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REMARKS BY THE DIVISION DIRECTOR

In 1990 the Materials and Chemical Sciences Division
experienced a dramatic organizational change. On October
1 that Division was separated into two parts: the Materials
Sciences Division (MSD), under Daniel S. Chemla, who
was recruited from AT&T Bell Laboratories to be Division
Director; and the Chemical Sciences Division (CSD), for
which I continued as Director. The separation was along
funding lines — the Chemical Sciences Division includes
the programs funded by the DOE Chemical Sciences
Division that had been in MCSD. (Using the DOE tites,
these are the programs in Photochemical and Radiation
Sciences, Chemical Physics, Atomic Physics, Chemical
Energy, Chemical Engineering Science, and Heavy
Element Chemistry.) The splitting of MCSD into two
Divisions was intended, in part, to reflect the growing
demands on the Division Director’s time that are presented
by the Combustion Dynamics Initiative [CDI, as it was
renamed from Combustion Dynamics Facility (CDF)
during the year]. The following remarks will address only
the Chemical Sciences Division and its activities.

At the outset the two Divisions continued to share the
same administrative support personnel below the Division
Administrator level, but it was recognized that that
arrangement might not continue. Linda Maio became the
Division Administrator for CSD, and Meredith
Montgomery took that position in MSD. Rolf Muller con-
tinued as Associate Division Director for CSD. (Rolf
retired from the Laboratory early in calendar year 1991.)

Planning for the CDI advanced substantially during the
year. A major workshop to review the proposed scientific
program and research facilities was held in April. The
Attendance was excellent — 78 scientists from outside of
LBL/UCB, 18 scientists from Sandia National Laboratories,
and 37 local scientists. That meeting led to the preparation
of the “CDF Scientific Program Summary.” (The name
change had not yet been made.) In October the Technical,
Cost, Schedule, and Management Review (TCSM) or, as it
is commonly called, the “Temple Review” (after Dr. Ed
Temple, who has conducted these reviews for the DOE for
many years), was held. The CDI came through with flying
colors. A panel of DOE officials and six outside scientific
and technical experts judged the proposed scientific pro-
gram and the facilities to be, respectively, excellent, and
feasible and appropriate. They did recommend strengthen-
ing of the scientific collaboration between the two laborato-
ries and some increases in the experimental facilities
budget, both of which were subsequently incorporated into
the plans.
~ The last few months of 1990 saw the Division
feverishly preparing for the Tiger Team visit that was
expected for mid-February of 1991. Phil Ross and Linda

Maio worked as a team planning and implementing the
preparations for both the Chemical Sciences Division and
the Materials Sciences Division. They spent most of the
fall and winter on these activities, and both Divisions are
greatly indebted to them for their efforts and for their
success. The “Tigers” were to be a group of 60 inspectors
assembled by DOE, experts on environment, health, and
safety problems, who would conduct an intensive search for
shortcomings in these areas over a six-week period. The
difficulty in preparing for the Tigers was compounded by
the recognition, very late in the preparations, that they
would also visit LBL laboratories on the campus.
Nevertheless substantial improvements were made. In gen-
eral the Division and LBL as a whole did a very creditable
job in improving conditions in these areas and displayed a
positive and constructive attitude that turned out to be
important in itself.

Awards and honors received by CSD investigators in
1990 include:

» Neil Bartlett received a Dr. honoris causa degree
from the University of Nantes and was admitted
Associé Etranger, Academie des Sciences, Institut
de France.

¢ Robert Bergman received the 1990 Edgar Fahs
Smith Award from the Philadelphia Section of the
American Chemical Society and the 1990 Remsen
Award from the Maryland Section of the American
Chemical Society.

* Yuan T. Lee received a Dr. honoris causa degree
from Arizona State University.

* William Miller received the 1990 Irving Langmuir
award in Chemical Physics.

* Daniel Neumark received a Camille and Henry
Dreyfus Teacher-Scholar Award.

« J.M. Prausnitz received the Solvay Prize for inno-
vative chemical engineering, and the Corcoran
Award of the American Society for Engineering
Education.

+ K.P.C. Vollhardt received the 1990 Otto Bayer
Prize and was announced as the recipient of the
American Chemical Society’s 1991 Arthur C. Cope
Scholar Award.

Norman E. Phillips
Division Director
Chemical Sciences Division
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FUNDAMENTAL INTERACTIONS

- PHOTOCHEMICAL AND RADIATION SCIENCES

Photochemistry of Materials in the
Stratosphere”*

Harold S. Johnston, Investigator

INTRODUCTION

This research is concerned with global change in the
atmosphere, including theoretical and experimental gas-
phase photochemistry. The experimental work was
completed and concluded by June 30, 1991, but there will
remain about six journal articles to be written and
submitted for publication. The theoretical work involves
photochemical modeling in collaboration with Lawrence
Livermore National Laboratory (ILLNL) and as an advisor
to the Upper Atmosphere Research Program, Atmospheric
Effects of Stratospheric Aircraft, of the National
Aeronautics and Space Administration (NASA). The value
of the Principal Investigator as advisor to this program is
complete financial and scientific independence from
NASA, long-term knowledge of the relations between
supersonic aircraft and stratospheric ozone, and a record of
scientific environmental work.

1. Topical Review of Stratospheric Aircraft and
Global Ozone (Publication 5)

H.S. Johnston

The history of stratospheric aircraft and its calculated
effect on ozone is reviewed for the period 1971-90,
including the present problem.

(1) The problem. Using the most recent
photochemical data, basing aircraft fuel usage on Boeing-
proposed fleet size, and basing nitric oxide emissions on
Pratt and Whitney emission measurements, the LLNL two-
dimensional atmospheric model calculates that nitrogen
oxides from Mach 2 to 3 stratospheric aircraft cruising at 20
km would reduce global ozone by about 15%, a value

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.

greater than the scenarios for chlorofluorocarbons (CFCs)
in which CFC emissions are assumed to.remain constant
from 1990 onward.

(2) Possible solutions to the problem. The calculation
in (1) above is based on an aircraft cruise emission index of
39.5 grams of nitric oxide per kg of fuel consumed in the .
stratosphere and flying at 20 km altitude. (a) Use of
“advanced emission reduction technology” to design and
build a new type of aircraft engine promises greatly to
reduce NO, emissions. (b) LLNL model calculations find
that for a given injection of nitrogen oxides, the calculated
effect on total ozone is a strong function of altitude, and
lower-Mach-number supersonic aircraft flying well below
20 km give much less calculated ozone reductions. (c) The
models do not include the recently discovered
heterogeneous chemistry associated with the Antarctic
ozone hole, but inclusion of this feature in the models may
decrease or increase the calculated ozone reductions.

(3) Some problems with these possible solutions. (a)
Engineers at both Pratt and Whitney and General Electric
“have identified combustor concepts that they believe have
the potential to achieve a cruise NO, emission index of 5 to
10... it would be a high risk development program with
potential barriers to success being premixing duct flashback
and auto ignition...” (b) Calculated ozone changes for
stratospheric aircraft flying between 15 and 20 km are
extremely sensitive to assigned eddy diffusion functions in
some two-dimensional models, and the vertical grid height
of many models is 3 km, which is much too coarse at these
altitudes. Current models are not good enough to support a
policy decision as to where between 14 and 19 km it is safe
to emit large amounts of NO,. There is need to carry out
major model developments and calibrations specifically

.devoted to the aircraft problems.

2. NO3 Fluorescence Following NoQg4 Photolysis
(Publications 6 and 8)

W.N. Sisk, C.E. Miller, and H.S. Johnston

A supersonic jet of N2O4 has been photolyzed at three
wavelengths: 193, 248, and 351 nm. The resultant
fluorescence of NO, has been dispersed, and the energy
distribution of fluorescent NO;, has been determined by the
photolysis-induced fluorescence (PIF) scheme. The spread
of the energy distribution increased with increasing



photolysis energy. These results have been compared to
Kawasaki's time-of-flight translational energy distributions
at 193 and 248 nm. From these complementary
measurements, we conclude that the most probable N2O4
photodissociation channels are

N204 + hv (351 nm) — NO,*(?By, vp = 3 or 4)
+NO(X?Ay)

N204 + hv (248 nm) — NO,*(?B}) + NO;*(?B,)

N204 + hv (193 nm) - NO,*(?B) + NO,*(2B;) .

3. Work in Progress

Energy-Transfer Rates Obtained by High-Speed
Fluorescence Measurements :

When nitrogen dioxide is excited by a visible dye-laser
pulse, the internal energy distribution of the excited state
has about the same width as the rotational-energy spread of
the ground-state molecules. Upon collision with NO, or
with foreign gases, the distribution of internal energy
changes. The collision-dependent internal-energy
distributions are evaluated by the method derived in recent
years here to study photolysis-induced fluorescence.

Two-Product Channels from the Photolysis of the
Nitrate Free Radical (obtained in collaboration with
Professor Y.T. Lee)

In 1979, this project published the quantum yields in
the photolysis of the nitrate free radical: NO3 + hv — NO,
+ O and NO + O,. It was desirable to re-investigate this
important atmospheric reaction under collision-free
conditions with a molecular-beam system. Preliminary
results tend to confirm the older measurements, and the
new methods promise to give additional information about
NO;.

Atmospheric Model Calculations

With the strong connections established between this
project and the Atmospheric Sciences group at Lawrence
Livermore National Laboratory, extensive further
calculations are planned concerning global budgets of
ozone, oxides of nitrogen, chlorine compounds,
heterogeneous chemistry in the stratosphere, the effects of
stratospheric aircraft, and related problems.

1990 PUBLICATIONS AND REPORTS

Refereed Joumnals

1. H. Johnston, “Evaluation of Excess Carbon 14 and
Strontium 90 Data for Suitability to Test Two-Dimensional
Stratospheric Models,” J. Geophys. Res. 94, 18485 (1989);
LBL-25677.

2. H. Johnston, D. Kinnison, and D. Wuebbles,! “Nitrogen
Oxides from High Altitude Aircraft: An Update of Potential
Effects on Ozone,” J. Geophys. Res. 94, 16351 (1989);
LBL-26206.

3. K.O. Patten, Jr., 1.D. Burley, and H.S. Johnston, “Radiative
Lifetimes of Nitrogen Dioxide for Excitation Wavelengths
from 400 to 750 nm,” J. Phys. Chem. 94, 7960 (1990);
LBL-28435.

4. B. Kim, B.L. Hammond, W.A. Lester, Jr, and H.S.
Johnston, “Ab Initio Study of the Vibrational Spectra of
NO,,” Chem. Phys. Lett. 168, 131 (1990); LBL-28434.

Other Publications

5. H.S. Johnston, “Topical Review of Stratospheric Aircraft
and Global Ozone,” NASA Reference Publication 1247,
September 1990; LBL-28226.

LBL Reports

6. W.N. Sisk (Ph.D. Thesis), “Nitrogen Dioxide Fluorescence
Following Photolysis in a Supersonic Jet,” LBL-29112.

7. B. Kim (Ph.D. Thesis), “NO,, the Study of Molecular
Properties and Photodissociation by Ab Initio Method,
Spectroscopy, and Translational Spectroscopy,” LBL-
29688. ‘

8. W.N. Sisk, C. E. Miller, and H. S. Johnston, *“NO,
Fluorescence Following N,O4 Photolysis,” submitted to J.
Phys. Chem.

Invited Talks

9. H.S. Johnston, “Global Ozone Balance and Currently
Proposed Supersonic Aircraft,” Welch Foundation Lecture,
University of Houston, Baylor University, and Texas
Christian University, September 1990; American Chemical
Society National Meeting, Washington, DC, August 1990.

tPermanent address:

Lawrence Livermore National Laboratory,
Livermore, CA 94550. :



CHEMICAL PHYSICS

Energy Transfer and Structural Studies
of Molecules on Surfaces*

Charles B. Harris, Investigator

INTRODUCTION

The goal of this research is to study the dynamics of
excited electronic states on surfaces, at interfaces, and in
condensed phases, and to develop new laser techniques for
studying these dynamics. The research program is both
theoretical and experimental in character, and includes
nonlinear optical and ultrafast laser techniques in addition
to a variety of standard surface-science tools for
characterizing surfaces and adsorbate-surface interactions.
Recent work has centered on the development of new
techniques for studying the dynamics of electrons at
interfaces on femtosecond time scales, carrier diffusion in
semiconductors, and photodissociation of transition metal
carbonyls in solution. The resuits of this program have a
direct bearing on high-speed technological devices and
materials, and on other problems of general interest such as
the dynamics of electrical transmission in conductors on
ultrafast time scales and the optical properties of thin films.

