPS. Thus, the motion passing through the smallest barrier

- is the most feasible tunneling coordinate and this is responsible for the largest VRT splitting

in a spectral band.

If it is assumed that ali permutations of equivalent particles are feasible, the number

of symmetrically equivalent frameworks is defined by the direct product group

[$2] x [$4] = 48. The subgroup [$2] corresponds to the permutation group for the two

equivalent oxygen atoms, whereas [$4] allows for ali possible permutations of the four
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equivalent hydrogen atoms. By including the operation which inverts aU particles through

the center of mass of the cluster (E*), this number is doubled to 96, which would be the

order of the complete nuclear permutation inversion group (CNPD, G%. However, within

the scope of this analysis, it is assumed that the breaking of a chemical bond is not a

feasible permutation, thus, the exchange of identical particles through the scrambling of

hydrogen atoms between the two water monomers is not considered. In this limit the full

molecular symmetry group reduces to an order which is calculated by the direct product

[$2] x [$2] 2 x E* = 16, and is therefore labeled G16. This molecular symmetry group is

isomorphic with the D2h(M) point group, and is consistent with the VRT dynamical

manifestations in the water dimer. Before describing each of the tunneling coordinates, a

qualitative correlation diagram which elucidates the result of each motion on the v = 0, J =

0, Ka = 0 rovibrational energy level of the near-prolate asymmetric rotor is shown in the

lower portion of Figure 3.2. The diagram in Figure 3.2 assumes that the rigid non-

.tunneling water dimer has a plane of symmetry, and may be described by the Cs(M) point

group. As the different tunneling motions are considered, the splitting of the Cs(M) energy

levels occurs until eventually the full correlation diagram in the GI6 limit is generated.

Previous studies of the water dimer have established a ground state equilibrium

structure in which one water monomer acts as an hydrogen bond (H-bond) donor and the

other an H-bond acceptor. 16 The permutation of the two acceptor deuterium atoms,

identified hereafter as acceptor tunneling, is the most feasible tunneling coordinate because

it induces the largest splitting in the rovibrational energy levels. This tunneling coordinate

has been proposed to be similar to a concerted internal rotation of the donor with an

inversion of the acceptor, which is analogous to the inversion-internal rotation tunneling

coordinate of methylamine, 17although the possibility of a simple rotation about the C2 axis

of the acceptor subunit cannot be conclusively ruled out. 5 Regardless of the actual

tunneling pathway, the overall effect is equivalent to the rotation of the acceptor subunit

about its C2 axis. The tunneling barrier for this motion in the normal isotope of the dimer
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Figure 3.1 Caption
The 16 nonsuperimposable symmetrically equivalent structures for the water dimer

in the G16 molecular symmetry group are shown. The permutation-inversion operation
which transforms the top structure of the left column into any of the remaining forms is
located to the left of each of the labeled forms.

Figure3.2Caption
The correlationdiagramfortheJ= 0,Ka = 0 rovibrationalstateofthewaterdimcr

isdrawntoillustratetheeffectofeachtunnelingmotionontherovibrationalenergylevels.
The largesttunnelingsplittingisduetotheacceptortunnelingmotion,whereasthetwo sets
oftripletsarisefromdonoracceptorinterchangetunneling.The donortunnelingmotion
cannotfurthersplittbcenergylevelsandonlymodifiesthetripletstructureasshown.The
syrnmctricsalternatewithJ accordingtoEquation3.1andthisisusedtodeterminethe
groundandexcitedstatesymmetryrelatingtoeachwaterdimer-d4transition.Intheupper
portionofthefigure,anenergyleveldiagramisshownwhichrepresentstheVRT levelsof
anexcitedvibrationalstateforwhichanarbitrarysymrnctryorderingisadoptedtodefine
thenotationusedd'n'oughoutthetext.Theenergydifferencesofthecenteroftheground
andexcitedstateinterchangetripletsaredefinedasthefittedbandorigins.The "upper",
"E",and "lower"transitionscorrespondtothehighest,center,and lowestfrequency
bands,whereasthe(+)and(-)describethehighestandlowestenergycomponentsofeach
interchangetriplets."lhc(+),(-)notationisappliedregardlessofthesymmetrylabels
assignedtotheVRT levelsinthecluster.The notationregardingthesymmetryspeciesof
thcinterchangetripletshavebccncondensedsothatAI+/-/E+/-/BI+/-= "I"and A2-/+/E-
/+/B2-/+= "2",asisindicatedattherighthandsideofthediagram.
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Figure 3.1
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Figure 3.2
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along the proposed methylamine-like pathway has been estimated 5 to be 130 cm -1 by

examining the intermolecular PES of Coker and Watts. 18 However, the transition state

along the methylamine-like acceptor tunneling pathway is found to have a somewhat higher

barrier of 206 cm-1 when calculated at the MP2/6-31+G(d,p) level of theory by Smith et

al. 19 The effect of acceptor tunneling through this low ]PS barrier splits each rovibrational

energy level of the non-tunneling water dimer into two discrete VRT states, and the

appropriate symmetry group for the cluster is C2v(M) in this limit. Thus, rovibrational

states of A' and A" symmetry in the C_(M) point group correlate with VRT states having

A 1/B 1 and A2/B2 symmetries, respectively, in C2v(M) and this correlation is shown in

Figure 3.2°

The next most feasible tunneling coordinate corresponds to donor-acceptor

interchange, for which many pathways could conceivably exist, although a geared

interconversion, similar to that occurring in the HF dimer 20 is possibly the most feasible.

An estimate of approximately 80o cm "1frjr this barrier has been reported in Reference 5 for

the normal isotopomer of the water dimer, however, the ab initio calculations of Smith et

al.22 calculate a cyclic transition structure of Ci symmetry, at an energy of 304 cm -1 for this

pathway, Regardless of me disagreement between the two predicted barriers, this

tunneling motion should produce a splitting of each rovJbrational energy level that is

smaller than that for acceptor tunneling, for these donor-acceptor interchange barriers are at

least a factor of three higher. The presence of donor-acceptor interchange tunneling further

splits the VRT levels from the C2v(M) limit- in which only the acceptor tunneling motion is

feasible - and the manifestation of this motion on the splitting pattern is most clearly

understood by examining tile correlation diagram in Figure 3.2. in particular, the Al, B 1,

A2, and B2 symmc_'try species in C2v(M) split into VRT states having symmetries of

A I+/E+/B 1+, A2"/E'/B2", AI'/E'/B f, and A2+/E+/B2 +, respectively. The direct product of

_ the PI operations which describe this motion with those for acceptor tunneling, permit an

_ initial frarnewc, rk of the dimer to access ali of the 16 nonsuperimposable, symmetrically
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equivalent frameworks corresponding to the IPS minima of the water dimer. These two

tunneling motions fully resolve all possible degeneracies for each rovibrational energy level

and define the appropriate molecular symmetry group of the cluster to be G16 (= D2h(M)).

The correlation from Cs(M) to G16 is

FA' = AI+(7) + E+(3) + Bl+(5) + A2-(1) + E-(3) + B2-(2)
• (3.1)

FA" = Bl'(5) + E-(3) + Al-(7) + B2+(2) + E+(3) + A2+(1),

in which the numbers in parentheses correspond to the relative nuclear spin statistical

weights for each symmetry species of the perdeuterated water dirner. The vertical ordering

in Equation 3.1 indicates how the symmetries of the VRT energy levels alternate with J.

For example, in Ka = 0, even J correlate to the I"A' symmetries and odd J correlate with

FA", and a particular component of the VRT splitting pattern alternates between symmetry

species within the vertical columns of Equation 3.1. Applying the electric dipole selection

rule of F+ <-> F-, the splitting pattern diagramed in Figure 3.1 predicts six possible VRT

subbands for the conditions in which Z_a = 0 or +/- 1. Three of these six VRT transitions

are qualitatively shown in Figure 3.2 for an hypothetical AKa = 0, a-type band. The

excitation of the vibrational coordinate at 82.6 cm -1 provides a precise measure of the

change in each of the tunneling splittings from the ground to the excited state, and the

detailed knowledge of the tunneling splittings in v = 0 can be utilized in characterizing the

excited state dynamics.

In their IAM fit of (H20)2, Coudert and Hougen9 have actually proposed two types

. of interconversion pathways to account for the observed interconversion Splittings in the

ground state. These two pathways resemble geared and antigeared concerted internal

" rotations of the two water subunits. In this model, the splitting between the A+/-/B+/- VRT

levels for the interchange triplet labeled with A I+/'/E+/'/B 1+/"symmetries is determined to

the sum of ',he •.... ,,,,,,,,,1;,,,, fig :.... _.....

--- motions, whereas the analogous splitting for the interchange triplet represented by the
_
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A2"/+/E'/+]B2 "/+symmetry labels is characterized by the difference of these matrix

elements. This interpretation has been used to fit the interchange tunneling splitting so that

the larger of the two is labeled with AI+/'/E+/']B 1+/'. However, in the 82.6 cm-1vibration

presented in this chapter, the I.AM description of the ground state cannot be extended,

because the larger interchange splitting is assigned with A2"/+/E'/+/B2 "/+ symmetry labels

and the smaller splitting corresponds to states of AI+/'/E+/'/B1+/"symmetry. Thus, for the

purpose of this study the interchange coordinate is simply fit as a single tunneling

parameter which describes the splitting between each of the A/B VRT states, and the matrix

element notation of the IAM model4,5,9(such as h5 and h7corresponding to geared and

antigeared motions, respectively) is avoided.

Finally, the permutation of the equivalent nuclei on the donor monomer (donor

tunneling) further modifies the energy level diagram but introduces no additional tunneling

splittings, and is fit to a tunneling parameter which effectively shifts the middle VRT state

of E symmetry away from the center of each donor-acceptor interchange triplet. Barrier

heights for this motion in (H20)2 are found to be ca. 1000 cm-1 from the estimate of

Coudert and Hougen5, and 658 cm"1in the ab-initio calculations of Smith et al.22 These

reflect a pathway which requires the breaking of the 5 kcal H-bond, resulting in the

relatively small spectral shift qualitatively shown in Figure 3.2. The three tunneling

pathways described in this section are illustrated in Figure 3.3.

3.3.2 Spectroscopic Implications and Notation Definitions

The electric dipole selection rule F+ <-> F- forbids transitions across the acceptor

and donor tunneling splittings and only the effect of relative changes in these tunneling
m

coordinates can be extracted from the data. This selectionrule governs the symmetry of the

VRT state in the vibration to which each transition terminates; thus when possible, the

relative nuclear spin statistical weights listed in Equation 3.1 are used to determine the

z symmetry assignment of a particular excited state VRT symmetry species. Formally,
_
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Figure3.3

(a) Acceptor Tunneling

Z Axis Methylamine-like aeeeptm"

. _ nmeiingInuhw,y

Co)Geared Donor-Acceptor InterconversionTunneling

(c) Donor Tunneting

" This figure illustrates the pathwaysfor the methylamine-likeacceptortunneling,geared
donor-acceptorinterconversiontunneling,anddonor tunneling. Eachof these tunneling
pathwaysbeginwith an identicallabeledformof thedimer,andendupin a distinctlabeled
form. The appropriateequivalentrotationsare includedto returnthedimerto its original
orientation.
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transitionsbetweenstatesofE symmetryareallowedbetweenthetwoA I+/'/E+/'/BI+/"and

A2-/+/E'/+/B2"/+interchangetripletsaslongastheparityselectionrule(+<->-)isobeyed,

however,notransitionsofthistypehavebe.cndetectedtodateinthewaterdimcr.

The entire spectral range from 2408 to 2758 GHz has been continuously scanned

and approximately 230 transitions have been assigned to 12 VRT bands, ali of which
m

originate from the Ka" = 0 manifold and terminate in either Ka' = 0 or 1. All of the

transitions assigned to these VRT bands are reported in Table 3.1. The Ka"= 0 -> 0

parallel transitions from the microwave data of Suenram ct al.21 are alSOlisted and are

weighted in the fit according to the precision of these data, (4 kHz and 100 khz for

transitions observed with the FTMW and EROS instruments, respectively), whereas each

FIR transition is assigned a precision of 3.0 MHz. As the tunneling parameters and

notational considerations are discussed below, attention should be directed to the remaining

features of Figure 3.2 to clarify the meaning of a particular definition. In fitting each VRT

subband, the end-over-end rotational motion is described by the expression

E = v0 + BJ(J+ 1)-D(J(J+ 1))2+H(J(J+ 1))3+(- 1)J+Ka+Kc[((B-C)/4)(J(J+ 1))]. (3.2)

The vibrational energy (v0), in Equation 3.2 is defined as the average energy of the A/B

VRT levels such that the two separate interchange triplets (which transform as the

symmetry species A1+/'/E+/'/B 1+/" and A2-/+/E'/+/B2-/+) of the ground vibrational state are

both assigned a value of vo = 0, and the two excited state interchange triplets for each value

of Ka' are fit to yield unique band origins. The def'mition of this energy contribution is

pictorially shown in Figure 3.2. This is done for convenience so that the description of the J

82.6 cm -1 VRT subbands is more concise, and can be discussed as a set of transitions

corresponding to a particular donor-acceptor interchange triplet. The difference of the two

fitted band origins for either the AKa ---0 or I transitions corresponds to the change in the

z

Jl
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Table 3.1
Ali transitions involved in the present analysis are reported (in MHz). The microwave v =
0, Ka = 0 -> 0 transitions from Reference 24 are also included in the uppermost portion of
the table. The excited vibrational state data are separated for the Ka = 0 -> 0 and Ka = 0 ->
I VRT subbands. These subbands are organized so that the transitions characterized by
symmetry species "1" and "2" are positioned on the left and right sides of the pages,
respectively, for the lower, E, and upper bands. The method of fitting the bands is
described in Section III of this work.

Ground State K = 0 Microwave Transitions

"Al + 1 0' 12036.274 0.036 _
Al" 2 1 20557.879 -0.006
A1+ 3 2 33758.33 -0.020
Al" 4 3 42284.43 0.020
Al" 6 5 64000.45 0.020
E+/- 1 0 10864.491 -0.024
E4+ 2 1 21728.171 -0.004
E+/- 3 2 32590.14 0.020
E-/+ 4 3 43449.50 0.040
E-/+ 6 5 65156.54 -0.130
E+/- 7 6 76002.73 0.080
E-/+ 10 9 108497.45 0.000

B 1+ 1 0 9692.870 -0.014
B 1" 2 1 22898.617 0.000
B1+ 3 2 31422.00 -0.010
B 1" 4 3 44614.57 -0.030
Bl" 6 5 66313.13 0.020
B1+ 7 6 74852.29 -0.030
A2" 1 0 11947.563 0.006
A2. 2 1 20646.290 0.020
A2" 3 2 33670.81 -0.010
A2. 4 3 42371.73 0.020
B2" 1 0 9781.609 0.025
B2. 2 1 22810.364 0.021
B2" 3 2 31509.87 -0.05
B2. 4 3 44528.18 0.00

Ka = 0 -> 0 Lower Bands

" Fi J' J';'' Frequency O- _ --I_i J' J"" Frequency O- C-

Bl+ 5 6' _2408772.2 -0.6 ' =B2- 5 6 2409166.3-" 1.1
Al" 4 5 2419997.1 -1.6 A2+ 4 5 2420271.2 0.2
Bl+ 3 4 2431159.0 0.5 B2" 3 4 2431329.6 -0.3
AF 2 3 2442246.1 -1.9 A2+ 2 3 2442338.6 -2.8
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B1+ 1 2 2453263.2 -1.4 B2" 1 2 2453305.7 1.0
Al" 0 1 2464203.9 -1.8 B2- 1 0 2485897.2 0.6
Bl+ 1 0 2485862.7 6.5 A2. 2 1 2496658.2 -0.3
Al" 2 1 2496564.9 0.5 B2" 3 2 2507368.4 0.3
B1. 3 2 2507194.0 -1.0 A2. 4 3 2518022.9 -1.3
Al" 4 3 2517748.7 -0.9 B2- 5 4 2528628.4 2.3
Bl. 5 4 2528230.3 0.1 A2. 6 5 2539173.3 0.7
Al" 6 5 2538641.2 1.8 B2" 7 6 2549663.1 0.4
Bl. 7 6 2548979.7 -0.9 A2. 8 7 2560094.0 -1.4
Al" 8 7 2559258.3 0.0 B2" 9 8 2570467.5 -2.1
Bl. 9 8 2569479.7 2.2 A2. 10 9 2580785.9 1.5
AI" 10 9 2579642.3 -1.3

Ka = 0 -> 0 E Band
Fi J' J'' Frequency O- C ri J' J" Frequency O - C

E. .... 5.... 6 241_430.0 1.i"' E- 5 6 2411533.2 0.2
E- 4 5 2422633.5 0.1 E . 4 5 2422638.4 -0.9
E . 3 4 2433776.1 0.8 E" 3 4 2433696.6 -2.1
E . 1 2 2455860.0 1.4 E . 2 3 2444710.9 0.3
E- 0 I 2466797.6 2.3 E- 1 2 2455673.1 -0.9
E. 1 0 2488450.9 -0.3 E. 0 1 2466590.3 1.8
E" 2 1 2499167.7 - 1.8 E- 1 0 2488267.3 0.5
E . 3 2 2509814.7 -0.1 E . 2 1 2499030.1 1.2
E" 4 3 2520381.1 -6.9 E- 3 2 2509738.4 0.0
E . 5 4 2530892.3 1.5 E+ 4 3 2520390.6 -3.4
E- 6 5 2541327.1 2.0 E" 5 4 2530996.8 1.9
E. 7 6 2551693.8 0.0 E. 6 5 2541542.0 2.3
E- 8 7 2561999.5 -0.9 E- 7 6 2552025.9 -1.3
E. 9 8 2572250.5 1.2 E. 8 7 2562456.9 0.3
E- 10 9 2582444.6 -0.7 E- 9 8 2572826.9 0.4

