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1. Introduction

Purpose

The Chemical Structure and Dynamics program
was organized as a major component of Pacific
Northwest Laboratory’s Environmental and
Molecular Sciences Laboratory (EMSL), a state-of-
the-art collaborative facility for studies of chemical
structure and dynamics. Our program responds
to the need for a fundamental, molecular-level
understanding of chemistry at the wide variety of
environmentally important interfaces by (1)
extending the experimental characterization and
theoretical description of chemical reactions to
encompass the effects of condensed media and
interfaces, and (2) developing a multidisciplinary
capability for describing interfacial chemical pro-
cesses within which the new knowledge generated
can be brought to bear on complex phenomena in
environmental chemistry and in nuclear waste
processing and storage.

This research effort was initiated in 1989 and will
continue to evolve over the next few years into a
program of rigorous studies of fundamental
molecular processes in model systems, such as
well-characterized surfaces, single-component
solutions, clusters, and biological molecules; and
studies of complex systems found in the environ-
ment (multispecies, multiphase solutions;
solid/liquid, liquid/liquid, and gas/surface inter-
faces; colloidal dispersions; ultrafine aerosols; and
functioning biological systems).

The success of this program will result in the
achievement of a quantitative understanding of
chemical reactions at interfaces, and more gener-
ally in condensed media, that is comparable to that
currently available for gas-phase reactions. This
understanding will form the basis for the devel-
opment of a priori theories for predictions of
macroscopic chemical behavior in condensed and
heterogeneous media, adding significantly to the
value of field-scale environmental models, the
prediction of short- and long-term nuclear waste
storage stabilities, and other problems related to
the primary missions of the DOE.

The group has developed research efforts in the
following areas:

eChemical structures, reaction dynamics, and
kinetics in solution and at interfaces, to support
DOE needs for
— characterization, processing, and storage of
mixed wastes;
- remediation of contaminated soils and
groundwater;
— global change and other DOE needs, includ-
ing nuclear nonproliferation.

eEstablishment and operation of a portion of
EMSL, including
- surface/interface structure and reactions ;
— chemical structure and reaction dynamics
(clusters, reactive species & model systems);
— time-resolved solution spectroscopy.

oStructure/function research on molecular sys-
tems, especially on problems associated with

— surface chemistry and catalysis;

— bioremediation;

—high-energy processes.

eDevelopment of state-of-the-art analytical meth-
ods for the characterization of tanks and plumes,
and for detection and monitoring of trace atmos-
pheric species.

Background

Studies of the surface chemistry at interfaces
requires measurements of many chemical and
physical properties within 5 to 10 A of the inter-
face boundary. An understanding of the interfa-
cial chemistry can be achieved only by combining
measured quantities such as chemical dynamics,
structure, and bonding with theoretical analysis, to
produce models consistent with the observations.
This interdisciplinary approach is the heart of the
EMSL concept, in which a wide variety of experi-
mental and theoretical approaches are brought
together to address complex problems of impor-
tance to the United States Department of Energy
(DOE).

We have targeted condensed-phase phenomena
that are relevant to chemical processes in natural
and contaminated systems, including those related
specifically to environmental restoration and
waste storage issues at DOE sites. For example,
systems have been selected to model the sorption
and abiotic transformations of solutes on mineral
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surfaces in soil and groundwater. Sorption and
surface-catalyzed abiotic transformations are
widely recognized contributors to the natural fil-
tration capacity of soil and aquifer porous media
for contaminants, and are therefore of central
importance in governing contaminant transport
rates and persistence. Mechanistically valid mod-
els of such phenomena at the microscopic and
macroscopic scales are critically needed to predict
contaminant migration on DOE sites, but are
unavailable because the responsible surface
chemical reactions are not completely understood.

Achievement of a quantitative understanding of
chemical reaction dynamics at interfaces in con-
densed media is an important emerging frontier
for chemical physics research. It is a challenging
and demanding scientific problem requiring an
understanding of the solid substrate, the solvent,
and their combined effect upon the chemical reac-
tion dynamics. It is now possible, however, to
bring together diverse expertise and technology to
study complex interfacial chemistry. Such a study
requires integration of state-of-the-science experi-
mental capabilities for the study of primary chem-
ical processes, with advances in computational
technology and sophisticated new theoretical
models for predicting molecular structure and
potential energy surfaces. Essential for the success
of this program is the creation of a stimulating and
interactive intellectual environment, where con-
cepts and ideas from theoretical and experimental
disciplines can be integrated to produce a com-
prehensive approach to the study of complex phe-
nomena. The EMSL organization and laboratory
structure are designed to provide the development
of this environment through internal and external
collaborations.

Chemical reactivity at environmental solid-liquid
interfaces is controlled by the effects of substrate
structure on the interactions between solvent and
adsorbate solute molecules. In order to observe
chemical changes at these interfaces, experimental
methods are required to measure the changes in
molecular structure and dynamics that are
induced by natural and man-made surfaces.
Reactions and thermodynamic properties that are
enhanced at environmental interfaces include: 1)
proton transfer reactions such as solute hydrolysis
and acid dissociation; (2) electron transfer trans-
formations; and (3) stability constants for adsor-
bate-substrate complexes. These interfacial phe-

nomena strongly impact contaminant dynamics in
soil and groundwater. However, the responsible
molecular phenomena are not well understood,
thereby precluding development of rigorous
descriptive models. We anticipate that targeted

experiments on model systems containing oxides,
carbonates, and silicates in contact with solvent
and solute molecules relevant to DOE sites can
resolve much of the scientific ambiguity regarding
interfacial reactions in geochemical systems. Such
studies of interfacial chemistry will also have
obvious and perhaps far-reaching consequences
for our understanding of processes that affect pro-
cess waste chemistry and waste form integrity
when combined with the specific studies of ener-
getic reaction mechanisms contained in the scope
of this work.

The CS&D group has particular expertise in the
preparation and spectroscopic analysis of molecu-
lar clusters (S. D. Colson, W. P. Hess, D. Ray,S. W.
Sharpe, and L. S. Wang); ultrafast and nonlinear
optical spectroscopies (D. Ray, G. R. Holtom, and
X. Xie); ultrahigh resolution spectroscopy for mea-
surements of electronic and geometric structures
and dynamics (R. S. McDowell and S. W. Sharpe);
surface and interface structure, chemical reaction
dynamics, and kinetics (J. P. Cowin, D. M. Fried-
rich, S. A. Joyce, B. D. Kay and T. M. Orlando); and
ion-molecule traps and storage technology (S. E.
Barlow).

Approach

Experimental studies of molecular and supra-
molecular structures and thermodynamics are key
to understanding the nature of matter, and lead to
direct comparison with computational results.
Kinetic and mechanistic measurements, combined
with real-time dynamics measurements of atomic
and molecular motions during chemical reactions,
provide for a molecular-level description of
chemical reactions. The anticipated results of this

‘work are the achievement of a quantitative under-

standing of chemical processes at complex inter-
faces, the development of new techniques for the
detection and measurement of species at such
interfaces, and the interpretation and extrapolation
of the observations in terms of models of interfa-
cial chemistry.
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Our methodology dissects complex interfacial
problems into components that are subject to
quantitative investigation and interpretation in
terms of the component effects for solvent-reac-
tant-substrate systems. Target solvent-reactant-
surface systems have been selected for study
because of their theoretical interest and applicabil-
ity to DOE environmental problems. The theoreti-
cal basis for understanding the system is based
upon the literature data base, augmented by new
measurements on synthetic interfaces of controlled
composition and structure. The interpretations are
supported by the understanding of molecular pro-
cesses observed via molecular dynamics and
structural measurements of gas-phase clusters, on
macroscopic solid surfaces, and in solution.

The interfacial chemistry work focuses on the epi-
taxial growth of doped water (as amorphous ice)
layers on metal oxide surfaces. Within these
structures, direct measurements can be made of
diffusion, dissolution, bimolecular reactions, and
electrochemical reactions. Extrapolation of these
findings to more complex, natural systems is facili-
tated by theoretical models and through the
results of direct liquid-phase and liquid-solid
interface measurements. Using the near-field opti-
cal microscope, for example, the fate of a single
molecule in solution or at an interface can be
probed without averaging over the spatially and
temporally inhomogeneous environments of all
like molecules in the same sample.

Many of the interfacial chemistry problems facing
the DOE involve mixed organic/inorganic/radio-
active materials. Thus, we also need to address
high-energy processes unique to this type of waste
form. The primary molecular processes are joniza-
tion and dissociation and reaction of high-energy
species. These processes are being studied in
molecules, clusters, solutions, and at interfaces.
The work on model systems (clusters, solvated
molecules, surfaces and interfaces) thus has an

important additional dimension: understanding
the effects of the condensed phase on high-energy
processes.

Isolated, gas-phase clusters of atoms that compose
the actual surface are being synthesized to mimic
surface structures. Spectroscopic determination of
their structures is important to the evaluation of
the many approximations that must be made in
developing theoretical models of their chemical
properties. Solvent-solvent and solvent-surface
interactions are studied in a similar manner.
Studies of both pure solvent and mixed solvent-
substrate clusters help delineate the importance of
the classes of forces required to model the solvent
effects. Likewise, reactant-substrate, reactant-sol-
vent and, potentially, solvent-reactant-substrate
systems can be modeled as isolated clusters.
These are very complex systems, even when cast
in the form of model clusters. Our approach is to
use the common practice of experimental extrapo-
lation: small, simpler systems are subjected to
quantitative theoretical and experimental analysis.
This analysis forms the basis for understanding of
more complex systems with the aid of approxi-
mate theories and less quantitative experimental
data. For instance, while it may not be possible to
get detailed structural data on solvent-reactant-
substrate clusters, measurements of chemical
reaction dynamics in these clusters can be mod-
eled with approximate theories tested previously
by their application to simpler systems. In the
long term, we intend to deposit clusters (and other
chemical species) designed to mimic reactive sites
on inert substrates and study their chemical activ-
ity. This work also has the potential for producing
designer surfaces which may be valuable as chemi-
cal sensors, or for development of unique materi-
als for chemical separations.

Our activities in calendar 1994 are summarized in
this report.
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2. Reaction Mechanisms
at Interfaces

Structure and Reactivity
of Ice Surfaces and Interfaces

C. Huang,* E. K. L. Wong,* R. S. Smith,
and B. D. Kay

Supported by Office of Basic Energy Sciences.
*Postdoctoral Research Associate.

Molecular beam scattering from surfaces is a pow-
erful experimental tool for studying the dynamics
and kinetics of the interaction of molecules with
surfaces. The coupling of surface science, molecu-
lar beam, and laser technologies makes possible
the measurement of total energy disposal and
redistribution in gas-surface scattering. Previously
these experimental methods have been employed
to acquire detailed surface kinetics and state-to-
state scattering measurements of molecules inter-
acting with metallic substrates. Such experiments
have resulted in a fairly detailed understanding of
surface chemistry on metals. Unfortunately, we
currently do not have a similar understanding of
the elementary dynamical and kinetic processes
occurring on ice and oxide surfaces. Such interac-
tions are clearly important from an environmental
viewpoint, since they form the molecular level
basis for the complex physiochemical processes
that take place on the surface of atmospheric aero-
sols, at the aqueous-mineral geochemical interface,
and at the vapor-liquid interface. Our goal is to
apply and extend molecular beam surface scatter-
ing techniques to these systems in an effort to elu-
cidate the relevant interactions.

In this project the chemisorption and solvation
kinetics and dynamics of polar molecules on mul-
tilayer ice surfaces are studied using molecular
beam-surface scattering, thermal desorption (TPD
and isothermal), and laser spectroscopic tech-
niques. These experiments will help unravel the
mechanism by which a strongly polar neutral
molecule dissolves into an aqueous solvent and
ultimately forms solvated ions. Sticking coeffi-
cients of prototypical “electrolytes” such as HCl
and NHj; on ice surfaces will be determined as a
function of incident energy, angle, and surface
temperature. The branching ratio between molec-
ular vs. dissociative (“solvation”) chemisorption
will be probed via isotope exchange between the

hydrogens of the “electrolyte” and the “solvent”
substrate. In related experiments hydrophobic
and hydrophilic interactions between water and
various other materials will be probed using
beam-generated thin films. Interlayer diffusion
and phase separation will be probed using thermal
desorption and surface analytic techniques.

Our initial efforts have focused on the synthesis of
thin films of H,O and D,O ice grown on Au(111)
and Ru(0001) substrates. These substrates were
chosen because water wets Ru but does not wet
Au. Combining molecular beam dosing with
isothermal and temperature-programmed desorp-
tion techniques, we are able to grow and character-
ize ultrathin films (<1000 A) of solid H,O and D,0.
Using a molecular beam reflection technique, we
have determined that the sticking coefficient is
unity and independent of incident angle for sur-
face temperatures below 130 K. Above 130 K the
condensation coefficient decreases due to the onset
of desorption but the trapping probability remains
near unity. This is the first direct measurement of
the condensation coefficient of gaseous water on
ice surfaces. Previous indirect techniques have
yielded conflicting values between 0.01 and 1 for
the sticking coefficient. Figure 2.1 displays the
experimentally determined condensation coeffi-
cient for three values of the incident molecular
beam flux. It is clearly evident from this figure
that the condensation coefficient is dependent
upon both flux and substrate temperature. The
dashed line represents the value of the condensa-
tion coefficient predicted by a simple kinetic
model that assumes the trapping probability is
unity for all substrate temperatures and the des-
orption kinetics follow a zero-order Arrhenius rate
law. The combined temperature and flux depen-
dence of the condensation coefficient combined
with naive kinetic models is the source of previous

confusion regarding the value of the water sticking
coefficient on ice.

At temperatures below 140 K the initial water
deposited forms a vitreous solid phase that is
metastable with respect to crystalline ice. The
existence of this metastable phase has been known
for a long time, but the rate and mechanism by
which it crystallizes is not understood. By an
extensive series of careful deésorption measure-
ments (both temperature-programmed and iso-
thermal) we were able to study the attendant crys-
tallization kinetics quantitatively. The desorption
kinetics are extremely sensitive to this phase trans-
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Figure 2.1. The experimentally measured conden-
sation coefficient for water on ice as a function of
substrate temperature is shown by the solid lines.
These curves show that the condensation coeffi-
cient is both incident-flux and substrate tempera-
ture dependent. The dashed lines are a calculation
assuming a trapping probability of unity and zero-
order Arrhenius desorption kinetics.

formation, since the additional free energy stabi-
lization associated with the crystalline state must
now be overcome to achieve sublimation into the
vapor phase. To our knowledge, this is the first
time such a transition has been observed in de-
sorption. We observe a large isotope effect in the
crystallization rate, with H,O having a faster rate.
Interestingly, the TPD spectra for films grown on
Au and Ru appear surprisingly similar. However,
isothermal measurements clearly indicate that the
desorption kinetics are substrate-sensitive. In
contrast to conventional wisdom, the desorption
kinetics exhibit marked departures from zero-
order behavior. Quantitative analysis of the
isothermal desorption waveform yields an order
of ~2/5 for Au and ~1/5 for Ru. We have devel-
oped a quantitative kinetic model to explain these
observations.

In related experiments, we examined the desorp-
tion kinetics of multilayer films of CCly and water.
CCl; and water are immiscible, and, as such, are
an ideal model system for studying hydrophobic
interactions. Using molecular beams, we can cre-
ate nanoscale thin films with high spatial resolu-
tion. Figure 2.2 displays TPD spectra for films
composed of CCly and D,O. The upper panel (Fig.
2.2a) shows the TPD spectra for films where CCl,
resides on top of an amorphous ice film. The
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Figure 2.2. (a) Upper Panel: TPD spectra for nano-
scale films of CCly grown on top of amorphous ice.
The spectra show the desorption of nearly all of
the CCly prior to any significant D,O desorption.
The “bump” in the D,O spectrum is the result of
the amorphous to crystalline phase transition. (b)
Lower panel: TPD spectra for nanoscale films of
amorphous ice grown on top of CCly. The spectra
show that the CCly is trapped beneath the ice until
the phase transition occurs. In concert with the
phase transition the CCl, desorbs abruptly, the
“molecular volcano.”

resulting TPD spectra are indistinguishable from
samples in which CCly and D,O are deposited in
separate columns. Since the desorption rate of
CCl, is greater than that of D,0, its desorption is
essentially complete prior to significant D,0 des-
orption. The “bump” in the D,O desorption trace
arises from the crystallization of amorphous ice.

As clearly demonstrated in Fig. 2.2b, CCl, desorp-
tion is impeded by the presence of a water over-
layer and desorption occurs in dramatic fashion in

2-2
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concert with the crystallization of amorphous ice.
We term this dramatic effect the “molecular vol-
cano.” By examining the molecular volcano as a
function of water thickness and substrate tempera-
ture we can determine a percolation threshold for
the crystallization of amorphous water. In physi-
cal terms this percolation threshold arises when a
connected path is formed within the water over-
layer that enables the underlying CCl, to escape.

In an effort to further characterize the crystalliza-
tion kinetics we have examined both H/D and
160/180 isotopic exchange as a function of film
thickness, temperature, and crystalline state.
Surprisingly, we find complete H/D isotopic
scrambling over distances up to 250 A at tempera-
tures as low as 150 K. The H/D isotope exchange
kinetics alone cannot definitively indicate whether
there is large-scale molecular motion because of
the possibility of a tunneling and/or rotation
exchange mechanism. The 10O-labeled ice experi-
ments shown in Fig. 2.3, however, do clearly indi-
cate that mass transport occurs at a measurable
rate within these solid films. We are currently
using this experimental data to formulate a mech-
anistic kinetic model for the crystallization
process.

Based upon the progress to date we are now able
to begin a detailed study of the interaction of vari-
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Figure 2.3. TPD spectra for films of H,O ice
grown on top of H,'®0 ice. The spectra show that
prior to the phase transition the isotopically
labeled ices have not mixed. After the phase tran-
sition, complete mixing is observed. These results
indicate that long-range molecular diffusion
occurs during the phase transition.

ous molecules with well-characterized ice sub-
strates. Initial efforts will focus on the adsorption,
desorption, and reaction kinetics of CH30H, NHj,
and HCl with ultrathin ice films. Concurrent with
these studies of model hydrophilic interactions we
will continue to explore hydrophobic interactions
by extending our studies of the interaction of
chlorinated hydrocarbons with the ice substrates.
After we demonstrate the utility of our approach
to understanding solvation phenomena, we will
extend the experiments to include quantum-
resolved measurements of the nascent rovibra-
tional distributions of the products which are scat-
tered from the ice substrates. In related experi-
ments we will explore the applicability of using

this “thin-film chemistry” to create chemically tai-

lored substrates that mimic the aqueous-mineral
geochemical interface.

Chemisorption on Oxide Surfaces

C. Huang,* E. K. L. Wong,* R. S. Smith,
B.D. Kay, and S. A. Joyce
Supported by Laboratory Directed Research and
Development (LDRD).
*Postdoctoral Research Associate.

The objective of this program is to examine chemi-
cal phenomena occurring at model oxide surfaces.
Oxide interfaces are important in the subsurface
environment. Specifically, molecular-level interac-
tions at mineral surfaces are responsible for the
transport and reactivity of subsurface contami-
nants at Hanford. Unfortunately, our molecular-
level understanding of oxide surface chemistry is
severely lacking. Initial experiments will focus on
the dissociative chemisorption dynamics of halo-
genated hydrocarbons (e.g., CCl,, CHCl;, CH,Cl,,
CH,Cl), H,0, CH;0H, NH;, and HCl on model
oxide surfaces (e.g., MgO, SiO,, and AL,O3). These
studies will employ variable-energy supersonic
molecular beams to determine energy-, angle-, and
coverage-dependent trapping and/or dissociation
probabilities. In addition to using bulk single-
crystal samples, a variety of techniques such as
molecular beam epitaxy and/or chemical vapor
deposition will be explored to grow epitaxial thin
oxide films on single-crystal metallic substrates.
The successful synthesis of such crystalline thin
oxide films will enable the entire arsenal of
electron-based surface analytical techniques to be

2-3
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Figure 2.4. TPD spectra for D,O desorption from
bulk single-crystal MgO(100) (upper panel) and
thin film MgO grown on Ru(0001) (lower panel).
The high-temperature monolayer desorption fea-
ture is substrate dependent.

applied to the characterization of these noncon-
ducting materials.