1. Ultrafast Studies of Chemical Reactions in
Liquids: Validity of Gas-Phase Vibrational Relaxation
Models and Density Dependence of Bound
Electronic-State Lifetimes (Publications 1, 2, 3, and 6)

M.E. Paige and C.B. Harris

The dynamics of the I, geminate recombination
reaction in liquid Xe are monitored with transient
picosecond absorption spectroscopy as a function of solvent
density and temperature. Specifically, the I, X state
vibrational relaxation and the nonradiative electronic curve
crossing from the deeply bound A' and A states to the X
state are measured over a Xe density range that spans the

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.

" entire liquid-phase region of the phase diagram. The

density dependence of the X-state vibrational relaxation is
shown to be consistent with the isolated binary collision
(IBC) model of vibrational relaxation through a procedure
that, unlike previous studies of IBC theory, is performed by
ascertaining whether vibrational energy vs time plots at
different solvent density can be overlapped by a linear
scaling of the time axis. The consistency with IBC theory
demonstrated in this system is surprising because of the low
I, vibrational frequency (170-214 cm~!) and the large-
amplitude oscillations involved in the relaxation process.
Contrary to theoretical predictions of the A'/A-state lifetime
based on Langevin modeling in the high-density Kramers’
limit, the A'/A state lifetime shows very little dependence
on solvent density, although both viscosity and activation
barrier increase substantially with solvent density. This
finding suggests that a non-Markovian description of the
solvent frictional effects and a model of nonadiabatic curve
crossing must be included in order to correctly calculate the
excited-state lifetime.

2. Energy Dissipation in Chemical Reactions on
Ultrafast Timescales (Publications 4 and 5)

D.J. Russell, M E. Paige, and C.B. Harris

A series of picosecond experiments and computer
simulations are presented that test collisional and
hydrodynamic models for vibrational relaxation in liquids.
The relationships between isolated binary collision (IBC)
models and stochastic dynamics are presented. The
appropriateness of IBC theory in describing vibrational
relaxation in liquids is also discussed.

3. Work in Progress

Image potential states on clean and adsorbate-covered
metal surfaces were investigated using two-photon
photoemission and the single-electron counting apparatus.
Image potential states are ‘Rydberg’-like states resulting
from the Coulombic attraction between an electron outside



a metal surface and the induced positive charge on the
surface. The binding energies of the N =1 and N = 2 states
for Ag(111) and the N = 1 state for Cu(111) were measured
to be 0.77 eV, 0.24 eV, and 0.86 eV, respectively, in good
agreement with previously published reports. This
technique gave superior energy resolution to earlier work,
with the peak width of 35 meV for a ultraviolet(UV)-
visible(VIS) peak and 50 meV for a UV-UV peak for the
N =1 state of Ag(111). The widths of the peaks are greater
than the predicted theoretical energy resolution of the
instrument, setting a lower limit on the lifetime of the state
at 10 femtoseconds.

The effect of adsorbates on the image potential state
was studied by dosing xenon or cyclohexane onto a
Ag(111) surface. With both adsorbates the image state
peak persisted, though with much smaller intensity. For a
monolayer coverage of Xe, the binding energy of the image
state peak was found to decrease by 10 meV, suggesting
dielectric screening of the image charge due to the absorbed
Xe. Other workers have determined the energy position of
the ™ orbital of molecular adsorbates on a metal surface
using inverse photoemission. Some of the same systems
use two-photon photoemission. Dosing carbon monoxide
onto Pt(111) or benzene onto Ag(111) leads to the
disappearance of the image potential state. At this time no
evidence of peaks due to the excited molecular orbital have
been observed.

Time-resolved photoluminescence measurements of
homogeneous CdS, Se,_, semiconductors were performed
in the past year. The lifetime of the carriers was
determined by time-resolved single-photon counting. Alloy
samples with compositions x =0, 0.25, 0.5, 0.75, and 1
were studied. For a sample with particular value of x, the
decays at various emission wavelengths were measured.
The observed wavelength dependence of the lifetimes
yields information on the dynamics of electron-hole-pair
relaxation within a given alloy material. Furthermore, the
influence of fluctuations in the local chemical potential due
to the compositional disorder are of interest. By studying
the luminescence of materials over the full range of
0 < x < 1, this disorder effect can be probed. The samples
studied exhibit fast lifetimes at room temperature, within a
couple hundred picoseconds at all wavelengths examined.
The forms of the decays display varying degrees of
nonexponential character. Fits to various theories will be
performed in order to model the functional form of the data.

The dynamics and chemistry caused by metal-metal
bond cleavage in Fe (CO);, were studied using visible
pump-probe spectroscopy. The photochemistry of this
compound was found to involve two reaction pathways.
First, the compound could isomerize to a coordinatively
unsaturated species, and then with a time constant of
150 ps, this isomer can return back to the ground state.
Alternatively, the compound can fragment to mono- and di-

iron species. The rate of this fragmentation was found to
depend on the excess energy in the molecule.

1990 PUBLICATIONS AND REPORTS

Refereed Journals

1. M.E. Paige and C.B. Harris, “Level Crossing in Liquids
Involving Intermolecular Electronic to Vibrational Energy
Transfer,” J. Chem. Phys., Notes 93, 1481 (1990); LBL-
28553.1

2. M.E. Paige and C.B. Harris, “A Generic Test of Gas Phase
Isolated Binary Collision Theories for Vibrational
Relaxation at Liquid State Densities Based on the Rescaling
Properties of Collision Frequencies,” J. Chem. Phys.,
Communication 93, 3712 (1990); LBL-28906.1

LBL Reports

3. M.E. Paige and C.B. Harris, “Ultrafast Studies of Chemical
Reactions in Liquids: 1. Validity of Gas Phase Vibrational
Relaxation Models, and II. Density Dependence of Bound
Electronic State Lifetimes,” Chem. Phys. (special issue, in
press); LBL-29164.1#t

4. D.J. Russell, M.E. Paige, and C.B. Harris, “Energy
Dissipation in Chemical Reactions on Ultrafast
Timescales,” in Proc. Rate Processes in Dissipative
Systems: 50 Years after Kramers (in press); LBL-29735.7#

5. D.L Russell (Ph.D. Thesis), “Vibrational Relaxation in
Liquids: Comparison Between Gas Phase and Liquid Phase
Theories,” LBL-30000.

6. M.E. Paige (Ph.D. Thesis), “Density Effects on the
Molecular Dynamics of the I Geminate Recombination
Reaction in Liquid Xe,” LBL-28970.1

Invited Talks

7. C.B. Harris, “Probing Chemical Reactions in Liquids on the
Femtosecond Timescale,” Pittsburgh Spectroscopy
Conference, Pittsburgh, PA, March 5-9, 1990.

8. C.B. Harris, “Chemical Reaction in Liquids on Ultrafast
Timescales: Experiments Designed to Critically Test
Theoretical Models,” ACS National Meeting on “Classical
and Quantal Simulations for Reactive and Solvation
Dynamics and their Critical Experimental Tests,” Boston,
MA, April 23-27, 1990.

9. C.B. Harris, “Reactions in the Condensed Phase on the
Femtosecond Timescale,” Gordon Conference on the
Chemistry of Energetic Materials, New Hampton School,
NH, June 25-29, 1990.

10. C.B. Harris, “Femtosecond Studies of Chemical Reactions
in Liquids,” Gordon Conference on Radiation Chemistry,
Newport, R, July 8-13, 1990.

11. C.B. Harris, “Condensed Phase Reactions Using
Femtosecond Laser Spectroscopy,” Center for the Study of



Fast Transient Processes, ARO program review, Mount St.
Mary's College, August 12-14, 1990.

12. C.B. Harris, “Energy Dissipation in Chemical Reactions on
Ultrafast Timescales,” Conference on Rate Processes in
Dissipative Systems: 50 Years after Kramers, Evangelische
Akademie Tutzing/Germany, September 1013, 1990.

*National Science Foundation Program using DOE equipment.
$0ffice of Naval Research Program using DOE equipment.

I Office of Army Research Program using DOE equipment.
ICalculations performed at the San Diego Supercomputer Center.



Crossed Molecular Beams¥*

Yuan T. Lee, Investigator

INTRODUCTION

The major thrust of this research project is to elucidate
detailed dynamics of simple elementary reactions that are
theoretically important and to unravel the mechanism of
complex chemical reactions or photochemical processes
that play important roles in many macroscopic processes.
Molecular beams of reactants are used to study individual
reactive encounters between molecules or to monitor
photodissociation events in a collision-free environment.
Most of the information is derived from measurement of
the product fragment energy, angular, and state
distributions. Recent activities are centered on the
mechanisms of elementary chemical reactions involving
oxygen atoms with unsaturated hydrocarbons, the dynamics
of endothermic substitution reactions, the dependence of
the chemical reactivity of electronically excited atoms on
the alignment of excited orbitals, the primary
photochemical processes of polyatomic molecules,
intramolecular energy transfer of chemically activated and
locally excited molecules, the energetics of free radicals
that are important to combustion processes, the infrared-
absorption spectra of carbonium ions and hydrated
hydronium ions, and the bond-selective photodissociation
through electronic excitation. :

1. Tunable Far-Infrared Laser Spectroscopy of
Ultracold Free Radicals (Publication 6)

R.C. Cohen, K L. Busarow, C.A. Schmuttenmaer, Y.T. Lee,
and R.J. Saykally

We report a new high-resolution spectroscopic
technique designed for the study of short-lived radicals and
clusters containing free radicals. Excimer laser photolysis
of a suitable precursor during the initial stages of a planar
supersonic expansion is used to generate ultracold free
radicals that are subsequently probed by a tunable far-
infrared laser. A detection limit of 108 molecules/cm3 for
light hydrides is demonstrated, and prospects for two to
three orders of magnitude improvement are discussed.

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.

2. Vibrational Spectroscopy of the Hydrated
Hydronium Cluster fons H30* (H20), (N =1,2,3)
(Publication 7) :

LI Yeh, M. Okumura,J.D. Myers, JM. Price,and Y.T. Lee

The gas-phase infrared spectra of the hydrated
hydronium cluster ions H30*-(H,0),, (N = 1,2,3) have been
observed from 3550 to 3800 cm~!. The new spectroscopic
method developed for this study is a two-color laser scheme
consisting of a tunable cw infrared laser with 0.5 cm™!
resolution used to excite the O-H stretching vibrations and
a cw CO; laser that dissociates-the vibrationally excited
cluster ion through a multiphoton process. The apparatus is
a tandem mass spectrometer with a radio-frequency ion trap
that utilizes the following scheme: the cluster ion to be
studied is first mass selected; spectroscopic interrogation
then occurs in the radio-frequency ion trap; finally, a
fragment ion is selected and detected using ion-counting
techniques. The vibrational spectra obtained in this manner
are compared with one taken previously using a weakly
bound H, “messenger.” A spectrum of H7O3* taken using
a neon messenger is also presented. Ab initio structure and
frequency predictions by Remington and Schaefer are
compared with the experimental results.