E . 10 9 2583135.7 -0.4

Ka = 0 -> 0 Upper Bands

Fi J' J" Frequency O - C Fi J' J" Frequency O - C

Al + 56 :_4139_94,°1 -019' A2" 5 6 2413615.7 3.1
Bl" 4 5 2425179.9 -0.9 B2. 4 5 2424710.1 -2.4
Al. 3 4 2436306.6 -0.4 A2" 3 4 2435765.0 -2.0
A1. 1 2 2458372.8 2.5 A2" 1 2 2457735.4 -1.1
Bl" 0 1 2469307.6 4.5 B2. 0 1 2468646.8 -3.1
Ai+ 1 0 2490963.6 -0.7 A2" 1 0 2490329.5 -0.8
Bl" 2 1 2501692.4 0.7 B2. 2 1 2501097.1 1.5
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Ai+ 3 2 2512350.3 0.4 A2" 3 2 2511812.7 3.1
BI- 4 3 2522941.4 1.8 B2. 4 3 2522475.6 4.0
A1. 5 4 2533456.3 -5.6 A2" 5 4 2533081.3 0.8
Bl" 6 5 2543915.3 -3.0 B2. 6 5 2543636.2 0.9
Al. 7 6 2554306.4 -4.5 A2" 7 6 2554135.1 0.0
Bl- 8 7 2564641.6 -0.4 B2+ 8 7 2564573.7 -4.9
Al+ 9 8 2574916.0 1.3 A2" 9 8 2574962.9 -2.2

" Bl" 10 9 2585134.5 2.3 B2. 10 9 2585296.4 3.1
A1+ 11 10 2595302.5 4.0

. BI- 12 11 2605419.2 1.1
AI + 13 12 2615496.3 0.6
Bl 14 13 2625533.7 -2.9

K = 0-> 1 Lower Bands

Fi J' J''' "lZrequency O- C Fi : J' J'' Frequency O- C

B1+ 5 6 2488366,0 -1.3 A2. 6 7' 254484'8.1" 0.8
Al" 4 5 2499120.9 3.8 B2" 5 6 2556500.9* 0.8
BI . 3 4 2509895.1 3.1 A2. 4 5 2568014.4* 0.0
Al" 2 3 2520693.5 2.7 B2" 3 4 2579392.7* -3.1
Bl. 1 2 2531509.6 -2.7 B2" 1 2 2601766.1" 0.1
AI" 1 1 2553175.9 -4.4 A2. 1 1 2623165.5 1.2
B1. 2 2 2553097.9 -3.7 B2" 2 2 2623369.6 0.3
Al" 3 3 2552980.9 -2.8 A2. 3 3 2623674.1 -0.2
Bl . 4 4 2552825.4 -1.5 B2" 4 4 2624079.6 -0.3
Al" 5 5 2552630.8 -0.7 A2. 5 5 2624584.7 0.8
Bi+ 6 6 2552397.5 -0.5 B2" 6 6 2625188.5 0.5
Al" 7 7 2552123.5 -3.5 A2. 7 7 2625892.1 1.0
B1. 8 8 2551825.3 6.2 B2" 8 8 2626688.5 -0.8
Ai" 9 9 2551473.5 -1.2 A2 . 9 9 2627583.3 -1.2
BI . 1 0 2564102.2 -1.6 B2" 10 10 2628564.9 1.3
Al" 2 1 2575010.1 3.0 A2. 11 11 2629642.3 0.7
B1. 3 2 2585934.7 6.1 B2" 3 2 2655434.3* 0.8
Al" 4 3 2596873.3 5.3 A2. 4 3 2665771.6" 3.7
Bl . 5 4 2607826.7 2.0 B2" 5 4 2675959.0* -1.2
Al" 6 5 2618790.1 -8.0 A2. 6 5 2686003.0* -3.7

" B2" 7 6 2695903.6* 2.2
A2. 8 7 2705635.7* -0.5

Ka = 0 -> 1 E Bands

Fi J' J" Frequency O - C Fi J' J" Frequency O - C

E- 6 7 ....2483685.8 4.3" E- 1 2" " 2604697.8* -17.9
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E. 5 6 2494466.8 2.6 E. 2 3 2593555.2* -46.4
E" 4 5 2505263.4 3.4 E" 3 4 2582678.1" 34.2
E . 3 4 2516074.0 4.4 E. 4 5 2570859.4* -67.0
E" 2 3 2526896.4 3.3 E" 5 6 2559299.8* -38.2
E . 1 2 2537733.7 3.0 E. 6 7 2547591.8* 9.2
E" 1 1 2559405.6 2.1 E. 1 1 2630127.2 -0.4
E . 2 2 2559316.7 -0.4 E" 2 2 2630325.9 -1.0
E- 3 3 2559183.1 -3.8 E . 3 3 2630623.3 0.2
E . 4 4 2559005.4 -6.4 E" 4 4 2631018.8 0.4
E" 5 5 2558783.3 -7.3 E. 5 5 2631511.5 0.0
E . 6 6 2558517.4 -4.5 E" 6 6 2632100.6 1.1
E" 7 7 2558212.0 7.9 E. 7 7 2632784.2 -0.6
E . 8 8 2557837.0 1.8 E" 8 8 2633560.3 1.3
E . 1 0 2570321.3 -2.0 E. 9 9 2634429.7 -0.3
E" 2 1 2581209.1 -2.2 E" 10 10 2635387.7 -1.2
E . 3 2 2592107.4 -1.7 E" 1 0 2637292.5* -15.9
E" 4 3 2603013.2 -1.5 E . 2 1 2647878.9* -41.0
E. 5 4 2613928.2 2.1 E" 3 2 2658322.5* -61.0
E" 6 5 2624842.2 1.3 E. 4 3 2668620.8* -60.4
E. 7 6 2635755.6 -0.6 E" 5 4 2678769.0* -31.0
E" 8 7 2646663.8 -5.8 E. 6 5 2688753.4* 11.5

E" 7 6 2698576.2* 40.4
E. 8 7 2708235.1" -16.6

_ K_ = 0-> 1 Upper Bands
-- ' "_'"t Tit

l"i J' J" Frequency O - C Fi J J' Frequen_zy 0 --C

A1+ 7 8 2479547.6 -i.6 °' A2" i ' 2" 260782'2.2" -22".1
Bl" 6 7 2490381.7 0.7 B2. 2 3 2596690.5* 6.8
A1. 5 6 2501218.0 5.2 A2" 3 4 2585379.3* 6.4
B 1" 4 5 2512057.6 4.5 B2. 4 5 2573907.7* -2.8
A1. 3 4 2522905.3 4.7 A2" 5 6 2562288.8* -2.8
BI- 2 3 2533753.0 -1.0 B2. 6 7 2550508.3* -2.3
Al+ 1 2 2544608.3 -4.1 A2" 7 8 2538563.5* 0.2
Bl" 1 1 2566280.9 -5.4 B2. 1 1 2637192.9 0.2
Al. 2 2 2566178.0 -1.8 A2" 2 2 2637386.2 0.4
Bl" 3 3 2566018.0 -2.3 B2. 3 3 2637675.8 0.2
A1+ 4 4 2565806.1 -1.9 A2" 4 4 2638060.8 -0.3
Bl" 5 5 2565542.1 -1.3 B2. 5 5 2638538.8 -0.1
Al. 6 6 2565226.6 -0.3 B2. 2 1 2651013.0* 9.5
B l" 7 7 2564859.2 0.1 A2" 3 2 2661421.5" 5.8
A1. 8 8 2564442.2 1.8 B2. 4 3 2671673.8* 4.3
Bl" 9 9 2563970.9 -0.8 A2" 5 4 2681759.9* 0.3
A1. 10 10 2563449.9 -3.9 B2. 6 5 2691674.4* -4.3
Bl" 11 11 2562891.6 3.8 A2" 7 6 2701417.2* -2.8
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A1+ 1 0 2577205.1 -1.4 B2. 8 7 2710978.1" 3.7
Bl" 2 1 2588074.6 0.0
A1+ 3 2 2598946.6 3.3
Bl" 4 3 2609817.5 5.7
AI + 5 4 2620686.3 6.6
BF 6 5 2631545.9 -0.5

* The P and R branch lines for the three Ka - 0 -> 1 subbands labeled by "2" were not
included in the fitted data set. The residuals for these transitions are representative of fitting

" only the P and R branches of each subband separately, as is described in Section 3.3.

acceptor tunneling motion relative to its value in Ka" = 0. A notational simplification is

now introduced in which the AI+/'/E+/-/BI +/- symmetry labels corresponding to the

associated interchange triplet will be designated with a "1", and the triplet defined by the

A2-/+/E-/+/B2-/+ species will be referred to with the label "2". Hence, the energy difference

between VRT components labeled "1" and "2" is the acceptor tunneling splitting. This is

done so that the complicated notation of the symmetry labels can be avoided, and this

labeling scheme for the observed VRT data will be used throughout. Also, the notation of

upper, E, and lower is used to designate each VRT _ within a particular interchange

triplet. It should be stressed that these labels refer only to the absorption frequencies of

each transition between interchange triplets having acceptor tunneling labels corresponding

to "1" or "2", for which upper and lower define the highest and lowest frequency VRT

subband (relative to the fitted band origin, v0) and E represents the center subband. This

notation is necessary because the A and B symmetry species alternate between the higher

(+) and lower (-) energy components of the interchange triplet with alternating J. These

definitions are also illustrated in Figure 3.2. Interchange tunneling is fit by including an

energy shift in the fitted band origins which reproduce the A/E/B splitting in each Iv, J, I4,>,

as is qualitatively shown in Figure 3.2. This energy term takes the form v0 +/- (EDArr)/2,

for which v0 is the fitted band origin as described above, and EDAITis the fitted energy of

67



the Donor Acceptor Interchange Tunneling splitting between the VRT components of A/B

symmetry. The sum in this expression corresponds to the (+) energy component and the

difference represents the (-) energy component. A similar energy expression of the form v0

+ EDT is used to fit the effect of Donor Tunneling, for which EDT is the energy deviation

which shifts the E band away from the fitted band origin. Finally, a plot of ali 12 VRT

bands is shown in Figure 3.4 and this spectrum will be referenced throughout this

manuscript when discussing a particular aspect of this work. In this figure the intensities

are calculated by assuming a fitted 4.7 K rotational temperature for ali the data, using the

appropriate Honl-London factors for z£l = 0, +/- 1, zkK= 0, + 1 transitions (where AJ _: 0

for AK = 0), and employing the nuclear spin weights corresponding to the assigned

symmetry species for each observed VRT transition.

3.3.3 Ka = 0 -> 0 VRT Subbands

Only two of the possible six Ka = 0 -> 0 VRT subbands were previously observed

in Reference 10, and because of this, it was assumed that the acceptor tunneling splitting

was large in the excited vibrational state. With the added sensitivity recently obtained in

this spectral region, all six Ka = 0 -> 0 VRT subbands have now been observed and are

reported in Table 3.1. The fitted rotational constants for each band are reported in Table

3.2, such that the rotational constants with the labels upper, E, and lower refer to the

constants of the upper, E, and lower VRT subbands. The six tunneling subbands are

arranged into two groups of three according to the similarity of the excited state rotational

constants. The average values for the two sets of excited state rotational constants are

5395.699(66) MHz and 5407.212(68) MHz, as can be verified from Table 3.2. This

grouping separates the VRT transitions between the two distinct interchange triplets

possessing symmetries of "1" and "2" for the Ka - 0 -> 0 a- type subbands. These two

fitted band origins of 2477298.9(10) and 2477618.98(90) MHz are used to distinguish

between the "1" and "2" triplets. The band origins are recognized as the gap in the 2477
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Figure 3.4 Caption

The entire high resolution VRT spectrum of the intermolecular vibration of the water dimer
d4 is presented. The arrows are included to emphasize specific features of the spectrum.
The vertical arrows identify the four fitted band origins described in the text. Arrow (a) in
the 2477 GHz spectral region signifies the two near resonant fitt*.d band origins for the Ka
= 0 -> 0 transitions, whereas the vertical arrows near 2560 (b) and 2630 (c) GHz
correspond to the two Ka = 0 -> 1 VRT bands represented by VRT states of "1" and "2"
symmetries,respectively.The horizontalarrow(d)positionedintheP branchoftheKa =
0 ->0 bandsnear2455GHz representsthesum (ca.4-5GHz) ofthegroundand excited
statesdonoracccptorinterchangetunnelingsplitting,andthehorizontalarrowsinthe2560
(c)and2630(f)GHz sp_tralregionsidentifythesum (ca.13-14GHz) ofthetwo donor-
acceptorinterchangesplittingsinQ branchesoftheKa = 0 ->Ibands.The separationof
70GHz bctwccnthetwo setsoftripledQ branchesisthechangcintheacceptortunneling
splittinginKa'= 1,relativetoKa" = 0.The relativcnuclearspinweightforeachground
StateVRT levelisusedalongwiththeappropriateHonl-Londonfactorsand a fitted
tcmpcraturcof4.7K tocalculatetheintensities.
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Figure 3.4
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Table 3.2
Fitted rotational constants for the ground and excited vibrational states (in MHz). All of the
rotational constants for the ground state are fLxedat the reported values of Reference 24 and
the excited state data were fit as is described in Section 3.3. Parameters not included in the
table have been fixed to a value of zero.

Ground State Ka = 0

" ....... "1" '...... "E" "2" .....'

_Blower 5432.5724(29) [ BE 5432.3290(12) I Blower 5432.5i28(62)
' Bu-pper 5432.1342(28) DE 0.03558(24) Bupper 5432.1961(62)

..Dlower/uooer 0.036429(44) HE -0.00001130(13) Dlower/uoper 0.03474(24)

Ka = 0 - > 0 Bands

L:___ i,,,,,

"'1" '9."
='=..'__ _ ' i i

vo 2477298.9(10) i vo 2477618.98(90)
Blower 5406.851(62) Blower 5393.127(80)
BE 5406.974(80) BE 5395.783(82)
Bu-pper 5407.811(61) Bupper 5398.187(38)
DE 0.03891 (77) l_wer 0.00605(77)
Dlower/upper 0.03604(56) DE 0.01135(78)

Duffer 0.01653(20)

Value for A' rotational constant ca. _(a)

Ka = 0 -> 1 Bands

, .;. m _. , , r , ,, "

"1" "2"Co)
'" I ' ",'" i - rl w

v0 2559779.71 (89)" v0 2'6'30079.7(20)
Blower 5427.248(92) Blower 5483.172(79)
BE 5424.70(10) BE 5482.13(10)
Buo0er 5419.732(57) Bupper 5481.02(55)
(B-C)lower 59.33(13) Dlower 0.04337(60)
(B-C)E 55.344(7 5) DE 0.04654(90)
(B-C)upper 55.242(86) Dupper 0.048(16)
Dlower 0.0328(12)
DE 0.0491(14)
DuDt_r,, 0.03264(53) .....

Standard Deviation of Fit = 2.62 MHz

(a) A' is not a fitted parameter.
, (b) The rotational constants representing the results of three separate fits for the P and R

branch transitions only, for each of the three subbands of "2" symmetry are Blower =

5367.72(16), Dlower = 0.0711(21), BE = 5372.30(33), DE = 0.4635(11), HE =

0.00330(10), Bupper = 5358.27(14), and Dupper = 0.0832(20).
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GHz spectral region of Figure 3.4, and are designated with the marker (a). Upon close

inspection of these subbands, two sets of evenly spaced triplets are noticed for each P and

R branch transition. The spacing of these triplets correspond to the change in the donor-

acceptor interchange tunneling splitting relative to the ground state value, for the acceptor
w

tunneling levels "1" and "2". The marker labeled (d) in Figure 3.4, indicates that the

spacing of each set of triplets is nearly the same, verifying that the two observed excited

state interchange splittings are similar. The similarity of the band origins is also verified

since the centers of the two sets of P and R branch triplets occur at approximately the same

frequency. Since the band origins are nearly identical, the VRT levels of "1" symmetry

must reside on the same side of the acceptor tunneling splitting with respect to the ground

state. If they were on different sides, it would not be possible for the two band origins to

have such similar values. These results conclusively show that when comparing the Ka = 0

manifolds, the acceptor tunneling splitting does not appreciably change relative to its value

. in the ground state, contrary to the assumption made in the Reference 10.

From the small variation of the acceptor tunneling splitting, it is deduced that the

VRT levels characterized by the "1" symmetry labels reside on the bottom half of the

acceptor tunneling splitting in the excited state, as is the case for v = 0. Yet the ordering of

the symmetry species within each excited state interchange triplet cannot be determined by

simply fitting these band origins. Several configurations could exist when considering that

the upper or lower band could originate from either the (+) or (-) side of each ground state

interchange triplet. Each possibility would result in a very different value of EDAIT in the

excited state. Therefore, it is important to assign unambiguous symmetry labels to each

' VRT state in the vibrational manifold. Unfortunately, combiiiation differences are not4

useful in assigning ground state symmetries species for each transition, because the

rotational constants from the microwave data 24 are identical to within Me precision of ',he

spectrometer. Therefore, to obtain this information, it is necessary to consider the

unique relative nuclear ._pin weights for each symmera3, species. Transitions within the
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upper and lower bands of each interchange split_ng will give rise to intensity alternations

with J, as is indicated in Equation 3.1 and the discussion which follows, and these

alternations may be. examined to confn-m a symmetry assignment for a particular VRT

transition.
,w

In Figure 3.5 the R(2) transitions of each lower band associated with the two

• distinct interchange triplets are shown. These two transitions at frequencies of 2507194.0

and 2507368.4 MHz occur so close together that similar spectrometer conditions are found

to exist across this scan. When scaling for the slight variation in laser power at the two

discrete transition frequencies, the relative intensity ratio is determined to be ca. 2.8. This

indicates that these transitions should be assigned as originating from VRT states having B 1

and B2 symmetries, respectively, since inspection of Equation 3.1 provides an actual ratio

of 2.5 for these symmetry species. Since the two R(2) transitions belong to the lower

bands and since the ordering of the ground state VRT symmetries is known, these

transitions must originate from the (+) component and terminate at the (-) component of

their respective ground and excited state interchange triplets. Therefore, the donor-acceptor

interchange tunneling parameters have been fit so that the transitions connect different sides

of the interchange triplets; i.e, (+) -> (-) and (-) -> (+). From this result, the three bands

yielding B' values of ca. 5407 MHz were grouped together as transitions between states of

"1" symmeu'y, while the three bands with B' values of ca. 5395 MHz are assigned with the

"2" symmetry labels. The change in donor tunneling is then represented for these VRT

subbands as the deviation of the m:ddle E band from the fitted vibrational band origins

- (v0). The values of all tunneling parameters for Ka = 0 in both the ground and vibrationally

excited state are included in Table 3.3 and will be discussed in Secaon 3.4.