During FY94 we developed a sample mount that
enables us to rapidly heat and cool bulk single-
crystal samples of oxide surfaces. Figure 2.4 dis-
plays TPD spectra for D,O desorption from bulk
single-crystal MgO(100) (upper panel) and MgO
thin films grown on Ru(0001) (lower panel). The
thin-film results are similar to those obtained by
Goodman et al. and Cowin and coworkers for
MgO grown epitaxially on Mo(100), a square lat-
tice. There are qualitative similarities between
D,0 adsorption onto and desorption from the
single crystal and thin film substrates. On both

substrates D,O adsorbs via precursor-mediated
kinetics with a sticking coefficient near unity, and

largely independent of coverage and surface tem-
perature up to 200 K. On both substrates the de-
sorption spectra exhibit two prominent features: a
high-temperature peak (~235 K) that saturates at a
coverage corresponding to approximately 1 water
molecule per surface metal ion, and a nonsaturable
low-temperature peak (~160 K) indicative of the
formation of an ice-like multilayer. Careful exam-
ination of the high-temperature TPD feature
reveals that the sub-monolayer water desorption
kinetics are strongly substrate-dependent. Water
desorption from the single-crystal substrate results
in a TPD feature that increases with increasing
exposure and has a peak at 235 K for all coverages
above 0.1 monolayers. Water desorption from the
thin-film substrate results in a TPD feature that
increases with increasing exposure and has a peak
that shifts smoothly from 290 K at low coverage to
235 K at saturation coverage.

The line shape of the TPD spectrum and how the
peak temperature shifts with increasing coverage
are often used to infer the molecular nature of the
adsorbate. TPD peaks yielding coverage-indepen-
dent maxima are indicative of first-order kinetics
and suggest molecular adsorption. TPD peaks that
shift to lower temperature with increasing cover-
age are indicative of second-order kinetics and
suggest dissociative chemisorption. Based on this,
we hypothesize that water adsorbed on the bulk
single crystal is largely molecular in nature, while
water adsorbed on the thin film is predominately
dissociated. The hydroxylation of MgO by water
to form Mg(OH), is exothermic by ~15 kcal/mole,
but may not occur at a measurable rate on the
basal plane of MgO(100). Hydroxylation of the
thin-film substrate may be more facile due to the
presence of coordinatively unsaturated surface
defects that catalyze the hydrolysis. Since the
sticking coefficient is determined to be unity, there
is no kinetic barrier to adsorption. From the data
to date, we are unable to determine definitively
whether the adsorption is molecular or dissocia-
tive. Current efforts are focused on examining the
interaction of water with surface defects created
on the bulk single crystal by rare gas ion sputter-
ing to address this important issue.
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Scanning Tunneling Microscopy
of Epitaxial Oxide Films
S. A. Joyce, J. P. Cowin,
and M. C. Gallagher*®
Supported by Laboratory Directed Research and

Development (LDRD).
*Postdoctoral Research Associate.

Many aspects of environmental problems, from
soil contamination and transport through the
ground water to catalytic remediation schemes,
involve the adsorption of molecules on a surface.
The scanning tunneling microscope (STM) is capa-
ble of imaging solid surfaces and molecular adsor-
bates with atomic-scale resolution. As a real space
probe, the STM can directly determine the role of
surface structure, especially at defects such as
steps, vacancies, etc., in the adsorption and hetero-
geneous chemistry of molecules on surfaces.

Unfortunately, many surfaces of relevance to envi-
ronmental chemistry are unsuitable for detailed
studies due to the insulating nature of many
oxides, the lack of large, single-phase crystals,
and/or difficulties associated with surface prepa-
ration. These problems can be obviated by using
ultrathin films grown epitaxially on well-charac-
terized, single-crystal, conducting substrates.

1. MgO on Mo(100)
In collaboration with M. S. Fyfield,
Portland State University.

The growth of microscopically thin films on con-
ducting substrates overcomes the electrical charg-
ing problems associated with bulk insulators. To
this end we have used in-situ STM to investigate
the growth and electronic properties of MgO thin
films deposited on Mo(001). We have chosen the
growth of magnesium oxide on molybdenum to
study for a number of reasons: MgO, with a band-
gap of 8 eV, is a prototypical ionic solid insulator,
the epitaxial growth on Mo(100) has been demon-

strated,! and several groups at PNL, both experi-
mental and theoretical, have extensively studied
the structure, growth, and chemistry of MgO. The
films were grown by evaporating Mg metal in a
background pressure of oxygen. We have success-
fully imaged films as thick as 25 A, clearly demon-
strating the feasibility of this method. Films were
grown at substrate temperatures between 300 and
1050 K. Low-temperature growth produced

P

Figure 2.5. A 1000 A x 1000 A image of MgO on
Mo(001) grown at 970 K. Single atomic steps are
evident in the Mo substrate. The edges of the
square MgO islands are oriented along the
MgO(100) direction. Tunneling conditions: 3.3 V,
0.2nA.

smooth, uniform films with small MgO islands of
between 20 to 100 A. Annealing these films at
1100 K results in domain coalescence and a higher
degree of crystalline orientation of the domain
edges. Annealing, therefore, significantly reduces
the number of edge defects in the films. Images of
films grown at high temperature reveal nonwet-
ting behavior with large three-dimensional islands
indicating a Volmer-Weber growth mode. Figure
2.5 displays a region of MgO film grown on
Mo(100) at 970 K. The rectangular-shaped islands’
are crystallites of MgO(100) in registry with the
underlying and partially exposed Mo substrate.
The total vertical relief is ~9 A, indicating that the
films are relatively smooth over macroscopic dis-
tances. In contrast to films deposited in a back-
ground pressure of oxygen, growth of Mg metal
on Mo(001) was pseudomorphic at low coverage.
At higher coverage we observed a transition to
three-dimensional Mg hexagonal islands, which is
consistent with a Stranski-Krastanov growth

mode.

2. TiO, on W(110)
In collaboration with C. H. F. Peden
and G. S. Herman,* Materials and Interfaces.
*Postdoctoral Research Associate

Macroscopic single crystals of the rock-salt oxide,
TiOx.~1, are not available. Long-range, periodic
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structures of ultrathin film TiOy, however, can be
grown on the surface of W(110) substrates.2 In
FY94, a collaboration was begun with members of
the Materials and Interfaces group to study with
STM the surface structures of these epitaxial films.
Films are produced by depositing Ti metal on a
room temperature substrate, dosing with molecu-
lar oxygen and then annealing. STM and low-
energy electron diffraction (LEED) studies reveal a
rich structural “phase diagram” for this system
which is sensitive to the amount of Ti deposited
and to the final annealing temperature. Most of
the observed diffraction patterns are quite com-
plex and can only be reasonably interpreted as
multiple scattering from both the TiOy overlayer
and the W(110) substrate. An image of a one-
monolayer film of TiOx annealed to 1350 K is
shown in Fig. 2.6. The complex, mesoscopic fea-
tures in the image can be understood in terms of
the atomic-scale coincidences which occur
between the TiOx and the underlying substrate.
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Figure 2.6. A 250 A x 250 A image of TiOx on
W(110). The TiOy coverage is 1 monolayer and the
annealing temperature was 1350 K. There are
three steps running from the lower left to upper
right. The direction along the step is [001]. Tun-
neling conditions: 1.6 V, 0.15 nA.

Bonding and Structure of Organic
Ligands at Oxide/Water Interfaces

D. M. Friedrich, C. C. Ainsworth,*
and P. L. Gassman*
Supported by Laboratory Directed Research and
Development (LDRD).
*Earth and Environmental Sciences Center
(EESC).

The objective of this research is to examine the
sorption chemistry of organic ligands at the solid-
water interface by application of optical spectro-
scopic methods. In support of this objective,
research is being performed (1) to develop state-of-
the-art sensitive spectroscopic methods using laser
induced fluorescence (LIF) and high-sensitivity
infrared spectrometry (FTIR) in novel ways that
will allow spectroscopic interrogation of organic
ligands at the solid-water interface at low sorbate
surface coverage (<1%); and (2) to use these meth-
ods to identify and characterize the nature (bond-
ing, structure, and dynamics ) of interfacial organ-
ic species.

Interactions between organic ligands and minerals
at the solid-water interface are integral to many
processes occurring in soils and subsurface mate-
rials. These processes include contaminant trans-
port, soil formation, and diagenesis. Often, these
interactions are characterized as surface complex-
ation reactions and are assigned a structure based
on inadequate data. Under these conditions,
modeling efforts are little more than exercises in
curve fitting. In order to better understand and
simulate important aqueous-mineral interfacial
phenomena, it is crucial to obtain spectroscopic
data concerning speciation, structures, and
dynamics of organic ligands at the aqueous-
mineral interface under controlled conditions that
are still relevant to the natural environment.

The current investigations are performed using
salicylic and phthalic acids (mono- and diprotic
acids, respectively) as probes, and AL,O; as the

‘mineral interface. The two aromatic acids were

chosen because they are both fluorophores and
they are reported in the literature as model com-
pounds for the study organic ligand surface speci-
ation (bonding, structure) as a function of impor-
tant geochemical variables (pH, ionic strength,
surface loading). Al,O3; was chosen because of its
spectroscopically benign nature (i.e., IR and UV
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transmittance and weak Raman interference).
Most experiments are performed in constant-
temperature, dilute suspensions (1 g/1) of AL,O3,
and low concentrations of the organic ligand (10~

M),

Fluorescence spectra of sodium salicylate has been
detected at levels of less than one salicylate ion per
alumina particle. (At 107 M bulk concentration,
90% of the salicylate ions are adsorbed, corre-
sponding to 0.7 molecules/particle in alumina
suspension of 1 g/1 rated at 100 m?/g.) This level
of sensitivity was achieved with standard xenon
lamp excitation in a commercial fluorometer. This
year we achieved improved levels of sensitivity
and signal/noise by means of polarized UV laser
excitation. Use of LIF permits lower suspension
loading which, in turn, will lead to reduced levels
of stray-light scattering and improved measures of

polarization anisotropy (discussed below). We

estimate detection limits of sorbed salicylate in
alumina suspensions to be less than 10-1° M using
the current LIF apparatus

A key advance from this research this year is the
demonstration that fluorescence anisotropy mea-
surements can be used to confirm and characterize
the binding of organic acids to colloidal mineral
surfaces in aqueous solution. The method of
polarized emission is useful for determining the
electronic structure and rotational dynamics of
fluorophores. Polarized excitation light “photose-
lects” the subset of randomly oriented absorbers
that have transition moments parallel to the polar-
ization vector of the excitation light (cosine-
squared. distribution). If the absorbers are pre-
vented from rotational diffusion during the fluor-
escence lifetime, then the emission from the photo-
selected subset also will be polarized. Rotational
diffusion can be inhibited by using viscous solu-
tions or by attaching the fluorophore to a slowly
diffusing body in solution, such as a polymer
chain or a colloidal particle. Emission anisotropy
measurement have long been used to determine

macromolecular dynamics such as protein folding.

Figure 2.7 summarizes the fluorescence results
that suggest aqueous salicylate sorbs on colloidal
alumina as at least two distinct chemical species.
The fluorescence spectrum of free (non-sorbed)
salicylate anion peaks at 415 nm in pH 4.5 aqueous
solution. When excited at 351 nm, the fluores-
cence spectrum of sorbed salicylate resembles that
of aqueous salicylate (415 nm). However, this

fluorescence is anisotropic with a polarization
ratio (N = I, /Iy) of approximately 2, suggesting
that the species excited at 351 nm is anionic salicy-
late bound (i.e., not free to rotate on the nanosec-
ond time-scale of the fluorescence emission) at the
alumina surface (Fig. 2.8). Excitation at 300 nm
reveals the existence of a second, bound species.
When excited at 300 nm, the fluorescence of
sorbed salicylate exhibits a blue-shifted maximum
(387 nm) and a diffuse shoulder (415-420 nm).
Like the 415-nm fluorescence, the 387-nm fluores-
cence band is also polarized, indicating another
bound species. The blue shift is characteristic of
the emission of salicylate esters (such as methyl
salicylate) in which intramolecular hydrogen
bonding is prevented by protic solvents. There-
fore, we tentatively assign the 387-nm fluo-
rescence to a salicylate-aluminum surface complex
(Fig. 2.8). To determine whether the surface com-
plex is mono- or bidentate, mono- or binuclear,

will require more detailed vibrational spectro-
scopic information.

If the adsorption of salicylate to alumina is per-
formed at pH 6 and increasing background elec-
trolyte ionic strength (IS), the intensity of the local
maximum decreases as IS increases. This decrease
is not observed at pH 4.5. The effect of IS on the
intensity of the local maximum is coincident with
that observed for the surface concentration of sali-
cylate and pressure-jump relaxation events. These
data suggest that there are at least two distinct
surface complexes on the alumina surface: the
response of the 387 nm maximum and the 415 nm
maximum to IS and pH changes correlates to an
inner-sphere and outer-sphere surface complex,
respectively.

These results challenge current interpretations of
the nature of organic acid surface complexes.
Outer-sphere ionic species are thought to be rota-
tionally and translationally labile, while our pho-
toselection results indicate sorbed anionic salicy-
late is rotationally restricted. Reaction-based

models of mineral dissolution by organic acid
sorption have tended to emphasize covalent inner
sphere surface complexes and to ignore or even
discount the presence of outer sphere ions. Our
results clearly indicate that a substantial fraction of
the sorbed salicylate is sorbed in the ionic form.
These results will require refinement of reaction-
based surface complexation models to include
sorbed ionic organic species.

2-7



Chemical Structure and Dynamics 1994 Annual Report

1 1 I 1 1 ] 1 l 1 1 1

Ratio = 1

3 T - — -
Polarization Ratio Maximum Polarization Ratio = 3
Suspension (300 nm exc)
Polarization Ratio
Suspension (351 nm exc)
2
=
«
[ans
o -
ke 2
=
[
N
P
«© “
[<)
& .'-_“
Q toN,
o .
c S
[} .
o N
@a = . - .
o 1 . Isotropic Polarization
[*] IEE e S A
=] . kY Suspension Fluorescence
TR Y (300 nm exc)
] -L/
) ,-'.‘ .. . .\\-:
— /\/g;:spension Fluorescence
0 {351 nm exc)
] T | T i T L) l T T 1 T I T { T [ l ] i
350 400 450 500

Wavelength (nm)

Figure 2.7. Fluorescence spectra and polarization ratio for 10”7 M sodium salicylate sorbed (90%) to alu-
mina colloidal particles (100 m2/g) in pH 4.5 suspension (1 g/liter). Bottom curves (-): fluorescence
excited at 300 nm and 351 nm. The fluorescence band excited at 351 nm has the same shape as solution-

phase (unbound) salicylate. Upper curves (

): spectral dispersion of fluorescence polarization ratio.

For a sample of randomly oriented fluorophores excited by vertically polarized light, the limits of the
polarization ratio (Iy/In) are 0.5 < N < 3.0. Unpolarized fluorescence from unbound, solution-phase sali-
cylate would have unity polarization ratio. The sharp peak in each curve is due to Raman scattering from
water. Fluorescence spectra are normalized to constant laser excitation intensity.
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Figure 2.8. Proposed structures of sorbed salicy-
late. The 415-nm fluorescence band is assigned to
an ionic structure. The 387-nm fluorescence band
is assigned to an aluminum ester of salicylic acid
that may be a mono- or bidentate or binuclear
covalent surface complex.

Future work includes establishing methods to cor-
rect for the depolarizing effects of multiple light
scattering in the turbid suspensions, and determin-
ing the electronic state assignment of the alu-
minum complex by low-temperature photoselec-
tion and quantum chemical calculations. The
inner-sphere and outer-sphere salicylate species
are being distinguished and characterized by mea-
surement of fluorescence lifetimes, quantum
yields, and time-resolved fluorescence anisotropy
of the sorbed salicylate species.
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Single-Molecule Spectroscopy
and Dynamics at Interfaces

X. S. Xie, R. C. Dunn, E. V. Allen,*

G. R. Holtom, and G. A. Anderson*
Supported by Office of Basic Energy Sciences.
*Applied Physics Center.

Recent advances in near-field fluorescence micros-
copy! make it possible to conduct single-molecule
spectroscopy at the nanometric scale in an ambient
environment.2> Probing molecules in specific
local environments provides unprecedented and
detailed information. Using time-resolved single-
molecule spectroscopy we can study chemical
reactions on individual molecules.

Figure 2.9 shows a typical near-field fluorescence
image of single molecules (sulforhodamine 101
dispersed on a glass surface). The different inten-
sities of the peaks are due to the different molecu-
lar orientations, which can be determined in all
three dimensions. Figure 2.10 shows two room-
temperature fluorescence excitation spectra of sin-
gle molecules (oxazine 725 dispersed on a glass
surface), obtained by scanning the wavelength of
the excitation light in our near-field microscope.
They show distinctly different spectral properties
of the single molecules.

There are two classes of time-resolved experiments
that enable us to probe single-molecule dynamics:

On the 10-2 to 103 second time scale, one can ob-
serve single events, such as orientational motions,
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Figure 2.10. Excitation spectra of two single oxa-
zine 725 molecules.

spectral diffusion, and photobleaching. Single-
molecule events are usually characterized by
abrupt jumps in experimental observables. For
example, we have observed intensity fluctuations
in the emission from single sulforhodamine 101
molecules dispersed on a glass surface, which are
attributed to spectral diffusion (instead of rota-
tional diffusion) of the molecules4

On the picosecond to nanosecond time scale, one
can study the dynamics of repetitive processes,4
making it possible to study photo-induced chemi-
cal reactions of single molecules in specific local
environments. Figure 2.11 shows the fluorescence
decay of a single oxazine 725 molecule dispersed
on a glass surface. This molecule undergoes a
twisted intramolecular charge transfer reaction on
its excited state. Interestingly, we find a distribu-
tion in the charge transfer rates for individual

Figure 2.9. Near-field fluorescence image of single
sulforhodamine 101 molecules dispersed on a
glass surface.
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Figure 2.11. Fluorescence decay of a single oxa-
zine 725 molecule undergoing a photo-induced
charge transfer reaction.
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molecules. Time-resolved fluorescence measure-
ments on a single-molecule basis allow us to study
chemical reactions at interfaces with much greater
detail than has heretofore been possible.
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Photosynthetic Studies with Near-
field Fluorescence Spectroscopy

R. C. Dunn, L. Mets,* and X. S. Xie
Supported by Cooperative Research and
Development Agreement (CRADA).
*University of Chicago.

The high spatial and time resolution, single-mole-
cule sensitivity, and noninvasive nature of our
near-field microscope offer a powerful approach
for studying biological systems. In particular,
fluorescence measurements with near-field optics
offer exciting possibilities for photosynthetic
research, providing spectroscopic information not
accessible with other high resolution scanning
probe techniques such as SEM, STM, and AFM.

In our efforts to study photosynthetic proteins, we
have obtained near-field fluorescence images of
single allophycocyanin trimers dispersed on a
mica substrate.]2 Allophycocyanin trimers are
disc-like (11 nm x 3 nm) photosynthetic antenna
proteins, each containing only six tetrapyrrole
chromophores. The near-field fluorescence image
shown in Fig. 2.12 has a scan size of 633 nm, the
wavelength of the excitation light used. Each
emission feature (FWHM 90 nm) is attributed to a
single protein, limited by the size of the near-field
tip. Shear-force images (not shown) obtained
simultaneously with the same near-field tip deter-
mine the heights of the proteins to be 3 nm. This
result demonstrates the single protein sensitivity
and spatial resolving power of our near-field
microscope.