3. Photodissociation of Vinyl Bromide and the Heat
of Formation of the Vinyl Radical (Publication 8)

AM.Wodtke, EJ. Hintsa, J. Somorjai,and Y.T. Lee

We have performed measurements of the translational-
energy distributions and anisotropy parameters of the
photodissociation products of vinyl bromide at 193 nm.
Br-atom and HBr elimination were observed with a
branching ratio of 1.28 + 0.05 between the two channels.
Both processes occurred with a large release of translational
energy, an average of about 2.0 eV for the Br-atom channel
and somewhat less for HBr elimination. The maximum
release of translational energy for Br + C,H3 formation led
to an upper limit of 77 3 kcal/mol to Dy(C,H3-Br), from
which an upper limit to the heat of formation of the vinyl
radical, 71 * 3 kcal/mol, was derived. This result was used
to re-examine crossed-molecular-beams data relevant to the
determination of the heat of formation of the vinyl radical.
A metastable state of C,H; observed in the
photodissociation of vinyl bromide was interpreted as the
formation of CoH3(A2A™).



4. Electronic Structure and Chemical Bonding of the
First-Row Transition-Metal Dichlorides, MnCl,,
NiCl,, and ZnCl,: A High-Resolution Photoelectron
Spectroscopic Study (Publication 17)

" L.-S. Wang, B. Niu,Y.T. Lee, and D A. Shirley

High-resolution Hel (584 A) photoelectron spectra of
ZnCl;, MnCl,, and NiCl, were measured using a high-
temperature supersonic molecular-beam source. In ZnCl,,
vibrational structures were resolved, and spectroscopic
constants were derived for the observed molecular ion
states. A single v, vibrational progression was observed
for the C2Z,* state of ZnCly*. A Franck-Condon factor
calculation allowed us to obtain a Zn-Cl equilibrium bond-
length increase of 0.095(5) A and a v; vibrational
frequency of 290(8) cm~!. For the open-shell molecules,
MnCl, and NiCly, no vibrational structure could be
resolved because of their very low bending frequencies.
Transitions from the ligand orbital and metal d-orbital
ionizations were clearly resolved, with those of the d
orbitals having considerably narrower band widths. Even
though many final states are expected for ionization of the
open-shell d orbitals, only a few states were observed. This
was explained in MnCl, by the one-electron spin-selection
rule: S¢=S;+ 1/2. Besides the spin-selection rule, a
propensity toward high spin was proposed to account for
the spectrum of NiCl,. From the metal d-orbital and ligand
orbital splittings, the degree of covalent bonding was
inferred to be in the order of: MnCl, > NiCl, > ZnCl,.

5. Orbital Alignment Dependence and Angular
Distributions of Ions from the Reaction of Ba(!S, 1P)
with Cl, (Publication 19)

A.G. Suits, H. Hou, and Y.T. Lee

We report crossed-molecular-beam studies of positive
ions produced in the reaction of ground-state and
electronically excited barium atoms with Cl, at collision
energies of 0.75 and 3.0 eV. At 0.75 eV, angular

distributions for BaCl* from the exothermic chemi-ion -

channel were largely backscattered relative to the barium
beam. For Ba(IP), the cross section for BaCl* formation
was much lower at both collision energies studied. At 3.0
eV, the product Ba* was observed, and the yield increased

20-fold on electronic excitation. In addition, the Bat

intensity was further enhanced twofold when the barium p
orbital was aligned along the relative velocity vector over
that seen with the p orbital perpendicular to the relative
velocity vector.

6. Crossed-Molecular-Beams Study of the Reaction
D + H; - DH + H at Collision Energies of 0.53 and
1.01 eV (Publication 21)

R.E. Continetti, B.A. Balko, and Y.T. Lee

This paper reports the first product differential cross-
section (DCS) measurements for the D + H, - DH + H
reaction as a function of laboratory (lab) scattering angle
with sufficient resolution to resolve product DH vibrational
states. Using a D-atom beam produced by the
photodissociation of DI at 248 nm, product velocity and
angular distributions were measured at 12 lIab angles at a
nominal collision energy of 0.53 eV and at 22 lab angles at
a nominal collision energy of 1.01 eV with a crossed-
molecular-beams apparatus. After correction of the raw-
product time-of-flight (TOF) spectra for modulated
background, a comparison with recent exact quantum-
mechanical scattering calculations was made using a Monte
Carlo simulation of the experimental conditions. The
simulation showed that although the theoretical predictions
agree qualitatively with the measurements, some significant
discrepancies exist. Using the Monte Carlo simulations, a
best-fit set of DH(v,j) DCSs that showed good agreement
with the measurements was found. At the detailed level of
the state-to-state DCS, significant differences were
observed between theory and experiment for rotationally
excited DH(v,j) products. The discrepancies observed
suggest that some regions of the current ab initio H,
potential-energy surfaces, particularly the bending potential
at high energies, may need further examination.

7. Vibrational Spectroscopy of the Ammoniated
Ammonium Ions NH4+*(NH3), (forn = 1-10)
(Publication 23) -

JM. Price, MW. Crofton, and Y.T. Lee

The gas-phase vibration-internal rotation spectra of
mass-selected ammoniated ammonium ions NH4*(NH3),
(for n=1 to 10) have been observed from 2600 cm~! to
4000 cm™!, The spectra show vibrational features that have
been assigned to modes involving both the ion core species,
NHy4*, and the first-shell NH3 solvent molecules. Nearly
free internal rotation of the solvent molecules about their
local C3 axes in the first solvation shell has been observed
in the smaller clusters (n = 1 to 6). For the largest clusters
studied (n=7 to 10), the spectra converge, with little
difference between clusters differing by one solvent
molecule. For these clusters, the spectrum in the 3200-
3500 cm™! region is quite similar to that of liquid ammonia,



and the entire region of 2600-3500 cm~! also bears
considerabie resemblance to the spectra of ammonium salts
dissolved in liquid ammonia under some chemical
conditions. This indicates the onset of a liquid-like
environment for the ion core and first-shell solvent
molecules in clusters as small as NHy4*(INH3)s.

8. Reaction of Ba Atoms with NO3, O3 and Cl5:
Dynamic Consequences of the Divalent Nature of
Barium (Publication 24)

H.F. Davis, A.G. Suits, H. Hou, and Y.T. Lee

The role of the divalent nature of barium atoms in
chemical reactivity was explored using crossed molecular
beams. Angular and velocity distributions of products from
reactions of Ba(!S) with NO, and Os indicate the existence
of long-lived collision intermediates despite very large
reaction exothermicities. The existence of these
intermediates results from barriers to transfer of the second
electron necessary to form ground-state products. Although
BaO was the dominant product in both reactions, two
previously unknown channels were observed: Ba + NO; —
BaON + O and Ba + O3 - BaO;+ O. We obtained bond-

dissociation energies of Dy(Ba-ON) = 65 + 20 kcal/mole

and Dy(Ba-05) = 120 * 20 kcal/mole for these molecules.
The dependence of the cross sections for the ion channels
Ba(!P) + Cl; — Ba* + Cl, and Ba(!P) + Cl; — BaCl* + CI-
on Ba(!P) orbital alignment and collision energy was used
to probe the course of the reaction through intersections
between the ionic and covalent potential-energy surfaces.

9. Molecular-Beam Studies and Hot-Atom Chemistry
(Publication 25)

R.E. Continetti and Y.T. Lee

A review of recent applications of crossed-molecular-
beams studies to the study of hot-atom chemical reactions
is given. Studies of the endoergic bromine-substitution
reactions Br + R-Cl - RBr + Cl have shown that the
transient addition complex formed exhibits limited energy
randomization. State-resolved scattering experiments on
the D + H, —» DH + H reaction using a D-atom beam
produced by excimer-laser photolysis are also reviewed.
These studies, in conjunction with detailed theoretical
predictions now available, have shown where further
theoretical work on the potential-energy surface that
governs this fundamental elementary reaction may be
required. Future directions for the study of hot-atom
chemical reactions are also discussed.

10. Photoelectron Spectroscopy and Electronic
Structure of Clusters of the Group V Elements. 1
Dimers (Publication 26) :

L.-S. Wang, Y.T. Lee, D A. Shirley, K. Balasubramanian,
and P. Feng

The Hel (584 A) high-resolution photoelectron spectra
of As,*, Shy*, and Biy* have been obtained with a high-
temperature molecular-beam source. A pure As, beam was
produced by evaporating CusAs. Sb, was generated as a
mixture with only the atoms from the pure element.
Vibrational structure was well resolved for the Asy*
spectrum. Spectroscopic constants were derived and
reported for the related ionic states. In addition, we have
carried out relativistic complete-active-space self-consistent
field followed by multi-reference singie + double
configuration-interaction calculations on these dimers, both
for the neutral ground states and for the related ionic states.
The agreements between the calculated and experimentally
derived spectroscopic constants were fairly good, although
the calculations tended to consistently underestimate the
strength of the bonding in these heavy homonuclear
diatomics.

11. Photoelectron Spectroscopy and Electronic
Structure of Clusters of the Group V Elements. II.
Tetramers; Strong Jahn-Teller Coupling in the
Tetrahedral 2E Ground States of P4*, As4*, and Sby*
(Publication 27)

L.-S. Wang. B. Niu, Y.T. Lee, D.A. Shirley, E. Ghelichkhani,
and ERR. Grant

High-resolution Hel (548 A ) photoelectron spectra
have been obtained for the tetrameric clusters of the group
V elements: P4, Asq, and Sbs The spectra establish that the
ground ZE states of tetrahedral P4*, As4*, and Sby* are
unstable with respect to distortion in the v,(e) vibrational
coordinate. The E ® e Jahn-Teller problem has been
treated in detail, yielding simulated spectra to compare with
experimental ones. Vibronic calculations, extended to
second order (quadratic coupling) for P4*, account for
vibrational structure that is partially resolved in its
photoelectron spectrum. A Jahn-Teller stabilization energy
of 0.65 eV is derived for P4*, which can be characterized in
its ground vibronic state as being highly distorted, and
highly fluxional. Linear-only Jahn-Teller coupling
calculations performed for Ass4* and Sbs* show good
qualitative agreement with experimental spectra, yielding
stabilization energies of 0.84 eV and 1.4 eV, respectively.



12. Photoelectron Spectroscopy and Electronic
Structure of Clusters of the Group V Elements. III.
Tetramers: The 2T, and 2A Excited States of P4+,
Asy*, and Sbs* (Publication 28) '

L.-S. Wang, B.Niu,Y.T. Lee, D.A. Shirley, E. Ghelichkhani,

and ER. Grant

Methods employing high-resolution Hel (584 A)
photoelectron spectroscopy have been applied to the
tetrameric clusters of the group V elements, to resolve
details of vibronic and spin-orbit structure in the first three
electronic states of P4*, As4*, and Sby*. Measured
spacings of distinct vibrational progressions in the vy mode
for the 2A; states of P4+ and As4* yield vibrational
frequencies of 577 (5) cm~! for P4* and 350 (6) cm~! for
Asg*. Franck-Condon factor calculations suggest bond
changes for the ions in the 2A; states of 0.054 (3) A for P4+
and 0.060 (3) A for As4*. Strong Jahn-Teller distortions in
the v,(e) vibrational mode dominate the structure of the 2E
ground states of the tetrameric ions. Both Jahn-Teller and
spin-orbit effects appear in the spectra of the 2T states of
the tetrameric ions, with the spin-orbit effect being
dominant in Sbs* and the Jahn-Teller effect dominant in
P4*. Vibrational structure is resolved in the P4+ spectrum,
and the v3(t) mode is found to be the one principally active
in the Jahn-Teller coupling. A classical metal-droplet
model is found to fit well with trends in the IPs of the
clusters as a function of size.