With the symmetry assignments reasonably well established, the rotational

constants for the six VRT subbands may be examined. In doing so, it should be noted that

-_ the deuterium atoms provide a minor conuibution to B, because this rotational constant is f_

; essentially invariant throughout a particular. VR.T motion due to the two heavy oxygen
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Figure 3.5

i |

I I i I

2507.20 2507.25 2507.30 2507.35

Frequency (GHz)

This 200 MHz scan illustrates the intensity ratio of the R(2) transitions for each of the
lower Ka = 0 -> 0 VRT bands at 2507194 and 2507368 GHz. The ground state ordering
of the symmetry species is known, and this allows for the intensity tatio to be used in
determining the ordering of the symmetries species in the excited vibrational state. Since
both transitions belong to the lower bands and their intensity ratio is best described by
ground state VRT symmetries of B 1 and B2, they must both originate from the (+) side of
the ground state donor acceptor interchange triplet. This assignment verifies that transitions
between the interchange mplets are made from (+) -> (-) and (-) -> (+). It also indicates
.1.,,,.. ,1.,...... ,,-,,- _.,._,_.11.._, _1_*_4,_ " a' 0 i, n_,.l_, _A_r_q,_.,l i.¢_ll.h,_t 0 _¢_ "uxau. u,%. a_,l.,_A ,.',LALt"--'',6 "1"''"'-"'_ I-'I K = "*_'_'3 .......... a _ fl *_
describedin the tem.=

c

= 74
--=



Table 3.3
The fitted tunneling splittings for the ground and vibrationally excited states (in MHz). The
ground state values were fixed at the values reported in Reference 24.

Ground State Tunneling Sp)ittings

i 1111 iii i i i

Donor-Acceptor Interchange "1" Ka" = 0 1172.115
q

Donor-Acceptor Interchange "2" Ka" = 0 1083.303

Donor-Acceptor Interchange "1" Ka" - 1 1076.616

Donor-Acceptor Interchange "2" Ka" - 1 992.368

Change in Donor Tunneling "1" 14.0
Between Ka" = 0 and 1

Change in Donor Tunneling "2" 13.4
Between Ka" = 0 and 1

Donor-Acceptor Interchange "1" Ka" -- 2 808.72

Change in Donor Tunneling 'T' 12.840

Between Ka" = 1 and 2

i i i i ii i i i

Excited Vibrational State Tunneling Splittings

Change in Acceptor Tunneling Splitting for Ka' = 0(a) 320.08 (95)

Donor-Acceptor Interchange "1" Ka' = 0 3348.6(16)

Change in Donor Tunneling(b) "1" Ka' ---0 154.0(17)

Donor-Acceptor Interchange '_2" Ka' - 0 3926.1(18)

Change in Donor Tunneling (b) "2" Ka' = 0 40.8(17)

Change in Acceptor Tunneling Splitting for Ka' = 1(a) 70300.0(15)

Donor-Acceptor Interchange "1" Ka' = 1 11947.7(18)

Change in Donor Tunneling(b) "1" Ka' = 1 -333.3(16)

. Donor-Acceptor Interchange "2" Ka' = 1 12948.9(39)

Chan_e in Donor Tunneling:(b) ''2" Ka' = 1 -52.4 (28)

- (a)Relative to Ka"= O.
CO)Relativeto Ka" = 0 for the particular interchange triplet.
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atoms. It is found that within the above two sets of bands, the B' values vary on average

by only -0.7% and -0.5% relative to the Ka" = 0 constants. Surely these small changes

reflect inertial stability, yet the negative deviation is consistent with the 3-4 fold increase in

the tunneling splittings found to exist in the interchange coordinate of the excited state

motion because this tunneling motion produces a vibrationally averaged structure in which

the H-bonded deuterium atom is displaced away from the O-D...O A' inertial axis. Also,

the distortion constants for the three VRT subbands of the interchange triplet associated

with the "2" symmetry label are nearly a factor of three smaller than for the subbands of "1"

symmetry, in which the D' values are very similar to those of v = 0, Ka"= 0. The

similarity of these constants within a given set of VRT subbands further supports the above

method of separating the Ka = 0 -> 0 transitions.

3.3.4 Ka = 0 ->1 VRT Subbands

In the preliminary work of Reference 10, only half of the Ka = 0 -> 1 VRT bands

were observed. From the data of Zwart ct al.7 a ground state structural As" rotational

constant can be determined to be 125.7 GHz. With the present knowledge of the six Ka =

0 - > 0 VRT subbands, a frequency estimate for the remaining three Ka = 0 -> 1 subbands

can be calculated as,

As"+B+(v0(" l";K'=0)+v0c2":K'=0))/2=2597.7 GHz (3.3)

2 (2597.7 GHz) - v0 ("I'; K'= I) = 2635.7 GHz, (3.4)

in which Equation (3.3) assumes the structural (non-tunneling) value for As' leading to a

Ka = 0 -> 1 rovibrational transition occurring at ca. 2597.7 GHz. Equation (3.4) uses this

result from which the large acceptor tunneling splitting is taken into account to predict the

frequency of the three previously unidentified Ka = 0 -> 1 VRT bands at 2635.7 GHz.

These three VRT bands have now been located in this spectral region and the transitions are

included in "Fable3.1.
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The three VRT bands previously measured near 2560 GHz have been assigned as

originating from the states having "1" symmetry. Furthermore, the three bands were fit so

that the transitions occurred as (+) -> (+) and (-) -> (-) between the ground and excited

state interchange triplets. To conf'm-n this assignment, the calibration of P and R branch
G

lines to a precision of 400 kHz was conducted for the lower and upper subbands centered

' about the 2559779.71 (88) MHz fitted band origin. Ground state combination differences

were fit, and this established that the transitions actually should have been fit as (+) -> (-)

and (-) -> (+), as was found to be the case in the Ka = 0 -> 0 subbands.

Unfortunately, the precision with which the calibrated transitions were measured

could not distinguish between the rotational constants of states having "1" or "2"

symmetries. To establish this aspect of the assignment, relative intensities of the individual

Q branch transitions were relied upon, as in the earlier work 10. However, instead of

simply measuring peak heights, enhanced sensitivity allowed for actual fractional

absorption measurements to be carried out on the upper and lower Q branches located near

2560 GHz. In these experiments, the Fabry-Perot etalon was used to isolate only the lower

sideband when scanning with the 2588361.8 MHz (13CH3OH) laser line, from which both

Q branches could be detected. Each ttJ = 0 absorption was measured with the lock-in

amplifier and the signal was scaled to the amount of AM single sideband power focussed

onto the detector at the exact (+/- 1 MHz) frequency of the absorption. With this approach,

laser power fluctuations over the 100 MHz scan were irrelevant and the alternation in

intensity of the transitions with J was determined to accurately reflect the ordering of the

excited state symmetries. The data were then fit to a rotational temperature of 4.7 K (+/-

0.2) and simulations of the Q branches at this temperature for all possible configurations of

" transitions between the (+) and (-) components of the _nterchange triplets were compared to.

the observed spectral intensities. Figure 3.6 shows the upper and lower Q branches of the

2560 GHz VRT bands for each of the four possible excited state interchange tunneling

,.o,,-_,,,,,_,,,,,o ,,,_,,.,,._, as (A), (B), _¢"_and (D), Hong '-';'_' the absolute measured
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Figure 3.6
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Eachofthecaseslabelcxl(A)-(D)illustrateapossibleconfigurationforthetransitionsofthe
2560GHz VRT bands.The insertsofeachcasediagramthe(+)and (-)energylevels
aboutthedonoracceptorinmrchangesplittingforboththegroundandvibrationalstates.
The arrows represent transitions between these energy levels and the proper configuration
del)ends on the ordering of the vibrational stare symmcmcs.The "1"and "2" indicate that
the transitions t_'tk¢place between the AI+/-/E+/-/BI +/"and A2"/+/E'/+/B2"/+ symmetry
species, respectively. For each possibility, a different alternation of intensities within the
upper and lower band Q branches results, and each of these possibilities are simulated at
4.7 K. The bottom spectrum is the result of the fractional absorption measurements carried
out on the 2560 GHz upper and lower Q branches. The intensity alternation is represented
best by the simulation in (b), thus these states were fit with the "1" ground state VRT
symmetries,andthecxcitcdstatesymmetrieswereorderedsothatthe(+)->(-)and(-)->
(.)configurationresultedaswasfoundfortheKa= 0 ->0 bands.
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intensities (in % transmittance) of the Q branches. The inserts within each of the calculated

specu'a indicate the type of transition between the (+) and (-) components for the each

possible case. The peak absorbance for the upper Q branch near 2566 GHz, is weaker than

the lower Q branch, because of the limited modulation depth (Af) of the microwave

synthesizer in this spectral region, when scanning with the 2588 GHz 13CH3OH laser.

• This is an experimental artifact of the spectrometer, and it does not affect the relative

intensities within a Q branch - only the peak intensity of the upper Q branch versus that of

the lower is affected. Clearly case rB) is reproduced most accurately by the experimental

data, whereas the bands had been previously fit by applying the case (A) assignment. This

result establishes that the transitions do originate from the VRT states of "1" symmetry, and

cross the interchange triplet, as was determined with the calibrated combination difference

data. It was then deduced that the bands located near 2630 GHz were of "2" symmetry,

and these interchange splittings were also fit as transitions originating from the (+) and

terminating at the (-) components. Absolute intensifies were not measured for the Q

branches in these bands because a number of strong atmospheric water transitions (533 <-

524 at 2630961.2 MHz and 414 <- 303 at 2640473.4 MHz) which are heavily populated at

room temperature, made scanning in this spectral region extremely difficult. Only under

optimal purging conditions of the entire laser beam path with a steady flow of dry N2 could

the transitions be observed at all. I:inally, as in the case of the Ka = 0 -> 0 bands, the effect

of donor tunneling is fit as the deviation of the E band from the fitted band origin. Ali Ka'

= 1 tunneling parameters are reported in Table 3.3 for the vibrationaUy excited state.

Since the symmetry assignment has been established for each of the six Ka = 0 -> 1

VRT bands, the fitted rotational constants for these bands can be obtained, and are reported

in Table 3.2. For the three bands near 2560 GHz, the constants vary slightly from those

reported previously 10 and they reflect the larger data set. The three bands were fit as c -

type rovibrational bands. The B' rotational constants are only slightly smaller than those of

the Ka" = 0 and Ka" = 1 values, however the asymmetry parameters have increased by
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nearly a factor of two in the excited vibrational state. A simultaneous fit of all six Ka = 0 ->

0 bands and the three Ka = 0 -> 1 bands at 2559779.71 (88) MHz results in a standard

deviation of 2.8 MHz, which is within the FIR-VRT spectrometer frequency uncertainty in

this spectral region, and the residuals for these bands indicate that the fit is of high quality.

The inclusion of the three Q branches of the bands located near 2630 GHz into the VRT fit

yielded a standard deviation of 2.6 MHz, and the residuals for these transitions relate only

to this fit. These three Q branches permit the determination of all tunneling parameters

which are reported in Table 3.3, a vibrational band origin of 2630079.7(20) for the

remaining three Ka = 0 -> I subbands, and an average rotational constant of 5482.11(24)

MHz. This B' value may not fully represent the rotational constants for these three

subbands, because the P and R branch transitions have not be,cn included in this fit. This

fit illustrates that the interchange splitting as,_iated with these bands is nearly the same as

that measured for the 2560 GHz VRT bands. Ali of the P and R branch transitions within

the subbands of "2" symmetry are unambigvously assigned as water dimcr transitions by

conf'mTfing ground state combination differences, however, the reszduals obtained (see

Table 3.1) for these transitions when fitting the bands individually are very large and

indicate that a set of perturbing VRT states is close in energy. A Coriolis type of

perturbation is proposed as the cause of the large residuals. The selection rules for this

type of perturbation allow for the interaction of VRT states between Ka' manifolds which

are off diagonal by +/- I , diagonal in the .Tquantum number, and posses the same

symmetry label (< I"g-Jj-Kk- IHCoriolisll"gJj'Kk ' >_g'=g",_j'=j",_k'=k"+/-I ). Thus, the

perturbation most probably arises from the Ka' = 0 manifold of another intermolecular

vibration at higher energy, because only one of the asymmcu-y com£onents (related to the P

and R branch transitions) for the set of 2630 GHz Ka = 0 -> I VRT bands shift to lower

energy. This situation is qualitatively illustrated in Figure 3.7 by assuming a Coriolis

perturbation. At present no other evidence for the next vibration has been observed. When

fitting the P, and R branches together with the entire data set, unrealistic values for B and

=
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Figure 3.7
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This energy level diagram shows how a Ka = 0 manifold would perturb the Ka= 1 VRT
- species having the "2" symmetry labels. The only other possible perturbing states would

be associated with Ka > 0 manifolds, however, such a situation would push both of the Ka
= 1 asymmetry components of "2" symmetry to lower energy. Since only the lower

. asymmetry components of the observed Ka = 1 VRT states a_ebeing shifted, assuming that
the band is of c-type, the perturbation must result from the Ka =0 manifold associated with
the next intermolecular vibration at higher frequency. The Ka = 0 states of "2" symmetry
for the unobserved vibration, are depicted in an arbitrarily.
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(B - C) are obtained and the residuals of the fit were extremely large; thus, the results of

this combined fit a__ not included here.

Finally, a value of the A' rotational constant can be calculated by

A'= (v0(-I_;K,=I)+v0(-2-;K,=I))/2 -(v0(-1-;K'_)+v0(-2.;K,=0,))/2 + B' = 122.9 GHz, (3.5)

in which an approximate value of B' = 5.4 GHz is used. Equation 3.5 simply takes the

difference of the averaged Ka = 0 -> 1 band origins and the averaged Ka = 0 -> 0 band

origins and appropriately accounts for the B' rotational contribution in the Ka' = 1 manifold

to arrive at the value for A'. The previous work made the assumption that very little Ka'

dependence of the acceptor tunneling existed and this resulted in a value of A' = 85 GHz

from the spectral evidence measured at that time. This assumption clearly led to an

inaccurate value of this rotational constant, for it is readily apparent in the present work that

acceptor tunneling is in fact largely influenced by Ka'. It is useful to compare A' with the

corresponding ground state value, because the deuterium atom tunneling motions should be

reflected in the A rotational constant. The value of A" has been reported from the Ka = 1 ->

2, v = 0 microwave study of Zwart et al.7 to be 120.3 GHz, however this work seems to

have neglected to account for the contribution of the B" rotational constant, and when doing

so it is noticed that its value is actually A" = 125.7 GHz. This corrected value agrees well

with the most recent v = 0 determination of A" = 124.9 GHz determined from the Ka = 0 -

> 1 microwave experiments of Karyakin et al.8 The nominal 2% reduction in A' relative to

A" is indicative of the cluster accessing a vibrationaUy averaged structure for which the

deuterium atoms spend more time away from the top axis, which is consistent with the

larger tunneling splittings exhibited in the excited vibrational manifold.
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3.4 The Tunneling Splittings

3.4.1 An IAM Overview

, This discussion begins with a brief review of the generalized IAM model used to

analyze the ground vibrational state tunneling dynamics. Before the work of Coudert and

Hougen, 4,5,9 no treatment for the concerted quantum tunneling motions existed for the

• water dimer, and although our present results show significant discrepancies with this

model, the generalized IAM treatment is recognized as a valuable step toward obtaining a

quantitative understanding of complicated tunneling problems. Briefly, the generalized

IAM treatment expresses the VRT energy levels of the water dimer with a

phenomenological Hamiltonian of the form

E(v, J, K) = EVIB+ EE-O-E+ EAT + EGDAIT+ EDT+ EAGDAIT, (3.6)

for which EVlB is the vibrational contribution, EE-O-E accounts for the end-over-end

rotational motion of the dimer frame and the remaining terms describe the tunneling

motions within the high barrier approximation such that EAT is the contribution from

acceptor tunneling, EGDAIT and EAGDAIT correspond to geared and antigeared donor-

acceptor interchange tunneling, respectively, and EDT represents the contribution from

donor tunneling. The corresponding energy contributions from each tunneling motion are

determined by matrix element expressions which depend on J, Ka, and the specific

tunneling pathway. These expressions define B and higher order distortion constants for

. each tunneling sublevel as the sum of a structural B with a contribution from each of the

isolated tunneling motions. No coupling between inequivalent types of tunneling motions

• is considered in the high barrier limit, which restricts each coordinate to couple only to its

nearest neighbor framework on the IPS, resulting in a set of separable tunneling motions.

This treatment provided a unique set of tunneling parameters for each of the four tunneling

coordinates c,f the water dimer when the IAM glot a1 fit9 of the ground state data was
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conducted,andthismethodhasbeenusedtodescribethetunnelingdynamicsinv =0 of

(H20)2. Similarmethodshavebccnutilizedinparamcterizingtunnelingsplittingsof

chcrnicaUyboundsystemssuchashydrazineandmethylamine.Notationoriginatingfrom

theIAM modelhaspreviouslybeenusedtodefinethematrixelementsthatcontributeto

eachtunnelingsplitting,yetthisnotationisavoidedwithinthepresentdiscussionbecause
4

ofdiscrepanciesinthemodelwithinthecontextoftheobscrvcclintermolecularvibrational

motion.

InFigure3.8theVRT energylevelsarcsummarizedpictoriallytoillustratethe

tunnelingsplittingsandsymmetryassignmentsforKa"- 0,1,and2 inv = 0 andforKa'=

0 and Iinthe82.6cm-Ivibrationallyexcitedstate.The 3= 0 -> Itransitionsforeachof

the 12 bandsarerepresentedasan'owstohelpclarifytheconclusionsoftheanalysis

sectionregardingtheacceptorand donoracceptorinterchangetunnelingspliuJngs.The

most obviousdifferencebetweenthegroundand vibrationalstaterotationaltunneling

manifoldsisthelargevariationofalltunnelingsplittingswithrespecttoKa intheexcited

state,andthiswillbcdiscussedbelow.