The near-field technique provides a means of spec-
troscopically mapping the various protein com-
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Figure 2.12. A 633 nm X 633 nm near-field fluores-
cence image of single proteins (allophycocyanin
trimers) dispersed on a mica surface.

plexes in the photosynthetic membrane.2=3 In col-
laboration with Professor Laurens Mets at the
University of Chicago, we have begun the spectro-
scopic mapping of the photosynthetic membrane
of green plants in order to elucidate the relation-
ship between membrane structure and biological
functionality. Figures 2.13 and 2.14 show the
simultaneous shear force image and near-field flu-
orescence image of intact thylakoid membrane
fragments from green algae containing only light-
harvesting complexes (Chlamydomonas reinhardtii
PSI - PSII doubly deficient C2 strain).3 These
images enable us to correlate topographic and
spectroscopic information. The four bilayer mem-
brane pieces seen in Fig. 2.13 lay down flat on a
mica surface. Their thickness is measured to be ~7
nm, consistent with those of lipid bilayer mem-
branes. Only the two big pieces contain fluores-
cent chlorophyll molecules as seen in Fig. 2.14. We
have also conducted a time-resolved fluorescence
experiment on an intact photosynthetic membrane
with the near-field microscope. Figure 2.15 shows
the first fluorescence lifetime measurement done
with nanometer resolution.3 This demonstrates
that electron and energy transfer dynamics can be
studied on single photosynthetic proteins in the
native states with this nonperturbative approach.
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Figure 2.13. Shear force image of photosynthetic
membrane fragments.

Figure 2.14. Near-field fluorescence images of

photosynthetic membrane fragments, taken simul-
taneously with Fig. 2.13.
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Figure 2.15. Fluorescence decay of LHC II proteins
in an intact photosynthetic membrane taken with
the near-field microscope. The decay is fit with a
sum of exponentials with lifetimes of 450 ps (65%)
and 2.7 ns (35%). The top trace shows the residual.

Structure and Dynamics of Liquid
Water Molecules by Femtosecond
Infrared Spectroscopy

G. R. Holtom, R. C. Crowell,

and X. S. Xie

Instrument development supported by
Environmental Molecular Sciences
Laboratory (EMSL).

The importance of water as a universal and unique
solvent for chemical and biological reactions has
continued to stimulate theoretical, computational,
and experimental efforts on understanding the
structure and dynamics of liquid water. Liquid
water has a broad absorption band in the 3-pm
region due to its fundamental stretching vibra-
tions, which are particularly sensitive to its specific
hydrogen-binding structure. Graener et al.! have
originated picosecond hole burning experiments
on liquid water in this spectral region, and
revealed the inhomogeneous nature of the hydro-
gen bonding structures. Femtosecond coherent
experiments would be particularly informative
about the vibrational dephasing and other dynam-
ical properties of the system. A 50-fs pulse at 3 pm
is needed in order to coherently excite the entire
inhomogeneously-broadened band. However, this

has been experimentally difficult due to the lack of

a femtosecond source in this spectral region.

We have recently demonstrated a stable femtosec-
ond infrared source at 3 pm using a synchronously
pumped OPO,23 which is suitable for performing
femtosecond coherent spectroscopy in the O-H
stretching region. An optical parametric oscillator
synchronously pumped by a mode-locked
Ti:sapphire is operated at a center frequency of
3660 cm™, providing nearly transform-limited 120-
fs pulses with 0.2-nanojoule pulse energy at a rep-
etition rate of 76 MHz.

Using this new laser source, we have made the
direct observation of infrared optical free induc-
tion decay (FID) of water molecules dissolved in
deuterated methylene chloride.# This experiment
is the initial step toward our goal of understanding
liquid water.

The solid line in Fig. 2.16 shows the FTIR absorp-
tion spectrum of H,O dissolved in CD,Cl,. The
3600-cm™! peak is assigned to the symmetric
stretching and the 3684-cm™! peak to the asym-
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Figure 2.16. The infrared absorption spectrum of
water dissolved in deuterated methylene chloride
(solid line), and the infrared spectrum of the
pulses from the femtosecond OPO (dashed line).

0 400 800
Time (fs)

Figure 2.17. The up-converted infrared FID of
water dissolved in CD,Cl, (solid line) and the
instrumental response (dashed line).

metric stretching of the water molecules. The IR
spectrum indicates no water cluster formation at
this concentration. The dashed line in Fig. 2.16
shows the spectrum of the excitation pulses from
the OPO, which clearly has enough bandwidth to

coherently excite the two vibrational modes of the
solute water molecules.

Figure 2.17 shows the up-converted infrared FID
(solid line) and the instrumental response function
(cross correlation of IR and 816-nm beam, dashed
line). The later has a FWHM of 180 fs. The FID first
follows the instrumental function and has the dis-
tinct first recurrence at 365 fs. The 365-fs time
delay corresponds to the 84-cm™ splitting in the IR
spectrum in Fig. 2.16. Figure 2.18 shows a loga-
rithmic plot of the same data, which shows the
subsequent beats. Such a FID is the result of the
two interacting vibrational modes of water mole-
cule radiating in a coherent manner. We have
directly measured the ground-state vibrational
quantum beats of water molecules at room
temperature.

This initial experiment shows promise for using
multiple infrared pulse sequences to conduct
femtosecond nonlinear vibrational spectroscopy in
order to unscramble the complex molecular inter-
actions and dynamics in molecular liquids.
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Figure 2.18. The same data as Fig. 2.17 drawn
with a logarithmic scale.
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Molecular Dynamics at the
Water/Solid Interface

M. ]. Iedema, S. A. Joyce, H. Wang,*
J. Biesecker,t N. Kizhakivariam,*
and J. P. Cowin
Supported by Office of Basic Energy Sciences.
*Postdoctoral Research Associate.
tGraduate student of Prof. B. Ellison, University
of Colorado.

Defects at oxide surfaces can control the chemistry
of many reac’..ns and mediate contaminant trans-
port in sois. We have studied the adsorp-
tion/desorption kinetics of water on thin single-
crystal films of MgO (on a Mo(100) surface), to
explore the effect of defects. Scanning tunneling
microscope studies (done in collaboration with S.
A. Joyce) show that several-monolayer MgO films
grow nearly atomically smooth, but have domain
sizes that range from about 20 A for an unan-
nealed 400-K grown film, to 150 A after annealing
at 1050 K. The fraction of sites bordering the
edges of the domains should range from 10% to
50% in these two cases. Water desorption on these
surfaces shows (Fig. 2.19) that there are two con-
tributions to the binding/desorption of water that
scale roughly in proportion to the expected frac-
tion of edge atoms. When the thin film is grown
on a 4.5° tilted (thus stepped) substrate, the water
desorption on the stepped oxide also shows the
effect of having more defect sites (Fig. 2.19). New
work in progress uses atomic epitaxy of an inti-
mately mixed oxide, CaO + MgO, to explore the
effect of substitutional defects on water chemistry
on an oxide surface.
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Figure 2.19. Water desorption from various MgO
surfaces.

1. CCly Degradation: Phosgene and Water

Photochemical degradation of CCly; on MgO has
been studied to learn about destruction pathways
of one of the more resistant chlorocarbons. Of
particular interest is the production of phosgene
(OCCly): it seems to be an important intermediate
in photocatalytic destruction of many chlorocar-
bons. Figure 2.20 shows its evolution during heat-
ing of a thin-film MgO surface covered with a
monolayer of CCly, after irradiation at 193 nm.
The dry surface (curve a) shows strong binding to
the intermediates of phosgene, while with a
monolayer of water present, the kinetics indicate a
much weaker interaction (curve b). Oxygen-18
studies indicate that the reaction mechanism dif-
fers, the oxygen coming from the MgO lattice if the
water coverage is less than a monolayer, from the

water if it is more. Water desorption studies allow
us to predict that monolayer water films would
exist in chlorocarbon scrubbing applications of
MgO powders up to 700 K.

2. Ions at Interfaces

Much of the chemistry of importance in aqueous-
mineral and electrochemistry involve aqueous
ions. Our studies of ions at surfaces involve a col-
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Figure 2.20. Evolution of phosgene from a mono-
layer of CCl, on a thin-film MgO surface irradiated
at 193 nm.
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laboration between PNL and the University of
Colorado. Professor Barney Ellison and his stu-
dent John Biesecker built an ion source and deliv-
ered it to PNL for joint use. We will use cryogenic
temperatures (<20 K) and molecular beam dosing
to create models of aqueous interfaces with known
spacing (in z) between various molecules, ions,
and the surface. Unlike others, we employ a mass-
selected, positive or negative molecular-ion beam,
producing 10 to 50 nA of ions at several eV impact
energy. This allows study of ionic surface pro-
cesses for a wide range of molecular ions (NH,*,
H3;0%, N,O*, NOj-, CIO—, CN—, OH-, etc.). We can
prepare systems at equilibrium or ones which are
highly metastable. Neutralization of the deposited
ions make it an effective radical source. These
capabilities will also allow studies of important
atmospheric chemistry of aerosols, for species like
CIO, ClIO-, and NOx*/~.

The source has recently demonstrated (for N,O%)
narrow-energy beams at 10 nA or higher fluence,
at about a volt impact energy. As the beam energy
is reduced from 500 V, the current is nearly con-
stant down to the 1-V limit. Previous attempts by
others have shown strong beam losses typically
starting below 50 V. Our design minimizes these
losses, which are due to space-charge effects.
Hydration and ion migration studies are about to
commence using thin-layer water epitaxy plus
ions.

The Uptake of Gases by Aqueous
Solutions Probed by Surface
Nonlinear Optical Spectroscopy

R. Doolen* and D. Ray
Supported by Laboratory Directed Research and
Development (LDRD).
*Postdoctoral Research Associate.

The goal of this project is the direct spectroscopic
measurement of the thermochemistry and kinetics
of gas/liquid mass transfer across water surfaces.
The detailed molecular-level data obtained from
these experiments, along with molecular-scale
simulations performed by staff in the Theory,
Modeling, and Simulation program, will provide
improved understanding of the uptake of gases by
aqueous solutions, and may provide an alternative
method for measuring mass accommodation coef-
ficients of atmospherically important species.

The basic experimental approach is to measure the
orientation, the adsorption isotherm, and the sol-
vation kinetics of selected adsorbates on liquid
water surfaces by surface second harmonic gener-
ation spectroscopy using a high-repetition-rate
femtosecond laser and a photon-counting detec-
tion system. Surface second harmonic generation
is a nonlinear laser spectroscopy that is both
species-selective and intrinsically surface-selective.
The basic methodology has been developed by
Eisenthal and coworkers at Columbia University,
but applications in environmental science have not
yet been demonstrated. Analysis of the data
obtained, in combination with values for the solva-
tion energy and data from droplet uptake mea-
surements, will yield a complete representation of
a model potential energy surface for the process of
mass accommodation. Measurements of the sur-
face excess of benzaldehyde at the gas/liquid
interface of aqueous solutions are in progress.
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3. Radiation and Other
High-Energy Processes
at Environmental Interfaces

Investigation of Acetyl Chloride
Photodissociation by
Photofragment Imaging

S. M. Deshmukh,* J. D. Myers,t
S. S. Xantheas, and W. P. Hess
Supported by Office of Basic Energy Sciences.

*Postdoctoral Research Associate.
*Computing and Information Sciences.
}Theory, Modeling and Simulation.

The photochemistry of acetyl chloride is interest-
ing from both environmental and a fundamental
chemistry perspectives. The discharge of chloro-
compounds into the environment threatens strato-
spheric ozone, terrestrial ecosystems, and ground-
water supplies.] The photochemistry of acetyl
chloride is also important from a mechanistic
viewpoint, as it appears not to follow the well-
known Norrish type I reaction, which is character-
istic of asymmetrically substituted aldehydes and
ketones.2 To investigate the details of acetyl chlo-
ride dissociation, we have recorded the velocity
distribution of the Cl, CHj, and CO fragments
using an ion imaging technique.3 Following exci-
tation of CH3COCI near the maxima of the [n, ©*
(C=0)] transition by a polarized 236-nm laser
light, Cl, CHj, and CO fragments are probed by

using (2+1) multiphoton ionization (MPI). The
experimental apparatus is similar to that described
by Chandler.3 Briefly, a molecular beam is direc-
ted into the extraction region of a time-of-flight
(TOF) mass spectrometer and toward the center of
a micro channel plate (MCP) detector. The beam is
crossed at right angles with the counter-propagat-
ing photolysis and probe laser beams, roughly
equidistant from the repeller and the extractor
optics of the TOF spectrometer. Atomic chlorine
photofragments, in the ground (?P3/,) and spin-
orbit excited (2P;,,) states, are probed (ionized)
using the two-photon transitions at 235.33 nm for
Cl (2D3/; « 2P3, ) and at 237.8 nm for CI* (*Dy/; <
2P, ,,), methyl fragments are probed using the
two-photon 4p, <« X transition near 286 nm, and
CO fragments are probed using the two-photon B
« X transition near 230 nm. Following ionization,
Cl, CH3, and CO photofragments are rapidly

extracted (2800 V) from the ionization region and
accelerated along the molecular beam axis to
impinge upon a dual-chevron microchannel plate/
phosphor-screen detector. The resultant image is
a two-dimensional projection of the three-dimen-
sional spatial distribution of the selected frag-
ments. Although the raw images do not directly
describe the three-dimensional photofragment
velocity distributions, the velocity distributions
may be extracted from the raw images by the use
of inverse Abel transforms.3

Figure 3.1 displays the raw photofragment images
for Cl, CH,, and CO fragments following 236 nm

excitation of acetyl chloride. The Cl ion image
(Fig. 3.1(a)) clearly shows two vertically displaced
lobes, and an anisotropic spatial distribution. The
CO ion image (Fig. 3.1(b)) has a much more iso-
tropic appearance (8 ~ 0) than the Cl ion image.
Considerable intensity appears in the center of the
image, indicating a significant slow component.
Similarly, the CHj; ion image shows a largely iso-
tropic appearance although lateral broadening is
evident. Again, the methyl fragments display
intensity in the central portion of the image, indi-
cating a slow component that is momentum-
matched to the CO product. Figure 3.2 displays
the velocity distributions of Cl, CHz, and CO
photofragments obtained by taking the inverse
Abel transform of the quadrant-averaged raw
image. The full three-dimensional velocity distri-
bution is recovered by rotation of the transformed
image about the vertical symmetry axis. The
speed distribution at any particular angle may be
obtained by taking a radial cut of the transformed

image.

The Cl atom speed distribution is angularly depen-
dent, and yields a translational energy distribution
with a mean value of 9.9 kcal/mol or 0.43 eV. The
total fragment recoil energy is peaked near 18
kcal/mole, which is in good agreement with the
value of 16 kcal/mole reported in the 248 nm pho-
tolysis,2 considering the greater photon energy
used here. The anisotropy parameter of the fast
component, obtained from the Abel transformed
image, is 8 = 0.9 + 0.2, corresponding to a 33%
admixture of sin28 distribution in the predomi-
nantly cos?6 angular distribution. In contrast to
the Cl photofragment image, the CO image dis-
plays an isotropic spatial distribution. The speed
distribution yields the half maximum value of 780
m/s at 6= 0°, which is equivalent to a mean trans-
lational energy of 2.04 kcal/mol or 0.09 eV. The
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Figure 3.1. False-color photofragment images of
(a) Cl, (b) CO, and (c) CHj products in the 236-nm
dissociation of acetyl chloride. The Cl, CO, and
CHj; fragments are probed using various (2+1) MPI
schemes described in the text.

mean speed of CO fragments at 8= 90° is 750 m/s.
The speed distribution for CHj, fragments yields
the half-maximum value of 1450 m/s at 6 = 0°,
which is equivalent to a mean translational energy
of 3.78 kcal/mol or 0.16 eV. The mean speed of
CH; fragments at 6 = 90° is 1540 m/s. We do not
observe high-velocity methyl radicals that would
be indicative of primary C—C bond fission.

Figure 3.2. False-color images of the fragment
velocity distributions produced by performing
inverse Abel transforms of the (a) Cl, (b) CO, and
(c) CH; images presented in Fig. 3.1.

The dissociation of acetyl chloride at 5.25 eV, to
form Cl, CH3, and CO products occurs through a
two-step process. The mechanism for acetyl chlo-
ride dissociation may be described by the reaction
steps

32
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CH3COCI + hv — CH,;CO* + Cl /CI* 1)

CHyCO* — CH; (v], T) + CO (v], T)- @
The Cl photofragment image displays distinct
anisotropy that is characteristic of a prompt disso-
ciation with a dissociation lifetime assumed to be
less than a rotational period of roughly 1 ps.4 The
CO and CHj; photofragment images display
isotropic spatial distributions. The lack of anisot-
ropy in the CH; and CO photofragment images
indicates that the only primary dissociation chan-
nel is C-Cl bond cleavage and that the CH; and
CO dissociation dynamics requires a subsequent
kinetic step. Rotation of the CH3CO intermediate
prior to decomposition is presumably responsible
for the loss of anisotropy in the secondary dissoci-
ation step.

The initial CH3;CO photoproduct is born in a dis-
tribution of excited vibronic states, of which
approximately 30% decompose to form CHj; and
COS5 In an earlier spectroscopic study, we report-
ed the CH, product internal state distribution and
the translational energy distribution of Cl1/Cl*
fragments.> The CHj; product state distribution
displays very little internal excitation as the rota-
tional distribution extends only up to N” =5, and
only a small amount of excitation is detected in the
lowest v, umbrella vibration; the internal energy of
CH, was found to be less than 0.02 eV.> Here we
find that, although the CO product is not vibra-
tionally excited, significant rotational excitation is
evident from the band contour analysis. It is clear
from these observations that dynamical, rather
than statistical, models best explain the product
state distributions.
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Theoretical Investigation of
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Theoretical calculations were performed to assist
in interpreting the experimental results obiained
by an ion imaging technique during photodissoci-
ation of acetyl chloride at 236 nm. The recorded Cl
images display anisotropic angular distributions,
characteristic of a prompt, impulsive dissociation
of the C—Cl bond. Furthermore, the experimental
data suggest that a fraction (about 28%) of the
CH;CO, produced as a primary photoproduct,
subsequently decomposes to form CH; and CO.
The optimal structures of the minimum (A’) and
transition state corresponding to the dissociation
of the acetyl radical (CH;CO) are shown in Fig.
3.3(a), whereas the optimal geometry of CH3;COCl
(*A’) is shown in Fig. 3.3(b) at the MF2/cc-pVTZ
level of theory. The arrows show the displacement
of the atoms along the mode corresponding to the
imaginary frequency at the transition state.
Internal coordinates are indicated in degrees and
A. The energy profile for the CH;CO dissociation
along the C-C reaction coordinate at the MP2/cc-
pVTZ level of theory is shown in Fig. 3.4. The val-
ues of the C-C-O and H-C-H angles are indicated
for each value of the C-C bond. The barrier for
CH,;CO dissociation was experimentally estimated
at 16.2 + 2 kcal/mol, and theoretically predicted at
19.1 kcal/mol at the MP2/cc-pVTZ level of theory.
The dissociation proceeds toward a nearly Cg
pathway, i.e., the atoms O, C, C, and H, remain
nearly on the same plane. The geometry of the
transition state for the acetyl radical dissociation is
a more open structure with a relaxed, nearly pla-
nar CHj group, and a contracted C-C-O bond
angle. As the C—C bond lengthens, the pyramidal
methyl group slowly relaxes.to near the planar
structure of free methyl. The gently relaxing H-C-
H angle allows the methyl radical to form without
exciting the v, bending vibration, and since the
methyl tripod does not cock off axis during disso-
ciation, little rotation of the methyl radicals is pro-
duced. The CO product displays no observable

vibrational excitation, but significant CO rotational
excitation is observed. This is consistent with the
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(a) CH;CO (A’ state)
1.149
115.92\
1
X 2125
1
117.39
Minimum Transition State
(b) CH3COCI (A state)

110.74

Figure 3.3. (a) Optimal structures of the minimum
(2A’) and transition state corresponding to the dis-
sociation of the acetyl radical at the MP2/cc-pVTZ
level of theory. The arrows show the displacement
of the atoms along the mode corresponding to the
imaginary frequency at the transition state. (b)
Optimal geometry of CH3COCl (1A’) at the
MP2/cc-pVTZ level of theory. Internal coordinates
are indicated in degrees and angstroms.

calculated C=0 bond contraction to near that of
the free CO along the reaction path. It appears
that these motions occur gently, allowing the
methyl and CO fragments to transform adia-
batically into ground-vibrational-state products.
The rotational state distribution is also qualita-
tively explained by examining the differences in
the ground-state acetyl chloride and transition-
state acetyl structures.

Laser Interactions with an Ionic
Molecular Crystal:

Sodium Nitrate Ablation

in the 6-eV Valence Band

R. A. Bradley Jr.,* E. J. Lanzendorf,t
M. I. McCarthy,* T. M. Orlando,

and W. P. Hess
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and Development Program (SERDP).