13. Production and Photodissociation of CCl3
Radicals in a Molecular Beam (Publication 29)

E.J. Hintsa, X. Zhao, W.M. Jackson, W.B. Miller, A.M.
Wodtke, and Y.T. Lee ’

We have produced a pulsed supersonic beam of CClj
radicals by photolyzing CCly at 193 nm inside a teflon
nozzle. The radicals were thermalyzed by a buffer gas,
then expanded out the end of the nozzle. Cold CCl,
radicals were photodissociated at 308 nm, and the product
velocity distributions were measured by time-resolved mass
spectrometry. Only one primary reaction was observed,
CCl3 — CCl; + Cl with an average kinetic energy release
of 13 kcal/mol. Some of the CCl; absorbed a second
photon to produce CCl + CL

14. IR Spectroscopy of Hydrogen-Bonded Charged
Clusters (Publication 30)

M.W. Crofton, J.M. Price,and Y.T. Lee

New experiments describing the infrared vibrational
predissociation spectra of a number of mass-selected ionic
cluster systems have been obtained and analyzed in the
2600 to 4000 cm~! region. The species studied include the
hydrated hydronium ions, H3O*(H;0), and ammoniated
ammonium ions, NH* 4(NH3),(H20)y, (n + m =4). Ineach
case, the spectra reveal well-resolved structures that can be
assigned to transitions arising from the vibrational motions
of both the ion core of the clusters and the surrounding
neutral solvent molecules.

For a given ionic cluster, these transitions show
systematic frequency shifts with increasing solvation
(increasing values of n or m). These shifts and the
appearance or disappearance of core vibrational features
have been used to determine the number of ligands
involved in the first solvation shell about the ions and
possibly the number of solvent molecules required for the
onset of a liquid-like environment about the core.

Information has also been gained about solvent-solvent
interaction in these systems. For the ionic clusters
involving the ammonium ion as the core, structures were
observed that can be assigned to transitions arising from the
internal rotation of the ligands in the first solvation shell of
the cluster about their hydrogen bonds to the ion core. It
has been found that this rotation is essentially free, with a
very low barrier to the motion (10 cm~!) for the
ammoniated ammonium n = 1 cluster. This rotation occurs
only when the rotating first-shell ligand is not involved in
hydrogen bonding with a ligand in the second solvation
shell that quenches the free rotation.

15; Work in Progress:

In order to make a rigorous comparison with
theoretical calculations, a “complete” experiment on D +
Hy - DH+ H is now under way. In this crossed-

. molecular-beams experiment, not only will initial

translation energies and initial quantum states of reagents
be specified, but also angular distributions of every
vibrational-rotational state of DH products will be
measured using the state-specific laser-detection scheme.



This experiment will allow us to observe the consequences
of the dynamic resonances directly. Other reactive-
scattering experiments under investigation are those
involving ozone, methyl radical, and various metal atoms.

In the primary photodissociation studies, the dynamics
and energetics of photodissociation of NO3 is our main
focus. The branching ratios between NO + O; and NO; +
O channels as a function of excitation wavelength and the
heat of formation of NO3 will be determined. The
photodissociation of polyatomic radicals and the primary
dissociation processes of small hydrocarbons and
chlorinated hydrocarbons are also under investigation.

The work on IR vibrational spectroscopy of solvated
ions is now focused on the solvation of carbonium ions by
hydrocarbons and Hj.

The other work that is now under investigation is the
pair-interaction potential between two Hg atoms from the
measurement of elastic differential cross sections.
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Molecular Interactions*

William A. Lester, Jr., Investigator

INTRODUCTION

This research program is directed at extending
fundamental knowledge of atoms and molecules, including
their electronic structure, mutual interaction, collision
dynamics, and interaction with radiation. The approach
combines the use of ab initio methods—multiconfiguration
Hartree-Fock (MCHF), configuration interaction (CI), and
the recently developed quantum Monte Carlo (QMC)—to
describe electronic structure, intermolecular interactions,
and other properties, with various methods for
characterizing inelastic and reactive collision processes and
photodissociation dynamics.

1. Theoretical Study of the OCP) + Allene Reaction
(Publication 1) :

B.L. Hammond,! S.-Y. Huang,* W A. Lester, Jr., and
M. Dupuis'/

Ab initio complete active-space SCF calculations have
been performed to determine the structures and energetics
of the electrophilic addition of OCP) to allene (propadiene).
The long-established channel for this reaction has been O-
atom attack of the central carbon atom (CCA). However,
recent experimental studies by Y.T. Lee and coworkers
have suggested that terminal carbon attack (TCA) is a
significant process. In this study the classical barrier height
for the CCA channel was found to.be only 1.8 kcal/mol
lower than that for the TCA channel. In addition, the triplet
diradical species and the experimentally observed product
of the TCA channel, allenyloxy radical, are characterized.
Allenyloxy radical is predicted to have low-lying near-IR
and UV transitions to electronic excited states 0.525 and
3.70 eV above the ground state. Similar transitions for the

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.
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analogous vinoxy radical have previously been predicted
theoretically! and confirmed experimentally.?

¥ Present address: IBM Research Division, Almaden Research Center, San
Jose, CA.

#Present address: Four Dimensions, Hayward, CA.

| Permanent address: IBM Research Laboratory, Kingston, NY.

1. M. Dupuis, J.J. Wendoloski, T. Takada, and W.A. Lester, Jr., J. Chem.
Phys. 76, 481 (1982); M. Dupuis, J.J. Wendoloski, and W.A. Lester, Jr., J.
Chem. Phys. 76, 488 (1982).

2. H.E. Hunziker, K. Kleinermanns, H. Kneppe, A.C. Luntz, and H.R.
Wendt, Abstract to 15th Intemational Conference on Free Radicals (June

1981).

2. The Calculation of Excited States with Quantum
Monte Carlo. II. Vibrational Excited States
(Publication 3)

B. Bernu,! D.M. Ceperley,* and W A. Lester, Jr.

Using a new Monte Carlo method! for computing
properties of excited quantum states, correlation function
quantum Monte Carlo, we have calculated the lowest ten
vibrational excited-state energies of H,O and H,CO in the
Born-Oppenheimer approximation. The statistical errors
for H,0 are 0.1 cm™! for the ground state and 15 cm™! for
the tenth excited state, while for HyCO they are 2 cm™! for
the ground state and 30 cm~! for the eighth excited state.

. The method is a generalization of the transient-estimate

method used for fermion Green's function Monte Carlo and
of subspace projection methods used for computing
eigenstates of matrices. The time-dependent
autocorrelation function of a vector of trial functions is
calculated for a random walk generated by the imaginary-
time Schrédinger equation, and estimates of energy levels
are determined by the eigenvalues of the matrix of
correlation functions. This method is especially useful for
treating states with the same symmetry as it automatically
keeps higher states orthogonal to lower states. The
estimated energy converges to the exact eigenvalue with a
rate that decreases with increasing excitation energy, thus
limiting the method to relatively low-lying states. The
method is zero variance in the sense that as better ‘trial
functions are introduced, the statistical error decreases to
zero. The method has a nontrivial bias.

*Permanent address: Laboratoire de Physique Theorique des Liquides,
Université Pierre et Marie Curie, Tour 16, Paris Cedex, France.
#Permanent address: National Center for Supercomputing Applications
and Department of Physics, Loomis Laboratory of Physics, University of
Dlinois, Champaign, IL.

1. D.M. Ceperley and B. Bernu, J. Chem. Phys. 89, 6316 (1988).



3. Ab Initio Study of the Vibrational Spectra of NO3
(Publication 4)

B.Kim, BL. Hammond,' WA. Lester, Jr.,and H.S.
Johnston

The vibrational spectra and geometry of the NO3
molecule are studied using ab initio SCF and CASSCF
methods. For all levels of theory and basis set, the highest
symmetry found is Cyy,. The computed vibrational levels
agree well with recent experimental results.

*Present address: IBM Research Division, Almaden Research Center, San
Jose, CA.

4. Theoretical Study of the Interaction of Ionized
Transition Metals (Cr, Mn, Fe, Co, Ni, Cu) with
Argon (Publication 5)

B.L. Hammond,! WA. Lester, Jr., M. Braga,* and C A.
Taftl!

Ab Initio Hartree-Fock effective-core-potential
calculations have been performed to determine binding-
energy trends of the transition-metal-argon diatomic
positive ions. The interaction in these systems is governed
mainly by charge-induced dipole forces, with the metal
carrying the charge. It is found that all the species are
bound and that the binding energy is strongly dependent on
the electronic state of the transition-metal ion. A
configuration-interaction prediction of the binding energy is
also presented for the Cu*Ar system. The importance of
the electron correlation in these systems is discussed.

¥ Present address: IBM Research Division, Almaden Research Center, San
Jose, CA.

Permanent address: Departamento de Quimica Fundamental,
Universidade Federal de Pernambuco, Brazil.
Ipermanent address: Centro Brasileiro de Pesquisas Fisicas, Rio de
Janeiro, Brazil.

5. Quantum Monte Carlo for Electronic Structure of
Atoms and Molecules (Publication 6)
W.A. Lester, Jr. and B.L. Hammond'

Quantum Monte Carlo (QMC) is a method that has
only slowly come into acceptance as an ab initio quantum
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chemistry technique over the last 15 years. However,
because of the speed of new supercomputers and the simple
manner in which QMC can be vectorized and parallelized
in programs of usually only a few thousand lines, QMC has
become the focus of increased interest. Originally used to
treat bosons, QMC has been extended to fermion systems,
including the electron gas, many-body hydrogen, and small
molecules. The QMC method is simple in concept and
implementation, and it is exact because the Schrédinger
equation is solved without the independent-particle
approximation or basis sets. But such “pure” forms of
QMC are inefficient, and today's QMC implementations
combine knowledge of the wavefunction gained from
modest SCF or MCSCEF trial functions with the exact QMC
formalism. Such methods can speed computations by
imposing certain, demonstrably small, approximations, as
in fixed-node QMC, or can be retained in an exact form
with greater cost, as in the full Green's function-released
node QMC method.

The interaction between standard molecular-orbital
(MO) methods and QMC is a symbiotic one: MO methods
provide compact importance sampling functions to QMC,
and QMC can provide answers to problems where the
correlation energy is poorly described by an MO
description. Also, QMC and the use of Monte Carlo to
integrate expectation-value expressions containing arbitrary
trial functions, often called variational Monte Carlo
(VMC), have breathed new life into the investigation of
explicitly correlated wave functions.

In this article we present the development and
applications of QMC in computational quantum chemistry.

Present address: IBM Research Division, Almaden Research Center, San
Jose, CA.

6. Work in Progress

Studies are under way to extend the damped-core
quantum Monte Carlo (DCQMC) method to transition
metals. DCQMC is an all-electron method that reduces the
computational effort associated with core electrons by
treating them at the variational MC level and reserving the
full QMC approach for valence electrons. Because of the
difficulty of other methods to quantitatively describe
properties of transition-metal systems and the good
description of dynamic correlations made possible with
QMC, this is an effort of high interest.
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Theory of Atomic and Molecular
Collision Processes*

William H. Miller, Investigator

INTRODUCTION

This research is primarily involved with the
development and application of theoretical methods and
models for describing atomic and molecular collision
processes and chemical reaction dynamics. Specific topics
of interest have included the theory of inelastic and reactive
scattering, collision processes involving electronically
excited atoms or molecules, collisional ionization
phenomena, statistical theories of chemical reactions,
scattering of atoms and molecules from surfaces, and the
interactions of molecular systems with high-power laser
radiation.

Most recently, research has focused on the
development of theoretical methods for a first-principles
treatment of dynamics in polyatomic molecular systems.
The goal is to develop approaches that can utilize ab initio
quantum-chemica! calculations of the potential-energy
surface (in the Bom-Oppenheimer approximation) as direct
input into the dynamical treatment, and thus, to as great an
extent as possible, have a truly predictive theory.

The potential application of these methods is almost
without limit. In this group, hydrogen-atom transfer
processes have been studied in a variety of systems. Other
research groups have used these approaches to describe a
variety of reactions that are relevant to the primary steps in
combustion.