3.4.2AcceptorTunneling

The acceptortunnelingsplittingforv = 0 isspecifiedas[_,foritsactualvalue

cannotbcdetermineddirectlybecausetransitionsbetweenE statesofdifferent"1"and"2"

tripletsareunlikely,and thesehavenotyetbeenexperimentallyobservedforthewater

dimer.A valueof[_= 36GHz fromtheKa" = 0 -> ImicrowavedataofKaryakinctal.8
.

hasbccnestimatedforthissplittingbyaveragingthecontributionofacceptortunnelingin

boththeKa" = 0 and 1manifolds.Also,a measureofthechangeinacceptortunneling

fromtheKa"= 1 ->2 dataofReference7 indicatesthatthissplittingincreasesby 21GHz

inKa"= 2 relativetoKa" = 1. AlthoughthesinglevalueofJ3isonlyvalidifacceptor

tunnelingexhibitsa smalldifferencebetweentheKa" = 0 and Ka" = I manifolds,itis

incorporatedalongwiththemeasuredchangeoftheacceptortunnelingsplittingsinthe
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Figure 3.8 Caption

The complete energy level diagram for both the ground and vibrationally excited states are
shown. The Ka manifolds are vertically aligned and each J quantum number is labeled.
The arrows represent the R(1) transitions for each of the 12 VRT subbands observed,
originating from Ka" = 0 terminating in the excited vibrational state Ka' = 0 and 1
manifolds. The actual VRT symmetries for each energy levels are labeled from the
experimental evidence discussed in the text. For Ka > 0 the symmetry species of the
asymmetry doublets are labeled such that the lower component is on the left and the upper
on the right. For example, in Ka' = 1 the 111 rovibrational state correlates to the A1+, E+,
Bl +, A2", E-, and B2" symmetries and the 1l0 correlates to the Bl-, E', Al', B2+, E+, and
A2* symmetry species. These asymmetry doublets are omitted from the diagram because
they are associated with a relatively small splitting. Most of the determinable tunneling
splittings for v = 0, Ka = 0, 1, and 2 and for the Ka = 0 and 1 manifolds of the 82.6 cm "1
vibration are shown. The acceptor tunneling splittings are not drawn to scale and the value

of _ as defined in the text is 36 GHz. The donor acceptor interchange splittings are shown
and represent the energy separation between the (+) and (-) VRT states for each of the
interchange triplets. Donor tunneling shifts ere excluded from the figure, due to their small
size.
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Figure 3.8
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excited state vibration. Acceptor tunneling parameters of 36.3 GHz and 106.3 GHz can

then be defined for the two Ka' manifolds, since the acceptor tunneling splitting changes by

0.32008(95) and 70.3000(15) GHz in Ka'- 0 and 1, respectively, relative to Ka" = 0. In

Figure 3.4 the two band origins for the Ka = 0 -> 0 bands are located in the 2477 GHz

spectral region, as discussed earlier, whereas the two sets of triplets corresponding to the Q

, branches for the Ka = 0 -> 1 bands are evident at frequencies of 2559779.71 (89) and

2630079.7 (20) MHz, designated by the markers (b) and (c) respectively. This spectrum

verifies that there is a negligible change in acceptor tunneling for Ka' = 0 with excitation of

the intermolecular vibration, whereas a 70 GHz increase is present in Ka'= 1 relative to

Ka'- 0.

The ordering of the VRT symmetries about the acceptor tunneling splitting

presented in Figure 3.8 for (1320)2 in v = 0 is identical to that reported for (H20)2, and it is

interesting to compare this ordering with that in the excited vibrational state. In Ka" = 0 the

symmetry species labeled by "2" defines the upper half of the acceptor tunneling splitting,

whereas in Ka"= 1 these VRT symmetries characterize the lower half of the acceptor

tunneling splitting. The Ka" = 2 data are also shown in Figure 3.6, and the ordering about

the acceptor tunneling splitting for (1320)2, which was originally proposed by Zwart et al.7,

has since been corroborated by the recent work of Karyakin et al.8 The methylamine-like

tunneling coordinate is consistent with the ordering of the symmetry species "1" and "2" in

Ka" = 0 and 1, for this tunneling motion generates a spatially oriented structure which

requires a rotation about the A inertial axis to reach the symmetrically equivalent form of the

dimer. An alternation of "1" and "2" with Ka" would thus be expected for this pathway.

There is some confusion regarding the predictive capabilities of the IAM model for Ka" =

• 2, yet experimental evidence indicates that the ordering of the energy levels are as shown in

Figure 3.8,7,8 thus the equivalent rotation cannot be used to interpret this Ka" manifold.

The present data verify the ordering about the acceptor tunneling splitting to be the same as

for Ka" = 0 for both the Ka' = 0 and 1 manifolds, and is in contrast to the Ka dependence in
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v = 0. If the tunneling pathway were to change in the excited vibrational state to a simple

rotation of the acceptor subunit about its C2 axis, no equivalent rotation of the dimer would

be necessary to yield a symmetrically equivalent structure. For this situation the ordering

of "1" and "2" in the various Ka' manifolds would be the same, i.e. Ka' independent. The

two different tunneling pathways, with the equivalent rotations are shown in Figure 3.9. It

can thus be concluded that because the Ka'-type dependence is very different in the excited

vibrational state, a significant change in the acceptor tunneling pathway upon vibrational

excitation must be considered. If the C2 - type acceptor rotation is responsible for the

acceptor tunneling splitting in the excited vibrational state, the breakdown of the high

barrier limit would most definitely be realized.

3.4.3 Donor-Acceptor Interchange Tunneling

All determinable donor-acceptor interchange splittings are indicated in Figure 3.8

and the differences with respect to v and K can be easily recognized. In summary, the

donor acceptor interchange splittings are nominally 1 GHz in v = 0, and exhibit only a

weak dependence with respect to Ka". Yet in the 82.6 cm -1 excited vibrational state, these

splittings increase to 3348.6 (16) and 3926.1 (18) MHz in Ka'-0 and 11947.7 (18) and

12948.9 (39) in Ka' = 1 for the "1" and "2" interchange splittings, respectively. This

strong variation with Ka' can be verified by the labels (d - f) in Figure 3.4, which point to

the observed spectral splittings.

The generalized IAM treatment of the water dimer predicts that each of the separate

interchange splittings for a given Iv, Ka > is a result of two proposed tunneling motions,

viz. geared and antigeared donor-acceptor interchange pathways. The sum of the two

matrix elements describing these motions corresponds to the larger splitting labeled with

symmetries "1", whereas the difference is found to represent the "2" interchange splitting.

These coordinates presumably pass through trans and cis transition structures, respectively,

and these pathways would indicate that the antigeared motion is far less feasible, so its
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Figure 3.9
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The two types of acceptor tunneling pathways considered along with their corresponding
equivalent rotations. The methylamine-like pathway which most likely describes the
ground state tunneling path would alternate the ordering of the "1" and "2" symmetry
species about the acceptor tunneling splitting with Ka, whereas the rotation about the C2
axis of the acceptor subunit pathway describes the coordinate for the vibrationally excited
state. This is postulated becauae of the orderingof the "1" and "2" symmetry species is Ka
independent.

contribution to the total interchange splitting should be much smaller than that of the geared

pathway. Although the difference of the two sets of interchange splittings is in fact small

- for ali Ka" manifolds, it is easily measurable and the IAM model has adequately explained

these results in terms of the two separabletunneling motions. However, it is found that the

present vibrational motion reverses the effect that the two proposed interchange matrix

elemen:s have on the splittings relative to the v = 0 interpretation. Thus, the antigeared

matrix element would necessarily have to change sign in the excited state. In other words
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the sum and difference, corresponding to the "2" and "1" labels of the two interchange

splittings, are associated with the opposite VRT symmetry species in both the Ka'= 0 and

1 manifolds, relative to the ground state.

m

3.4.4 Donor Tunneling

Characterizing a clear trend relating to the effects of donor tunneling on the

observed spectra is difficult, but clearly the fitted tunneling parameters do vary

considerably with respect to the ground state. These shifts are not shown in Figure 3.8

because of the small magnitude associated with this slow quantum tunneling motion. In

Ka' = 0 the value of EDT is fit as +154 and +41 MHz for the "1" and "2" interchange

triplets, respectively, whereas for Ka'= 1 this shift corresponds to fitted values of -333 and

-57 MHz. The magnitude for this parameter has consistently been found to be ca. 12-14

MHz across the three Ka manifolds sampled in the ground state. Although the absolute

value of this shift is as much as an order of magnitude larger in the vibrationally excited

state relative to the ground state, the direction of the shift does follow the predictions of the

IAM treatment. More precisely, the IAM method predicts that even and odd values of Ka

should yield positive and negative deviations, respectively, as is measured and this can be

illustrated by considering the equivalent rotations which correspond to the tunneling path

defined in Figu,e 3.10. Because this tunneling shift is associated with the largest tunneling

barrier, and the qualitatively correct Ka behavior is observed, this motion may still be

thought of in terms of the high barrier limit. The large increase in the tunneling shift is

probably a result of the intermolecular vibration accessing an energetically higher region of

the barrier, although the substantial difference in magnitude found between symmetry

species "1" and "2" cannot be easily rationalized. With the extensive set of excited state

data, it immediately becomes clear that the slowly varying tunneling splittings of the ground

state become almost chaotic in the intermolecular vibrational state at 82.6 cre-1.
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Figure 3.10
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The corr_.sponding equivalent rotations for two donor tunneling pathways are shown. The
f'trstpathway is consistent with the Ka dependence of the donor tunneling shift in both the
ground and excited vibrational states. The second pathway, which is not consistent with
the data, corresponds with the R0(Z) rotation, would not change the sign of the donor
tunneling shift with alternating Ka. Furthermore,such a motion would presumably be less
feasible because it would require the breaking of the H=bond.

3.4.5 Ka Dependence oi'Tunneling

In the preceding discussion, the large Ka' variation of ali tunneling splittings

observed in the FIR-VRT spectra has been described. Kadependences in VRT dynamics

have been treated previously for systems exhibiting facile quantum tunneling, and two such

examples are briefly described here. The fast example examines the internal rotation=

inversion of methylamine, which is analogous to the proposed pathway for acceptor

- tunneling in the water dimer. In their work, Ohashi ct al.20,22 fit the observed FIR

spectrum to a phenomenological Hamiltonian that includes tunneling parameters which

effectively couple the various equivalent frameworks that result from the methyl
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torsion/amine inversion tunneling motion. These parameters are _lated to matrix elements

which depend on the J and Ka quantum numbers. These are used to fit the tunneling

splittings over a large range of Ka (up to Ka = 28), and this method of analysis is similar in

principle to an IAM-like treatment. In methylamine, the methyl torsion tunneling splitting

exhibits a 20-fold increase in the first excited vibrational state (at 265 cm-1), whereas the

amine inversion parameters change only slightly. This observation is used to assign the

vibration as a motion along the methyl torsion _.oordinate. To quantify the effect of the

parameterized matrix elements with respect to the complicated Ka dependence of the

tunneling splittings, the structural contributions to the energy were subtracted from the total

energy of the VRT states by assuming that the tunneling motions sample coordinates that

are orthogonal relative to the other degrees of freedom. The remaining energy

contributions amounted to the combined internal torsion-inversion energy splitting, which

was found to follow a cosine dependence with respect to Ka. The oscillation could be

described by a cosine function in which the periodicity depends on a set of fitted tunneling

parameters. By fitting these parameters, the experimentally observed period of

approximately 4.5 Ka was reproduced.

All of the tunneling dependencies in the 82.6 cm'l vibration could, in principle, be

characterized with an analogous phenomenological expression if a more complete sampling

of the Ka manifolds were available. In this low temperature molecular beam work,

however, such an extensive description of the Ka dependence wiU not be possible, so a fit

of this kind is not likely to be useful. Also, the treatment of Ohashi et al.20,25 is made

possible by utilizing the fact that the 265 cm -1 vibrational motion in methylamine directly

correlates to the lowest fundamental of the methyl torsion tunneling coordinate. In other
t

words, the vibration samples the torsional coordinate uniquely without the apparent

involvement of the inversion tunneling motion. Since ali of the water dimer tunneling

splittings in the excited vibrational state change dramatically relative to those in v = 0, such

a treatment is not so clearly adaptable to the strongly coupled VRT states of this cluster.
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The geared interchange coordinate of the water dimer may be directly compared

with the analogous type of motion in the less complicated hydrogen halide dimers. A large

body of theoretical work has been directed at describing the HC1 dimer and the HF dirner

VRT energy levels. The extensive work of Bunker et al.23 and the review by Truhlar 24
,i

represent only a small fraction of the literature relevant to these clusters, yet from this work

, an appreciation for Ka - type dependence of the interchange coordinate can be obtained for

both dimers. The calculations of Bunker et al.26 begin with the construction of an

analytical ab initio IPS. A fit of each surface to a functional form provides a potential upon

which the VRT levels can be calculated using the semirigid bender formalism. _ In the HF

dimer, large variations in the donor-acceptor interchange tunneling coordinate with Ka are

found, while for the HC1 dimer the splitting is approximately constant. The PES are very

different for the two cases, and Bunker et al. discuss how this may result in the different

Ka dependences in this coordinate. Briefly, in the HC1 dimer the A rotational constant is

essentiaUy invariant along this tunneling coordinate, for the ca!lculations show that the

dimer never passes through a linear geometry along the minimum energy pathway of this

motion. But in the HF dimer, the minimum pathway does pass through the linear

configuration, hence the A rotational constant varies considerably and this greatly

influences the tunneling splitting within the various Ka manifolds. From this work it is

clear that the angular degrees of freedom accessed by these large amplitude motions is very

sensitive to the IPS on which the dynamics occur, and the data presented for the water

dimer illustrate a more complicated example of this type of phenomenon.

M

3.5 The Intermolecular Vibrational Coordinate

" 3.5.1 The Vibrational ._ssignment

Unlike the intermolecular vibrational motions that occur in the hydrogen halide

dimers and the methyl torsional motion of methylamine, no particular tunneling splitting is

uniquely influenced by excitation of the intermolecular vibration observed here for (I320)2.
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In this case, the situation is not consistent with a one dimensional description, wherein the

vibrational excitation might correlate directly with a rotation of the water monomers along a

particular tunneling coordinate. A phenomenological approach, such as the method of

Ohashi et al.20,25 for methylamine or the generalized IAM treatment 9, could possibly

parameterize the tunneling splittings by considering periodically varying Ka dependencies
,f

for each tunneling motion, yet it is unlikely that such a treatment would provide much

insight into the nature of the vibrational coordinate. Because of the inseparability of the

multidimensional tunneling motions from that of the intermolecular vibration, an

unambiguous characterization of the vibrational mode is not possible within the context of

the present FIR-VRT analysis. The symmetry of the 82.6 cm -1 vibration was previously

assigned as B 1+ from the spectral e'_idence available at that time. l0 This assignment is not

supported by the additional observations reported here. The previous analysis indicated

that the acceptor bend was an appropriate vibrational assignment, for this motion corteX.ares

to the B 1+ symmetry species in G16. However, the present data show that an appreciable

change in the acceptor tunr, eling splitting occurs only with the excitation of angular

momentum about the A' inertial axis. Therefore, it is possible that the pure vibrational

motion does not correlate to the methylamine-like acceptor tunneling pathway.

Figure 3.8 is an energy level diagram corresponding to an apparent vibrational

symmetry belonging to the A1+ irreducible representation in G16. This is assigned as such

because the ordering of the VRT symmetries in Ka'= 0 is determined to be identical to

those of Ka" = 0. The fundamental of a totally symmetric vibrational motion, such as the

intermolecular stretch, would correlate to this symmetry species. However, a fairly reliable

harmonic frequency estimate for this motion of 145 cm -1 has been determined from the
i,

analysis of ground state distortion constants, 2 hence it seems unlikely that this would be an

appropriate assignment. Another assignment, also consistent with the lowest symmetry

species of A1+, might correspond to an overtone in one of the tunneling coordinates

possessing an even number of vibrational quanta. However, any tunneling motion would
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be a candidate for such an assignment, and again, no single motion can be uniquely related

to this strongly coupled VRT band.

For the purpose of this discussion, let it be assumed that the high barrier limit is

. appropriate, so that each tunneling motion is in fact separable from ali other coordinates for

the excited vibrational state In this limit the transition can be considered to correspond to an

' excitation of the vibrational mode which correlates to a particular tunneling coordinate.

From this perspective, the observed vibration could be rationalized as a motion similar to

donor-acceptor interchange, for its associated splitting exhibits a 3-4 fold increase in Ka'=

0 relative to that in the vibrational ground state, whereas the acceptor tun,aeling splitting

indicates little variation (in Ka' = 0) with respect to vibrational excitation. Although such

an assignment can be justified in this limit by the measured tunneling split'tings, the

apparent vibrational symmetry of A1+ (a' in the Cs(M) limit) is not appropriate for an out of

plane motion (correlating to an a" mode), and the interchange pathway is predicted 22 to take

the dimer through a transition structure of Ci symme'a-y via a trans-type bending

coordinate.

Without information pertaining to the larger values of Ka, it seems unlikely that an

I_AM-like treatment would be useful in rationalizing the effects of the intermolecular

vibration, for the data show that the associated splitting in Ka = 1 is comparable to the A

rotational constant. In iJarticular, the acceptor and the antigeared donor-acceptor

interchange tunneling motions are most aff_ectedby this breakdown, lt also seems possible

that the acceptor tunneling motion follows a different pathway in the excited vibrational

state, which would further enhance the picture in which the cluster dynamics involve a high

degree of angular coupling between an highly anharmonic vibration and potentially ali of

the tunneling coordinates. Under these circumstances, the high barrier limit is inapplicable,

and the tunneling motions are not separable from the rovibrational Hamiltonian, as is the

case for van der Waals molecules which are best described in the free rotor limit such as

Ar-H20 26, Ar-NH327, Ar-HC128 and Ar2-HC129.
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Until now, matrix isolation experiments 30, guided by theoretically based

predictions have been the only means for characterizing the intermolecular degrees of

freedom. Many pair potentials exist for the water dimer, 31but it is difficult to determine

which which of these are appropriate for predicting band origins of the intermolecular

vibrations. When examining the available ab initio surfaces as to their probable reliability
,I

in light of the present data, it is noted that the calculated frequencies vary from ca. 80 - 160

cm -1 for the lowest two intermolecular vibrational modes, and it becomes clear that no

particular IPS stands out as the most suitable surface. Although the vibrational frequencies

vary substantially, the lowest modes are generally predicted to be either an acceptor bend

(a') or a donor torsion (a"). These predictions are consistent with the 82.6 cm -1 vibration

characterized here and the probable existence of a vibration at slightly higher frequency,

(ca. > 88 cm -1) as is evidenced by the Coriolis perturbed 2630 GHz, Ka'= 1 states of "2"

symmetry. As discussed in Section III, this perturbation would necessarily be from a Ka =

0 manifold having the "2" symmetry labels, because of the selection rules governing the

Coriolis interaction outlined in Section III. If these states were associated with the lower

half of the acceptor tunneling splitting of the perturbing vibration, then that motion would

transform as an a" mode in Cs(M), whereas the present vibration appears to be of a'

symmetry ( A1+ transforms as a' in in Cs(M)) and this would be consistent with assigning

the vibration as the acceptor bend.