*Postdoctoral Research Associate.

tGraduate Student.
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Laser ablation is an important technique in an
increasing number of fields including chemistry,
physics, materials science, microelectronics, biol-
ogy, and medicine.! The utility of laser ablation is
derived from the diversity of materials that are

amenable to the technique. The combination of
laser ablation and mass spectrometry has led to
the mass determination of a variety of refractory
materials, including high-molecular-weight bio-
molecules.23 Laser ablation combined with mass
spectrometry (LAMS) is being developed as a diag-
nostic for analysis of atomic and molecular species
in mixed hazardous wastes.4 Using this approach,
analysis of complex multicomponent mixtures can
be performed rapidly using very little sample.
Reduced sample size is highly desirable for the
analysis of many hazardous wastes because it min-
imizes the secondary waste generated from the
analytic procedures. The LAMS technique is being
applied to analyze mixed wastes extracted from
the underground storage tanks at the Hanford
Nuclear Reservation. A major component of these
tanks is sodium nitrate (NaNO3), so understanding
the ablation mechanisms of this material is
essential to analyzing these wastes. Sodium
nitrate is a wide-band-gap, insulating material that
forms a molecular ionic crystal with a hexagonal
unit cell of D3q symmetry. We examine laser/
solid interactions following resonant excitation of
single-crystal sodium nitrate by measuring the
translational, rotational, and vibrational energy
distributions of desorbed NO.

The NalNO; crystals were excited using 5-ns pulses
of 213-nm light incident on the sample at 40° to the
crystal face. Neutral NO fragments are probed
using 1+1 multiphoton ionization (MPI) following
ablation. The positive ions produced via MPI are
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detected using a time-of-flight (TOF) mass spec-
trometer. The relative populations of the rota-
tional and vibrational levels (v” = 0-4) of the
observed NO were determined from the intensity
of the Py, bandhead of the (0,0), (1,1), (2,2), (2,3),
and (3,4) vibronic transitions. Figure 3.5 shows a
typical MPI spectrum of desorbed NO. The initial
NO yield was determined using a quadrupole
mass spectrometer (QMS) on fresh (initially unir-
radiated) NaNOj samples. The neutral NO de-
sorption yield is quantitatively different for reso-

nant excitation of the n* « m, band at 213 nm as
compared to nonresonant excitation at 266 nm.
For freshly-cleaved samples the neutral NO yield
for 213-nm excitation is approximately 1,000 times
greater than for 266-nm excitation, hence it is clear
that resonant excitation leads to a significant
enhancement of the NO yield due to a photochem-
ical reaction. Examination of the power depen-
dence of the ablation process indicates that all NO
production is a result of single-photon absorption
at 213 nm.

Energy profile along CH3;CO dissociation
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Figure 3.4. Energy profile for the CH;CO dissociation along the C—C reaction coordinate at the MP2/cc-
pVTZ level of theory. The values of the C-C-O and H-C-H angles are indicated for each value of the C-C
bond. Abbreviations: m = minimum, T.S. = transition state.
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Figure 3.5. The NO rotational distribution follow-
ing 213-nm excitation: (a) displays the full rota-
tional spectrum of the (0, 0) A *Z* « X I, 5
transition, while (b) is the power-corrected spec-
trum of the Py, rotational band, expanded from the
rotational spectrum shown in (a). A Boltzmann

analysis of this spectrum yields a rotational tem-
perature of 270 + 50 K.

The large oscillator strength of the ©n* < m, absorp-
tion band greatly enhances the ablation efficiency
for resonant 213-nm excitation. We measure the
neutral product yield of NO and O, using the QMS
and find the ratio of NO to O, yield to be approx-
imately 15:1, which is significantly greater than the
stoichiometric ratio. No significant desorption of
atomic oxygen was observed above the back-
ground level (m/z = 16) due to H,O and O,
cracking in the electron impact ionizer of the QMS.
For low laser fluence (<2 MW/cm?2), no NO, or Na
is observed at 213 nm within detection limits. We
also observe no indication that product channels
for NO, or O production are present.

For the NO desorbing from the surface, there is
significant population in the higher vibrational
states. This vibrational distribution provides a
poor fit to a Boltzmann plot, and must therefore be

nonthermal. The TOF spectra are fit to a half-range
Maxwell-Boltzmann velocity distribution func-
tion,% yielding a translational temperature of 250 +
40 K, in thermal equilibrium with the unirradiated
surface. We have also investigated the rotational
energy distribution of the desorbing NO from
NaNO; ablation at 213 nm. A Boltzmann analysis

of the spectrum displayed in Fig. 3.5 yields a rota-

tional temperature of 270 + 50 K for the ablated
NO. Data obtained at higher temperatures indi-
cates that the rotational temperature of the desorb-
ing NO tracks with the substrate temperature. The
observation of considerable NO vibrational excita-
tion implies that the surface residence time of the
newborn NO product is short compared with the
lifetime of vibrationally-excited NO on the surface.
This may be due to the poor energy match
between a vibrational quanta for NO (~1900 cm™)
with the Debye frequency of crystalline NaNO;
(100-200 cm™). The translational and rotational
state distributions however, indicate a finite resi-
dence time as these degrees of freedom are equili-
brated with the surface temperature.

Photoexcitation of the * « m, band in NaNO; cre-
ates excited-state nitrate anion NO3;™* (a Frenkel
exciton) both at the surface and in the bulk crystal.
The surface dynamics of photoexcited NaNO;

results from the dissociation of the NO;™ exciton

at or near the surface. Since this exciton presum-
ably self-traps at the vacuum surface interface, the
subsequent dissociation mechanisms can be
described in terms of the decay of a surface-bound
negative ion excited state. Hence, the ablation
process is actually probing the phofochemistry of
the NaNO; solid to gas interface. At or near the
surface layer, direct photodissociation can occur,
leading to desorption of NO. Equation (1)
describes the proposed mechanism:

NO;7(s) + hv = NO5;™(s) = NO(g) + O, (s) (1)

Here the (s) indicates surface or near-surface sites,
and (g) indicates escaped gas-phase species.
According to this mechanism, the O,~ product
remains trapped on the surface in the defect site
created by the decomposition of the nitrate ion.

To understand the energetics of NO3;*(s) dissocia-
tion we must consider the stabilization of the
nitrate anion by the Coulomb field of crystalline
NaNO;. We estimate the bulk anion stabilization
to be ~7.5 eV, considerably larger than the 5.8 eV
excitation energy. The anion stabilization may be
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estimated from the positions of the n* «— 7, and
Nat+ (3s) « 1, bands, the electron affinity® (3.9 eV)

of NOs, and by assuming that the Na™ (3s) « =,
band observed at 10.5 eV in the bulk absorption

spectrum, lies roughly 1 eV below the vacuum
level. Therefore, single-photon excitation of bulk
NO;™ is incapable of releasing a photoelectron,
and energetic constraints require either O,~ trap-
ping, or possibly F-center formation following
desorption of neutral NO.
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One of the main objectives of this program is to
understand the effects of ionizing radiation on
condensed-phase systems by probing the detailed
chemical and physical transformations induced by
bombardment of molecular solids with low-energy
(1-100 eV) electrons and vacuum ultraviolet (VUV)
photons. Our interest is largely based on the fact
that energetic particles lose energy primarily via
the production of low-energy secondary electrons.
For example, the average energy lost by a fast
(~600 keV) Compton electron in a single ionization
event in the condensed phase is approximately 30
eV. Thus, before degrading, such an electron can
produce ~103-10* low-energy (1-100 eV) sec-
ondary electrons. We are particularly interested in
probing amorphous water, since the disordered
hydrogen-bonding network in amorphous ice
makes this system a good model for the liguid

state. In general, our studies are relevant to
understanding the chemical transformations that
occur in DOE mixed (radioactive/chemical) waste
storage facilities.

1. Low-Energy Electron Stimulated Reactions
in Amorphous Ice

We have measured the quantum-resolved transla-
tional and internal (vibrational and rotational)
energy distributions of the D, desorbates pro-
duced during electron (100 eV) irradiation of D,O
amorphous ice using resonance-enhanced multi-
photon ionization (REMPI) spectroscopy. This is a
continuation of our initial study (J. Chem. Phys.
101, 3282 (1994)), which probed the low-energy
electron-stimulated production of D, from amor-
phous ice using quadrupole mass-spectrometry
(QMS). The D, desorbates have very little transla-
tional energy (~20-50 meV), but are vibrationally
(v = 0-4) and rotationally (J = 0-12) excited. The
rotational state distribution of the D, does not
change as the ice temperature increases from 88 K
to 145 K. However, we find that the D, yield
increases monotonically in this temperature rarze,
with the yield at 145 K approximately double that
at 88 K. Although the mobilities of defects, charge
carriers, and radicals are known to be dependent
upon temperature, these results suggest that the
final states leading to D, production are indepen-
dent of temperature. We suggest that the domi-
nant mechanisms for production of D, at 100-eV
incident electron energy are dissociative recombi-
nation of holes (D,O* or D;0*) with quasi-free or
trapped electrons and dissociation of excitons at
the vacuum-surface interface. These dissociation
events can produce D, directly via molecular
elimination or indirectly via reactive scattering of
the energetic D atom fragments.

Time-of-flight laser resonance enhanced ionization
has also been used to measure the yields and
kinetic energy distributions of the D (2S), O (3Py),
and O ('D,) desorbates produced during low-
energy (5-50 eV) electron-beam irradiation of
amorphous ice. The low-energy neutral desorp-
tion thresholds (~8-10 eV) and kinetic energy dis-
tributions demonstrate the importance of valence-
level holes. Figure 3.6 shows the yields of D (2),
O (®P,), and D, (*g*) as a function of incident
electron energy. Careful examination of the
threshold region indicates that the production of D
(2S) primarily involves direct excitation or ioniza-
tion followed by very rapid geminate recombina-
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tion. The yield vs. incident electron energy data
can be fit well using theoreticall and experimen-
tal? data on the ionization efficiency of liquid water.
Lifetime and symmetry arguments suggest that it
is probable that exchange recombination events
which lead to the creation of excited triplet states
dominate in the production of O (3P, ), and D,
(*Lg*)- Our results clearly demonstrate that the
use of amorphous ice layers is a very good model
for liquid radiolysis events. We hope to extract
numbers relevant to the conventional G-values,
since the total thickness of our sample is on the
order of a single spur diameter.

We have begun a series of experiments which are
directed toward understanding the role that the
local structure and lattice defect sites might play in
the electron-stimulated production of D, (H,), O
(®P;,10), O (D), D( 1S) and D~ from water ice. This
was addressed by studying the yields of all of
these products as a function of time, temperature,
and phase. We produce amorphous ice at temper-
atures below 140 K and crystalline (glassy) ice
between 150-160 K. In general, the yields of all
products increase with temperature and are ~50%
higher from amorphous ice. The change in yield
with respect to the phase is consistent with the
higher surface area, higher desorption rates, and
higher electron-hole pair localization probabilities
expected for the more disordered amorphous ice.
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Figure 3.6. Yield of D (3S), O (®P,), and D, (1Zg%)
as a function of incident electron energy. The fit to
the D, (12g+) yield is derived from calculations!
and experimental? data on the ionization effi-
ciency of liquid water. The fit to the D, (1Zg*) and
O (3P;) data is the square of the ionization effi-
ciency.

2. Low-Energy (5-80 eV) Electron-Stimulated
Degradation of NaNOj Single Crystals

Low-energy (5-80 eV) electron-stimulated desorp-
tion of H¥(D*), OH*(OD'"), and Na* from solu-
tion-grown NaNO; single crystals is studied by
quadrupole and time-of-flight mass spectrometry.
Desorption yields, thresholds, and branching
ratios are reported as a function of incident elec-
tron energy and fluence. We suggest that the
H*(D*) and OH*(OD") ions arise primarily from
Na-H(D) and Na-OH(OD) termination sites pro-
duced during the interaction of water with surface
defect sites. We associate the ~24-eV threshold for
H*(D?*) desorption with hole production in the
O(20) level and the yield increase ~33 eV with
direct excitation of the Na 3s « 2p, Ly; exciton.
We also correlate the OH*(OD') desorption
threshold at ~33 eV with excitation of the Na 3s «
2p, Ly3 exciton and the Na* threshold between
~42-46 eV with direct ionization of the Na* 2p
level. The production and desorption of H+¥(D),
OH*(OD), and Na* can be explained in terms of
localized electronic excitations at surface termina-
tion (defect) sites which decay: primarily via inter-
molecular Auger processes. Auger decay results
in cation expulsion due to the repulsive Coulomb

interaction, as demonstrated by the hot transla-
tional energy distribution (~4-7 eV peak energy)
of the H*(D") desorption products. Desorption of
H*(D*) products dominate the cation desorption
yields from solution-grown NaNOj crystals by a
factor of ~100. We have also observed colloidal
Na buildup at temperatures below 375 K using
very low electron-beam fluxes (~1010-12 elec-
trons/cm? pulse). The relevance of these results to
tank-waste chemistry needs to be further explored.

We have also studied the low-energy (5-80 eV)
electron-stimulated degradation of melt-grown
NaNO; single crystals. Desorption yields, thresh-
olds, and branching ratios are measured under
conditions where substrate -metallization and
charge buildup are negligible. The major cations
observed are O*, N*, Nat, and NO*, and the only
anion observed is O~. The threshold for cation
production is 33 + 1.5 eV, and there is a further
increase in the Na™* yield at ~45 eV. These thresh-
olds are similar to those observed for solution-
grown crystals, and thus we associate the thresh-
old with the Na* 2p core exciton and the increase
at 45 eV to ionization of the Nat 2p level. The core
exciton and doubly-charged ion can decay via an
intermolecular Auger process involving electrons
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from the nitrate [] band. This decay can result in
the production of NO;*, a reversal of the Made-
lung potential, and cation expulsion due to Cou-
lomb repulsion. The major neutrals observed are
NO and O,, and the lower threshold (~20 eV) is
believed to result from single-hole ionization of
the 2¢’ nitrate bonding level. The O~ signal closely
follows the O, and NO yield, and we suspect that
the O~ signal is due to dissociative electron attach-
ment of O, or NO during escape from the surface.
We cannot rule out direct production of O~ via
decay of self-trapped NO;™ surface excitons.
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Fundamental High-Energy
Reaction Diagnostics/Kinetics
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Researchers at PNL have been developing high-
energy corona reactors for the destruction of
hydrocarbon contaminants. These reactors, which
generate low-temperature plasmas and operate at
atmospheric pressure, are potentially useful in
large-scale remediation efforts. However, the
details of the physical and chemical parameters
which govern the destruction efficiency are, at
present, poorly understood. We have developed a
differentially-pumped mass spectrometer system
that can be used to sample virtually any plasma
source. We have equipped this system with.a
Flowing-Afterglow and Chemical Ionization
Source that allows us to sample selectively the
neutrals present in the discharge region. This

capability, when coupled with quadrupole mass
spectrometry, allows us to sample the cation,
anion, neutral, and electron number densities and
hence “pick apart” the plasma for detailed studies.

To date we have utilized the Flowing-Afterglow
Mass Spectrometer to probe the plasma parame-
ters and plasma chemistry occurring in high-
energy packed-bed coronas that are used to
destroy halogen-containing hydrocarbon wastes
such as carbon tetrachloride. Work which addres-
ses the specific role of the packing material in
enhancing the destruction efficiencies has been
emphasized, since surface-interface interactions
and catalytic effects are expected to enhance
destruction efficiencies. The catalytic packing
materials were also investigated to determine their
effect on byproduct generation. These tests
demonstrated the near-real-time monitoring
capability of our new instrument. Soda-lime bead
packing materials were well characterized at vari-
ous operating conditions. The results compared
well with the data generated in a larger, labora-
tory-scale reactor, and thus confirm the validity of
the flowing-afterglow experimental results for
predicting performance on larger-scale prototypes.
Three catalytic materials, TiO,, ZrO,, and Cr,0,,
were investigated on a preliminary basis. These

materials showed improvement in destruction
efficiency for CCl, and will be investigated further.

An important collaboration was established with
Lawrence Livermore National Laboratory, to
investigate areas of common interest in corona
processing technology. A PNL-designed reactor
and power supply were shipped to LLNL facilities
and tested using LLNL control and monitoring
facilities. These tests examined destruction effi-
ciencies of NOx and a model hydrocarbon system
such as C3Hg. These tests were performed to
assess the applicability of corona technology to
cold-start issues in the automotive industry, and
also allowed PNL and LLNL to compare the rela-
tive merits of their respective corona technologies.
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4. Cluster Models
of the Condensed Phase

Structure and Bonding
of Silicon Oxide Clusters
L. S. Wang, J. B. Nicholas,* S. D. Colson,

and J. Fan*
Supported by Office of Basic Energy Sciences.
*Theory, Modeling and Simulation.
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Silicon oxide is a predominant component of the
earth. Its surface chemistry plays important roles
in the storage and underground transport of waste
materials. At EMSL major effort is being directed
to understanding the surface and interface proper-
ties of SiO,. We have initiated a study of the struc-
ture and bonding of small silicon oxide clusters
with a combined experimental and theoretical
approach, using anion photoelectron spectroscopy
(PES) and quantum calculations. The small, con-
trolled sizes of these cluster systems provide not
only atomic-level models to better understand the
bulk surfaces and defect sites, but also are an
excellent testing ground for validating theories
that are intended for large and real-world systems.

A magnetic bottle time-of-flight PES spectrometer
with a laser vaporization cluster source has been
constructed and tested.l It has a mass resolution
(M/AM) of about 500 and an electron energy reso-
lution of better than 30 meV at 1 eV kinetic energy,
making it a powerful apparatus for studying clus-
ters. Several initial experiments have been carried
out on small silicon oxide and similar germanium
oxide clusters. To test the abilities of the appara-
tus, several other experiments are also carried out,
particularly on mixed Fe/C/H clusters and FeO™

and FeO,~. The high mass resolution and high

energy resolution are amply demonstrated.

1. PES and Theoretical Studies of
SiOZ_, Si203_, GEOZ—, G8203—, GEZOZ_, and Si304—

We began with the smallest silicon oxide clusters
for which accurate quantum calculations can be
applied. The knowledge obtained with the smaller
clusters will guide our study for the larger and
more complicated ones. Quantum calculations are
performed on all the clusters to determine the

cluster structure and to compare with the experi-
ments. Except for 5iO, and GeO,, all the other
clusters already exhibit structural features remi-
niscent of the oxide surfaces and the bulk systems,
with a tetrahedrally bonded Si in Si3O4 and an
MZOZ rmg in Si203, Ge203, and Gezoz.

The PES spectra of Si0,~, Si,037, GeO;~, and
Ge,O;~ are shown in Fig. 4.1. These spectra are
taken at a 266-nm photon energy. The optimized
geometries with density functional theory (DFT)
are also shown in the figure. The arrows indicate
the adiabatic and vertical detachment energies.
The broad width of these spectra is due to the sig-
nificant O-Si-O bond angle change taking place
from the anion to the neutral, as shown. As expec-
ted, both the Si and Ge species have similar
structures.

The Ge,0, and Ge,O,™ anions are studied both
with DFT and PES at variable detachment ener-
gies.2 We find that the Ge;O, cluster is a rhombus
(D,p) closed-shell molecule with a large HOMO-
LUMO gap. The PES spectrum of Ge,O;” is
obtained at four detachment photon energies:
1064, 532, 355, and 266 nm (Fig. 4.2). Vibrational
structure is resolved at the lowest photon energy
with a single progression and a frequency of
400(60) cm1. The experimental adiabatic electron
affinity is found to be 0.625(0.050) eV for Ge,O,.
The calculated vertical and adiabatic electron
affinities and the HOMO-LUMO gap are in good
agreement with the experimental values. The cal-
culated totally symmetric vibrational mode of
Ge,O, (335 cm™?) is in reasonable agreement with
the observed vibration, and represents a Ge-Ge
breathing motion.