1. Photodissociation and Continuum Resonance
Raman Cross Sections, and General Franck-Condon
Intensities, from S-Matrix Kohn Scattering
Calculations, with Application to the Photoelectron
Spectrum of HoF-+hv —» Hy; + F, HF+H+ e~
(Publication 1)t

J.ZH.Zhang* and W H. Miller
It is shown how the S-matrix version of the Kohn

variational method for quantum scattering can be readily
adapted to compute matrix elements involving the

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-ACO03-76SF00098.

scattering wavefunctions and also matrix elements of the
scattering Green's function. The former of these quantities
is what is involved in computing photodissociation cross
sections, photodetachment intensities from a bound
negative to a neutral scattering state, or the intensity of any
Franck-Condon transition from a bound state to a scattering
state. The latter quantity (i.e., a matrix element of the
scattering Green's function between two bound states) gives
the resonance Raman cross section for the case that the
intermediate state in Raman process is a scattering state.
Once the basic S-matrix Kohn scattering calculation has
been performed, it is shown that little additional effort is
required to determine these quantities. Application of this
methodology is made to determine the electron energy
distribution for photodetachment of HzF~ to F + Hj,
HF + H. Resonance structure in the J = O reaction
probabilities is seen to appear in the electron energy
distribution.

tCalculations were performed on the Berkeley Theoretical Chemistry
computing facility, supported in part by the National Science Foundation
Grant No. CHE-8920690.

$Present address: Department of Chemistry, New York University, New
York, NY 10003.

2. An Empirical Valence-Bond Model for
Constructing Global Potential-Energy Surfaces for
Chemical Reactions of Polyatomic Molecular
Systems (Publication 7)t

Y.-T. Chang and W .H. Miller

An empirical valence bond (EVB) model is proposed
for constructing reactive potential-energy surfaces of
polyatomic molecular systems. Specifically, it is shown
how the exchange potential V5(q) of the EVB model can
be chosen so that the EVB potential V(q)=
12[V11(@)+V22(@)] = Y(12[V11(@-V2@1)? + Via(q)?
exactly reproduces the transition-state geometry, energy,
and force-constant matrix obtained by an independent ab
initio calculation. [Here q denotes all the 3N-6 nuclear
coordinates of the N-atom system, and V;; and V,, are
empirical diabatic (i.e., nonreactive) potential functions that

. describe the reactant and product regions of the potential
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surface, respectively.] Application of the overall
prescription to a variety of two-dimensional test potential
surfaces shows that this version of the EVB model provides
an excellent description of reactive potential surfaces for a
wide variety of situations.

*Calculations were performed on the Berkeley Theoretical Chemistry
computing facility, supported in part by the National Science Foundation
Grant No. CHE-8920690.



'3. Ab Initio Calculation of Anharmonic Constants for
a Transition State, with Application to Semiclassical
Transition State Tunneling Probabilities (Publication
10)t

W.H. Miller, R. Hernandez, N.C. Handy.t D. Jayatilaka,i
and A. Willeust

“Good” (i.e., conserved) action variables exist in the
vicinity of a saddle point (i.e., transition state) of a
potential-energy surface in complete analogy to those
related to a minimum on the surface. Transition-state
theory tunneling (or transmission) probabilities can be
expressed semiclassically in terms of these “good” action
variables, including the effects of nonseparable coupling of
all degrees of freedom with each other. This paper shows
how ab initio quantum-chemistry methods recently
developed for calculating anharmonic constants about a
potential minimum (i.e., for ordinary vibrational-energy
levels) can be readily adapted to obtain those related to a
transition state, thus providing a rigorous and practical way
to apply this nonseparable transition-state theory.
Application is made to the transition state for the reaction
D,CO — D,CO.

*Calculations were performed on the Berkeley Theoretical Chemistry
computing facility, supported in part by the National Science Foundation
Grant No. CHE-8920690.

#Present address: University Chemical Laboratory, Lensfield Road,
Cambridge, CB21EW, UK.

4. A Transition State Theory—Based Statistical

Distribution of Unimolecular Decay Rates, with
Application to Unimolecular Decomposition of
Formaldehyde (Publication 11)t °

W.H. Miller, R. Hernandez, C B. Moore, and W.F. Polik?

A statistical distribution of state-specific unimolecular
decay rates is derived (within the framework of random
matrix theory) that is determined completely by the
transition-state properties of the potential-energy surface. It
includes the standard y-square distributions as a special
case. Model calculations are presented to show the extent
to which it can differ from the x-square distribution, and
specific application is made to the state-specific
unimolecular decay rate data for D;CO -» D;CO.

*Calculations were performed on the Berkeley Theoretical Chemistry
computing facility, supported in part by the National Science Foundation
Grant No. CHE-8920690. .
#Present address: Department of Chemistry, Hope College, Holland, MI
49423,
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5. A New Perspective on Quantum Mechanical
Transition-State Theory (Publication 13)*

G.A. Voth* D. Chandler, and W.H. Miller

In this article, some new ‘ideas will be discussed
regarding a quantum mechanical transition-state theory that
is useful for calculating the rate constants of reactive
processes in complicated physical systems. Our procedure
is based on an evaluation of the equilibrium statistics of the
centroids of imaginary-time quantum paths (and hence no
real-time quantum dynamics). The connection between the
present theory and the semiclassical instanton theory will
also be outlined.

*Calculations were performed on the Berkeley Theoretical Chemistry
computing facility, supported in part by the National Science Foundation
Grant No. CHE-8920690.

Present address: Department of Chemistry, University of Pennsylvania,
Philadelphia, PA 19104.

6. How to Observe the Elusive Resonances in H or
D + Hy — H; or HD + H Reactive Scattering
(Publication 14)*

W.H. Miller and J.ZH. Zhang*

Short-lived collision complexes in H or D + H,
(v=j=0) > H, or HD (v} + H reactive scattering give
rise to broad resonance structure. Though this structure is
not observable in the energy dependence of the integral
cross section, it is readily seen in the energy dependence in
the differential cross section 6(8,E), as a peak along a line
in the E-0 plane. The equation of this resonance line is E =
E;[J(6)], where E/(J) is the resonance energy as a function
of total angular momentum J (i.e., the rotational quantum
number of the complex) and J(0) is the inverse function of
0(J), the effective classical deflection function for the
transition. Observation of this resonance structure requires
cross-section to individual final (v, ') states; it is quenched
by summing over j. It is even more enhanced in cross
sections to specific final m' states with m'# 0 (m' is the
helicity of the final state, the projection of the final
diatomic molecule rotational angular momentum onto the
final relative translational velocity vector). The results
reported are all from rigorous three-dimensional quantum-
mechanical reactive-scattering calculations for these cross
sections.

*Calculations were performed on the Berkeley Theoretical Chemistry
computing facility, supported in part by the National Science Foundation

‘Grant No. CHE-8920690.

4Present address: Department of Chemistry, New York University, New
York, NY 10003.



7. Some New Approaches to Semiclassical and
Quantum Transition-State Theory (Publication 15)*

W.H. Miller

Semiclassical and quantum-mechanical transition-state
theory is reviewed and two new approaches described. One
is a general implementation of a semiclassical rate
expression! that involves the ‘good’ action-angle variables
associated with the saddle point (i.e., transition state) of a
potential-energy surface. The other is an evaluation of a
formally exact quantum expression for the rate? in terms of
Siegert eigenvalues associated with the transition state.
Siegert eigenvalues are usually associated with scattering
resonances, so their identification with the saddle point of a
potential surface, and the expression for the reaction rate in
terms of them, is quite an unexpected and novel
development.

*Calculations were performed on the Berkeley Theoretical Chemistry
computing facility, supported in part by the National Science Foundation
Grant No. CHE-8920690.

1. Miller, Faraday Disc. Chem. Soc. 62, 40 (1977).

2. Miller, Schwartz, and Tromp, J. Chem. Phys. 79, 4889 (1983).

8. Work in Progress

The empirical valence bond model that we have
recently devised is proving to be extremely useful for
modeling reactive potential-energy surfaces for polyatomic
reaction systems. It is currently being used to model
potentials for the formic acid dimer, formaldehyde, and
fluoroformaldehyde. Classical trajectory methods,
including a semiclassical treatment of hydrogen tunneling,
is being used to carry out reaction-dynamics simulations in
these systems. '
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Selective Photochemistry*

C. Bradléy Moore, Investigator

INTRODUCTION

The fundamental goals of this program are to
understand the photophysics and photochemistry that occur
following selective excitation of molecules and during the
reactions of free radicals. Of particular interest are the
chemical reactions of specifically excited states and the
dynamics of energy transfer, both within a molecule and to
surrounding molecules. |

Molecules produced in bound excited singlet states
may fragment following the conversion of electronic
excitation energy into vibrational energy. Intersystem
crossing to triplet states is often in competition with
internal conversion to singlet states. In this work the
dynamics of intersystem crossing and reaction of the triplet
state are studied for both unimolecular and bimolecular
systems.

For low levels of vibrational excitation in small
molecules, individual quantum states may be excited,
enabling the measurement of reaction and energy-transfer
rate constants for each quantum state. For larger or more
highly excited molecules, it is usually not possible to excite
single eigenstates. Instead, a number of eigenstates are
excited simultaneously, and a redistribution of the initial
vibrational excitation occurs. This process, known as
intramolecular vibrational-energy redistribution (IVR), is
extremely rapid and severely limits the realization of truly
mode-specific unimolecular reactions. Advances in mode-
specific chemistry will come from a more complete
understanding of the IVR process and the parameters that
control its efficiency. By being able to predict the rates of
IVR and the path of vibrational-energy flow through a
molecule, experiments can be designed utilizing molecular
systems that maximize the possibilities for mode-specific
effects. Studies designed to elucidate the coupling

mechanisms and dominant pathways for IVR are currently

under way on a number of model systems. High-resolution
measurements as a function of energy reveal the dynamics
of passage through the transition state.

The rates and mechanisms of free-radical reactions,
such as are important in combustion, are often best studied
by flash kinetic spectroscopy using lasers for thermal
heating, for photolyzing, and for spectroscopic probing.

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-ACO03-76SF00098.
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Reactions can be studied as a function of individual
quantum states. A fundamental understanding of the rate
constants and product distributions for these reactions is
sought to serve as a basis for modeling combustion
processes. :

1. The Yield of CO in the Reaction: CHy@!A) +
CH,CO (Publication 7)

E.R. Lovejoy, R.A. Alvarez, and CB. Moore

In collisions between singlet methylene and ketene, '
two processes result in destruction of singlet methylene:

CHy(@'A;) + CH;CO - CaH4+CO
- CH;(X381) + CH,CO.

The yield of CO from CH,(&!A;) + CHCO has been
measured by monitoring the transient IR absorption of
carbon monoxide following pulsed laser photolysis of
ketene (CH,CO + hv(308 nm) - CH,(alA;) + CO).
Analysis of the prompt CO production as a function of
CH,(@!A) scavenger concentration [(i-C4Hg) and (N2)]
gives a CO yield of 0.63 £ 0.13. This suggests that
collision-induced intersystem crossing, CH,(&lA) +
CH,CO - CH,(X3B;) + CH,CO, is important in this
reaction.