3.5.2 lsotopically Substituted VRT Bands for the Water Dimer

By observing spectra for different isotopomers of the water dimer a clear picture of

the individual tunneling splittings may result, and with a characterization of the band origin

for each, conclusions may be proposed for the vibrational coordinate. This section will be

illustrate the latter of these two points. When realizing that isotopic substitution may occur

on either the donor or the acceptor monomers, it becomes clear that a great deal of

information exists for each vibrational state when including these species. The lowest
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frequency VRT transitions for v = 0 have been reported for ali of the isotopomers, 32 and

these data are reproduced in Table 3.4.

There are two important reasons for examining isotopically substituted water dimer

species. First of all, the tunneling splittings are different for each of the various
e

isotopomers because the tunneling pathways presented in Section 3.3 do not exchange

. identical particles. For example, the geared donor-acceptor interconversion tunneling for

the isotopomer D20 - DOH produces a structure of the form DHO- DOD which is clearly

not identical to the original. The group theory for each of these clusters has been discussed

in Reference 32 and only the relevant symmetry considerations for a particular molecule

will

Table 3.4

Microwave frequencies for deuterated water dimer specie s taken from Reference 32.
# of

Species Frameworks J'- J" Frequencies ....
1 - 0 12239.00'1 12312.521

H20- DOH 2 2 - 1 24479.057 24623.903
1 - 0 11345.252 11349.749

D20- DOH 2 2 - 1 22689.670 22698.457
1 - 0, 1 - 0 11785.312,---- 11789.484,11789.501

H20- DOD 4 2 - 1, 2 - 1 23569.655,23569.782 23577.787,23577.985
1 - 0 11296.385 ....

HDO- DOD 4 2 - 1 22591.793 ....

be considered below. Secondly, the frequency shift of the band origin for a particular

vibration, due to the replacement of deuteriums with hydrogens will be indicative of me

type of vibrational motion.
,J

In hopes of f'mding spectra for the isotopomers of the water dimer possessing a

, mixture of deuterium and hydrogen atoms, a pipet full (5 ml) of H20 was occasionally

added to the D20 sample. Unfortunately this mixture was not used consistently, and

resulted in only partial VRT spectra for one of the isotopomers. Both a Ka = 0 -> 0, and

Ka = 0 -> 1 band were observed and are reported in Table 3.5 along with the fitted
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Table 3.5
The two observed VRT bands for the D20 - DOH isotopomer of the water dimer and the
fiaed rotational constants. Ali reported transitions and constants are in MHz.

Ka = 0 -> 0 Band Ka = 0 -> 1 Band

J' J" Frequency, ,, ,0- C J'-_ J" ....,,Frequency.......... O- C
4 5 2423694.3 -1.3 5 6 2605842.6 -2,2 "
3 4 2435231.0 -1.2 4 5 2617108.4 -0.1
1 2 2458158.0 -1.0 3 4 2628391.8 0.2
1 0 2492204.6 - 1.1 1 1 2673641.2 -2.8 -
2 1 2503461.9 1.5 2 2 2673539.8 -2.4
3 2 2514664.8 1.7 3 3 2673387.7 -2.0
4 3 2525811.5 2.3 4 4 2673185.2 -1.4
5 4 2536894.0 1.2 5 5 2672932.0 -1.1
6 5 2547903.3 -3.3 6 6 2672628.7 -1.0
7 6 2558843.5 1.2 7 7 2672276.2 -0.3
8 "! 2569690.3 0.1 8 8 2671874.8 0.7

9 9 2671424.1 1.2
1 0 2685058.8 0.7
2 1 2696435.1 0.9
3 2 2707825.7 3.2
4 3 2719226.3 4.2
5 4 2730637.2 5.0
6 5 2742055.2 3.0
7 6 2753475.3 -6.1

Fit of bands Yield8

B"- 5674.701 (20)
D" =0.0410 (12)

Ka'.--0 State K._'.= 1 State

vo = 2480902.7 (19) vo = 2679360.31 (98)
B'- 5674.701 (20) B'= 5665.367 (65)
D' = 0.0928 (21) D' = 0.0386 (14)

(B-C)' = 64.837 (77)

Standard Deviation of Fit = 2.2 MHz

rotational constants. It is readily noticed that the ground state B rotational constant of

5674.7 most reasonably matches the data for the D20 - DOH complex shown in the right

hand column of Table 3.4. In this molecule each rovibrational state splits into an A1 and an
.

98



A2 state due to acceptor tunneling, and these symmetry species alternate from + to - and

from - to + for even and odd J, respectively. Finally, the nuclear sr,in weights for the

symmetry species A l+/'/A2 "/+are 2 and 1, respectively, and the selection rules are Fi+ <->

Fi'.

From the data presented in Table 3.5, the actual symme_-y of the states cannot be

" rigorously determined, and the since only half of the VRT data exists no information

regarding the change in acceptor tunneling is currently available. A calculated value for the

structural A rotational constant of 130 GHz indicates that a large change in the acceptor

tunneling splitting with the Ka' quantum number may be present, since the fr_equency

separation of the Ka = 0 -> 0 and Ka = 0 -> 1 VRT subbands is approximately 200 GHz.

However, this must be verified by identifying the other two subbands for the cluster.

Although these data are incomplete, they further support the vibrational assignment

corresponding to that of the acceptor bend, because the fitted band origin for the Ka = 0 ->

0 band of 2480902.7 MHz is nearly identical to those reported for (I)20)2 indicating that

isotopic substitution of the donor subunit does not substantially shift the vibrational band

origin relative to the perdeuterated species. Thus, the mass of the donor does not strongly

influence the vibrational coordinate.

3.5.3 Summary of VRT Analysis

In summary, the tunneling splittings for the 82.6 cm -1 vibrational motion in the d4

isotopomer of the water dimer have been characterized in detail, and are found to exhibit

• substantial variations relative to their analogues in v = 0, possibly evidencing large changes

in the actual tunneling pathways for the lowest barrier motions. Strong Ka type

' dependences exist for ali motions, as has been demonstrated for other similar highly

anharmonic tunneling systems. However, in the present case, the large amplitude

tunneling motions can not be easily separated from the vibrational motion, thus the relative

contributions of the various terms in the water dimer VRT Hamiltonian are no longer clear
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and the dynamics must be treated in a more extensive manner. By considering the a and c

type transitions, the symmetry of the lowest Ka' = 0 VRT states, the evidence of a

perturbing state to higher frequency,and the D20 - DOH VRT data, the vibration has been

assigned to the acceptor bending coordinate of a' symmetry. This vibration has been

predicted to be one of the lowest lying excited state vibrations for the water rimer with the

current high level ab initio theory, however, it appears that characterizing the effects of

highly anharmonic vibrations on the tunneling dynamics will require the development of

new descriptive models which take the IPS of the cluster more thoroughly into

consideration. The challenge of reproducing such widely varying tunneling effects is a

formidable, one and will certainly require high accuracy in an IPS. Such high level ab

initio treatments, coupled with a rigorous calculation of the VRT dynamics, could possibly

elucidate the dynamics of quantum tunneling in the intermolecular vibrations of the water

dimer, help to deduce the forces which contribute to the large changes in tunneling

pathways upon vibrational excitation, and will certainly aid in the assignment of the

intermolecular vibrational modes accessible with the FIR spectrometer. A six dimensional

calculation of this kind has been recently accomplished by van Bladel et al.,33 producing

qualitative agreement of the VRT states for the ground vibrational state of the well

characterized ammonia rimer, which exhibitstunneling among 72 symmetricallyequivalent

minima.34 For this calculation, the dynamics are explicitly calculated on a known ab initio

IPS (Vint)with a basis set of Wigner rotation matrices. The potential is expanded in terms

of this basis through the following expressions,

Vint(R, _A, OA, )CA, _B, OB, _a) = E VA(R)AA(_A' OA,_, _B, OB,ZB) (3.7)
A

ii

AA(¢A,OA,ZA,_B,0B, XB)= _ M -M 0M

D(LA) *t._ ,-. (LB)*,_.x MK,,_VA,OA,XA)t_.MKB_B, OB,7d_) (3.8)
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In these expressions Vint is the IPS over ali of the radial and angular coordinates of the two

polyatomic monomers a and b, VA(R) are the expansion coefficients for the angular

functions AA(_A, OA,ZA, ¢_B,OB,ZB), the expression in brackets is a Wigner 3j symbol,

and the D's are Wigner rotation matrices. Although the results of this calculation are

• currently limited by available computer technology, which prohibits the full convergence of

the energy, levels, such an approach could yield the qualitative information necessary to

understand the complicated multidimensional tunneling dynamics in hydrogen bonded

clusters and their coupling to intermolecular vibrational motions.

3.5.4 Basis Functions

The first step for a calculation of this kind for the water dimer, requires the

determination of the symmetrized basis functions in the appropriate molecular symmetry

group G16. To do this, the method of van Blade135 et al. is used to determine the affect of

each symmetry operation in G16 on the three Euler angles of each monomer. Briefly, a

right handed space fixed coordinate system is defined at the center of mass of the dimer.

From this axis system, coordinate vectors which describe the position of each atom in the

dimer are def'med. A vector R = BC.O.M- AC.O.M, in which A and B are labels which

distinguish between the two water monomers, defines the dimer frame, and will account

for end-over-end rotation of the complex. The effect of each permutation inversion

operation when applied to the polar angles a and [3of R (dimer fLxedframe with respect to

the space fixed frame) is then characterized. It is found that the only E* and the interchange

of A with B (with an operation containing the (ab) permutation) results in a transformation

, of R from R -> -R, and this transforms the polar angles from o_-> a + _:, and _ -> _: - _.

Finally, a coordinate system on each of the monomers is defined from which the Euler

angles for each monomer may be referenced. The effect of each permutation inversion

operation is then determined for the Euler angles, using the algebraic met,hod outlined in the
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Appendix of Reference 35. This method results in the transformation properties of the

angles which characterize end-over-end rotation, and those which define the internal

rotation of each monomer (_bA,0A, _A and _B, 0a, ZB), with respect to each of the

permutation inversion operations. These transformation properties are summarized in

Table 3.6.

The calculation would consist of finding the VRT eigenstates on the IPS which has

been converted to the appropriate combination of D matrices through Equations 3.7 and

3.8. The primitive basis functions would consider end-over-end rotation and both internal

rotors, and this is also most effectively described with a basis of D matrices. The primitive

basis functions will take the form

,..(jB)*,_. \ _(J) *.
Cnorm,-,(i,)*,_ OA,ZA) t_t-_kB_._B,OB,_B)(jAa f_AjB f_lj f2 / t"M.OtCt, 13,0)_'n_^kak_qA,

= I jA kA jB kBj f2J M > . (3.9)

In Equation 3.9 the first two D functions represent those for the internal rotors, A and B,

the expression in brackets is a Clebsch Gordon coefficient, and the third D function

represents end-over-end rotation of the cluster frame. The ket notation will be used to

illustrate the operation of any permutation inversion operation of G16 on this basis

function, and in Table 3.7 the results of this are presented. Each of the quantum numbers

are defined in the table caption. Linear combinations of these functions would then be used

to symmetrize the calculation so that the Hamiltonian matrix < Of l H IOi > would become

block diagonal for which each block would correspond to a particular symmetry species,

defined by the irreducible representations in G16. This procedure is necessary to minimize

the size of the Hamiltonian matrix, because each symmetry block could be diagonalized

separately, rather than diagonalizing the entire matrix at once.

The next step is to expand the potential according to Equations 3.7 and 3.8. This

was accomplished for a Hartree Fock ab initio potential.36 Unfortunately, the large
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Table 3.6
The transformation of all angular coordinates of the water dimer under each of the
permutation inversion operations of the G16 molecl,lar symmetry group. The end-over-end
rotation of the dimer frame is described by the polar angles ct and _. The two internal
water rotors are described by the three Euler angles on each of the monomers a and b. All

• angles are referred to a space fixed coordinate system.
II III

ct _ Ca Oa Xa Cb Ob Xb

E a _ _a Oa X,a Ob Ob )Cb

(12) ct [_ (_a Oa Za - rc ob Ob Zb

(34) ct [_ Ca Oa Xa Cb Ob Zb- rc

(12)(34) (X [_ (_a Oa Za- rc Ob Ob Zb- 71;

ab(13)(24) ct + rc x - [3 --qb rc - Ob Xb- rc "-Oa x - Oa Xa - rc

ab(14)(23) ct + ..x 71;- _ -"(_b rc - Ob -Xb "Ca x - Oa -Xa

ab(1324) ct + x rc- _ -Ob 71:-Ob Zb- rc "Oa rc- Oa -Xa

ab(1423) ct + x , rc - _ -Ob 71:- Ob -Xb -Oa rc - Oa 7,,a- rc

E* ct + rc rc- 13 "Oa -Oa rc- Za "_b -Ob x - Xb

(12)* ct + rc x- I_ "Oa -Oa -Xa -Ob -Ob X - Xb

(34)* ct + 7t rc - _ "_a -Oa rc- Xa -Ob -Ob -Xb

(12)(34)* ct + rc rc- [3 "Ca -Oa -Xa "-Ob -Ob -Xb

ab(13)(24)* ct _ Cb Ob- rc -Xb Oa Oa- rc -Xa

ab(14)(23)* ct l_ ob Ob - rc rc- Xb Oa Oa- rc x- La

ab(1324)* ct 13 ob Ob - rc -Xb Oa Oa- rc x - La

ab(1423)* ct [3 Cb Ob- rc rc - %b Oa Oa- x -Xa
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Table 3.7
"Ine result of each operation in G16 on the primitive basis function of 3.9. These are
obtained by substituting the transformed angles listed in Table 3.6 into Equation 3.9 and
using the identities for D matrices found in Zare 37 and Loeser.38

g

E Ija ka jb kb j f_ J M >

(12) (-1) kal ja kajb kb j f2 J M >

(34) (-1) kbl ja kajb kbj _J M >

(12)(34) (-1)ka+kbIja kajb kbj f2 J M >

ab(13)(24) (-1)J+ja+jb Ija kajb kb j -f2 J M >

ab(14)(23) (-1)J+ja+jb+ka+kbIja kajb kb j -f2 J M >

ab(1324) (-1)J+Ja+JqY4"kbIja kajb kb j -_ J M >

ab(1423) (-1) J+ja+jb+kaIja kajb kb j -f2 J M >

E* (-1)J+j+ja+jb+ka+kbI ja -ka jb -kb j -f2 J M >

(12)* (- 1)J+j+ja+jb+kbIja -kajb -kb j -_ J M >

(34)* (-1)J+j+ja+jb+ka! ja -kajb -kb j -_ J M >

(12)(34)* (-1)J+j+ja+jbIja-kajb-kb j -_ J M >

ab(13)(24)* (- 1)j+ka+kbIja -kajb -kb j f_ J M >

ab(14)(23)* (-1)JIja -kajb -kb j _ J M >

ab(1324)* (-1)J+ka Ija -kajb -kb j f2 J M >

ab(1423)* (-1)J+kbIja -kajb -kb j _ J M >

anisotropy in the potential prohibited reproduction of the original IPS with the expanded

version to within 70 %, even when using values of LA = LB = 7. When comparing this

accuracy with the (NH3)2 calculation (reproducible to within 95%), and realizing that the

ground state VRT levels did not adequately converge by incrementally increasing the basis

set, it was determined that this method may not be an adequate formalism to apply to the
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present problem, because convergence of both the ground and excited state vibrational

manifolds in (D20)2 is needed. Thus, the original attempt at such a calculation was

abandoned, and further thought will be required to treat the multidimensional dynamics of

the water dimer.
I

" 3._ Conclusion

The tunneling dynamics of this particular vibration have been well characterized,

and this Chapter provides the motivation for searching to higher frequency, so that other

vibrations may also be identified and examined. The value of such an accomplishment

provides two benefits. First a second vibration, of either the normal or perdeuterated water

dirner, will be useful in comparing the multidimensional tunneling dynamics with those

presented in this work. Secondly, a continuation of this effort will certainly aid in

calculating the IPS for the water dimer, as well as provide a detailed description of the

intermolecular forces which govern the tunneling dynamics exhibited by the cluster. The

data regarding the isotopomers is also valuable, tor each unique species allows for a single

tunneling splitting to be probed independently of the others. This will provide information

regarding the coupling of each tunneling motion with the highly anharmonic intermolecular

vibration. Lastly this effort should be directly coupled to existing theoretical capabilities.

Although the initial attempt to simulate the dynamics did not seem feasible with the current

level of technology, it may be worthwhile to set up some form of a calculation, for as

theoretical efforts develop along with computer technology, such a calculation will be of

. great value in testing the global usefulness of a water dimer IPS.
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Chapter 4

The Measurement of Vibration.Rotation.Tunneling Dynamics
in the Water Trimer-d6 Cluster

4.1 Introduction

Despite decades of extensive investigation into the properties of water and its

chemical behavior, 1 there remain important unanswered questions which have potentially

significant impact on many chemical and biological problems. For example, the

intermolecular forces that exist between water molecules, and are typically oversimplified

within the context of current theoretical methods used to study the condensed phases of

water (especially with regard to nonpairwise additive interactions, which are poorly

characterized through experiments). Although many-body forces are gene-ally considered

to be weak relative to the dominant pairwise additive forces, they axe clearly important in

contributing to the characteristics of the condensed phase. For example, it is well known

that pair and higher order distribution functions in liquids extend well beyond the nearest

neighbor solvation shell, and that low frequency phonon motions, described by the

collective oscillation of a large ensemble of molecules, are also present in the bulk phase.

These observations, indicate that short range order exists in liquids over a distance which is.I

larger than the diameter of the f'trst solvation shell. Such interactions of many molecules

• would be more completely defined by the inclusion of both pairwise and nonpairwise

additive interactions. This is particularly important for H-bonded liquids, for the

intermolecular energies in the condensed phase are known to substantially deviate from a

simple pairwise additive summation. Because of the inadequate description of nonpairwise
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additivity, the treatment of liquid phase phenomena is most commonly accomplished by

assuming that pairwise additive forces are solely responsible for the characterization of the

solution phase properties. Although this assumption is straight forward to apply, it

oversimplifies the bulk by neglecting the weak contributions originating from multibody

forces, and this is particularly important for structured liquids, such as water.