We obtained a vibrationally resolved photoelec-
tron spectrum of SizO,~ (Fig. 4.3), for which a sin-
gle vibrational progression is observed with a fre-
quency of 800(50) cm. This is the first observa-
tion of well-resolved vibrations for a relatively
complicated covalent cluster, and provides impor-
tant information about the cluster structure.3 We
use ab initio quantum mechanical calculations to
determine the geometry of this cluster, which is
found to be D, for the neutral ground state SizOy,
and C,y for SizO4~. In both cases, a central Si atom
is bonded to the four O atoms in a distorted tetra-
hedral coordination. The calculated electron affin-
ity and vibrational frequency are in excellent
agreement with the experiment.
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Figure 4.1. Photoelectron spectra of $iO,~, S$i,05~, GeO,~, and Ge,O;~ at 266-nm photon energy. The
arrows indicate the calculated adiabatic and vertical electron binding energies from DFT.

Relative Electron Intensity

3007
266nm

2007
1007

0~

1 2 3

120+
80~ 355am
40

0 A VY T

00 05 10 15 2.0 25 30
800+
600 5320m
400
200-]

0

800

400

0.0 02 0.4 06 08 10 12 14

0 OSSN A
0.0 02 04 06 08 10 1.2 14

Binding Energy (eV)

Figure 4.2 (left). The photoelectron spectra of
Ge,O,™ at four different detachment photon ener-
gies, and the DFT optimized structures and charge
distributions of Ge,0,~ and Ge,0,.

2. Studies of FeC,;~ and FeC,H™ (n = 2—4)

Small carbon and hydrocarbon fragments are
important in the surface chemistry of many het-
erogeneous catalysts, usually as intermediates of
dehydrogenation reactions and as precursors to
carbon films. Metal complexes of these fragments
provide interesting models for the study of their
bonding with surfaces. Toward this end, we stud-
ied complexes of several hydrocarbon fragments
bonded to a single transition-metal atom in the gas
phase by anion photoelectron spectroscopy (PES),
which provides unique information about the
electronic structure and the molecular bonding of
these simple metal complexes.
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Figure 4.3. The photoelectron spectrum of SizO4~ at 532 nm, showing a well-evolved vibrational progres-
sion. The arrows indicate the predicted adiabatic and vertical detachment energies.

The photoelectron spectra of FeC,~ and FeCH(D)™
are studied at 355-nm photon energy.? The elec-
tron affinities of FeC, and FeC,H(D) are deter-
mined to be 1.91(10) eV and 1.41(5) eV, respec-
tively. An excited state of FeC, at 1 eV above its
ground state is also observed. Only one major
detachment channel is observed for FeC,H(D)™. A
vibrationally resolved spectrum at 2.33 eV photon
energy for FeC,D~ is also obtained with a Fe-C
stretching progression, yielding a vibrational fre-
quency of 500(100) cm~1. The bonding between Fe
and C, and C,H(D) is similar to that in acetylene:
Fe is bonded to one C atom through a 6 bond in a
linear geometry, while C=C maintains its triple
bond feature as in acetylene.

We also studied FeCy,~ and FeC,H™ (n = 3-4) at
355-nm photon energy.’ Vibrational structures are
resolved in the spectra of FeC;~ and FeC3H™. The
FeC4~ spectrum is unusually broad, indicating a
large equilibrium geometry change from the anion
to the neutral states. The FeC4H™ spectrum exhi-
bits a single strong feature. Theoretical studies
using DFT have been carried out to determine the

structures and bonding of these clusters. All the
molecules in the anion ground states are found to
be linear, with the Fe atom bonded at one end.
The Fe and C bonding involves strong Fe 4s and C
sp interactions as well as considerable Fe 3d and C
p interactions. The n = 3 .species can be best char-
acterized by the cumulenic type of bonding with

FeC3H also having an acetylenic isomer. The n=4
species in the linear structures can be approxi-
mately described by diacetylenic type of bonding.
Mulliken charge analyses indicate that the extra
charge in all the anions enters mainly into the Fe
4s antibonding orbital, in agreement with the
assignment that the threshold detachment takes
place from the o* orbital mainly between the Fe
and C atoms. The vibrational structure resolved in
the FeC3~ spectrum yields a Fe-C stretching fre-
quency of 700(150) cm™! for the first excited state of
FeC;, in agreement with the Fe-C multiple bond-
ing character.
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3. Vibrationally- Resolved PES of FeO~ and FeO;~:
Observation of Low-Spin Excited States of FeO and
Determination of the Electron Affinity of FeO,

The photoelectron spectra of FeO™ and FeO,™ are
obtained at 355-nm photon energy (Fig. 4.4).6

Transitions to the ground state (°A) and three low-
lying excited states (5Z*, 3%, and 3A) of FeO are
observed. The two low-spin excited states found
at 6770 and 8310 cm™! above the ground state,
respectively, have not been observed before. The
two X states, characteristic of detachment of a non-
bonding electron from the FeO™ anion, exhibit no
vibrational progressions, while a vibrational pro-
gression is observed for each of the two A states.
The two high-spin states, 5A and 5%%, are in agree-
ment with a previous photoelectron study.” The
3A state vibrational frequency is 800(50) cm™. The
spectrum of FeO,™ shows only one major feature
with little vibrational structure at this photon
energy. The electron affinity of FeQ, is deter-
mined to be 2.358(0.030) eV.
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Clusters containing two to several hundred atoms
are considered to be ideal models for studying
chemisorption on surfaces due to their finite sizes,
which enable more rigorous theoretical calcula-
tions. Cluster chemical reactivities have been
studied extensively in the past few years and have
been found to be a strong function of cluster size,
and can vary by orders of magnitude simply by
adding or subtracting one atom. Yet it is not
understood why some clusters are more reactive
than others. We are interested in investigating the
cluster-molecule interactions through ultraviolet
photoelectron spectroscopy (PES) of size-selected
negative cluster ions by probing the change of the
electronic structure of a cluster upon chemisorp-
tion. This knowledge obtained from comparing
PES spectra of the bare clusters with that of the
cluster-adsorbate complexes should lead to
detailed insight about how a molecule interacts
with the cluster.

1. Photoelectron Spectroscopy of Size-Selected
Transition Metal Clusters

The photoelectron spectra of size-selected Fe,~ (n
= 3-24) clusters are investigated at a photon ener-
gy of 349 eV.1.2 The photoelectron spectra of
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these clusters exhibit sharp features throughout
this size range. The spectra for Fes g~ show large
size-dependence, with many resolved features.
The spectra for Feg 5~ exhibit some similarity with
each other, all with a rather sharp feature near the

threshold. An abrupt spectral change occurs at
Fey, then again at Fe;g~ and Feys™. These photo-
electron spectral changes coincide remarkably
with changes of the cluster reactivity with Hy.
Extended Hiickel molecular orbital (EHMO) calcu-
lations are performed for all the clusters to aid the
spectral interpretations. The calculations yield
surprisingly good agreement with the experiment
for clusters beyond Feg when BCC (body-centered
cubic) structures are assumed for Feg 15 and a simi-
larly close-packed structure with a BCC Fe;s core
for the larger clusters. Figure 4.5 shows the PES
spectra for Feg s~ along with the EHMO results
and the assumed cluster structures. The EHMO
calculations allow a systematic interpretation of
the sharp photoelectron spectral features in Feg 157,
and reproduced the abrupt spectral change taking
place from Fe;s~ to Fe;s~. Most importantly, the
reactivity changes of the clusters with H, are suc-
cessfully explained based on the detailed electron-
ic structures of the clusters, as revealed from the
PES spectra and the theoretical calculations. The
calculations also correctly predict the existence of
magnetism in these clusters and yield reasonable
values for the cluster magnetic moments.

Figure 4.5 (right). Photoelectron spectra of Feg™ to
Fej at 3.49-eV photon energy. The stick spectra
are the extended Hiickel occupied energy levels by
aligning the HOMO level with the threshold fea-
ture. The stick height is proportional to the orbital
degeneracy and electron occupancy. The assumed
structures in the calculations are also shown.
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2. Oxygen-Chemisorbed Iron Clusters

The photoelectron spectroscopy of size-selected
oxygen-chemisorbed clusters, Fe,O~ (n = 1-16),
has been studied to probe the initial oxidation of
the iron clusters.3 The spectra of the pure iron
clusters show rather sharp features in the whole
size range, but those of the oxygen-chemisorbed
ones are considerably different, with extensive
sharp structures observed for 7 up to 6 only. The
electron affinities (EAs) of both the bare and the
chemisorbed clusters exhibit strong size variations.
However, the first oxygenation of the iron clusters
induces a systematic lowering of EA in the size
range n = 9-15 (Fig. 4.6). Toward a complete
molecular picture of these interesting clusters,
density functional theory (DFT) calculations are
performed to determine the equilibrium cluster
structures, oxygen chemisorption sites, and their
electronic structures. The equilibrium structures
obtained for Fe,;O with n = 2-6 are shown in Fig.
4.7. For Fe,4, the O atom prefers the bridging
edge site. For Fes, the DFT results show equal sta-
bility for both the edge site and the threefold face
site. For Feg, the O atom prefers the threefold face
site.
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Figure 4.6. The electron affinities of pure iron
clusters and oxygen-chemisorbed iron clusters.
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Figure 4.7. Structures of a few small oxygen-
chemisorbed iron clusters from density functional
theory calculations.

3. Study of Iron-Carbon Mixed Clusters,
FeCy, (n = 2-5): A Possible Linear to Cyclic Transition
from FeC3 to FeC,

Small carbon clusters have been studied over the
past few decades and continue to be a fertile cur-
rent research topic due to their importance in
many disciplines. The current interest in carbon
clusters is fueled by the discovery and characteri-
zation of fullerenes. The field of fullerene science
now includes the study of metallo-fullerenes? and
carbon nanotubes.5 The formation of metallo-
fullerenes was discovered soon after the discovery
of Cq itself. However, their formation seems to be
highly selective: only the alkali, alkali-earth, and
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rare-earth elements are found to form metallo-
fullerenes easily. No transition metals have been
found to form metallo-fullerenes. Carbon nan-
otubes have been found to form in the arc synthe-
sis of fullerenes. The introduction of a transition
metal into the arc synthesis of fullerenes has been
found to catalyze single nanotube formation with
the tube diameters down to that of Cgg itself.6 To
understand the metallo-fullerene formation and
the catalytic roles of the transition metals in the
carbon nanotube formation requires detailed
knowledge about the basic interactions between
carbon and the transition metals. Carbon has been
found to form metallo-carbohedrenes (met-cars), a
series of stable molecules with transition metals.
The met-cars may have important materials appli-
cations—as catalysts, for example. However, the
mechanisms for the formation of met-cars and
their basic physical and chemical properties are
not understood. A detailed characterization of the
met-car formation mechanism will require a thor-
ough understanding of the small metal-carbon
mixed clusters and how their structure and bond-
ing evolve as the cluster size increases.

We studied small Fe/C mixed clusters, FeC;,~ (n'=
2-5) by anion photoelectron spectroscopy at 3.49-
eV photon energy.8 The spectra of FeC,~ and
FeC,~ show well-resolved features and are consis-
tent with linear-to-linear detachment transitions.
The FeC,~ spectrum is quite broad, suggesting
large geometry change from the anion to the neu-
tral. Since FeC,;~ is known to be linear,? our data
suggest that neutral FeC4 may have a cyclic struc-
ture. The spectrum of FeCs~ exhibits both shaip
and broad features, consistent with the existence
of both a linear and a cyclic isomer. A linear-to-
cyclic structural transition is thus suggested to
take place for the neutral FeCy, clusters from n =3
to 4: for n < 4 they are linear and for n > 4 they can
be both linear and cyclic. This is similar to the lin-
ear-to-cyclic transition occurring for pure carbon
clusters from n = 9 to 10, but at a much smaller
cluster size due to the presence of the Fe atom.
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Infrared spectroscopy is one of several powerful
techniques that the physical chemist can call upon
for studying the behavior of matter on an atomic
scale. But high-resolution gas-phase infrared
spectroscopic techniques have traditionally been

plagued by a number of problems, including spec-

tral congestion, Doppler broadening, and pressure
broadening. Spectral congestion is related to the
number of quantum states populated at a given
temperature and dictated by Maxwell-Boltzmann
statistics. Doppler broadening is related to tem-
perature through the kinetic energy relationship,
but also involves the random three-dimensional
motion of the gas molecules. Pressure broadening
is related to temperature through the collisional |
frequency of the molecules, which in turn depends
on the density and velocity of the sample. By
cooling and reducing the pressure of a gas sample
these three effects may be minimized, but at the
expense of drastically reduced signals.

A relatively new technique which takes advantage
of the properties of rapidly expanding a gaseous
sample into a moderate vacuum has been used in
our laboratory for the last year. A gas is expanded
through a slit orifice which measures 5 inches in
length by 1/6000 of an inch wide. The ensuing
ribbon of gas expands at supersonic velocities and
in the process, molecules entrained in this ribbon
are cooled to a few degrees above absolute zero
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without condensing. In addition, the random
three-dimensional motion of the gas molecules are
changed to a two-dimensional flow with little
velocity component in the plane of expansion but
perpendicular to the mass flow. If infrared laser
light is used to interrogate the gas molecules
through the plane of expansion, spectral conges-
tion, Doppler broadening, and pressure broaden-
ing are all reduced significantly. By exploiting the
virtues of supersonic expansions, we have recently
obtained high-resolution infrared absorption
spectra of a number of important molecules and
cluster species.

Ammonia-Argon Dimer

Small aggregates or clusters of weakly bonded
molecules and atoms have been the focus of
research efforts for nearly three decades. Their
existence is suspected in interstellar space (e.g.,
NHj;-H,), they may be implicated in the infrared
atmospheric continuum (e.g., water dimer), they
are prototypes for both the liquid and condensed
phases, and they provide an exacting test of theory
and modeling. The NHz-Ar dimer was first
observed by microwave/radiofrequency tech-
niques in 1984. Since then numerous papers have
appeared discussing both detailed experimental
and modeling efforts. The ammonia-argon dimer
is a prototypical cluster exhibiting free internal
rotation of the NHj subunit and tunneling due to
the ammonia inversion or “umbrella” mode. In
addition, NH;3-Ar exists in both ortho and para
states due to the three equivalent hydrogens.
Currently, there is little experimental information
on the states involving ammonia inversion in this
dimer. This information is critical to developing a
more complete potential energy surface.

We have recorded extensive experimental data on
the NH3~Ar dimer by probing the umbrella mode

near 950 cm! with tunable semiconductor diode
lasers. We have observed and cataloged several
hundred lines corresponding to various levels of
internal rotation; a portion of this spectrum is
shown in Fig. 4.8. This data is being analyzed
jointly by PNL and researchers at NIST (Gerry
Fraser and Alan Pine).
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Figure 4.8. A representative spectrum of the NH;-
Ar dimer corresponding to the Q branch of the II
(i=1,k=0)«Z; (=0, k =0) transition.

Cation-Ether Complexes
in the Gas Phase: Bond
Dissociation Energies and
Equilibrium Structures of
Li*[O(CHs)2ly, x = 14

M. B. More,* E. D. Glendening,t D. Ray,

D. Feller,t and P. B. Armentrout*
Supported by Office of Basic Energy Sciences.
*Department of Chemistry, University of Utah.
TTheory, Modeling, and Simulation.

Non-covalent interactions between ions and neu-
tral molecules are of fundamental importance to
molecular recognition and related phenomena in
condensed phases. The importance of these inter-
actions is illustrated by the selectivity of macro-
cyclic ligands (e.g., crown ethers) toward alkali
cations in aqueous solution. Crown-ether cation
complexes are interesting not only from a funda-
mental point of view, but also because of their
possible utility in advanced chemical separations
methods currently under development to reduce
the present inventory of high-level radioactive
waste. Computational methods that possess the
capability to predict the selectivity of a macro-
cyclic ligand for a given cation in a variety of envi-
ronments would be useful tools in the develop-
ment of advanced separations technologies, but
such methods do not currently exist. Accurate
models of the relevant non-covalent interactions
are prerequisite to the development of such meth-
ods. One approach to understanding these non-
covalent interactions is the study of ion-molecule
complexes in the gas phase. Measurements and
calculations on the isolated complexes allow the
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separation of intrinsic effects from effects due to
solvation and solvent-induced phenomena.
Obtaining accurate data on complexes of cations
with simple ethers, and determining the level of
theory required to accurately model these com-
plexes are the first steps toward developing accu-
rate models of the interaction between cations and
polyethers.

The present work was undertaken to extend the
thermochemical database on MLy* complexes and
to test and validate the experimental and theoreti-
cal methods employed. Dimethyl ether (DME) was
selected as the ligand, as it may be considered the
simplest functional subunit of an aliphatic poly-
ether. Accurate experimental determinations of
the bond dissociation energies of the (DME),Li*-
DME complexes facilitate assessment of the level of
ab initio theory required to describe accurately the
non-covalent interactions in the complexes. Also,
the results of the calculations (vibrational frequen-
cies and geometries) are used to provide a more
accurate analysis of the experimental results. An
understanding of the thermochemical results is
aided by the application of natural energy decom-
position analysis (NEDA) to the calculated wave-
functions. The work presented here represents the
first steps in a synergistic program to develop a
predictive model of the non-covalent interactions
between cations and polyethers. Work in progress
extends this first investigation to other metals and
more complicated ligands, such as the crown
ethers.

The bond dissociation energies, equilibrium struc-
tures and harmonic vibrational frequencies of
Li*[O(CHa),)y, x = 14, were determined. Bond
dissociation energies were determined experimen-
tally by analysis of the thresholds for the collision-
induced dissociation of Li*[O(CHs),ly, x = 14, by
xenon (measured at the University of Utah using
guided ion-beam mass spectrometry) and theoret-
ically by ab initio electronic structure calculations
at RHF and MP2 levels of theory. In all cases, the
lowest-energy dissociation channel observed
experimentally, and the primary product, is endo-
thermic loss of one ether molecule. The cross-
section thresholds are interpreted to yield 0- and
298-K bond energies after accounting for the
effects of multiple ion-molecule collisions, internal
energy of the complexes, and unimolecular decay
rates. Both experimental and theoretical results
are in good agreement with previous experimental
results for Lit[O(CH;),]. Agreement betweén

experiment and theory is also very good for x = 2-
4, where the experimental bond energies are 12 +
6,10 £ 7, and -2 * 10 kJ/mol, respectively, lower
than theory. The calculated equilibrium structures
of the complexes exhibit the importance of electro-
static interactions. Natural energy decomposition
analysis of the calculated wavefunctions indicates
charge transfer is also important in these
complexes.

Spectroscopy and Dynamics of
Molecular Clusters

A. H. Bahnmaier,*t V. A. Venturo,*
A. G. Joly, ]. M. Price;* and D. Ray

Supported by Office of Basic Energy Sciences.

*Postdoctoral Research Associate.

*Supported by Deutsche Forschungsgemein-
schaft (DFG).

iComputing and Information Sciences.

The synthesis of clusters in molecular beams
affords the opportunity to create model systems
exhibiting a rich variety of chemical phenomena.
The application of techniques of laser spectroscopy
and mass spectrometry to size-selected cluster
beams facilitates rigorous studies of fundamental
properties (both static and dynamic) of these
model systems. The goal of this project is to exam-
ine the relationships between cluster structure
(geometric and electronic) and function (reaction
dynamics and kinetics) in molecular and ionic
clusters. Comparison of the experimental results
with predictions of emerging theoretical models is
an important component of this project.

A photoionization-based version of rotational
coherence spectroscopy (RCS) was implemented

and used to measure psec time-resolved rotational
coherence transients of fluorene and fluorene—Ar.
RCS is a time-domain spectroscopic technique that
yields the rotational constants of an absorber to an
accuracy of <1%, without requiring precise mea-
surement or detailed analysis of individual eigen-
states. A software package for simulation and
analysis of rotational coherence transients (acces-
sible via the Internet) was developed in collabora-
tion with J. M. Price (Computer and Information
Sciences, EMSL). Fluorescence-based implementa-
tions of RCS have been used extensively by Felker
and coworkers at UCLA and Topp and coworkers
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at the University of Pennsylvania to study the  tions allow the use of time-of-flight mass spec-
geometric structures of small clusters (dimers and  trometry to effect mass selection and extend the
trimers) that are amenable to size-selective pho-  range of applicability of RCS to larger and/or
toexcitation. Photoionization-based implementa-  photochemically active clusters.
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5. Analytical Methods
Development

Molecular Speciation
of Waste Tank Contents

S. D. Colson, S. E. Barlow, J. P. Cowin,
M. E. Geusic,* N. G. Gotts,t

R. S. McDowell, and B. M. Wiset
Supported by Office of Environmental
Restoration and Waste Management—
EM-50 Characterization, Monitoring, and

Sensor Technology Integrated Program.
*Materials and Chemical Sciences Center.
tPostdoctoral Research Associate.