2. Determination of the Singlet/Triplet Branching
Ratio in the Photodissociation of Ketene
(Publication 8)

SK.Kim,Y.S. Choi, C.D. Pibel, Q.-K. Zheng, and C B.
Moore

The rotational distributions of CO products from the
dissociation of ketene at photolysis energies 10 cm™!
below, 56, 110, 200, 325, 425, 1107, 1435, 1720, and 2500
cm~1 above the singlet threshold (30,116.2 cm™1), are
measured in a supersonic free jet of ketene. The CO
(v" = 0) rotational distributions at 56, 110, 200, 325, and
425 cm~! are bimodal (Figure 2-1). The peaks at low J's,
which are due to CO from the singlet channel, show that the
product rotational distribution of CO product from ketene
dissociation on the singlet surface is well described by
phase-space theory (PST). For CO (v" = 0) rotational
distributions at higher excess energies (1107, 1435, 1720,
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Figure 2-1. The rotational distributions of CO (v" = 0) products from
ketene dissociations at photolysis energies below and above the singlet
threshold energy (30,116.2 cm™). (a): The CO rotational distribution and
the fit using two Gaussians at 10 cm™! below, the singlet threshold. The
followings are the excess energies above the singlet threshold of the
photolysis energies and the singlet yields corresponding to the best fits for
(b)-G@). (b): 56 cm™L, 0.15; (c): 110 em™1, 0.34; (d): 325 ecm™!, 0.60; (¢):
425 cm™!, 0.62; (f): 1107 cm™!, 0.65; (g): 1435 cm™!, 0.70; (h): 1720
em™, 0.80; (i): 2500 cm™!, 0.75. (XBL 918-1706)

and 2500 cm™1), the singlet and triplet contributions are not
clearly resolved, and the singlet/triplet branching ratios are
estimated by assuming that PST accurately predicts the CO
rotational distribution from the singlet channel and that the
distribution from the triplet channel changes little from that
at 10 cm! below the singlet threshold. The singlet yield
shows a rapid increase in the low excess energy region (0—
300 cm™!), and a slower increase above. The singlet and
triplet rate constants are derived from the directly measured
total rate constants using the singlet yields. The triplet rate
constant increases monotonically with increasing photolysis
energy through the singlet threshold region. The singlet
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rate constant is accurately established in the threshold
region and is found to increase much less rapidly than
predicted by phase-space theory. At 2500 cm~1 excess
energy, the CO (v" = 1) rotational distribution is obtained,
and the ratio of CO (v" = 1) to CO (v" = 0) products for the
singlet channel is meaSured to be 0.045 + 0.017. This ratio
is close to the variational RRKM calculation, 0.038, and the
separate statistical ensembles (SSE) prediction, 0.041, but
much greater than the PST prediction, 0.016.

3. Work in Progress

Energy transfer and chemical reaction rates are being
studied for triplet CH, radicals. A diode-laser infrared
flash kinetic spectrometer is being used to study the
reaction with O; in order to identify product states and
intermediates. Reaction rates for radical-radical reactions
are being measured. Spectroscopy of radical-radical and
radical-molecule reaction complexes is planned.

Unimolecular reaction dynamics are being studied by
photofragment spectroscopy. Fragmentation on the triplet
potential-energy surface of ketene is being studied by
detection of CO fragments using a tunable photolysis laser
below the threshold for singlet fragmentation. The yield
and rates for carbon-atom exchange are studied by
photolysis of 13CH,CO. Rates are measured as a function
of photolysis energy with cm~! resolution.

Infrared and ultraviolet spectra of intermediates in
organometallic photochemistry in gas and liquid phase are
being studied jointly with R.G. Bergman. Emphasis is on
CH activation chemistry. Studies of CH activation systems
in liquid Kr and Xe are proceeding well.
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Photodissociation of Free Radicals*

Daniel M. Neumark, Investigator

INTRODUCTION

The photodissociation of polyatomic free radicals will
be studied in order to characterize the spectroscopy and
dissociation dynamics of the dissociative electronic states
in these species. For each radical, the dissociative
electronic states will be mapped out by measuring the
photodissociation cross section as a function of wavelength.
This will be followed by photodissociation dynamics
experiments in which the photofragment energy and
angular distributions are measured, yielding, among other
things, bond-dissociation energies in the radical.

While many photodissociation studies of stable neutral
molecules have been performed, the extension of the
methods used in these experiments to reactive free radicals
has been difficult. QOur experiment makes use of a unique
radical production and photofragment detection scheme. A
fast, mass-selected beam of internally cold radicals is
generated by negative-ion photodetachment. The radicals
are dissociated with a second laser, and the fast
photofragments are detected with high efficiency by a two-
particle position- and time-sensing detector.

1. Photodissociation of N3 and NCO (Publication 1)
R.E. Continetti, R.B. Metz, D.R. Cyr, and D.M. Neumark
Photodissociation cross sections for the N3 and (just

recently) NCO radicals have been obtained by measuring
the total off-axis photofragment signal in our instrument as

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.
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a function of the wavelength of the photodissociation laser.
These species were generated by photodetachment of N3
and NCO~. N3 was chosen as a test system because it has a
known rotationally resolved absorption band that lies
around 2 eV above the spin-allowed N(;D)+ Np-
dissociation channel. Our experiment shows that excitation
of this band indeed leads to dissociation. The observed
rotational structure in our spectra shows that we can
achieve rotational temperatures in the fast radical beam of
less than S0 K. In the case of NCO, our results show that
the diffuse bands near 294 nm seen in absorption many
years ago are transitions to dissociating states of NCO and
are not diffused solely by spectral congestion, as has been
suggested by other investigators. This result has important
implications for the heat of formation of NCO.

2. Work in Progress

The position- and time-sensing detector to be used in
the photodissociation dynamics experiments has been
designed and is currently under construction. This detector
will measure the distance between the two photofragments
and the delay between their arrival times. From these
observations, the center-of-mass kinetic-energy release and
scattering angle can be determined for each
photodissociation event.
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Physical Chemisfry with Emphasis on
Thermodynamic Properties*

Kenneth S. Pitzer, Investigator

INTRODUCTION

The purpose of this program is the discovery and
development of methods of calculation of thermodynamic
and related properties of important chemical systems by the
use of quantum and statistical mechanics together with
experimental measurements for key systems. Current
emphasis is on fluid systems that include ionic components
in novel ranges of conditions, including near-critical and
supercritical temperatures and compositions extending from
pure water or other polar solvent to pure fused salt. A very
recent study concemned a novel ionic system with a critical
point near room temperature where it was possible to
measure with high precision the near-critical properties
including the critical exponent . Recent theoretical
advances include treatments of the dielectric constant of
H,0, the thermodynamics of ionic solutions in H,O above
its critical temperature, and the critical properties of pure
ionic fluids such as NaCl. Earlier advances yielded
improved equations for electrolyte solutions that are now
being applied to a wide variety of systems of industrial or
geological interest, including geothermal brines. Other
recent research involved the relativistic quantum chemistry
of molecules containing very heavy atoms.

1. Near-Critical Coexistence Curve and Critical
Exponent of an Ionic Fluid (Publication 6)

RR. Singh and K .S. Pitzer

The coexistence curve of an ionic liquid-liquid system
has been obtained very close to the critical point by
measuring the refractive indices of the two phases in
equilibrium. The effective exponent B remains close to
the classical value of 0.5 to t = 1 — (T/T.) = 0.0005 or closer
to Tc (see Figure 1-1). The data are, however, not
inconsistent with a limiting exponent of (0.326 provided the
Wegner correction terms are very large. This behavior is
qualitatively consistent with available theory and other
experimental knowledge, but further theory and
experiments are needed before comparisons can be made.

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.
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Figure 1-1. Plot of B, from the two fits for the ionic system. B for a
typical nonionic liquid-liquid system is also shown. (XBL 917-1667)

2. Monte Carlo Simulation of Phase Equilibria for the
Two-Dimensional Lennard-Jones Fluid in the Gibbs
Ensemble (Publication 7)

R.R. Singh, K.S. Pitzer, J.J. de Pablo, and J.M. Prausnitz

The coexistence curve of the two-dimensional
Lennard-Jones fluid has been obtained by Monte Carlo
simulation in the Gibbs ensemble. The calculated vapor-
liquid equilibria show that the apparent critical exponent,
Be, has a value near that of an infinitely large system, rather
than the classical value, even though the correlation length
is constrained by the box size. These results are similar to
those for the three-dimensional case.

3. Second Virial Coefficients for Mixed Gases of
Low Polarity (Publication 8)

K.S. Pirzer

A simple method of calculation is presented for the
cross second virial coefficient By, for mixed gases. It is
based on an equation in the acentric-factor system and is
appropriate for cases where the pure components are
normal fluids. While reasonable estimates can be made on
the basis of the properties of the components alone, the
more important type of application arises when there is one
accurate experimental value of By;. Then the equation
predicts the entire temperature dependency with
comparable precision (see Figure 3-1). ‘
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Figure 3-1. Calculated curves of the cross second virial coefficient By,
compared with experimental values. Solid curves were calculated with
c12 (V‘:/l3 - vé€)3/s while dashed curves were calculated for
Vei2= (Ve + Ve 22, For n-CSHu + n-CgH) 4, the quantity By5/4 is
shown. (XBL917- 1668)

4. Critical Phenomena in Ionic Fluids
(Publication 10)

K.S. Pitzer

The properties in the critical region, including those of
the coexisting phases, have been widely investigated for
neutral-molecule fluids. For ionic fluids, the investigation
of these properties has been very difficult because, in most
cases, the critical points occur at very high temperatures.
This review summarizes several recent studies of ionic
fluids, both experimental and theoretical, including the
discovery of a model ionic fluid with a critical point at
44°C and the measurement of its properties.

5. Work in Progress

A comprehensive equation of state is being developed
for pure fluid NaCl extending from the supercooled liquid
below 1000 K to the critical point near 4000 K. It is based
on vapor properties derived by statistical methods from the
molecular parameters of both NaCl and its dimer Na;Cl, in
combination with theoretical calculations of this project of
the equilibrium among various clusters in the vapor of the
ionic hard-sphere model. For the liquid, there are

500
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experimental properties up to about 2000 K and Monte
Carlo calculations for the ionic hard-sphere model that have
very recently been extended to the critical region. Also in
progress in collaboration with the LLNL is a project
extending to a wide composition range an equation for the
thermodynamic properties of the industrially and
geologically important ternary system Na;SO4-H;SO4-
H,0.
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Chemical Physics at High Photon
Energies*

David A. Shirley, Investigator

INTRODUCTION

This program addresses both experimental and
theoretical aspects of electron spectroscopy for the
investigation of electronic structure of matter in the gaseous
and condensed phases. Research is conducted using both
laboratory sources at LBL, and synchrotron radiation in the
5-5000 eV energy range available at SSRL, NSLS, and
BESSY, with emphasis on developing the high-resolution
spectroscopy in the 20-1000 eV energy range by using both
plane grating (§X700 at BESSY) and spherical grating
(SGMs at SSRL and at NSLS) monochromators. Effects
are emphasized that can be refined and extended with the
advent of third-generation light sources: e.g., threshold and
near-edge photoexcitation phenomena, very fast processes,
and processes requiring very high intensity and energy
resolution. Electron correlations in atoms and molecules
are studied, especially in the adiabatic (low-energy) limit,
where the electronic structure of the continuum is
important. Time-of-flight measurements with synchrotron
radiation are used to measure angular distributions of
photoelectrons and resonant photoemission phenomena in
the gas phase. Of special interest are ultrahigh-resolution
absorption and threshold photoemission studies. Ultrahigh-
resolution photoelectron spectroscopy based on molecular
beams is yielding new information about small molecules
and about the transition from single metal atoms to
behavior characteristic of a three-dimensional solid.
Employing angle-resolved, variable-energy photoemission,
this program examines the electronic structure of solids.
The program also studies the geometric and electronic
structure of surface-adsorbate systems using photoelectron
diffraction and angle-resolved photoemission extended fine
structure (ARPEFS).

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-ACO03-76SF00098. It was
performed at the National Synchrotron Light Source and Stanford
Synchrotron Radiation Laboratory, which are supported by the
Department of Energy’s Office of Basic Energy Sciences.
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1. Carbon and Oxygen K-Edge Photoionization of the
CO Molecule (Publication 11)

M. Domke,! C.Xue,! A. Puschmann,! T. Mandel,! E.
Hudson, D A. Shirley, and G. Kaindl!

High-resolution, high-intensity photoionization studies
were performed near the carbon and oxygen K-edges of
gas-phase CO. At least 37 absorption lines were resolved
at the carbon K-edge, and new information was obtained
about the IT*, Rydberg, and double-excitation resonances,
including Rydberg states up to n= 7 and vibrational
transitions up to v' = 3. Vibrational structures in oxygen Is-
1TT* and Rydberg states were resolved for the first time
(see Figure 1-1). The derived molecular structure
parameters are consistent with the Z + 1 approximation.
High-resolution, high-intensity core-level photoabsorption
promises new opportunities in vibrational state-to-state
chemistry and surface science.

tPermanent address: Institut fiir Experimentalphysik, Freie Universitit
Berlin, D-1000 Berlin 33, Germany.