A related phenomenon, also of g_eat importance, 2 is the concerted hydrogen bond

tunneling motions that occur in the bulk phases of water and in (H20)n clusters, for which

n >--2. By examining the tunneling dynamics in larger water clusters, possible extensions

to analogous motions in the condensed phase, such as water librational motions and the

concerted rearrangement of hydrogen bonding networks, may develop. It is interesting to

note that each of these dynamical considerations occur on similar time scales between 10 -

100 ps, 2 as was discussed in Chapter 1. These considerations a_-eritical elements in

gaining a detailed understanding of the nature of many chemical phenomena, as well as the

structure of liquid water itself.

By measuring the low frequency van der Waals intermolecular vibrations in clusters

with resolution of rotational and tunneling motions using tunable FIR lasers, and then

analyzing the resulting VRT spectra in terms of PI group theory and scattering theory, pair

potentials of unprecedented accuracy can be obtained. 3 Also, by examining the detailed

dynamics of clusters, the development of condensed phase dynamics will be enhanced

through the careful extension of the gas phase knowledge to the bulk. There is a great deal

of work currently available with regard to aqueous processes ( as was presented in Chapter

1), and as discussed in the previous chapter, the water dimer has been the subject of

numerous investigations by FIR-VRT spectroscopy and other high resolution spectroscopic

techniques. The resulting characterization of the dimer structure and the hydrogen bond

tunneling dynamics among the structurally equivalent forms has been an important

accomplishment, which has had significant impact in studying condensed phase problems. 4

However, it is clear that these two extremes must be connected by exploring the properties
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of larger water clusters. This creates the exciting possibility of investigating cooperative

(nonpairwise) effects in hydrogen bonding ttu'ough VRT spectroscopy of the water trimer,

and it is this line of thought which motivates the present study.

In this chapter the first detailed experimental results for the cyclic water trimer are

presented. Over 100 FIR-VRT transitions were measured for the d6 isotopomer in the

" frequency range of 86.7 - 92.0 cm -1 with a precision of ca. 1 ppm. 5 The data are

interpreted in terms of a c-type (parallel) VRT band of an oblate symmetric rotor, with

rotational constants in good agreement with the cyclic structure predicted from ab initio

calculations.6, 7,8.9 Many of the observed rovibrational transitions appear as an evenly

spaced quartet of lines which have relative intensities corresponding to those calculated for

transitions between VRT states of "F" symmetry in the PI group G96. The structural

parameters obtained indicate that each of the monomers behaves both as a donor and as an

acceptor, as in the bulk phase of water. Yet possibly the most interesting deduction from

the structural analysis is that the cyclic water trimer exists as a transient chiral molecule on a

subpicosecond time scale, and the interconversion of the left and right handed

stereoisomers occurs via low barrier quantum ttmneling motions.

The descriptior, of the water trimer will be presented in this chapter as follows.

Section 4.2 will describe the particular aspects of the experimental setup used when

collecting the water trimer data, as well as the description of an isotopic substitution

experiment which was used to unambiguously identify the spectral carrier. In Section 4.3

the fitted rotational constants will be presented and discussed in terms of their structural

. implications. The spectrum is strongly perturbed by the various tunneling motions, and

this will also be discussed. In Section 4.4 the detailed group theoretical analysis, which is

• found to explain the observed VRT multiplets, is presented. Concluding remarks regarding

the proposed transient chirality of the water trimer and future experimental swategies will be

contained in Section 4.5.
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4.2 ExperimentaUlsotope Experimental Verification

The Berkeley tunable far-infrared (FIR) laser absorption spectrometer has been

thoroughly described in Chapter 2 and the included references, hence only the details

pertaining to the water trimer search will be presented here. Four far-infrared laser lines

were used in this work: 2588361.8 MHz (13CH3OH); 2633900 MHz (13CH3OH);

2664085.3 MHz (CH2DOH); and 2714715.1 MHz (13CH3OH). By mixing continuously

tunable rrticrowaVes (2-65 GHz) with the fixed frequency far-IR laser in the 1T12 Schottky

banier diode, tunable r"TRmiiation is obtained. The tunable sidebands (Vsidebancls = Vlaser

+/- vmic,'owaves) arc separated fi'om the fixed frequency carrier with a Martin-Puplett

diplexer. Further separa6,on is zccomplished with two 750 line/inch nickel meshes

operating as a tunable Fabry-Perot etalon. The entire laser beam path was continuously

purged with dry N2 or Ar to pcrmi_ scanning in spectral regions in which .FIR atmospheric

water transitions exist. The radiation enters the molecular beam chamber through a 1mm

thick polyethylene window and is multipassed 10 times through the four inch long ew

planar expansion in _hich the vtater uimer is formed and supersonically cooled to a

rotational temperature near 5K. The highest sensitivity was obtained when a 0.001" slit

width was used. Tl-,claser radiation exits the chamber and is detected by the Liquid helium

cooled Ge:Ga stressed photoconauctor discussed in Chapter 2, and absorption features are

measured as a decrease in detected sideband power. The tunable sidebands are frequency

modulated at 50 khz and absorption signals are demodulated at 2f yielding a minimum

detectable fracr;¢nal absorption of 1 ppm. The water trimer absorption signal was

;ptirnized by bubbling argon through neat D20 (99.9% purity) at a pressure of 900 torr

which produces a typical cham_r pressure of 300 mtorr. The Ar carrier gas had to be
,!

bubbled through the D20 liquid, beca_se it was determined that no water trirner lines were

detectable if the carder gas was simply passed over a reservoir of D20.

To verify that the spectral carrier belongs to that of the water trimer an isotopic

substitution experiment was conducted with H20/D20 mixtures. Assuming that the
_
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hydrogens in each mixture statistically randomize, and neglecting kinetic isotope effects,

the intensity reduction of a given trimer VRT transition due to the equal probability of

forming the trimer with protons rather than deuterons follows the simple relationship,

• In [fractional intensity] = N In [mole fraction of D20], (4.1)

" in which N would be four or six for a cluster containing two and three D20 subunits,

respectively, and [fractional intensity] is equal to the ratio of the intensity of the transition

observed with the mixture versus a pure D20 sample. This relation has been shown to give

correct results for (D20)2 transitions (i.e. where n is equal to four). For this experiment,

two identical bubblers were used for trimer isotopic substitution in which one contained a

pure D20 sample which served as the control vessel. The D20/H20 mixture was prepared

in a sequential manner, by repeatedly diluting the previous sample contained in the second

bubbler, with a measured amount of H20. For each mole fraction, a control experiment

was conducted from which the fractional intensity ratio was determined. A logarithmic plot

of [mole fraction of D20] versus [fractional intensity] of a representative R branch

transition (with 5% precision) for five different D20/H20 mixtures yields a value of N

equal to 5.5 +/- 0.4 at the 90% confidence limit. These data are are plotted in Figure 4.1.

In Figure 4.2, the transition is shown for three different mole fractions of D20/H20

equaling 1:0, 0.89:0.11, and 0.85:0.15. The scan of the 100% D20 mixture is

representative of the quartet structure of the VRT multiplet which will be referred to

throughout this chapter.

4.3 Results
d,

In Figure 4.3 the observed water trimer spectrum is shown in which the relative

intensities are those which have been measured. Each of the reported transitions is split

into an evenly spaced quartet and the frequencies of the largest component for eacla
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Figure 4.1
1.9-

y = 0.013 + 5.4 x R^2 = 0.996
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In(mole fraction of D20)
A lh-lh plot of mole fraction of D20 versus fractional intensity for five D20/H20 mixtures
is shown. The slope is determined as 5.4 and the statistical analysis of the data yields an
uncertaintyof 0.4 at the 90 %confidence limit.

Figure 4.2

° V-; o

/ /_ -2oo

•_ -4o0

-600

100% 89% 85%
b

Three different concentrations for the D20/H20 isotopic intensity reduction experiments.
The 100 % scan represents the quartet feature observed for many of the VRT transitions.
The intensity reduction approximately follows the relationship of Equation 4.1 in which the
value of N equals 6. The % mole fraction of D20 for the scans are listed below each of the
VRT features. These concentrations should theoretically yield % fractional intensities of
50 % and 38 % for the 89% and 85% mixtures, respectively, relative to the 100 % D20
sample. Each of these scans were taken with a 3 second time constant and background
subtraction. Also, substantial effort was needed to keep the 2714 GHz 13CH3OH laser
stable.
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Figure 4.3
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The obscrvexl VRT band of the water trimer-d6 is display_ as a stick spectrum.
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multiplet are listed in Table 4.1. The transitions are reported in this manner because the

weakest component within the multiplet was not always observable due to sensitivity

limitations. The splitting between each of the components of the quartet is ca. 6 MHz.

This provides a def'mitive signature for the VRT transitions belonging to this particular

intermolecular vibration. The band can be best described as having a contour which can be

modeled as a parallel vibrational transition of either a or c type, for a near prelate or oblate

asymmetric rotor, respectively. More precisely, a strong Q branch consisting of ca. 60

VRT transitions is found in a very compact spectral region and the relatively weaker P and

R branches lie to the red and blue, respectively. The P and R branches can best be

described as groups of transitions among the K stacks corresponding to a particular value

of AJ, spaced evenly by 11.5 GHz, on average. Also, the number of transitions for a

given ]XI= +/- 1 transition follows the relationship of 2J + 1, as is expected for a parallel

transition in a near-oblate asymmetric intor. These two results along with the isotope data,

verify that the VRT band describes the cyclic form of the water trimer. The Q branch

exhibits several constant patterns, however the spacing between each line (first difference)

is ca. 200 - 400 MHz, whereas the second difference for each of these patterns is ca. 1 - 10

MHz. This indicates that the band is strongly perturbed, and this will be further discussed

throughout this chapter.

Each of the transition frequencies in Table 4.1 are labeled by the J value. Definitive

Ka, Kc assignments are not possible for ali of the transition frequencies, because the VRT

band exhibits strong perturbations in both the upper and lower vibrational states as was

determined by the fitting of combination differences in both of these states. This was

accomplished by assigning a particular J to each energy level and then fitting all possible

combinations of the P and R branch transitions to combination differences for the various

Kc manifolds in each vibrational state. These fits incorporated only the A, B, and C

rotational constants because it was assumed that if either state was unperturbed the low J

combination differences would be weakly dependent on any of the distortion constants.
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Table 4.1
The observed frequencies of the trimer multiplets reported (in MHz).

zkJ = 7 -> 6 zkJ= 6 -> 5 zLl = 5 -> 4 zLl = 3 -> 2 zkl = 2 -> 1
2602.2600 2613.9565 2625.8467 2649.6130 2661.4952
2603.1036 2614.1614 2626.0647 2649.8620

. 2604.2138 2614.3767 2626.2959 2650.1280
2605.3552 2614.4077 2626.3726 2650.1120
2605.0170 2614.6013 2626.5356 2650.7137

• 2614.8301 2627.4490
2615.8176 2627.7214
2616.0686 2627.8262

2628.0376

The Observed Q Branch Multiple_
2681.0442 2682.8887 2684.3301 2686.2332
2681.2959 2682.9011 2684.3879 2686.3442
2681.3904 2683.0610 2684.6375 2686.3994
2681.6204 2683.0815 2684.6760 2686.4751
2681.7334 2683.1958 2685.0017 2686.5623
2681.8538 2683.2449 2685.1621 2686.5930
2681.9443 2683.3833 2685.2910 2686.7151
2682.0697 2683.4345 2685.3665 2686.7773
2682.2047 2683.5000 2685.4299 2686.9473
2682.2611 2683.5841 2685.4832 2686.9801
2682.3994 2683.7024 2685.6697 2687.1802
2682.5555 2683.7991 2685.7368 2687.4063
2682.5781 2684.0183 2685.8945 2687.6294
2682.7183 2684.0959 2685.9868 2687.8454
2682.7346 2684.2491 2686.1216 2688.0630

z21= 0-> 1 z_U= 1-> 2 zLl= 2-> 3 zkJ= 3-> 4 zLl= 4-> 5 zkJ:: 5-> 6
2696.5410 2707.8198 2719.1026 2730.3828 2741.4629 2752.9255

2708.3341 2719 47 2730.6132 2741.6557 2753.1233
2708.0925 2719.6208 2731.1251 2741.8730 2753.5581

2719.7803 2731.1582 2742.1013 2753.7119
2720.1964 2731.6555 2742.3435 2753.7959

2731.7117 2742.4696 2754.0359
2732.0234 2742.5994 2755.3120

" 2743.2156
2743.3213
2743.5147

117



Unfortunately this procedure yielded extremely large residuals for each vibrational state,

and an unambiguous assignment of the Ka and Kc quantum numbers is not possible with

the present data set. The resulting fit of the band is consistent with these observations.

Three progressions were fit as the Kc = 0 and 1 subbands. More data has not been

included because of the lack of sensitive spectral coverage, and this prohibited the

identification of progressions for Kc > 1. The progression which contained the AJ = 0 -> 1

transition was assigned as the Kc = 0 manifold, whereas the other two were assun ted to

belong to Kc =1. The only way a reasonable fit could be obtained was with ver) large

values of the DjK distortion constant. Also, since the band structure indicates a parallel

transition, the values of the two C rotational constants are difficult to obtain1independently

with the amount of information included in this fit because the parameters are correlated.

However, (A + B)/2 is well determined for both the ground and excited states. The

molecular constants (in MHz) resulting from a fit of the three progressions are: A" =

5884.6 (74), B" = 5702.7 (88), C" - 2806.3 (92), D"JK = 27.4 (11), A'= 5844.9 (58),

B'= 5719.8 (73), C'= 3018 (10), D'jK = 14.71 (90), and a band origin, v0 = 2684979.4

(29). The uncertainties in these parameters are rather high when compared to those

obtained for other near symmetric rotors. Therefore, some comments regarding the fit are

noted. First of all, when including other distortion constants such as Dj and DK, no

meaningful change in the quality of the fit was observed as indicated by the standard

deviation of 8 MHz. Since both the ground and excited vibrational states are perturbed, the

inclusion of data for larger Kc was not possible without the extension of progressions in

these subbands. Also, the value for the two DjK distortion constants are extremely large,

and this result can be compared with those found for the water dimer. In the original

microwave double resonance experiments of Dyke, Mack, and Muenter 10 the transitions

between states of E symmetry were fit to a standard rigid rotor Hamiltonian with distortion

constants. Each of the two sets of transitions between E states were fit for three

isotopomers of the water dimer ((H20)2, (D20)2, and (H2180)2). Six values for DjK
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resulted and their magnitude ranged from 0.7 - 4.0 MHz. Since this work, these values

have been reinterpreted as the result of the donor tunneling shift, and it is clear that the

water dimer rotational constants are not entirely representative as structural constants.

Therefore, it is presumed that tunneling motions produces the same effect for the water

trimer band, and the DjK values do not provide an indication of the molecular structure.

- However, they indicate that strong dynamical influences are present from the large

amplitude tunneling motions.

Even though the fitted rotational constants are not entirely representative of the

structural parameters, a calculated structure is presented as an estimate for the equilibrium

separation between the three pairs of oxygen atoms within the cluster. The three oxygen-

oxygen separations are each labeled with a vector ROA,OBin which each vector points from

oxygen A to oxygen B (A, B = 1, 2, 3). These three vectors were determined by moving

three point masses of 20 amu over a planar grid of spatial points, t.atil the moments of

inertia were reproduced. Each set of three points sampled represented the vibrationally

averaged position for the center of mass of each monomers. This grid was then scanned

for the set of points which best reproduced the fitted rotational constants. Once the center

of mass positions were determined for the three monomers, the individual D20 molecules

were positioned about the center of mass points, and rotated through their corresponding

Euler angles (relative to the space timed axis of the planar grid) to reproduce the H-bonded

angles of the structural water trimer of Reference 5. The angles for these bonds are defined

as DO 102 = 28 °, DO203 = 30°, and DO102 = 27°, and were assumed to lie in the plane of

the ring. Finally, each of the out-of-plane deuterium atoms are fixed in a plane which is

perpendicular to the six-membered ring. This calculated structm'e for the water trimer-d6 is

" shown in Figure 4.4 from above the plane of the cyclic ring, and is indicative of the

vibrationaUy averaged cluster. To clarify the smacture of Figure 4.4, it is noted that the

deuterium on O1 is below the plane of the ring, whereas those residing on O2 and O3

extend above this plane. The structure calculated in this manner, reproduces the ground
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Figure 4.4
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The calculated structure for the water trimer-d6 as obtained from the fitted rotational
constants.

o

state rotational constants presented in this work with an error of +/- 0.03 A when ROI,O2
o o o

= 2.97 A, RO2,O3 = 2.94 A, and RO3,O1= 2.97 A. These vibrationally averaged values

for RO _,,OBcan be compared to the oxygen-oxygen separation in the water dimer, which
o

has been determined to be 2.976 A.

4.4 VRT Multiplet Interpretation

4.4.1 The Formulation of the Full Molecular Symmetry Group

As was described for the water dimer in Chapter 3, tunneling splittings of the

rovibrational energy levels appear when identical particles are able to pass through IPS
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barriers. Such tunneling motions permit the extensive sampling of symmetrically

equivalent forms of the molecule. In the limit for which the IPS barriers are high, each of

the equivalent minima posses degenerate rovibrational eigenvalues, and no tunneling

splittings are observable. Thus, the only trajectory between adjacent minima is one which
q

takes the molecule over the large IPS barriers, and this process usually requires the

, breaking of chemical bonds. For the limit in which the barriers are small, the tunneling of

identical particles through low energy pathways can easily be accomplished. This causes

the mixing of the zero order rovibrational energy levels, located in the various equivalent

minima, and observable spectral splittings result. This interaction requires the necessity for

additional symmetry labels to characterize the resultant VRT energy levels diagram. To

account for the full symmetry of the system, permutation-inversion (PI) group theory is

adopted to classify the VRT eigenstates, as was demonstrated in the previous chapter. In

weakly bound van der Waals clusters, such as the water trimer, large amplitude tunneling

motions correlate with hindered rotations of each monomer, and are facile motions which

depend on the anisotropic nature of low barriers on the multidimensional IPS. The m,3st

facile of the tunneling motions produce the largest tunneling splittings, which may be

resolvable with narrow band laser systems. Knowledge of the spectral splitting pattern

helps to determine plausible tunneling pathways, and gives information regarding the

anisotropy on the IPS along each of the various tunneling coordinates. Therefore, a

correlation diagram for these splittings must be constructed, for it is a valuable resource

toward the understanding of the dynamics in these weakly bound clusters. Such a diagram

describes the effects of each tunneling motion on the rovibrational energy levels, and isv

used to rationalize the observed spectral splitting patterns of a particular cluster. Thus, a

, correlation diagram for the water trimer wiU be proposed to explain the observed tunneling

splitting pattern for the measure_ VRT band located near 89.6 cm "1.