}EMSL, Materials and Interfaces.

Current chemical analysis of Hanford waste tank
cores relies heavily on traditional wet-chemistry
techniques. This frequently requires significant
pretreatment, which generates additional unwant-
ed mixed-waste materials. In addition, current
technologies provide limited data on chemical
constituents as a function of core depth in the tank,
preventing managers and staff of the TWRS pro-
grams from obtaining detailed information on the
amounts and distribution of chemical constituents
within the tanks. The current wet chemistry anal-
ysis techniques are very time consuming (up to six
months to analyze and report) and expensive
(often in excess of $500K per core) to execute. Hot-
cell chemical analysis process throughput is now a
major time/cost factor in meeting the schedule for
analysis of Hanford tank core samples. As prom-
ising pretreatment methods are scaled up, defini-

tive information is needed on those tank wastes
for which the process proves ineffective (to under-
stand why), and to provide a basis for further pro-
cess technology development, if necessary.
Addressing these needs in existing and/or future
plants can have multimillion dollar cost impacts.

The combined impact of these needs is to drive the
development of analytical methods that can pro-
vide rapid results; be automated to handle high
sampling rates with as little associated sample
preprocessing as possible; provide simultaneous
results on a number of analytes, reducing time and
costs; reduce the reliance on traditional, time-con-
suming, and more costly analyses; and can be
deployed for operation outside the development

laboratory (to hot cells and on-line in waste pro-
cessing facilities). Laser ablation mass spectrome-
try (LA/MS) responds to these needs and in addi-
tion provides microsampling to allow depth profil-
ing, and provides direct elemental and molecular
species analysis to support TWRS methods devel-
opment and subsequent on-line process analysis
and control.

The LA/MS method being developed for analysis
of waste tank samples is part of a larger, jointly-
funded EM-50/EM-30 program to accelerate the
characterization of the Hanford waste storage
tanks. This method depends upon three key steps:

(1) The ablation of solid material to form small
particles;

(2) The entrainment of these particles in a car-
rier gas and their transport via a small tube to a
low-radioactivity area; and

(3) The chemical analysis of these particles by
mass spectrometry.

Our challenge was to optimize this method to ana-
lyze for the chemical species present in the waste
material. Other portions of this program have
shown that only aerosol particles in the micron to
tenths-of-micron size are efficiently transported.
Hence, several of our objectives focus on the
methods for the production of aerosol particles of
this size that quantitatively represent the chemical
speciation distribution of the waste material. A
second major component of our work focused on
the chemical analysis of the aerosol particles them-
selves. The third element of the program is data
analysis (of both elemental and chemical specia-
tion data) via chemometric methods to enhance
LA/MS as a screening tool in itself and when used
in conjunction with other methods such as Raman
and infrared spectroscopies. The chemometrics
studies showed that standard pattern recognition
techniques can adequately classify waste tank
samples.

The molecular speciation project established that
the sampling methods proposed will yield accu-
rate sample fingerprints, and identified two meth-
ods for analysis that we will employ in parallel.
One analyzes the aerosol stream by injecting it
directly into a mass spectrometer, where it is ana-
lyzed following laser ionization. This unit yields
results in seconds. A second instrument, which
gives complementary results, will capture the
aerosol material and analyze it in batch modes via
secondary ion mass spectrometry (SIMS), with sev-
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eral minutes to an hour turnaround time. Esti-
mated sensitivity limits are generally at the few
parts-per-million level.

Rovibrational Spectroscopy
of Carbon Tetrachloride

S. Xu,* R. S. McDowell, and S. W. Sharpe
Supported by Office of Nonproliferation and
National Security.
*Postdoctoral Research Associate.

Carbon tetrachloride was once widely used as a
refrigerant, solvent, and degreaser, and waste CCly
constitutes a significant fraction of the cleanup
problem at the Hanford reservation and other
industrial sites. In the atmosphere, CCly acts as
both a greenhouse gas and a source of ozone-
depleting free Cl atoms. There is interest in long-
range detection and analysis of CCly, both for
environmental applications and for monitoring of
industrial compliance with ES&H regulations. The
design of laser systems for such purposes requires
a detailed knowledge of the rotational-vibrational
infrared spectrum of the molecule.

Rather surprisingly, no high-resolution infrared
spectra or rotational analysis of CCl, has ever been
reported, in part because of an extremely dense
rotational-vibrational spectrum in the gas phase.
This results from several factors, including the
presence of five naturally occurring and overlap-
ping isotopomers, each of which has its own
unique spectral features with slightly displaced
vibrational origins. In addition, the congestion of
rovibrational lines in room-temperature spectra of
CCl, is exacerbated by the large vibrational parti-
tion function (Qysp = 6.02 at 300 K, so only 16.6% of
the molecules are in the ground vibrational state,
and hot bands dominate the spectrum), and the
small rotational constant (the most populated rota-
tional level at 300 K is | = 60). Finally, the levels v
(799 cm™) and v; + v4 (774 cm™) are in Fermi reso-
nance, so the combination v; + v, is much stronger
than would otherwise be expected and both bands
have mixed character.

We have obtained high-resolution rotationally
resolved infrared spectra of the spherical-top rotor
C35Cl, (in samples of natural isotopic composition)
both in static cells by FTIR spectroscopy (V4 and v;

+ v,) and in a supersonically cooled expansion
with tunable diode lasers (v3). For the v; funda-
mental, quantum assignments were made for indi-
vidual transitions from P(20) to R(24), and the par-
tially resolved Q branch was matched with syn-
thesized spectra. The bands v4 and v; + v, exhibit
much reduced manifold splitting, and scalar fits
were made to the R(24)-R(70) and P(38)-R(56) fre-
quencies, respectively. The v3/(v; + V) Fermi diad
yields Coriolis constants {3 = 0.621 and {,” =-0.145
that satisfy the harmonic sum rule, but are per-
turbed by the Fermi resonance and are inconsist-
ent with intramolecular force fields previously
reported based on isotope shifts in matrix spectra.
The true bending-mode Coriolis constant {; =
—0.414, obtained from analysis of the isolated and
unperturbed v, band, agrees well with the isotope
shifts.

Consideration of these Coriolis constants has led
to some generalizations involving vibrational
motions in all tetrahedral XY, molecules, for
which the higher-frequency infrared-active fun-
damental v; is a nearly pure stretch. Construction
of a vector-displacement normal-mode model
yields a simple formula for the Coriolis constants
that agrees well with those observed over a wide

range of central-atom/ligand mass ratios, from
CCl, (mx/my = 0.34) to SnH; (my/my = 115), and
that can indicate when a perturbation is affecting a
measured constant: {3 =4/[3(my/my) + 4].

The detailed spectral data and spectroscopic and
molecular constants obtained for CCl, enable us to
model the absorption for various atmospheric
conditions. We have identified several promising
analytical frequencies, based on Q-branch features
in the 12.5-13 pm region that are relatively free of
atmospheric interference. Intensity measurements
are in progress so that we can quantify the detec-
tion limits.
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Rovibrational Analysis
of Chlorine Nitrate

T. A, Blake, S. Xu,* and S. W. Sharpe

Supported by Atmospheric Radiation
Measurement (ARM) Program, Global Climate
Change Initiative; and by Laboratory Directed
Research and Development (LDRD).

*Postdoctoral Research Associate.

Chlorine nitrate is an important reservoir species
in stratospheric chemistry: it sequesters the reac-
tive molecules ClO and NO,, both of which partic-
ipate in catalytic cycles that destroy stratospheric
ozone. Ozone degradation proceeds via a catalytic
process involving atomic chlorine, which can be
produced by the photodissociation of Freons (e.g.,
CF,Cl,). Chlorine nitrate has been postulated to
act as a reservoir for atomic chlorine and may be
important in terminating this catalytic cycle.
These processes can be summarized as follows:

CE,Cl; + hv » CF,Cl1+Cl

O3+Cl—>CIO+02
NO, + ClO + M — CIONO, + M*.

Monitoring the chlorine budget of the stratosphere
has become an important goal of atmospheric sci-
entists. Chlorine nitrate has been detected by
ground-based and balloon-borne infrared spec-
trometers and by an infrared emission spectrome-
ter on board the Upper Atmospheric Research
Satellite. Reducing the data from these instru-
ments to determine the concentration of chlorine
nitrate has been, however, problematic. The v4
fundamental band in the vicinity of 780 cm™! is
typically used for the atmospheric detection of
chlorine nitrate because it is of moderate intensity
and is unobscured by strong absorptions from
other molecules. Uncertainties in the absolute
absorption cross section and the spectroscopic
constants of the excited vibrational state have led
to systematic errors as large as 50% in the concen-
tration measurements of this molecule. Labora-
tory measurements of the v; band have encoun-
tered two difficulties: (1) chlorine nitrate is an
unstable molecule that decomposes to ClO and
NO, when in contact with glass or metal compo-
nents; and (2) the molecule has an extremely con-
gested rovibrational spectrum due to its small
rotational constants, the 35Cl and 3’Cl isotopic
species whose bands lie within 2 cm™! of one
another, and hot bands that have significant popu-
lation even at stratospheric temperatures of 195 K.
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Figure 5.1. Spectrum of chlorine nitrate obtained
in the supersonic expansion at approximately 7 K
(lower trace). The upper trace is a simulation
based on molecular constants obtained at PNL.

Previously reported infrared spectra of CIONO,
are not of sufficiently high resolution and/or
quality to allow for an unambiguous rovibrational
assignment of the observed transitions.

For the development of rapid, reliable techniques
for identifying and quantifying CIONO,, an
infrared “road map” and accurate upper-state
molecular constants are needed. We have
obtained such spectra by seeding chlorine nitrate
in a pulsed jet of argon, thus obtaining the rota-
tionally resolved spectrum of the v; fundamental
band using tunable infrared diode lasers. The
near-perpendicular crossing of the laser and
molecular beam yields sub-Doppler resolution,
which, combined with a jet rotational temperature
of approximately 7 K, gives a rotationally resolved
and greatly simplified spectrum of the P and R
branches of both the 35Cl and 37Cl isotopomers
(Fig. 5.1). Over 800 transitions from the 3°Cl and
450 transitions from the 37Cl isotopomers were
measured, assigned, and fit to a model Hamilton-
ian to provide spectroscopic constants with MHz
precision for the excited state of the band. Careful
measurements were also made of the intensities of
several transitions to give an estimate of the 2 and
b inertial axis vibrational transition moments for
the planar molecule. Subsequent calculations have
provided absorption cross sections for individual
transitions throughout the band.

The spectroscopic constants and intensity data
produced by this research should provide a signif-
icant step forward in the analysis of chlorine
nitrate field measurements.
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Trace Detection of
Gaseous Species

S. W. Sharpe, T. A. Blake, and . F. Kelly*
Supported by Office of Nonproliferation and
National Security.
*Materials and Chemical Sciences Center.

Infrared spectroscopy forms the basis for a suite of
analytical techniques that are highly specific and
extremely sensitive, and can be directly applied to
atmospheric and process monitoring. Tunable
infrared diode lasers posses a number of unique
properties that make them ideal devices for use in
ultra-trace detection of gas-phase molecules. Cur-
rently, lead-salt diodes are available for semicon-
tinuous coverage of 3,000 to 300 cml. These
devices can be frequency-tuned at extremely high
rates, allowing a 3-cm™! region to be covered in
less than 0.001 second. In addition, diode lasers
have extremely low noise. The high tuning rate,
low noise, and intense spectral brightness allow
the researcher to approach and in some cases
reach the shot limit, which is the theoretical limit
for laser absorption detection schemes.

We are currently involved in a number of projects
requiring rapid (~1 second), real-time trace detec-
tion of gases at the parts-per-trillion (ppt) level, for
both anthropogenic and naturally occurring
infrared-active molecules. An example is the
quantitative monitoring of nitrous oxide and its
isotopomers that may be associated with fugitive
emissions from underground high-level storage
tanks found on many DOE sites. The technique
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Figure 5.2. Spectrum of nitrous oxide in ambient
air taken in ~1 second. Note the weaker features,
which are due to minor isotopomers of N,O con-
taining 18170 and 5N.

takes advantage of the rapid tuning capabilities of
diode lasers and involves scanning the laser over
many absorption features. This allows us to mea-
sure the concentration of several molecules (or
isotopomers) simultaneously. In addition, both
speciation and detectivity are greatly enhanced by
preparing low-pressure, Doppler limited samples.
Parts-per-trillion detection of multicomponent
(multi-isotopomer) systems can currently be
obtained in under 1 second; Fig. 5.2 illustrates such
an analytical scan, showing that we can accurately
determine isotopic ratios of MN,!60 and its
isotopomers.

A second project involves the development of a
portable device for diagnosis of human patholo-
gies by breath analysis. In this application, we are
interested in monitoring for specific biomarkers
that appear only when the patient has a specific
pathology or disease. These biomarkers could be a
direct consequence of a pathology such as the
presence of elevated ketone concentrations in the
breath of diabetics. Alternatively, a stable isotopi-
cally tagged species could be introduced either by
injection or ingestion. This tagged species would
be metabolized only by a specific bacterium and
give a unique signature in the breath.

This instrument is based on a Herriot Cell Sniffer
for quantitative detection of gas-phase samples.
Although the Sniffer is highly specific to a particu-
lar effluent, it can be configured for detection of
almost any infrared-active molecular species.
Extremely high sensitivity (i.e., sub-ppb) and
excellent speciation are obtained by combining a
highly-monochromatic laser source with a long
optical path length, low-pressure, Doppler-limited
sampling system. The device consists of a mid- or
near-infrared tunable diode laser that is repeatedly
ramped over a specific spectral region known to
contain rotational-vibrational transitions of the
target molecule. Sample is continuously admitted
to the Sniffer absorption cell, which is maintained
at a pressure of 30 torr or less to remove pressure-
broadening effects. Ultimate spectral resolution is
limited by Doppler broadening and will depend
upon temperature and molecular weight of the
effluent molecule, but will typically be on the
order of 150 MHz (i.e., 0.005 cm™). The Sniffer cell
is based on a Herriot multipass design and con-
tains a pair of spherical mirrors separated by 55
cm, which create a 100-meter folded optical path
for increased optical depth.
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6. Miscellaneous

Generation of Sub-Picosecond
Infrared Laser Pulses

Gary R. Holtom
Instrument development supported by
Environmental Molecular Sciences
Laboratory (EMSL).

Our research on chemical dynamics of hydrogen-
bonded liquids requires a reliable, powerful mid-
infrared source, where development has been
slower than in the visible region. Based on recent
advances in the technology for generating ultrafast
laser pulses, we have developed the laser systems
needed to make possible a new generation of
experiments in chemical physics.

Our starting point is the well-developed solid-
state laser systems based on titanium-doped sap-
phire, a very reliable and powerful source of near-
infrared radiation. The challenge is to convert the
output to the mid-infrared, for which we use opti-
cal parametric oscillators (OPOs) and amplifiers.
The synchronously-pumped OPO is in effect a
solid-state dye laser. These devices are efficient

and stable, and operate in spectral regions at much
longer wavelength than dyes. We can generate
pulses less than 100 fs long from about 1 pm to
longer than 4 pm, with average powers of hun-
dreds of milliwatts. In addition, we are develop-
ing amplifier technologies to produce microjoule
energies over this range, at repetition rates much
greater than available with dye-laser technology.

This work involves characterizing new nonlinear
crystals, applying new methods in shaping and
characterizing ultrafast light pulses, and solving
optical, mechanical, and electrical problems to
create a reliable laser source for every day use in
chemical physics experiments.

Non-neutral Plasma Physics
for Applications to Cyclotron
Resonance Mass Spectroscopy
A.]. Peurrung,* S. E. Barlow,

and R. T. Kouzest

Supported by Office of Basic Energy Sciences
and Laboratory Directed Research and
Development (LDRD).

*EMSL Materials and Chemical Sciences Center.

TEMSL Computing and Information Sciences.

We have undertaken a literature search and
review of the non-neutral plasma as an experimen-
tal medium. We have provided an introduction to
the field of non-neutral plasma physics and espe-
cially its application to cyclotron resonance mass
spectrometry. Beginning with fundamental con-
cepts and definitions, we progress to characteriza-
tion of the equilibrium state, transport to equilib-
rium, and finally modes and waves supported by
an un-neutralized charge cloud. The emphasis
throughout is placed on an intuitive presentation
of the physics with relevance specifically to mass
spectrometry, and numerous citations are pro-
vided to the literature.

The field of non-neutral plasma physics has its
genesis in investigations earlier in this century for
vacuum-tube technology and electron- and ion-
beam development. Later the field was subsumed
into general plasma physics. More recently, non-
neutral plasma physics has emerged as a discipline
in its own right, and it continues to provide
support in a wide variety of areas, for example,
free-electron lasers, ion and electron beams, Toka-
mak reactors, and fluid mechanics.

Non-neutral plasma physics experiments and the-
ory have begun in the last decade to focus on phe-
nomena on “ion traps.” These devices provide
three-dimensional, stable confinement of gas-
phase ions, generally of one charge sign or the
other. Two particular types of trap are in common
use: the Paul trap, which uses DC and RF electric
fields to confine ions; and the Penning trap, which
employs DC electric and magnetic fields to confine
ions. Penning traps have also undergone exten-
sive investigation and development by physical
and analytical chemists in the form of Fourier
Transform Mass Spectrometry (FT/MS) and Four-
ier Transform Ion Cyclotron Resonance (FT/ICR).
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Since until recently non-neutral plasma physics
was viewed as a minor sub-discipline of plasma
physics, it produced little introductory literature
of its own, and recent developments were largely
unknown to the broader scientific community.
Further, non-neutral plasma physicists have been
slow to recognize the existence of a broader audi-
ence for their work. Our review attempts to
bridge this communication gap by showing that

much of the physics can be understood and
applied without a detailed knowledge of broader
issues and techniques of plasma physics. FT/MS
often makes use of phenomena that are as yet little
studied by non-neutral plasma physicists. This
means that useful two-way communication
between these heretofore separate communities
may be expected to benefit both sides.
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7. Appendix

Chemical Structure
and Dynamics Staff

Associate Director, EMSL

Steven D. Colson
B.S. Utah State University, 1963; Ph.D. Cali-
fornia Institute of Technology, 1968; Post-
doctoral Fellow, National Research Council
(Ottawa) 1968; Assistant Professor to Professor
of Chemistry, Yale University, 1968-1989;
joined PNL as Associate Director for Chemical
Structure and Dynamics June 1989. Research
interests: photochemistry, photophysics, and
molecular dynamics; electronic structures of
molecules; processes at the molecule/surface

interface.

Program Manager

Robin S. (Rod) McDowell
B.A. Haverford College 1956; Ph.D. M.L.T.
1960; Staff Member, Assistant Group Leader,
and Laboratory Fellow, Los Alamos National
Laboratory, 1960-1991; joined PNL as Program
Manager for Chemical Structure and Dynam-
ics April 1991. Research interests: infrared and
Raman spectroscopy applied to molecular
structure and bonding; molecular dynamics
and force fields; statistical mechanics; infrared
analytical techniques.

Staff

Stephan E. Barlow
B.A. Southern Oregon State College 1976;
Ph.D. University of Colorado 1984, Postdoc-
toral Fellow 1984-1989; Senior Instructor in
Chemistry, University of Denver 1989-1991;
joined PNL June 1991. Research interests:
development and application of mass spectro-
metric techniques to gas-phase chemical kinet-

ics, reaction mechanisms, and structure.

James P. Cowin

B.S. Case Western Reserve University 1974;
Ph.D. University of Chicago 1981; Postdoctoral
Fellow, University of Toronto, 1981-1983;
Assistant Professor of Chemistry, University
of California, Santa Barbara, 1983-1990; joined
PNL July 1990. Research interests: molecular
motions at interfaces, especially energy and
charge transfer, bond formation dynamics,
and light-stimulated surface reactions.