2. Extensive Double Excitation States in Atomic
Helium (Publication 16)

M. Domke,! C. Xue,! A. Puschmann,! T. Mandel,! -
E. Hudson, D A. Shirley, G. Kaindl,! C.H. Greene}
HR. Sadeghpour,* and H. Petersen//

High-resolution photoionization studies of He have re-
vealed more than 50 states below the N = 2 to 7 thresholds
of He*, including sixteen (sp,2n+) and five (sp,2n-) states in
the N = 2 series (see Figure 2-1). With a resolving power
of E/AE ~10,000, states as narrow as 0.1 meV could be ob-
served, and linewidths were determined with an accuracy
up to +0.5 meV. Interchannel interferences, evident
through effects on positions, shapes, and intensities of
Rydberg lines, were interpreted within the framework of
the multichannel quantum defect theory.

Permanent address: Institut fiir Experimentalphysik, Freie Universitit
Berlin, D-1000 Berlin 33, Germany. ] .
$Permanent address: Joint Institute of Laboratory Astrophysics and
Department of Physics, University of Colorado, Boulder, CO 80309-0440.
"Permanent address: BESSY GmbH, D-1000 Berlin 33, Germany.
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Figure 1-1. High-resolution photoionization spectrum at the C K-edge of
gas-phase CO measured at the BESSY-SX700/II beamline. The inset
shows the vibrational band of the C 1s-1T1* resonance up to v'=3. Note
that the baseline of the magnified region of the spectrum has been shifted.
(XBL 917-1673)
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Figure 2-1. Autoionizing states of double-excited He below the N =2
threshold (IP,) of He: (a) overview, (b) magnification of the n 2 6 region,
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3. Vibrationally Resolved Threshold Photoemission
of N3 and CO at the N and C K-Edges (Publication 6)

L.J. Medhurst, P.A. Heimann, MR F. Siggel,! D.A. Shirley,
C.T.Chen?Y.Ma} S. Modesti} and F. Sette*

Zero-kinetic-energy photoelectron spectroscopy (ZKE-
PES) was used to measure the Franck-Condon factors for
the carbon and nitrogen K-shell ionized states in N, and
CO. Corresponding features in the two spectra showed
nearly identical energy spacings, both below and above the
ionization threshold, as predicted by the equivalent core
model (see Figure 3-1). The equilibrium bond length Re
for the CO C-1s-1 state was determined to be 1.077 %
0.005 A, and Re for the N, N-1s-1 state was found to be
1.077 + 0.010 A, changes of 0.051 A for CO and —0.020 A
for N3 from their ground-state equilibrium bond lengths.
The two-electron states corresponding to 1s-1 val-17t* were
examined in the binding-energy region predicted by Green's
function calculations. Two-electron states absent in the x-
ray photoemission spectrum are present in both molecules
and show evidence of vibrational structure.

1 Permanent address: Daresbury Laboratory, Daresbury Warrington WA4
4AD, UK.
#Permanent Address: AT&T, Bell Laboratories, Murray Hill, NJ 07974.

4. Threshold Behavior and Resonances in the Photo-
ionization of Atoms and Molecules (Publication 2)

U. Becker! and D A. Shirley

Threshold and near-threshold satellite intensities are
examined with respect to threshold behavior, specifically
for certain electron correlations contributing to the intensity
of these satellites. It is assumed that the different dominant
electron correlations give rise to at least four types of
threshold behavior, making it possible to differentiate to a
first approximation among them. These correlations are
subdivided phenomenologically into two classes:
“intrinsic” and “dynamic” correlations. Experimental
evidence is presented for both inner- and outer-shell
photoionization, substantiating this semiempirical concept.
Our results are also compared with first ab initio
calculations. The effect of resonances is emphasized as
part of the threshold behavior but also with respect to their
de-exitation into various decay channels. Multielectron
processes such as resonant shake-off, as well as two-step
autoionization and spectator Auger decay, are shown to
play important roles in the decay of resonances and satellite
states.

Permanent address: Institut fiir Stahlungs und Kemphysik, Technische
Universitit Berlin, D-1000 Berlin 12, Germany.
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5. Photoelectron Spectroscopy and Electronic
Structure of Clusters of the Group V Elements. 1.
Dimers (Publication 12)

L.S. Wang, Y.T. Lee, D A. Shirley, K. Balasubramanian,’
and P. Feng'

The Hel (584 A) high-resolution photoelectron spectra
of Asy*, Sby*, and Bis* have been obtained with a high-
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temperature molecular-beam source. A pure As; beam was
produced by evaporating CusAs. Sby was generated as a
mixture with the atoms and tetramers by evaporating the
pure element, while Biy was generated as a mixture with
only the atoms from the pure element. Vibrational structure
was well resolved for the Asy* spectrum (see Figure 5-1).
Spectroscopic constants were derived and reported for the
related ionic states. In addition, we have carried out
relativistic complete-active-space self-consistent field
followed by multireference single + double configuration-
interaction calculations on these dimers, both for the neutral
ground states and the related ionic states. The agreements
between the calculated and experimentally derived
spectroscopic constants were fairly good, although the
calculations tended to consistently underestimate the
strength of the bonding in these heavy homonuclear
diatomics.

*Permanent address: Department of Chemistry, Purdue University, West
Lafayette, IN 47907.

6. Photoelectron Spectroscopy and Electronic
Structure of Clusters of the Group V Elements. II.
Tetramers: Strong Jahn-Teller Coupling in the
Tetrahedral 2E Ground States of P4*, As4*, and Sby*
(Publication 13)

L.S. Wang, B. Niu, Y.T. Lee, D A. Shirley,
E. Ghelichkhani," and E.R. Grant’

High-resolution Hel (584 A) photoelectron spectra
have been obtained for the tetrameric clusters of the group
V elements: P4, As4, and Sby. The spectra establish that
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Figure 5-1. The Hel photoelectron spectrum of As,*. (XBL 902-401)



the ground states of tetrahedral P,*, As,*, and Sbs* are
unstable with respect to the distortion in the v2(e)
vibrational coordinate. The Exe Jahn-Teller Problem has
been treated in detail, yielding simulated spectra to
compare with experimental ones. Vibronic calculations,
extended to second order (quadratic coupling) for P,*,
account for vibrational structure that is partially resolved in
its photoelectron spectrum (see Figure 6-1). A Jahn-Teller
stabilization energy of 0.65 eV is derived for P,*, which
can be characterized in its ground vibronic state as being
highly distorted, and highly fluxional. Linear-only Jahn-
Teller coupling calculations performed for As,* and Sby*
show good qualitative agreement with experimental
spectra, yielding stabilization energies of 0.84 eV and 1.4
eV, respectively.

t Permanent address: Depantment of Chemistry, Purdue University, West
Lafayeue, IN 47907.

7. Photoelectron Spectroscopy and Electronic
Structure of Clusters of the Group V Elements. III.
Tetramers: The 2T, and 2A Excited States of P4*,
Asg*, and Sbs* (Publication 14)

L.S. Wang, B. Niu, Y.T. Lee, D.A. Shirley, E. Ghelichkhani,!
and ER. Grant'

Methods employing high-resolution Hel (584 A)
photoelectron spectroscopy have been applied to the
tetrameric clusters of the group V elements, to resolve
details of vibronic and spin-orbit structure in the first three
electronic states of P4*, As4*, and Sby* (see Figure 7-1).
Measured spacings of distinct vibrational progressions in
the vy mode for the 2A; states of P4+ and As4* yield
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Figure 6-1. The Hel photoelectron spectrum of P4*. (XBL 902-404)
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vibrational frequencies of 577 (5) cm~! for P4* and 350 (6)
cm™! for Asq*. Franck-Condon factor calculations suggest
bond-length changes for the ions in the 2A; states of 0.054
(3) A for P4+ and 0.060 (3) A for As4*. Strong Jahn-Teller
distortions in the vy(e) vibrational mode dominate the
structure of the 2E ground states of the tetrameric ions.
Both Jahn-Teller and spin-orbit effects appear in the spectra
of the 2T states of the tetrameric ions, with the spin-orbit
effect being dominant in Sbs* and the Jahn-Teller effect
dominant.in P4*. Vibrational structure is resolved in the
P4t spectrum, and the v3(ty) mode is found to be the one
principally active in the Jahn-Teller coupling. A classical
metal-droplet model is found to fit well with trends in the
OPs of the clusters as a function of size.

*Permanent address: Department of Chemistry, Purdue University, West
Lafayette, IN 47907.

8. A Detailed Study of ¢(2x2)C1/Cu(001) Adsorbate
Geometry and Substrate Surface Relaxation Using
Temperature-Dependent Angle-Resolved
Photoemission Extended Fine Structure

(Publication 17)

L.-Q.Wang, A.E. Schach von Wittenau, Z.G. Ji,! L.S.
Wang, Z.Q. Huang, and D A. Shirley.

A detailed structural study of the ¢(2x2)Cl/Cu(001)
adsorbate system was made, using the angle-resolved
photoemission extended fine structure (ARPEFS) technique
at low temperature, which yields both more accurate
surface-structural information and near-surface-structural
information for deeper substrate layers. Electrons were



detected along two emission directions, [001] and [011],
and at two temperatures, 110 K and 300 K. The Fourier
spectra for the [001] geometry at two temperatures are
shown in Figure 8-1. The Cl atoms were found to adsorb in
the four-fold hollow site, 1.604 (5) A above the first copper
layer, with a CI-Cu bond length of 2.416 (3) A; the errors in
parentheses are statistical standard deviations only. These
values are in excellent agreement with a previous LEED
study by Jona er al. The c(2x2)Cl-covered first copper
layer showed no relaxation with respect to the bulk
position. However, a small corrugation of the second
copper layer was found: the second-layer copper atoms
below CI atoms move 0.042 (12) A away from the surface,
while those in open positions remain in their bulk positions.
The distances from the Cl atoms to the third and fourth
copper layers were found to be 5.222 (25) A and 7.023
(22) A, respectively, yielding a bulk-like interlayer spacing.
Thus the depth sensitivity of low-temperature ARPEFS
facilitated definitive referencing of near-surface atomic
positions to the underlying lattice.

*Permanent address: Department of Physics, Zhejiang University,
Hangzhou, Zhejiang, People's Republic of China.
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Figure 8-1. Fourier spectra for the [001] geometry at two temperatures,
110K and 300 K. Each numbered peak is associated with a scattering
path-length difference for a numbered atom in the inset. (XBL 9011-
3833)
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9. Energy Band Mapping of Silver (110) by Angle-
Resolved Photoemission (Publication 7)

M.C. Mason,! J.G. Tobin¥ D A. Shirley, Z. Hussain, and
R.F. Davis/!

Angle-resolved photoemission spectra using
synchrotron radiation are reported in the energy range 10 >
hv 234 eV for Ag (110). Empirical dispersion relations are
derived using a free-clectron-like final state with
parameters determined from previous energy coincidence
measurements. The resulting initial state bands are in good
agreement with theoretical band structure calculations,
except for the lowest energy states, where the calculated
energies appear to be low by as much as 0.4 eV. The
validity of the free-electron model is examined in detail and
found to be entirely consistent with all experimental results.

Permanent address: Corporate Research Laboratories, Eastman Kodak
Company, Rochester NY 14650.

tPermanent address: Lawrence Livermore National Laboratory,’
Livermore, CA 94550.

Permanent address: Research Laboratories, Polaroid Corporation,
Waltham, MA 02154.

1990 PUBLICATIONS AND REPORTS

Refereed Joumals

1. L.S. Wang, B. Niu, Y.T. Lee, and D.A. Shirley,
“Photoelectron Spectroscopy and Electronic Structure of
Heavy Group IV-VI Diatomics,” J. Chem. Phys. 92, 899
(1990); LBL-27699.

2. U. Becker and D.A. Shirley, “Threshold Behavior and
Resonances in the Photoionization of Atoms and
Molecules,” Physica Scripta T31, 56 (1990).