The construction of the trimer correlation diagram will begin by assuming the

molecule exhibits no tunneling; in other words the IPS barriers are extremely large. The
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most stable equilibrium structure for the water trimer has been determined through high

level ab initio theory 6-9 to be a cyclic ring in which the oxygen-oxygen separations

constitute the sides of an isosceles triangle. For this minimum energy structure, each water

subunit serves as both an H-bond donor and an H-bond acceptor. Two such structures

which adhere to the above description have been found to exist. In one of these, two of the

remaining three free hydrogens point above the plane of the ring whereas the third is

directed below, and in the other form ali three of the free hydrogens reside on the same side

of the ring. In Figure 4.5 an illustration of these two structures, labeled as trans and cis, is

presented. In this figure, each atom is uniquely labeled so as to make them distinguishable

Figure 4.5

Trans-form Cis-form

The two nearly isoenergetic forms of the water trimer-d6 van der Waals cluster labeled as
trans and cis.

from each other. The only point group symmetry operation for the trans isomer is the

trivial identity, whereas the cis form contains the identity and a C3 axis of rotation. This e

defines the symmetry groups for the two molecules as C1 and C3, respectively. An

interesting aspect of these two structures is that their mirror images are not superimposable

on their original forms because the O-H- -O H-bond is asymmetric, 11 therefore, they are
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both chiral rings in the structural limit.

At this point the individual tunnel_ng motions will be introduced separately.

Through the tunneling of the identical particles, symmetrically equivalent forms of the

cluster may be accessed, and this introduces the additional permutation-inversion symmetry

operations which are applicable to the cluster. The complete nuclear permutation-inversion

- (CNPI) group for this cluster contains 8640 operations (3! x 6! x 2) when simply

considering the complete permutation and inversion of ali identical particles (3 oxygen

atoms and 6 protons). However, the breaking of water O-H bonds is not considered for

this problem and the relevant molecular symmetry group reduces to an order of

[$3] [$2] 3 1 = 96. (4.2)

In Equation 4.2, [S3] represents the permutation group which allows for ae interchange of

each of the oxygen atoms, [$2] represents the permutation group for the two hydrogen

atoms on a particular water subunit, and I is the inversion of ali particles through the cluster

center of mass. The group [$2] is cubed because of the presence of the three individual

water subunits within the cluster. The subgroups $3 and $2 are made up of the following

operations,

$3 ={E, (AB), (BC), (CA), (ABC), (ACB)}, (4.3)

and for each water monomers,

$2 = {E, (12)},or {E, (34)}, or {E, (56)}. (4.4)

From these two subgroups, the full molecular symmetry group of the water trimer can be

• generated in terms of the Generalized Character Cycle Index (GCCI) approach which has

been discussed by Balasubramaniun and Dyke. 12 This treatment automatically generates

the form for each of the 96 PI operations of the water trimer, and each of these operations

are listed in Table 4.2. A GCCI term of the form Xnm, corresponds to "m" cyclic
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Table 4.2.
The permutation group G48 representative of the water u'imer created by the direct product
of [$3] and [$213; inversion is not included. This group is isomorphic with the Oh point
group. The full molecular symmetry group of G96 is made up of each of these elements
and this set of operations multiplied by E*.

Permutation Operation GCCI Terma Conjugacy of "
Class

E xi 6 1

(12), (34), (56) x14x2 3

(12)(34), (34)(56), (12)(56) xl2x22 3

(12)(34)(56) x23 1

AB(13)(24), AB(14)(23), BC(35)(36), xl2x22 6
BC(36)(45), AC(15)(26), AC(16)(25)

AB(1423), AB(1324), BC(3645), x12x4 6
BC(3546), AC(1625), AC(1526)

AB(1324)(56), AB(1423)(56), BC(3546)(12), x2x4 6
BC(3645)(12), AC(1625)(34), AC(1526)(34)

AB(13)(24)(56), AB(14)(23)(56), BC(12)(36)(45), x23 6
BC(12)(35)(46), AC(15)(26)(34), AC(16)(25)(34)

ABC(146)(235), ABC(135)(246), x32 8
ABC(145)(246), ABC(136)(245),
ACB(153)(264), ACB(164)(253),
ACB(154)(263), ACB(163)(254)

ABC(146235), ABC(136245), x6 8
ABC(135246), ABC(145236),
ACB(164253), ACB(153264),
ACB(154263), ACB(163254)

a GCCI will serve as a label to describe the form of a particular class of elements in the
group G48.
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permutations of index "n". The table is organized in terms of similar GCCI terms, and this

grouping automatically defines the conjugacy of each class of operations. Each of these

operations converts an initial framework of the trimer into a symmetrically equivalent form,

since the cluster Hamiltonian is invariant to the permutation of identical particles or the

inversion of the particles through the cluster center of mass. Some of these operations also

. interconvert fight and left handed enantiomers of the cluster, and these will be considered

when appropriate.

In generating the correlation diagram, only the details of the trans structure will be

considered in detail, because this is found to be the most stable form of the cluster, and

involves the more complicated group theoretical treatment. The time averaged position for

each of the out-of-plane hydrogens for the C 1 structure, places them approximately in the

plane of the ring. This is intuitive because the barrier to this transition state is extremely

low, thus permitting the facile motion of the hydrogens from above to _Iow the plane of

the ring. This "librational" type of tunneling motion is equivalent to a simple rotation of

each water subunit about its hydrogen bond so that the out-of-plane hydrogen flips from

above, to below the plane, and this motion will be referred to as the "flipping" tunneling

coordinate. 13 The calculated height of the barrier through which this motion proceeds is

ca. 40 and 30 cm -1 for (D20)3 from References 5 and 9, respectively. Thus, the large

amplitude "flipping" tunneling motion is considered to be very feasible due to the presence

of the small barrier. The symmetry operations which take an initial framework into

frameworks resulting from a "flipping" tunneling event are defined by the subgroup of

operations

{E, (ACB)(153)(264), (ABC)(135)(246),
. (4.5)

E*, (ACB)(153)(264)*, (ABC)(135)(246)* },

for which E is the identity, (ACB) etc. is defined as a cyclic permutation of identical
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nuclei 14 such that A moves t,a position C, C moves to B, and B moves to A, and the (,)

represents the inversion of all particles :.h_roughthe center of mass of the cluster. These six

operations represent the action of tunneling between symmetrically equivalent structures of

the trimer, and to a First approximation the tunneling pathway may be del'reed as the simple
w

rotation about the H-bond as mentioned earlier. An interesting aspect of these operations is

noticed when realizing that that three of them (E*, (ACB)(153)(264)*, (ABC)(135)(246)*)

interconvert right and left handed enantiomeric forms, whereas the remaining three (E,

(ACB)(153)(264), (ABC)(135)(246)) simply preserve the handedness. Figure 4.6, taken

from Reference 4 represents tunneling ol the deuteron labeled 5 in the left handed structure

along a pathway which follows a rotation about the OA"'Ds-Oc hydrogen bond. This

operation, aefined in the figure caption and in Reference 10 as (ACB)(153)(264)*, is one

of the six operations in the C3h(M) molecular symmetry group, and it interconverts the

right and left handed enantiomers of the cluster. The result of each of the six operations on

the initial framework of the cluster are shown in Figure 4.7.

In the limit wherein the flipping motion is the only means of tunneling, the

molecular symmetry group will co_late to a molecular point group which is isomorphic to

C3h and is thus, called C3h(M). As a result of the "flipping" mnnding motions, each of the

IJ, K> rotational energy levels will split into six VRT states, which have the symmetries

A', A", E', and E" of the irreducible representations of C3h(M). The correlation diagram

shown in Figure 4.8 illustra_s the degeneracy breaking of the IJ K> due to the flipping

tunneling ruction. In this umneli:_g limit a large splitting is assumed between the various

VRT components because of the extremely low barrier for this motion (ca.30-40 cm-l). As

a result, four unique VRT sublevels will arise. The._,esublevels will be separated in energy

by the large flipping tunneling splitting. Such a low barrier motion is consistent with the

unlikely possibility of the presenc_ of a permanent dipole moment along the C inertial axis,

because the individual dipoles of the water subunits are constantly fluctuating. This is

further corroborated by the molecular beam electric field deflection cxpe_ents of Dyke
_
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Figure4.6Caption
The chiralityofthewatertrimer-d6clusterisillustratedbydisplayingthecyclicring

structurealongwithitsmirrorimage.The handednessofancnantiomcrisdefinedby
projectingthedipolemoment ofeachsubunitintotheplaneofthecyclicring.Each
projectionisdepictedbeneaththeringsandtherighthandedcnantiomerisdefinedsothat
when followingthedipoleprojectionsinarighthandedsense,theresultingorientationis
alignedwiththepositiveZ-axis.The identicalnucleiwithintheclusterarclabeledsoasto
make themdistinguishablefromoneanother.An exampleofanoperationwhichpermutes
theidenticalnucleiiswrittenas(ACB)(153)(264)*,forwhich(ACB) etc.isdefinedin
Reference13asacyclicpermutationofidenticalnucleisuchthatA movestopositionC,C
moves toB,andB moves toA, andthe• representstheinversionofallparticlesthrough
thecenterofmassofthecluster.Thepathwayforthisoperationisequivalentto"flipping"
D5 from abovetobelowtheplaneofthecyclicringby rotatingabouttheOA'"Ds-OB
hydrogenbond.The simplerotationsaboutthetwomoleculefixedaxes,orientthecluster
sothatitsmirrorimagecaneasilybenoticed.Tunnelingthroughthislowbarrierpathway
is an example of how the leftand righthanded enantiomersof theclusterarc
interconverted.

127



m

128



" Figure 4.7

" 3 - 1 5
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E ABC(135)(246) ACB(153)(264)

3 1 5
# # I

c"_ 6 A

\ \ \
1 5 3

E* ABC(135)(246)* ACB(153)(264)*

The six symmetrically equivalent forms of the water trirner generated by the permutation-
inversion operations which correspond to the flipping of the out of plane hydrogens from
above to below the plane of the ring. These six operations form a subgroup which is
isomorphic to C3h(M).
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Figure _'8
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The complete correlation diagram for the water aimer from the rigid,nontunneling limit to
G96. Each of the E states in the D3h(M) limit correlate to the six G96 states, and thus the
number"2" is placed in front of these to complete the correlation. Sequential application of
Equations 4.7 and 4.8 areused to transforma subgroupto its larger homomorphic group.
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and Muenter. 15 This extremely facile motion would render microwave spectroscopy nearly

impossible.

Another possible low barrier motion is one which reverses the sense of the H-

bonding from clockwise to counterclockwise and will be referred to as the "cw-ccw"

motion. The operations representing these motions are,

{(AB)(13)(24), (AC)(15)(26), (BC)(35)(46),
(4.6)

(AB)(13)(24)*, (AC)(15)(26)*, (BC)(35)(46)* }.

A simple tunneling pathway is difficult to imagine for this motion, however it most

certainly would involve a 180° rotation of each water monomer about its corresponding C

inertial axis which is perpendicular to the plane of each subunit. Presumably this would

occur along a concerted reorientational pathway. Since the breaking of the simple H-bond

network is required for this motion, the barrier would necessarily be high relative to the

flipping tunneling motion, thus producing a small spectral splitting. By taking the direct

product of the "flipping" and "cw-ccw" operations, a PI group which is isomorphic with

the point group D3h is constructed, and is therefore called D3h(M). The correlation

between the VRT states of C3h(M) to those of D3h(M) can be determined with the

following two general expressions,

h

r =Z
i=x (4.7)

h

- ai= 1 _' _;r.[HRI_;r,[HR],"R=_ (4.8)

In these two equations, Fs and Fi represent the irreducible representations of the D3h(M)

and C3h(M) groups, respectively, h is the order of the subgroup (h of C3h(M) = 6), and

_Fa[HR] and zFi[HR] are the characters for each of the irreducible representations for each
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of the elements HR in their respective groups. When applying these expressions it can be

determined that the A' and A" states of C3h(M) split into AI'/A2' and Al"/A2" states in

D3h(M), respectively, whereas the E' and E" states of C3h(M) transform as 2E' and 2E" in

D3h(M). The effects of this tunneling motion on the VRT energy level diagram are

illustrated in Figure 4.8.

The last tunneling motion to be considered is postulated to correspond to a rotation

of each water subunit about its C2 axis (B inertial axis). This motion must also occur

through the concerted destruction and reformation of the H-bonded network along its

tunneling pathway. More precisely, the effect of this tunneling motion would exchange the

positions of the two deuterons for each water subunit, thus generating another

nonsuperimposable but symmetrically equivalent water trimer. This coordinate will be

referred to as "C2" tunneling, and is described by the following six permutation-inversion

operations,

{(12), (34), (56), (12)*, (34)*, (56)*}. (4.9)

If the "flipping", "cw-ccw", and "C2" tunneling motions were ali to occur on a time scale

which would produce resolvable splittings, conclusive evidence would then exist for the

interconversion between the 96 symmetrically equivalent forms of the trimer. These

symmetrically equivalent structures are graphically illustrated in Table 4.3 for the G96

molecular symmetry group. In this Table an operation is applied to the original structure to

obtain the final labeled form. Only the 48 structures which may be determined by the

operations defined by the product group [$3] x [$2] 3 are included. To obtain the remaining

48 structures, each labeled form in Table 4.3 would need to be multiplied by E*. Ali of the

96 tunneling motions serve as a pathway which interconverts one labeled form of the trimer

into an equivalent labeled form. In this tunneling limit, ali of the 96 symmetrically

equivalent minima on the IPS are accessible through the proposed tunneling motions.
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Table 4.3

The 48 labeled forms for the cyclic water trimer which arise from the product of [$3] x

[$2] 3. To obtain the remaining 48 labeled forms, the inversion operation should be applied
to each of the structures shown below.

3 3 4 3
I I t

'_b 5 Ib 5 ,hb 5 ,hb 6

_3 / 2_4 /

"_4 7 la20...... a2_4 / _ o--.-_ _ /_...._•_ ]a 6,,...., c

4 ( ( g
, E (12) (34) (56)

4 4 3 4

'_ '• "• \ b 6

,_b 5 12b 6 ilb 6 '1_3l'_31 _I I __--
I 1 t 1
2 1 2 2

(12X34) (34)(56) (12)(56) (12)(34)(56)

1 2 5 6
'_ • • "ll

I __I i_l _3...1
I t I t
3 (ab)(12)(34) 4 (ab)(14)(23) 1 (bc)(35)(46) 1(bcX36)(45)

3 3 2 1
i• s

• b 1 tb 2 _a 5 ,_a 5

6_4/ f_4/ "(6_l __2 l

_.....a c l"'a 6-"

(° 6t 41
(ac)(15)(26) (acX16)(25) (ab)(1423) (ab)(1324)

5 6 3 3
', '• 3 "\

\

12c 4 12c_5 / '?_ 4 2 _'?_ 4 1
_6 t 'a 4_'_ l 1/1 /c 3""1

1/ t t 1. 1 5 6
(bc)(3645) (bc)(3546) (ac)(1625) (ac)(1526)

1 2 6 5
I

I I l• •

. ,_a 6 ta 6 ,,c 3 _c 4

3_2/ 4_1 / 1_5 t 1_6 t

4 ( ( {
(ab)(56)(1324) (ab)(56)(1423) (bc)(12)(:t546) (Ix:)(12)(3645)
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Furthermore, 48 operations convert a right handed form of the trimer to the left handed

form through the low barrier tunneling motions, and 48 preserve the handedness of the

cluster. In this situation, the appropriate molecular symmetry group for the water trimer is

G96, which is equal to the group created by the direct product of Ci(M) with Oh(M). This

is the largest group possible for the cyclic water trimer in the limit wherein the chemical

" bonds of each monomer remain intact.. The character table for G96 can be easily

constructed by multiplying the character tables for the point groups Oh and Ci together, and

the result of this is shown in Table 4.4.16 From the character tables of G96 and D3h the

correlation between the twu groups may be accomplished by using the relationships of

Equations (4.7) and (4.8). The correlation from D3h(M) to G96 introduces additional

splittings of the V'RT levels so that a complete breaking of the rovibrational degeneracy

occurs for each IJ, Ka, Kc> state, and tiffs tunneling limit is shown in Figure 4.8. The

correlation shows that VRT states having Al', A2', Al", A2" symmetry in D3h(M) will

each split into two A states and two F states, whereas states of E' and E" symmetry in

D3h(M), will each split into two E states and another set of F states. The splitting in the

D3h(M) and G96 limits are shown to be much smaller than that which correlates to the

C3h(M) limit, because these tunneling coordinates require the breaking of the H-bonds, and

therefore, they are required to pass through large IPS barriers when compared to the

"flipping" motion. As determined in Reference 12, the nuclear spin weights for the

irreducible representations of G96 are reproduced in Table 4.5 for both the normal and

perdeuterated isotopomers. Finally the electric dipole allowed selection rule of Fi + <-> Fi',

. When considering the rotational constants for the trimer, and the fact that each

tunneling sublevel in the C3h(M) limit correlates to states of F symmetry, it is not

surprising that the observed band is strongly perturbed. As discussed in the previous

chapter, the selection rules for a Coriolis perturbation permit the interaction of VRT states

between Ka' manifolds which are off diagonal by +/- 1, diagonal in the J quantum number,

and posses the same symmetry label (< Fk,.Jj,,Kr, IHCoriolislFk'Jj'Kr>_Sk'=k",_Sj'=j",Sr=i"+/-1).
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Table 4.4
The character table for Oh(M) point group. The operations for G48 are defined in Table 4.2
and the class conjugacy is reported below each of the operations. To obtain the G96
character table, the character tables for the Oh(M) group should be multiplied by that for
Ci(M), as is shown by the equation below.

Oh_ Xl6 x23 x14x2 x12x22 x12x22 x2x4 x12x4 x23 x32 x6
ii i i u i i inl ii ..... ii I i i|11 ii ii

1 1 3 3 6 6 6 6 8 8
I I III II II IIII I II 1 I I I I I [ I ! I II { Ii { I I I I II I

A1 1 1 1 1 1 1 1 1 1 1

A2 1 1 1 1 -1 -1 -1 -1 1 1

E{ 2 2 2 2 0 0 0 0 -1 -1

A3 1 -1 -1 1 1 1 -1 -1 1 -1

A4 1 -1 -1 1 -1 -1 1 1 1 -1

E2 2 -2 -2 2 0 0 0 0 -1 '.