Donald M. Friedrich

B.S. University of Michigan 1966; Ph.D. Cor-
nell University 1973; Associate Professor of
Chemistry, Hope College, 1975-1985; joined
PNL August 1985. Research interests: deter-
mining the mechanisms by which solvent
molecules and surface structures interact at
solid /liquid interfaces to control sorbate reac-
tions such as complexation, electron-transfer,
proton-transfer, and hydrogen-bonding.

Wayne P. Hess

B.A. University of Colorado 1981; M.S. Univer-
sity of Oregon 1983; Ph.D. University of Colo-
rado 1988; Postdoctoral Fellow, Sandia Liver-
more Combustion Research Facility 1988-1990;
joined PNL January 1990. Research interests:
modeling condensed phase chemistry through
the study of energetic reactive processes in

molecular solids and thin films (dissociation
and fragmentation, electronic and vibrational
energy transfer), using laser-induced desorp-
tion and ablation of adsorbed molecules and
solid surfaces.

Gary R. Holtom

B.A. Pfeiffer College 1969; Ph.D. University of
California, Berkeley, 1978; Postdoctoral Fel-
low, Wesleyan University 1978-1979; Head of
Laser Operations, University of Pennsylvania
Regional Laser and Biotechnology Laboratory
1979-1989; joined PNL September 1989.
Research interests: short-pulse laser spectros-
copy; condensed-phase photochemistry, in
particular the dynamics. of electronically-
excited organic molecules.

Stephen A. Joyce

B.S. Boston College 1982; Ph.D. M.LT. 1987;
Postdoctoral Fellow, National Institute of
Standards and Technology, 1987-1989; Sandia
National Laboratories, 1989-1991; joined PNL
October 1991. Research interests: scanning
probe microscopies for studying molecularly-

resolved chemistry on solid surfaces.

Bruce D. Kay

B.S. University of lllinois 1976; Ph.D. Univer-
sity of Colorado 1982; Senior Member of the
Technical Staff, Sandia National Laboratories,
1982-1991; joined PNL November 1991.
Research interests: chemical dynamics and
kinetics of molecular processes occurring at
the gas-surface interface; dissociative chemi-
sorption of halogenated hydrocarbons on
model oxide surfaces; quantum-resolved H-
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atom reactive scattering from halogenated sur-
faces; trapping and “solvation” of ions and
molecules on multilayer ice surfaces.

Thomas M. Orlando
B.S. Southampton College 1982; Ph.D. State
University of New York at Stony Brook 1988,
Postdoctoral Fellow 1988-1989; Postdoctoral
Fellow, Sandia National Laboratory 1989-
1991; joined PNL September 1991. Research
interests: non-thermal interfacial reaction
dynamics; electron, photon, and hyperthermal
ion-beam induced surface chemistry; dissocia-

tive electron attachment; laser spectroscopy.

Douglas Ray

B.A. Kalamazoo College 1979; Ph.D. Univer-
sity of California, Berkeley, 1985; Postdoctoral
Fellow, Joint Institute for Laboratory Astro-
physics, 1985-1990; joined PNL June 1990.
Research interests: the experimental study of
dynamical processes in clusters and at liquid
interfaces using techniques of laser spec-
troscopy and mass spectrometry.

Steven W. Sharpe
B.S. University of Bridgeport 1979; Ph.D. State
University of New York at Stony Brook 1986;
Postdoctoral Fellow, University of Southern
California 1987-1990; joined PNL May 1990.
Research interests: high-resolution molecular
spectroscopy.

Lai-Sheng Wang

B.S. Wuhan University 1982; Ph.D. University
of California, Berkeley, 1989; Postdoctoral
Fellow, Rice University, 1990-1992; joint
Washington State University/PNL appoint-
ment January 1993. Research interests: physi-
cal and chemical properties of metal and semi-
conductor clusters using techniques of molec-
ular-beam and photoelectron spectroscopy;
using clusters as model systems to study sur-
face and interfacial phenomena.

Xiaoliang (Sunney) Xie

B.S. Peking University 1984; Ph.D. University
of California at San Diego 1990; Postdoctoral
Fellow, University of Chicago 1990-1991;
joined PNL January 1992. Research interests:
chemical physics in liquids and in biological
systems, using ultrafast laser techniques;
molecular-level understanding of chemical
reactions at interfaces and biological mem-
branes, using near-field single-molecule spec-
troscopy.

Research Scientists

Thomas A. Blake
B.S. University of Bridgeport 1981; Ph.D. Wes-
leyan University 1989; Postdoctoral Fellow,
University of Washington 1988-1991, NASA
Ames Research Center 1991-1994; joined PNL
September 1994.

Martin J. Iedema
B.S. University of Southern California 1988;
Technician, Mt. Wilson Observatory 1987~
1990; joined PNL September 1990.

Alan G. Joly
B.S. University of Rochester 1985; Ph.D. M.L.T.
1990; Postdoctoral Fellow, PNL, 1990-1993;
joined PNL staff June 1993.

R. Scott Smith
B.S. Northern Arizona University 1983; Ph.D.
University of Utah 1988; Postdoctoral Fellow,
University of Arizona 1988-1990, PNL 1990-
1992; joined PNL staff October 1992.

Russell G. Tonkyn
B.A. Reed College 1978; Ph.D. University of
Wisconsin 1988; Postdoctoral Fellow, Brook-
haven National Laboratory 1988-1991, PNL
1991-1992; joined PNL staff November 1992.

Technical Specialist

Greg A. Ritter
B.S. Oregon Institute of Technology 1991.

Operations Administrator
Denise A. Motsenbocker

Office Support
Cynthia A. Irwin
Brenda K. Neeley

Postdoctoral Fellows
Albert H. Bahnmaier
Ph.D. University of Ulm 1993.

Richard A. Bradley Jr.
B.A. Reed College 1986; Ph.D. University of
Oregon 1992.

Robert A. Crowell I
B.S. University of California, Riverside, 1987,
Ph.D. 1992, Postdoctoral Fellow 1992-1993.

Subhash M. Deshmukh
Ph.D. Wayne State University 1989; Postdoc-
toral Fellow, Tulane University 1989-1993.
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Robert Doolen
B.S. University of New Mexico 1989; Ph.D.
University of California, San Diego, 1994.

Robert C. Dunn
B.S. California State University, Sacramento,
1988; M.S. University of California, San Diego,
1990, Ph.D. 1992.

Jiawen Fan
B.S. Jinan University 1982, M.S. 1985; M.S.
Washington State University 1989, Ph.D. 1991,
Postdoctoral Fellow 1992-1993.

Mark C. Gallagher
B.Sc. University of Calgary 1982; Ph.D. Univer-
sity of Alberta 1990; Postdoctoral Fellow,
Pennsylvania State University 1990-1993.

Kristine German
B.A. Carleton College 1983; M.S. University of
California, Riverside, 1989, Ph.D. 1993.

Nigel G. Gotts
B.Sc. University of Sussex 1987, D.Phil. 1991;
Postdoctoral Fellow, University of California,
Santa Barbara, 1992—-1994.

Chen (Chris) Huang
B.S. Xiamen University 1982; M.A. University
of California, Santa Barbara, 1987, Ph.D. 1990,
Postdoctoral Fellow 1990-1993.

Gregory A. Kimmel
B.S. Cornell University 1984, Ph.D. 1992.

Naushad Kizhakevariam
B.Tech. Indian Institute of Technology 1985;
Ph.D. University of Washington 1991; Post-
doctoral Fellow, Purdue University, 1991~

1994.

Karen Knutsen
B.A. Linfield College 1981; Ph.D. University of
Colorado 1992.

Horst B. Lueck
Ph.D. Technische Universitit Berlin 1992.

Brian L. Maschhoff
B.S. University of New Mexico 1981; Ph.D.
University of Arizona 1988; Postdoctoral Fel-
low, Rutgers University 1988-1991.

Vincent A. Venturo
B.S. Rutgers University 1985; M.S. University

of California, Berkeley, 1988; Ph.D. University
of California at Los Angeles 1993.

Eric K. L. Wong
B.S. University of Oregon 1985, Ph.D. 1992.

Songlin Xu
B.S. Xiamen University 1982, M.S. 1985; Ph.D.
University of Kansas 1993.

Xinliang Zhou
B.S. Sun Yat-Sen University 1983; Ph.D. Uni-
versity of Texas at Austin 1989, Postdoctoral
Fellow 1989-1992.

Graduate Students
John Biesecker

Axel R. Hebecker
Richard Webb
Hongbin Wu
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Publications and Presentations

Publications
A. H. Bahnmaier, T. Engst, H. Jones, and S. D.
Colson, “Rotationally Resolved Spectroscopy of

the C-X Band of N H; by Infrared-Ultraviolet
Double Resonance,” Mol. Phys. 82, 1203 (1994).

S. D. Colson and T. H. Dunning, “Understanding
Nature’s Solvent: Water,” Science 265, 43 (1994).

S. D. Colson and S. W. Sharpe, “Novel Techniques
for Detection of Atmospheric Pollutants,” Laser
Focus World 30, 22 (1994) (Interview).

R. A. Crowell, G. R. Holtom, and X. S. Xie, “Liquid
Water Dynamics Probed by Femtosecond Infrared
Spectroscopy,” Ultrafast Phenomena IX, (Springer-
Verlag, 1994), p. 156.

R. A. Crowell, G. R. Holtom, and X. S. Xie, “The
Infrared Free Induction Decay of Liquid Water
Molecules,” J. Phys. Chem. 99, 1840 (1995).

S. Deshmukh and W. P. Hess, “Cl (*Pj) Fine
Structure Quantum Yields from UV Dissociation of
PCl;, CCly, CHCl3, and Cl, in a Supersonic Jet,” |.
Photochem. Photobiol. A 80, 17 (1994).

S. Deshmukh and W. P. Hess, “Photodissociation
of Acetyl Chloride: Cl and CH; Quantum Yields
and Energy Distributions,” . Chem. Phys. 100, 6429
(1994).

S. Deshmukh, J. D. Myers, S. S. Xantheas, and W.
P. Hess, “Investigation of Acetyl Chloride
Dissociation by Photofragment Imaging,” J. Phys.
Chem. 98, 12535 (1994).

R. C. Dunn, G. R. Holtom, L. Mets, and X. S. Xie,
“Near-Field Fluorescence Imaging and Florescence
Lifetime Measurements of Light Harvesting
Complexes in Intact Photosynthetic Membranes,”
J. Phys. Chem. 98, 3094 (1994).

R. C. Dunn, E. V. Allen, S. A. Joyce, G. A.
Anderson, and X. S. Xie, “Near-field Fluorescent
Imaging of Single Proteins,” Ultramicroscopy 57,
113 (1995).

R. C. Dunn and X. S. Xie, “Characterization of the
Temporal Behavior of Ultrashort Pulses Emerging
from a Near-field Fiber Probe,” Ultramicroscopy 57,
169 (1995).

J. Fan and L. S. Wang, “A Study of FeC, and
FeC,H by Anion Photoelectron Spectroscopy,” J.
Phys. Chem. 98, 11814 (1994).

J. Fan, L. Lou, and L. S. Wang, “FeCp,~ and FeC H~

(n = 3,4): A Photoelectron Spectroscopic and Den-
sity Functional Study,” J. Chem. Phys. 102, 2701
(1995).

B. Jackson, M. Persson, and B. D. Kay, “Quantum
Mechanical Study of H(g) + Cl-Au(111): Eley-
Rideal Mechanism,” J. Chem. Phys. 100, 7687
(1994).

J. F. Kelly and R. S. McDowell, “Environmental
Analysis (Optical Spectroscopy),” Encyclopedia of
Energy Technology and the Environment (John Wiley,
1995), 1268-1292.

G. A. Kimmel, T. M. Orlando, C. Venzia, and L.
Sanche, “Low-Energy (5-50 eV) Electron-Stimu-
lated Production of Molecular Hydrogen from
Amorphous Water Ice,” J. Chem. Phys. 101, 3282
(1994).

R. Knochenmuss, D. Ray, and W. P. Hess, “Elec-
tronic Absorption Spectra of Large Benzene'Ary,
Clusters,” J. Chem. Phys. 100, 44 (1994).

R. D. Knochenmuss and D. E. Smith, “Time and
Internal Energy Dependent Fluorescence Spectra
of Naphthol-Water Clusters,” . Chem. Phys. 101,
7327 (1994).

B. L. Maschhoff and ]J. P. Cowin, “Corrected
Electrostatic Interaction Model for Dipoles
Adsorbed on a Metal Surface,” J. Chem. Phys. 101,
8138 (1994).

M. O. Trulson, H. B. Lueck, and D. M. Friedrich,
“Performance of a Spatial-Filter Equipped Single
Monochromator for Raman Spectroscopy,” Appl.
Spectrosc. 48, 720-723 (1994).

L. S. Wang, J. Fan, X. 5. Xie, E. V. Allen, G. R. Hol-
tom, R. C. Dunn, and L. Mets, “Near-Field Fluores-
cence Microscopy and Spectroscopy: Applications
to Single Chromophores, Single Proteins and Pho-
tosynthetic Membranes,” Proc. SPIE 2137 (Time Re-
solved Laser Spectry. in Biochem. IV), 264 (1994).

L. S. Wang and J. Fan, “A Study of FeC, and
FeC,H by Anion Photoelectron Spectroscopy,” J.
Phys. Chem. 98, 11814 (1994).
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X. S. Xie and R. C. Dunn, “Probing Single Molecule
Dynamics,” Science 265, 361 (1994).

X. S. Xie, G. R. Holtom, L. Mets, and R. C. Dunn,
“Near-Field Time-Resolved Spectroscopy on
Single Molecules and Photosynthetic Membranes,”
Ultrafast Phenomena IX (Springer-Verlag, 1994), p.
124.

In Press and Submitted

C. C. Ainsworth, D. M. Friedrich, and P. L.
Gassman, “Fluorescence Spectroscopy of
Salicylate-Al,O5 Surface Complexes,” in prepara-
tion.

R. A. Bradley Jr., E. Lanzendorf, M. 1. McCarthy,
K. Peterson, T. M. Orlando, and W. P. Hess, “Laser
Interactions with an Ionic Molecular Crystal:
Sodium Nitrate Ablation in the 6 eV Valence
Band,” J. Phys. Chem., in press.

B. M. Britt, J. L. McHale, and D. M. Friedrich,
“Application of Time-Dependent Raman Theory
to Raman Excitation Profiles of Hexamethyl-

benzene-Tetracyanoethylene Electron Donor-
Acceptor Complex,” submitted to J. Phys. Chem.

J. Fan and L. S. Wang, “Photoelectron Spec-
troscopy of FeO™ and FeO,: Observation of Low-
Spin Excited States of FeO and Determination of
the Electron Affinity of FeO,,” J. Chem. Phys., in
press.

J. Fan, J. B. Nicholas, J. M. Price, S. D. Colson, and
L. S. Wang, “SizO4™: Vibrationally Resolved
Photoelectron Spectrum and Ab Initio Calcu-
lations,” accepted by J. Am. Chem. Soc., Communi-
cation.

G. R. Holtom, R. A. Crowell], and X. S. Xie, “A
High Repetition Rate Femtosecond Optical
Parametric Oscillator-Amplifier System near 3
Microns,” J. Opt. Soc. Am. B., in press.

G. A. Kimmel, R. G. Tonkyn, and T. M. Orlando,
“Kinetic and Internal Energy Distributions of
Molecular Hydrogen Produced from Amorphous
Ice by Impact of 100 €V Electrons,” Nucl. Instr. and
Meth. in Phys. Res. B., in press.

G. A. Kimmel and T. M. Orlando, “Low-Energy
(5-150 eV) Electron Interactions with Amorphous
Ice,” submitted to Nature.

K. Knutsen and T. M. Orlando, “Low-Energy (10-
80 eV) Electron-Stimulated Desorption of H*(D%),
OH*(OD"), and Na* from Solution Grown NaNO;
Crystals,” submitted to Surf. Sci.

J. E. Murphy, J. F. Kelly, T. M. Orlando, B. Bushaw,
and R. J. Miller, “Multistate Perturbations Between
Rydberg and Valence States in NO,” J. Chem. Phys.,
in press.

J. B. Nicholas, J. Fan, H. Wu, S. D. Colson, and L. S.
Wang, “A Combined Density Functional
Theoretical and Photoelectron Spectroscopic Study
of Ge,O,,” submitted to J. Chem. Phys.

A. J. Peurrung, S. E. Barlow, and R. T. Kouzes,
“Coupled Gyrators: A Paradigm for Space-Charge
Effects in Cyclotron Mass Spectrometry,” Non-
Neutral Plasma Physics II (AIP Conference
Proceedings 331), in press.

A. Peurrung, J. P. Cowin, S. E. Barlow, G. Teeter,
and T. M. Orlando, “Space-Charge Induced
Acceleration of Ions Emitted by Laser-Irradiated

Surfaces, submitted to J. Appl. Phys.

D. Ray, M. B. More, E. D. Glendening, D. Feller,
and P. B. Armentrout, “Cation-ether complexes in
the gas phase: bond dissociation energies and
equilibrium structures of Li*[O(CHs),lx, x = 1-4,”
in preparation.

R. J. Speedy, P. G. Debenedetti, C. Huang, R. S.
Smith, and B. D. Kay, “The Entropy of Glassy
Water,” Proceedings of 12th International Conference
on the Properties of Water and Steam, Orlando, Fla.,
September 12-16, 1994. Begell House, in press.

L. S. Wang, H. S. Cheng, and J. Fan, “Probing the
Electronic Structure of Small Iron Clusters,” Chem.
Phys. Lett., in press.

L. S. Wang, J. Fan, and L. Lou, “Iron Clusters and
Oxygen-Chemisorbed Iron Clusters,” Surf. Rev.
Lett., in press.

L. S. Wang, “Study of Iron-Carbon Mixed Clusters,
FeCp (n = 2-5): A Possible Linear To Cyclic
Transition From FeC; to FeCy,” Surf. Rev. Lett., in
press.
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L. S. Wang, H..S. Cheng, and J. Fan, “Photo-
electron Spectroscopy of Size-Selected Transition
Metal Clusters: Fen™, n = 3-24,” accepted by J.
Chem. Phys.

X. S. Xie, and R. C. Dunn, “Single Molecule
Microscopy and Spectroscopy,” Zoological Studies,
in press.

X. S. Xie and R. C. Dunn, “Near-Field Single
Molecule Spectroscopy,” Proc. SPIE 2385 (Advanced
Optical Methods for Ultrasensitive Detection), in
press.

S. Xu, R. S. McDowell, S. W. Sharpe, and B. J.
Krohn, “Rovibrational Spectroscopy of C*Cl,” J.
Mol. Spectrosc., in press.

Presentations
C. C. Ainsworth, D. M. Friedrich, and P. L.

Gassman, “Fluorescence Spectroscopy of
Salicylate-Al,O3 Surface Complexes,” American
Society of Agronomy, Mineral-Organic
Interactions Session, Seattle, Nov. 16-17, 1994.

R. A. Crowell, G. R. Holtom, and X. S. Xie, “Direct
Observation of Infrared Free Induction Decay of
Liquid Water Molecules with a Femtosecond OPO
at 3 Microns” (Poster), Ultrafast Phenomena IX,
Dana Point, Cal., May 2-6, 1994.

R. A. Crowell, G. R. Holtom, and X. S. Xie,
“Femtosecond Coherent Spectroscopy of Liquid
Water Molecules,” CLEO/IQEC ‘94, Anaheim, Cal.,
May 8-13, 1994.

R. A. Crowell, G. R. Holtom, and X. S. Xie,
“Femtosecond Infrared Spectroscopy of Water”
(Poster), Gordon Research Conference on
Vibrational Spectroscopy, Wolfeboro, N.H., Aug.
14-21,199%4.

R. A. Crowell, G. R. Holtom and X. S. Xie,
“Dynamics of Liquid Water Molecules Probed by
Femtosecond Infrared Spectroscopy,” 208th ACS
Meeting, Washington, D.C., Aug. 21-26, 1994.

R. C. Dunn and X. S. Xie, “Dynamics of Single
Molecules at Glass Surfaces Probed by Near-field
Spectroscopy,” 208th ACS Meeting, Washington,
D.C., Aug. 21-26,1994.