F1 3 -3 1 -1 1 -1 1 -1 0 0

F2 3 -3 1 -1 -1 1 -1 1 0 0

F3 3 3 -1 -1 1 -1 -1 1 0 0

F4 3 3 -1 -1 -1 1 1 -1 0 0

Ci(M) E E*

A+ 1 1 X {_Oh(M) } = {_G96 }

A- -1 -1
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inddcates that transitions occur between states differing only by the parity label.

Table 4.5

" Nuclear Spin weights for (I-I20)3 and (D20)3.
i

Fi (H20)3 (1920)3 Fi (H20)3 (D20) 3

A1 1 56 E2 8 8

A2 0 20 F1 3 63

A3 10 10 F2 0 45

A4 1 1 F3 6 36

El 0 70 F4 3 18
i

Thus, since the top rotational constant C, is rather small, and each rotational energy level

correlates to many states of F symmetry, the interaction between F states of the different Kc

manifolds is very likely. This congested energy level dia_am will therefore, satisfy the

above matrix element conditions, and the perturbations in the water trimer spectrum will be

extremely complicated. It is also possible that these perturbations are actually variations i.".

tunneling splittings with the Kc quantum number. This kind of variation was observer! in

the previous chapter for the water dimer. If the Ka = 0 -> 0 and Ka = 0 -> 1 subbands for

82.6 cm "1 vibration of the water dimer were fit to a rigid rotor Hamiltonian without the

inclusion of the tunneling splitting parameters, very large values for the distortion constants

. would be needed to obtain reasonable residuals. So when considering the strong

possibility for Coriolis perturbations, with the lack of a detailed, Kc dependent model of the

tunneling splittings, the poor fit of the data with only structural constants must suffice in

the present analysis.

Finally, it should be noted that for the cis- structure of the trimer, the correlation
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diagram would be need to be modified. This molecule has a C3 axis of rotation, therefore,

the molecular symmetry group is C3, and states of A and E symmetry would be present.

The pure rotational symmetry would be such that A states would correspond to values of

Kc which are multiples of 3, and all other Kc manifolds (I, 2, 4, 5, etc.) would posses E

symmetry. If this structure existed, the correlation to G96 would proceed through the

following equation,

A = AI+A2+ A3+ A4+ FI+ F2+ F3+ F4,
(4.9)

E = El+ E2+ FI+ F2+ F3+ 1:4.

The G96 full molecular symmetry group of for the water trimer structure would be

isomorphic with the Oh point group. At this time, there is no way of distinguishing

between the two structures.

4.4.2 Interpretation of the Observed Multiplet Structure and the Vibrational Assignment

The symmetrical quartet patterns observed in the VRT spectra are interpreted as

transitions among the F states, because the relative intensity ratio can best be described by

the nuclear spin ratios of 45, 63, 36, and 18 as defined in Table 4.5. Since the observation

of quartet structure indicates that the slower "C2" and "ew-cow" tunneling motions are

manifested in the molecule, and since the identification of the F states is reasonably well

established, the appropriate symmetry grot:p for the water trinaer must be G96. Because the

F states arise from a tunneling motion which must involve a pathway requiring the breaking

of the hydrogen bonds in the trimer, the barriers for these motions are presumed to be fairly

high. The small splittings (ca. 6 MHz) among these VRT energy components are indicative

of the _ in tunneling splitting between the ground and excited vibrational

states.expected, and do not provide dix,_ctevidence that the actual spl,_'ttingis small. The

small change in the splitting indicates that this tunneling coordinate is not strongly affected

by the intermolecular vibrational motion. However, when considering that the water dimer
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intermolecular vibrational band (presented in the previous chapter) exhibits large changes in

the tunneling splittings upon vibrational excitation, it seems likely that the splitting is in fact

small for both vibrational states. This small tunneling splitting raises an interesting

question regarding the ground state tunneling. The water trimer may not exhibit a
m

spectrally reselvable tunneling motion in v = 0, which would make the order of the

" appropriate symmetry group smaller in this state (G12 = D3h(M) or even G6 = C3h(M)). If

this were the case, the 6 MHz tunneling splitting would correspond to the excited state

energy separation of the F states.

The rovibrational band of quartets is consistent with a transition origin iting from

one of the components (A or E states) of the flipping tunneling splitting descr, bed in the

C3h(M) limit. In this limit, it is probable that the VRT band observed at 89.6 cm-1

correlates with a "flipping" type of _,,orational motion. This motion would certainly exhibit

a large dipole derivative along the top axis, and would result in a c-type band, as observed.

The identification of the exact C3h(M) VRT state from which the vibrational transition

originates, cannot yet be accomplished because ali four irreducible representations in this

group correlate to F states in the symmetry group G96, and the accompanying A or E states

have not yet been assigned. This vibrational assignment is also consistent with the most

recent ab initio predictic as for the water trimer. Table 4.5 lists the predicted vibrational

frequencies for this cluster along with the normal isotopomer between 0 - 200 cm -1, and the

calculated band intensities tJr each. 9 The DZP/SCF calculations were quoted 9 as being the

most reliable for molecular systems which possess large amplitude, highly anharmonic

. motions. The predicted vibrational frequency for the (D20)3 at 98, 118, and 153 cm -1 ali

correspond to modes which involve the flipping of the out of plane hydrogens. These

modes can be distinguished from the 149 cm"1vibrational state from their relative integrated

band intensities. The three flipping vibrations are ali predicted with the DZP?SCF basis set

to be strong absorptions relative to the 149 cm-1 band, which is assigned as a planar ring

deformation mode. When scaling the perdeuterated water trimer frequency of 98 crn- 1by
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the standardcorrection factor for these calculations of 0.91, a value 89.2 cm-1 results. This

is in excellent agreement with the observed VRT band located near 89.6 cm-1, thus the

vibration is assigned as this corresponding to this flipping mode.

I

Table 4.5
q

Predicted harmonY:,frequencies (in cm"1)for vibrational transitions in the FIR spectral
regionfor_,cwatertrimerclustertakenfromReference15. The bandintensifies(in
km/tool)areshown inparentheses.

Ii ii i I ii i 'lq" , ' i i ...... '......... ±_ , i ,,

DZP/SCF "IT_.2P/SCF DZP/CISD
t Hii i i i i

 2o)3....... .  2o)3 (D20)3,, ;0>20)3

133(110) 98 136(60) 101 165 121

154(86) 118 145(81) 118 180 137

162(8) 149 148(7) 136 188 172

169(138) 153 167(172) 141 196 176

194(8) 163 179(7) 156 218 184

222(53) 186 214(48) 172 249 208
i

"lhcassignedVRT bandandthefrequenciesfortheothercalculatedbandsraisean

interestingquestionregardingtheotherflippingtunnelingsublevcls.Sincethebarrierto

theflippingmotionisverylow,themagnitudeofthecorrespondingtunnelingsplittingin

theC3h(M)limitiscomplctclyunimaginable.Eachoftheserovibrationaltransitionsinthe

predictedexcitedstareflippingvibrationsmay individuallysplitintothecorrelationdiagram

of Figure4.8. However,theflippingtunnelingsplittingcouldbc so large,thatthe

prcdictcdvibrationalbandsmay correlatetotheil_dividualtunnelingsublcvelsofC3h(M)

subgroup.Thesetwo VRT limitsarcbestunderstoodintermsofthemagnitudeofthe

matrixelementsresponsibleforeachofmc vibrationalandflippingmotionsinthecluster.
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For the first case, the heirarchy of matrix elements would piace the energy contribution of

the vibrational Hamiltonian above that of the flipping tunneling motion, and this is

designated as Vvib > Vflipping. However, for the latter situation, the contributions of the

two matrix elements to the energy of the cluster could be nearly equal, or possibly even
li

reversed. These two limits are diagramed in Figure 4.9. Certainly, the rigorous selection

rules for G96 will apply, and so this must be included when determining the possible

vibrational transitions. In both lirnits, only the lowest energy subcomponent would have

population in the F states, since thermal relaxation may occur in the molecular expansion

between states of F symmetry. So until the next vibration is observed it is not clear which

overall picture is more appropriate.

4.5 Conclusion

The first observation of this water trirner VRT band reported here, should motivate

the study of complex tunneling motions in larger water clusters which may contribute to

water-water interactions in the liquid phase. With _,is study, the importance of these

considerations is only beginning to become clear, and much more work is needed to

adequately characterize this these types of problems. The tunneling dynamics in the trimer

are extremely complex, and to identify ali of the VRT components will be very challenging,

because initial efforts will have to rely on the relative intensity ratios of transitions which

may not involve such distinguishing patterns. However, this is very important because it

will test the group theoretical formalism outlined above. An equally important experiment

to conduct would be to search for higher frequency vibrational bands belonging to this
,p

cluster. The DZP/SCF calculation of Reference 9 predicts that such an absorption should

be measured at approximately 107.4 cm "1 after multiplying the reported value by 0.91.

Therefore, the next vibrational band of the water trimer-d6 cluster, which has a predicted

intensity comparable to that of the 89 cm-1 band, should absorb at a frequency of 118 x 0.9

- i06 cm-I "ft'hen exan'tining _tutc 2.1 ha 2, lt ,..._...--__ • _...llal.,ll._I IS l_t.tL,rvcx uAal. ul_ Jv t,4,AtA
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Figure 4.9

139 cm" 139 cm1

107 cm "I 107 cm "1

89 m"1 89 m"1

The two possible tunneling scenarios are illustrated for the flipping tunneling splitting. The
corrected transition frequencies are shown as double arrows. Each flipping subcomponent
is further split by larger barrier tunneling motions (cw-ccw, and C2) which l',ave been
omitted in this Figure. Figure 4.8 describes the entire correlation diagram for a given
rovibrational state. In the left hand side, each vibrational state is split due to the flipping
tunneling motion. The right hand side, defines the situation for which the flipping
tunneling subcomponents correlate directlywith the calculated vibrational energies.

=

z
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laser is suitable for scanning in this spectral region. This experiment will not only

corroborate the general picture outlined in this chapter, it can also provide insight into the

two limits of Fit,hare 4.9. Finally, this study is by no means limited to the perdeuterated

species. A relatively strong vibration is predicted at 169 cm -1, and this would correspond
I

to a corrected frequency of 152 cm -1 which is conceivably accessible from both the 63 and

" 70 l.tm CH3OH lasers with the extended microwave coverage. Thus, it is clear that this

chapter represents only the first step in the study of the water trimer.

Through the detailed study of small water clusters like the trimer, our understanding

of the nonpairwise-additive forces operating in hydrogen bonded clusters 8 and liquids 17,

can ultimately be enhanced dramatically. It is very interesting to note that the harmonic

prediction for the ring deformation mode in (D20)3 at 149 cm -1, is very close to the

harmonic approximation for the water dirner stretch near 145 cm- 1. The observation of riais

mode could possibly help in placing a limit on the magnitude of the nonpairwise additive

forces.

Possibly the most interesting aspect of the present work is the deduction that the

cyclic water trimer is chiral, and that quantum tunneling motions of the equivalent

deuterons interconvert the left and right handed enantiomers. This raises interesting

possibilities concerning the existence of chiral structures for larger water clusters, such as

the stable water clathrates recently studied by Castleman 18.19. The interaction of such

chiral water clusters with another molecule would conceivably break the left/right

degeneracy and quench the interconversion tunneling, thereby yielding a complex having a

. well defined handedness. In this situation, a racemic mixture of chemically equivalent right

and left handed forms would result. It is also interesting to consider that the smallest

" repetitive unit of liquid water exhibits a diamond-like tetrahedral lattice 20. The asymmetry

of the static H-bonding network of liquid water, introduces the possibility of a local

chirality existing in the liquid on a time scale shorter than the period of hydrogen tunneling

motions or fluctuations which rearrange the H-bonding network. 2 It seems that no
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previous work has considered either the existence of such transient local chiral structures in

liquid water or the possible manifestations of this phenomenon in chemical dynamics.
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Chapter 5

• Concluding Remarks

5.1 Future Work

In this work, the versatile capabilities of the FIR laser system have been further

demonstrated. The previous two chapters have focussed on the spectral region between 80

- 90 cm -1, in which two reported intermolecular vibrations of small water clusters have

been identified and characterized. More precisely, the tunneling dynamics have been

thoroughly discussed for both the water dimer and the water trirner v_ der Waals clusters,

and group theoretical models have been used to explain the measured spectral splittings.

Since this work represents a new direction of study, it is reasonable to consider future

possibilities toward extending the knowledge of intermolecular degrees of freedom in small

water clusters. From Tables 1.1 and 4.5, it is immediately noticed that extremely

informative molecular motions are predicted for both the water dirner and the water trimer

van der Waals clusters, and these motions should be within the theoretical tuning range of

the FIR laser system. An important question to ask is; "Can this method be used to

interrogate higher frequency intermolecular vibrations?" When considering the results of

Chapters 1 - 4, it is believed that the answer is "yes". Extended diode and microwave

technology have been tested and utilized with the spectrometer in the present study, and the

• Ge:Ga photoconductors offer the capability of detection throughout the entire FIR spectral

region. However, the difficulty in operating the spectrometer toward higher frequency is

related to the available fixed frequency laser lines from which tunable FIR radiation is

produced. Currently continuous spectroscopic coverage exists from ca. 2300 - 3201 GHz
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from lasers with frequencies greater than 2.4 THz, and the existing microwave technology.

Furthermore, the 3630 GHz CH3OD and 4252 GHz CH3OH lasers creates window of

coverage between 3535 - 3725 and 4157 - 4347 GHz, respectively. This frequency range

provides a wonderful opportunity for scanning in a water expansion, however, serious
i'

gaps still exist. It is clear that high power, FIR laser development in the higher frequency

would benefit this effort. A f'trst step at a possible solution to the lack of powerful lasers

might be to redesign the FIR laser cavity with a smaller waveguide diameter, for the present

configuration is optimized for frequencies of ca. 1000 GHz. A redesign of the laser could

permit weak, higher frequency lasers to be detectable with the more sensitive diodes, and

this possibility should be discussed as future developments persist.

Within the present scope of the experimental situation, a summary of future

scanning for water cluster intermolecular vibrations is presented to conclude this

dissertation. Further studies of the water dimer are imminent, and are outlined in this

discussion. The 103 and 96 I.tm laser lines should provide the necessary spectral coverage

to observe the next (D20)2 intermolecular vibrational band, which has been indirectly

identified in Chapter 3 through its perturbing influence on the 82.6 cm-1 acceptor bending

coordinate. This vibration is presumably the v8 donor torsion which is estimated to lie in

the 90 - 105 cm -1 spectral range for the D20 dimer. Although Reference 20 of Chapter 1

predicts that this vibration should be approximately five-fold weaker than the acceptor

bend, it should still be observable with the present level of sensitivity. Furthermore, when

realizing that the value of the A rotational constant is 122 GHz, and large tunneling

splittings will almost certainly be present, it becomes clear that VRT bands between various

Ka manifolds will generate spectra over a large frequency range. Thus, these two lasers

will be critical in identifying this vibration the acceptor bending coordinate in the normal

isotopomer of the water dimer. Finally, the water dimer stretching frequencies of 145 and

151 cm -1 for the perdeuterated and normal isotepomers, respectively, should be detected

near the 70 I.tm laser line by using the UPC detector. This prediction is rather reliable,
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compared to the other intermolecular vibrational bands, so searching in a water expansion

at this frequency would be informative.

Scanning should also be accomplished in an H20/D20 mixture to identify the mixed

isotopomers of the water dimer. Reference 32 of Chapter 3 explains the group theoretical
i

manifestations of the tunneling motions for ali of the possible water dinaer isotopomers.

• From this the VRT tunneling splittings may be identified as was partially done for the

D20 - DOH species. By characterizing each of the isotopomers, the individual tunneling

motions may be examined through the characterization of the resulting VRT levels. These

experiments will permit for an experimental determination of the influence of each tunneling

motion on the intermolecular vibrational coordinates. Clearly the D20- DOH isotopomer

should be targeted f'u'st, for two of the four possible VRT bands originating from Ka = 0

have already been located.

Also in this spectral region lie the predicted values for the remaining flipping

intermolecular vibrational motions in the perdeuterated water trimer van der Waals cluster.

Since the barriers for the H-bond breaking tunneling motions are so much larger than the

barrier for the flipping tunneling motion, the F state multiplet signature may be present

throughout the FIR spectral region, because the high barrier motions may not adequately

couple to the vibration, as in the case of the water dimer. Thus, it would be wise to

continue this effort with hopes of observing more of the same kind of quartet features.

At the present time, it is unclear which of the tunneling limits presented in Figure

4.9, apply to the cluster, and the observation of the next vibrational band, predicted to be

near 107 cm-l, will further develop the present understanding of the water trimer. Of

course, such an observation must obey the rigorous selection rules presented in Chapter 4,

' as Fi+ < - > Fi'. This selection rule makes the situation of the right handed side of Figure

4.9 extremely unfavorable for observing spectra off of the 96 _tm laser. If the flipping

tunneling motion correlates directly to intermolecular vibrational modes, as shown in this

portion of the figure, then each of the "+" and "-" parity labels corresponding to the states
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in the correlation diagram of Figure 4.8, should be assigned to the ,_,brational states. For

example, if this limit exists, the ground state will presumably possess a parity label of "+",

thus forcing the observed VRT states located near 89 cm -1 to correspond to "-" parity

labels. If the predicted vibration also has a "-" parity label associated with its VRT
¢

components, then the transition should be observable. On the contrary, if the tunneling

limit on the left hand side of Figure 4.9 is appropriate, each vibrational state will split into

four sublevels due to the flipping tunneling motion, upon which each of these will be

further split due to the remaining tunneling coordinates, and transitions near 107 cre-1 will

almost certainly be present. Thus, by searching for other F states near the observed

vibration, and by scanning toward higher frequency, the correct tunneling limit can

defined.

Throughout the course of scanning, many unassigned transitions have been

detected and categorized, of which many of them almost certainly belong to larger water

clusters. As ab initio predictions for the tetrarner and larger clusters become available, the

power of the FIR laser spectrometer may be employed toward the study of these intriguing

molecular species.
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