R. C. Dunn, E. V. Allen, L. Mets, and X. S. Xie,
“Biological Applications of Near-field Micros-
copy,” 38th Annual Biophysical Meeting, San
Francisco, Feb. 12-16, 1994.

R. C. Dunn, G. R. Holtom, and X. S. Xie, “Fluor-
escence Spectroscopy on a Single Molecule Basis,”
CLEO/IQEC ‘94, Anaheim, Cal., May 8-13, 1994.

R. C. Dunn, L. Mets, and X. S. Xie, “Application of
Near-Field Single Molecule Spectroscopy to
Photosynthetic Systems” (Poster), Gordon Con-
ference on Photosynthesis: Biophysical Aspects,
New Hampton, N.H., Aug. 7-12, 19%4.

R. C. Dunn, G. R. Holtom, G. A. Anderson, E. V.
Allen, L. Mets, and X. S. Xie, “Fluorescence
Imaging and Time Resolved Spectroscopy using
Near-field Optics,” ILS-X/OAS Annual Meeting,
Dallas, Oct. 2-7, 1994.

D. M. Friedrich, “Intramolecular Charge Transfer
Dynamics Probed by Femtosecond Transient
Absorption Speciroscopy and Resonance Raman
Spectroscopy,” University of Oregon, April 7,
1994.

D. M. Friedrich, “Fluorescence Spectroscopy of
Salicylate-d Al,05 Surface Complexes,” PNL LDRD
Symposium, December 1, 1994.

M. S. Fyfield, M. C. Gallagher, J. P. Cowin, and S.
A. Joyce, “STM of Thin Film MgO Grown on
Mo(001),” Pacific Northwest AVS Meeting, Trout-
dale, Oregon, Sept. 1994.

M. C. Gallagher, M. S. Fyfield, J. P. Cowin, and S.
A. Joyce, “STM of Thin Film MgO Grown on
Mo(001),” National AVS Meeting, Denver, Oct.
1994,

A. Hebecker, K. A. Zachariasse, H. B. Lueck and
D. M. Friedrich, “Identification of the S1- and S2-
Electronic States of Donor-Acceptor-Substituted
Aromatic Compounds (D-Ar-A) by Resonance
Raman Spectroscopy,” Jan. 26-28, 1994.

W. P. Hess, “Optical Technologies Involved in
Environmental Characterization and Monitoring,”
SPIE-The International Society for Optical
Engineering, OE/LASE Meeting, Los Angeles,
January 1994.
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W. P. Hess, “An Investigation of Acetyl Chloride
Dissociation by Photofragment Imaging” and
“Electronic Absorption Spectra of Large
Benzene'Ar,, Clusters,” Western Spectroscopy
Association Conference, Asilomar, Cal., January

26-28,1994.

W. P. Hess, “Investigation of Acetyl Chloride
Dissociation by Photofragment Imaging,”
Workshop on Imaging Methods in Molecular
Structure and Dynamics, Neve Ilan, Israel, June
1994.

W. P. Hess, “Laser Ablation of Sodium Nitrate in
the 6 eV Band,” Physical Chemistry Seminar,
Weizmann Institute of Science, Rehovot, Israel,
June 1994.

W. P. Hess, “Laser Ablation of Sodium Nitrate in
the 6 eV Band,” Physical Chemistry Seminar,
Hebrew University, Jerusalem, Israel, June 1994.

W. P. Hess, “Laser Interactions with an Ionic
Molecular Crystal: Sodium Nitrate Ablation in the
6 eV Valence Band,” Gordon Conference on Laser
Surface Interactions, Colby-Sawyer College, New
London, N.H., August, 1994.

W. P. Hess, “Investigation of Acetyl Chloride Dis-

sociation by Photofragment Imaging,” American
Chemical Society National Meeting, Washington
D.C., August, 1994.

G. R. Holtom, R. A. Crowell, and X. S. Xie, “A
Noncritically Phase Matched Femtosecond Optical
Parametric Oscillator near 3 Microns,” CLEO/IQEC
‘94, Anaheim, Cal., May 8-13, 1994.

G. R. Holtom, R. A. Crowell, and X. S. Xie, “Design
of a High-Repetition-Rate Femtosecond Optical
Parametric Oscillator-Amplifier System Operating
Near 3 Microns,” ILS-X/OAS Annual Meeting,
Dallas, Oct. 2-7, 1994.

C. Huang, E. K. L Wong, R. S. Smith, and B. D.
Kay, “Adsorption, Desorption and Phase Trans-
formation Kinetics of Multilayer H,O and D,0O on
Au(111) and Ru(0001) Surfaces,” Molecular Pro-
cesses at Solid Surfaces Symposium, 207th Ameri-
can Chemical Society National Meeting, San

Diego, Cal., March 13-18, 19%4.

C. Huang, E. K. L Wong, R. S. Smith, and B. D.
Kay, “Adsorption, Desorption and Phase Trans-

formation Kinetics of Multilayer H,O and D,O on
Au(111) and Ru(0001) Surfaces,” Gordon Con-
ference on Interactions of Water with Solid Sur-
faces, Plymouth, N.H., July 17-22, 1994.

C. Huang, E. K. L Wong, R. S. Smith, and B. D.
Kay, “Adsorption, Desorption and Phase
Transformation Kinetics of Multilayer H,O and
D,0 on Au(111) and Ru(0001) Surfaces,” Gordon
Conference on Water and Aqueous Solutions,
Plymouth, N.H., August 7-12, 1994.

C. Huang, E. K. L Wong, R. S. Smith, and B. D.
Kay, “Adsorption and Desorption of Multilayer
Water on Hydrophilic and Hydrophobic Sur-
faces,” 1994 Pacific Northwest American Vacuum
Society Meeting, Troutdale, Ore., Sept. 15-16,1994.

C. Huang, E. K. L Wong, R. S. Smith, and B. D.
Kay, “Adsorption, Desorption and Phase Trans-
formation Kinetics of Multilayer H,O and D,0O on
Au(111) and Ru(0001) Surfaces,” 41st National
American Vacuum Society Meeting, Denver, Oct.
24-28,1994.

A. G. Joly and D. M. Friedrich, “Intramolecular
Charge Transfer Dynamics Probed by Femto-
second Transient Absorption Spectroscopy,” Jan.
26-28,1994.

B. D. Kay, “State-to-State Inelastic and Reactive
Gas-Surface Scattering,” SPIE National Symposium
on Laser Techniques in Surface Science, Los
Angeles, January 27-29, 1994.

B. D. Kay, “Adsorption, Desorption and Phase
Transformation Kinetics of Multilayer H,O and
D,0 on Au(111) and Ru(0001) Surfaces,” Surface
Science Seminar, University of Washington,
Seattle, April 29, 1994. (Invited.)

B. D. Kay, “Structure and Reactivity of Amor-
phous and Crystalline Ice Surfaces and Interfaces,”
Ninth Department of Energy Basic Energy
Sciences Catalysis and Surface Science Meeting,
Oconomowoc, Wis., May 2427, 1994. (Invited.)

B. D. Kay, “Adsorption, Desorption and Phase
Transformation Kinetics of Multilayer H,O and
D,0 on Au(111) and Ru(0001) Surfaces,” Chem-
istry Division Seminar, Argonne National Labora-
tory, Argonne Ill., May 31, 1994. (Invited.)
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B. D. Kay, “Adsorption, Desorption and Phase
Transformation Kinetics in Nanoscale Ice Films,”
Telluride Workshop on Chemical Physics and the
Atmosphere, Telluride, Col. August 1-5, 1994.
(Invited.)

B. D. Kay, “Adsorption, Desorption and Phase
Transformation Kinetics in Nanoscale Ice Films,”
Physics Department Seminar, Washington State
University, Pullman, Sept. 27, 1994. (Invited.)

B. D. Kay, “Adsorption, Desorption and Phase
Transformation Kinetics in Nanoscale Ice Films,”
Chemical Physics Seminar, University of Colo-
rado, Boulder, Oct. 28, 1994. (Invited.)

G. A. Kimmel, R. G. Tonkyn, and T. M. Orlando,
“Low-Energy (5-80 eV) Electron-Stimulated
Production of Molecular Hydrogen from
Amorphous Water,” Interaction of Water with

Solid Surfaces Gordon Research Conference,
Plymouth, N.H., July 17-22, 1994.

G. A. Kimmel, R. G. Tonkyn, and T. M. Orlando,
“Low-Energy (5-80 eV) Electron-Stimulated
Production of Molecular Hydrogen from
Amorphous Water,” Desorption Induced by
Electronic Transitions (DIET) VI, Krakow, Poland,
Sept. 26-29, 1994.

G. A. Kimmel, R. G. Tonkyn, and T. M. Orlando,
“Low-Energy Electron-Stimulated Production of
Molecular Hydrogen from Amorphous Water Ice,”
41st National American Vacuum Society Sym-
posium, Denver, Oct. 24-28, 1994.

K. Knutsen, G. A. Kimmel, and T. M. Orlando,
“Low-Energy (5-80 eV) Electron Stimulated
Destruction of NaNOj Crystals,” Pacific North-
west American Vacuum Society Symposium,
Troutdale, Oregon, Sept. 13-16, 1994.

K. Knutsen, G. A. Kimmel, T. M. Orlando, “Low-
Energy (5-80 V) Electron-Stimulated Degradation
of NaNOj Single Crystals,” Desorption Induced by
Electronic Transitions (DIET) VI, Krakow, Poland,
Sept. 26-29, 1994.

H. B. Lueck, D. M. Friedrich, and A. R. Hebecker,
“Fluorescence Anisotropy Study on the Electronic
Structure of Aminobenzonitrile Charge Transfer
Systems Accompanied by INDO Calculations,”
Western Spectroscopy Association, Asilomar, Cal.,
Jan. 26-28, 1994.

R. S. McDowell, S. W. Sharpe, and ]J. F. Kelly,
“Infrared Signatures for Remote Sensing,” Interim
Technical Review, CALIOPE Program, Lawrence
Livermore National Laboratory, Livermore, Cal.,
April 26-28,1994.

T. M. Orlando, “Electron-Stimulated Reactive
Scattering in Amorphous Water Ice,” American
Chemical Society National Meeting, San Diego,
March 13-18, 1994. (Invited.)

T. M. Orlando, “Low-Energy (5-50 eV) Electron-
Stimulated Reactive Scattering in Amorphous
Water Ice,” Chemical Physics Colloquium,
University of Oregon, Eugene, April 18, 1994.
(Invited.)

T. M. Orlando, “Low-Energy Electron Stimulated
Production of Molecular Hydrogen from
Amorphous Water Ice,” Dept. of Physics,
University of Washington, Seattle, May 10, 1994.
(Invited.)

T. M. Orlando, “Electron-Stimulated Production of
Molecular Hydrogen from Amorphous Water,”
Dept. Nuclear Medicine and Radiobiology,
University of Sherbrooke, Sherbrooke, Canada,
July 5,1994. (Invited.)

T. M. Orlando, “Low-Energy (5-50 eV) Electron
Stimulated Production of Molecular Hydrogen
from Amorphous Water Ice,” Radiation Chemistry
Gordon Research Conference, Salve Regina Uni-
versity, Providence, R.I., July 17-22, 1994.
(Invited.)

T. M. Orlando, “Quantum-Resolved Studies of
Electron-Stimulated Reactions in Amorphous and
Crystalline Water Ice,” Physical Chemistry
Colloquium, University of Basel, Switzerland,
Sept. 13, 1994. (Invited.)

T. M. Orlando, “Quantum-Resolved Studies of
Electron-Stimulated Production of Molecular
Hydrogen from Amorphous and Crystalline
Water Ice,” Chemical Physics Colloquium,
University of Colorado, Boulder, Oct. 21, 1994.
(Invited.)

A.]. Peurrung, S. E. Barlow, and R. T. Kouzes,
“Non Neutral Plasmas in Mass Spectrometry,”
1994 Non-Neutral Plasma Workshop, Berkeley,
Cal., July 18, 1994.
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R. S. Smith, C. Huang, E. K. L Wong, and B. D.
Kay, “Adsorption, Desorption, Mixing and Sol-
vation Kinetics of Mixed Methanol and Water
Multilayer Ices,” Gordon Conference on Water
and Aqueous Solutions, Plymouth, N.-H., Aug. 7-
12,1994,

R. S. Smith, C. Huang, E. K. L Wong, and B. D.
Kay, “Crystallization and Isotope Exchange
Kinetics of Amorphous Multilayer D,0 and H,O
Ice Films on Au(111) and Ru(0001),” 1994 Pacific
Northwest American Vacuum Society Meeting,
Troutdale, Ore., Sept. 15-16,1994.

R. S. Smith, C. Huang, E. K. L Wong, and B. D.
Kay, “Adsorption, Desorption, Mixing and Sol-
vation Kinetics of Mixed Methanol and Water
Multilayer Ices,” 41st National American Vacuum
Society Meeting, Denver, Oct. 24-28, 1994.

M. O. Trulson, J. P. LaFemina, and D. M. Friedrich,
“Dynamics of the 1L, State of p-(N,N-dimethyl-
amino)-benzonitrile (p-DMABN) from Resonance
Raman Spectroscopy,” Western Spectroscopy
Association, Asilomar, Cal., Jan. 26-28, 1994.

X. S. Xie and R. C. Dunn, “Fluorescence Spectros-
copy on a Single Molecule Basis with a Near-field
Spectrometer,” Laser Applications to Chemical
Analysis, 4th Topical Meeting, Jackson Hole,
Wyo., Mar. 8-11, 1994.

X. S. Xie and R. C. Dunn, “Single Molecule Spec-
troscopy with a Near-field Fluorescence Micro-
scope,” 207th ACS meeting, San Diego, Mar. 13-
18, 1994.

X. S. Xie, R. C. Dunn, G. R. Holtom, and L. Mets,
“Near-field Time-Resolved Fluorescence Spec-
troscopy on Single Proteins: Application to Photo-
synthetic Membranes,” Ultrafast Phenomena IX,
Dana Point, Cal., May 2-6, 1994.

X. S. Xie and R. C. Dunn, “Near-field Time-
Resolved Fluorescence Spectroscopy of Single
Molecules,” Spectral Hole-burning and Related
Spectroscopies: Science and Applications, 4th
Topical Meeting, Tokyo, Japan, Aug. 24-26, 1994.
(Invited.)

X. S. Xie, “Probing Single Molecule Dynamics,”
Chemical Physics Institute 14th Annual Retreat,
University of Oregon, Charleston, Ore., Sept. 11-
13,1994. (Invited.)

X. S Xie and R. C. Dunn, “Probing Single Molecule
Dynamics,” ILS-X/OAS Annual Meeting, Dallas,
Oct. 2-7, 1994.

X. S. Xie, “Probing Single Molecule Dynamics,”
Washington State University, Physics Department,
Pullman, Dec. 6, 1994.

S. Xu, R. S. McDowell, and S. W. Sharpe, “Rovibra-
tional Spectroscopy of Carbon Tetrachloride,”
(Poster), Gordon Research Conference on Vibra-
tional Spectroscopy, Wolfeboro, N.H., Aug. 14-19,
1994.

79



Chemical Structure and Dynamics 1994 Annual Report

Collaborations

Outside Collaborations

Molecular Dynamics at the Water/Solid Interface
University of Colorado (B. Ellison)
EMSL Contact: J. P. Cowin

Electronic Structure of Substituent-Perturbed Ben-
zenes by Deep UV Resonance Raman Spectros-

copy
University of Oregon (B. S. Hudson and H. Lueck)

EMSL Contact: D. M. Friedrich

Raman Excitation Profiles of Electron Donor-
Acceptor Complexes

University of Idaho (J. L. McHale)

EMSL Contact: D. M. Friedrich

Laser Raman Study of Uranyl Surface Complex
Speciation

Oregon State University (G. Turner)

EMSL Contact: D. M. Friedrich

Laser Ablation Characterization of Solids

Washington State University (J. T. Dickinson,
R. Webb, and K. Peterson)

EMSL Contact: W. P. Hess

Photochemistry of Thin Molecular Films
University of Utah (C. Wight)
EMSL Contact: W. P. Hess

Quantum-Resolved Reactive Gas-Surface Scatter-
ing

University of Massachusetts (Bret Jackson)

EMSL Contact: B. D. Kay

Metastability of Glassy Water and its Relation to
Liquid Water

University of Wellington, N.Z. (Robin Speedy) and
Princeton University (Pablo Debenedetti)

EMSL Contact: B. D. Kay

Optical Properties and Porosity of Vapor Deposi-
ted Ice Films

University of Colorado (Steven M. George)

EMSL Contact: B. D. Kay

Desorption and Phase Transformation Kinetics in
Amorphous Ice

Chalmers University, Géteborg, Sweden (Bengt
Kasemo)

EMSL Contact: B. D. Kay

Rovibrational Analysis of High-Symmetry Mole-
cules

Los Alamos National Laboratory (Burton J. Krohn)

EMSL Contact: R. S. McDowell

Thermal-Electron/Water Chemistry
University of Sherbrooke (L. Sanche)
EMSL Contact: T. M. Orlando

Gas-Phase Cation—Ether Complexes
University of Utah (P. Armentrout)
EMSL Contact: D. Ray

Rovibrational Spectral Analysis of Molecular Clus-
ters

National Institute for Standards and Technology
(G. Fraser and A. Pine)

EMSL Contact: S. W. Sharpe

Quantum Chemistry Calculations on Metal Clus-
ters

Air Products and Chemicals, Inc., Allentown, Pa.
(H. S. Chen)

EMSL Contact: L.S. Wang

Spectroscopy and Structure of Metal Clusters
Washington State University (H. Wu)
EMSL Contact: L. S. Wang

Density Functional Calculations on Metal Clusters
Rice University (L. Lou)
EMSL Contact: L. S. Wang

Spectroscopic Mapping of Photosynthetic Mem-
branes

University of Chicago (L. Mets)

EMSL Contact: X. S. Xie

Theoretical Modeling of Molecule-Metal Interac-
tions in Near-Field Spectroscopy

Portland State University (P. Leung)

EMSL Contact: X. S. Xie

Theory of Nonlinear Infrared Spectroscopy of
Hydrogen-Bonded Systems

Hong Kong University of Science and Technology
(G. Yan)

EMSL Contact: X. S. Xie
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Collaborations within PNL

Waste Tank Speciation Methods

Applied Physics Center (J. S. Hartman) and Mater-
ials and Chemical Sciences Center (M. L.
Alexander)

CS&D Contacts: S. D. Colson and R. S. McDowell.

Bonding and Structure of Organic Ligands at
Oxide/Water Interfaces

Earth and Environmental Sciences Center (C. C.
Ainsworth)

CS&D Contact: D. M. Friedrich

Lanthanide Carbonate Speciation by Laser-
Induced Fluorescence

Earth and Environmental Sciences Center (L. Rao
and A. R. Felmy)

CS&D Contact: D. M. Friedrich

Studies of Laser/Solid Interactions

EMSL Theory, Modeling, and Simulation M. L
McCarthy, S. S. Xantheas, and J. D. Myers)

CS&D Contact: W. P. Hess

Structure of TiO Thin Films
EMSL Materials and Interfaces (C. H. F. Peden)
CS&D Contact: S. A. Joyce

Physics and Chemistry of Ceramic Surfaces.
Materials and Chemical Sciences Center (B. C.

Bunker)
CS&D Contact: S. A. Joyce

Physics and Chemistry of Ceramic Surfaces

Materials and Chemical Sciences Center (B. C.
Bunker)

CS&D Contact: B. D. Kay

Gas-Phase Cation-Ether Complexes
EMSL Theory, Modeling, and Simulation (D. Feller

and E. Glendening)
CS&D Contact: D. Ray

Spectroscopy and Dynamics of Molecular Clusters

EMSL Computing and Information Sciences (J. M.
Price)

CS&D Contact: D. Ray

Spectroscopic Techniques for Atmospheric Moni-
toring

Materials and Chemical Sciences Center (J. F.
Kelly)

CS&D Contacts: S. W. Sharpe and R. S. McDowell

Finite Difference Time-Domain Modeling of the
Molecule-Probe Interaction in Near-Field Spec-

troscopy
Earth and Environmental Sciences Center (X. Bian)

CS&D Contact: X. S. Xie
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