3. P.A. Heimann, F. Senf, W. McKinney, M. Howells, R.D.
Van Zee, L.J. Medhurst, T. Lauritzen, J. Chin, J.
Meneghetti, W. Gath, H. Hogrefe, and D.A. Shirley, “High
Resolution Results from the LBL 55-Meter SGM near the
K-edge of Carbon and Nitrogen,” Physica Scripta T31, 127
(1990); LBL-28744.

4. L.S. Wang, B. Niu, Y.T. Lee, and D.A. Shirley, “High
Resolution Photoelectron Spéctroscopy of Clusters of Group
V Elements,” Physica Scripta 41, 867 (1990); LBL-27584.

5. L.S. Wang, J.E. Ruett-Robey, B. Niu, Y.T. Lee, and D.A.
Shirley, “High Temperature and High Resolution UV
Photoelectron Spectroscopy Using Supersonic Molecular
Beams,” J. Electr. Spectrosc. Rel. Phenom. §1, 513 (1990);
LBL-27583.

6. L.J. Medhurst, A. Schach von Wittenau, R.D. Van Zee, S.
Zhang, S.H. Liu, D.A. Shirley, and D.W. Lindle, *“Threshold
Photoelectron Spectrum of the Argon 3s Satellites,” J.
Electr. Spectrosc. Rel. Phenom. 52, 671 (1990); LBL-
27468.



10.

11.

12

13.

14.

15.

M.G. Mason, J.G. Tobin, D.A. Shirley, Z. Hussain, and R.F.
Davis, “Energy Band Mapping of Silver (110) by Angle
Resolved Photoemission,” Arabian J. Sci. Eng. 15, 309
(1990).

L.S. Wang, B. Niu, Y.T. Lee, and D.A. Shirley, “Electronic
Structure and Chemical Bonding of the First Row Transition
Metal Dichlorides, MnCly, NiClp, and ZnCly: A High
Resolution Photoelectron Spectroscopic Study,” J. Chem.
Phys 93, 957 (1990); LBL-27925.

ZZ. Yang, L.S. Wang, Y.T. Lee, D.A. Shirley, §.Y. Huang,
and W.A. Lester, Jr., *Molecular Beam Photoelectron
Spectroscopy of Allene,” Chem. Phys. Lett. 171, 9 (1990);
LBL-27633.

L.J. Terminello, K.T. Leung, Z. Hussain, T. Hayashi, X.S.
Zhang, and D.A. Shirley, “Surface Geometry of
(1x1)PHy/Ge(111) Determined with Angle-Resolved
Photoemission Extended Fine Structure,” Phys. Rev. B 41;
12787 (1990); LBL-26151.

M. Domke, C. Xue, A. Puschmann, T. Mandel, E. Hudson,
D.A. Shirley, and G. Kaindl, “Carbon and Oxygen K-Edge
Photoionization of the CO Molecule,” Chem. Phys. Lett.
173, 122 (1990); Erratum 174, 663 (1990).

L.S. Wang, Y.T. Lee, D.A. Shirley, K. Balasubramanian,
and P. Feng, “Photoelectron Spectroscopy and Electronic
Structure of Clusters of the Group V Elements. I. Dimers,”
J. Chem. Phys. 93, 6310 (1990); LBL-28871.

L.S. Wang, B. Niu, Y.T. Lee, E. Ghelichkhani, E.R. Grant,
and D.A. Shirley, “Photoelectron Spectroscopy and
Electronic Structure of Clusters of the Group V Elements.
II. Tetramers: Strong Jahn-Teller Coupling in the
Tetrahedral 2E Ground States of P4*, Asq* and Sbat,” J.
Chem. Phys. 93, 6318 (1990); LBL-28872.

‘L.S. Wang, B. Niu, Y.T. Lee, D.A. Shirley, E.

Ghelichkhani, and E.R. Grant, “Photoelectron Spectroscopy
and Electronic Structure of Clusters of the Group V
Elements. III. Tetramers: The 2T and 2A; Excited States of
P4*, Asg4® and Sby*,” J. Chem. Phys. 93, 6327 (1990);
LBL-28873.

D.A. Shirley and G. Margaritondo; editors, “The 9th

International Conference on Vacuum Ultraviolet Radiation
Physics,” Honolulu, Hawaii, July 17-21, (1989), Physica
Scripta T31 (1990).

Other Publications

16.

M. Domke, C. Xue, A. Puschmann, T. Mandel, E. Hudson,
D.A. Shirley, G. Kaindl, C.H. Greene, H.R. Sadeghpour,
and H. Petersen, “Extensive Double Excitation States in
Atomic Helium,” Phys. Rev, Lett. (in press).

LBL Reports

17.

L.-Q. Wang, A.E. Schach von Wittenau, Z.G. Ji, L.S. Wang,
Z.Q. Huang, and D.A. Shirley, “A Detailed Study of
¢(2x2)C1/Cu(001) Adsorbate Geometry and Substrate
Surface Relaxation Using Temperature Dependent Angle-
Resolved Photoemission Extended Fine Structure,” LBL-
28731. '

32

Invited Talks

18.

19.

20.

21.

22.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Z. Hussain, “Angle-Resolved Photoemission Study of
Valence Bands of Solids: High Angular Resolution and
Temperature Dependence,” Surface Science and Catalysis
Science Seminar, Center for Advanced Materials, Lawrence
Berkeley Laboratory, January 11, 1990.

D.A. Shirley, “Surface Structures from Energy-Dependent
Photoelectron Diffraction,” Department of Theoretical
Chemistry, Technical University, Brunschweig, Germany,
February 5, 1990.

D.A. Shirley, “Adsorbate Surface Structures and Properties
from Energy Dependent Photoelectron Diffraction,” Physik-
Kolloquium Leipzig, Karl-Marx Universitit, Leipzig,
Germany, February 27, 1990.

D.A. Shirley, “Adsorbate Surface Structures and Properties
From Energy Dependent Photoelectron Diffraction,”
Dresdener Seminar fiir Theoretisches Physik, Technischen
Universitit Dresden, Germany, February 28, 1990.

D.A. Shirley, “Surface Structures from Energy-Dependent
Photoelectron Diffraction,” Physics Department, King Fahd
University (UPM), Dharan, Saudi Arabia, March 13, 1990.
D.A. Shirley, “Surface Adsorbate Stuctures from Variable-
Energy Photoelectron Diffraction,” March Meeting, German
Physical Society (DPG), Regensburg, Germany, March 26,
1990.

D.A. Shirley, “High Resolution Zero-Volt Spectroscopy in
the Core Level Region,” International Workshop on
“Photoionization Today and Tomorrow,” Ioffe Institute,
USSR Academy of Sciences, Leningrad, USSR, April 26,
1990.

D.A. Shirley, “Photoelectron Diffraction in Surface
Adsorbate Studies,” Universitit Bielefeld, Germany, May 5,
1990.

D.A. Shirley, “Surface Structures From Energy-Dependent
Photoelectron Diffraction,” Fritz-Haber-Institut, Berlin,
Germany, May 8, 1990.

D.A. Shirley, “High-Resolution Zero-Volt Spectroscopy in
the Core-Level Region,” FB Physik, Technical University,
Berlin, Germany, May 8, 1990.

D.A. Shirley, “Energy-Dependent Photoelectron
Diffraction: New Insights,” Physics Institute, University of
Fribourg, Switzerland, May 14, 1990.

D.A. Shirley, “Energy-Dependent Photoelectron
Diffraction: New Insights,” Batiment des Sciences
Physiques, Université de Lausanne, Switzerland, May 15,
1990.

D.A. Shirley, “Surface and Near-Surface Structures from
Energy-Dependent Photoelectron Diffraction,” Fakultit fiir
Physik, Albert-Ludwigs Universitit Freiburg, Germany,
May 16, 1990.

D.A. Shirley, “Energy-Dependent Photoelectron
Diffraction,” ETH Zurich, Switzerland, May 17, 1990.
D.A. Shirley, “Energy-Dependent Photoelectron
Diffraction,” Institut fiir Grenzflachen—Forschung und
Vacuum Physik, Julich, Germany, May 31, 1990.

D.A. Shirley, “Energy-Dependent Photoelectron
Diffraction: New Insights,” Fakultdt fir Physik,



34.

35.

Technischen Universitit Munchen, Germany, June 13,
1990. :

D.A. Shirley, “Surface Structures from Energy Dependent
Photoelectron Diffraction—New Results,” DESY
Colloquium, Deutscher Electronen Synchrotron, Hamburg,
Germany, June 14, 1990.

D.A. Shirley, “How Will Photoemission Continuum-State
Structure Affect Inverse Photoemission?” International

33

36.

Seminar on Applications of Inverse Photoemission,
Leningrad State University, Leningrad, USSR, June 27,
1990. _

D.A. Shirley, “Energy-Dependent Photoelectron Dif-
fraction,” International Conference on Synchrotron
Radiation (SR-90), Moscow State University, USSR, June
29, 1990.



ATOMIC PHYSICS

High-Energy Atomic Physics*

Harvey Gould, Investigator

INTRODUCTION

The goals of this program are (1) to search for an
electron electric dipole moment (EDM), (2) to understand
atomic collisions of relativistic ions, and (3) to test quantum
electrodynamics in a strong static Coulomb field. Recent
results include a new upper limit to the electron EDM of
1 x 1026 ¢ cm, a factor-of-7 improvement over all previous
measurements and the smallest upper limit for any particle.
Finding an electron EDM would be proof of new physics,
not contained in the Standard Model, and would be as
significant a discovery as the results expected from the
Superconducting Super Collider. Present activities include
(1) increasing the sensitivity of the EDM experiment, (2)
developing a new, nonchanneling technique for measuring
electron-impact ionization cross sections of highly stripped
heavy ions, (3) an attempt to observe a new relativistic
atomic collisions process—the capture of an electron by a
(bare) ion when the electron is produced as part of an
electron-positron pair by the motional Coulomb fields of a
relativistic ion passing within atomic distances of a target
nucleus, and (4) upgrades to meet applicable standards for
environment, health, and safety. '

1. A New Experimental Limit on the Electron
Electric Dipole Moment (Publication 1)

K. Abdullah,! C. Carlberg? E. Commins, H. Gould, and
S.B. Ross

The standard model of strong, weak, and
electromagnetic interactions predicts an electron electric
dipole moment (EDM) no greater than 1037 ¢ cm. But

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-ACO03-76SF00098.
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many of the models beyond the standard model allow much
larger electron EDMs, some as large as the current upper
limit to the electron EDM. Higgs boson models of CP
violation have found that an electron EDM of greater than
1027 ¢ cm is possible. The observation of an electron
EDM would be proof of new physics not contained in the
Standard Model and would be as important as any result
expected from the Superconducting Super Collider. If the
electron EDM is very small or absent, this sensitive
experiment could impose useful constraints on many
models and compliment high-energy particle-physics
experiments.

The principle of the experiment is to search for the
EDM by measuring its energy in an electric field. While
this is impractical for a free electron, it is feasible using a
valence electron in a J = 1/2 neutral atom of high atomic
number. Here, due to relativistic effects, the ratio R of the
atomic EDM to an electron EDM is much larger than unity.
The experiment uses the ground state of thallium, where R
is calculated to be —600, and searches for the atomic EDM
by looking for an energy splitting, which scales linearly in
an applied electric field.

An atomic-beam magnetic-resonance apparatus with
separated oscillatory fields is used to make the
measurements. Beams of neutral thallium atoms at thermal
velocities are produced by heating thallium in an oven. The
thallium atoms are prepared into a single magnetic substate
by optical pumping with 378-nm (UV) light linearly
polarized along the direction of a weak applied magnetic
field. Transitions between the levels being measured are
induced by a pair of rf loops separated by about 1.2 m. In
between the rf loops is a set of electrodes that produces an
electric field of 105 V/cm. A difference in the transition
frequency upon reversal of the electric field is the signature
for the EDM.

While the shift in frequency due to electron EDM is no
larger than 10-% Hz/kV/cm, the shift due to the electron
magnetic-dipole moment is about 106 Hz/G. To prevent a
magnetic dipole moment from mimicking an EDM,
magnetic-field changes that are synchronous with the



electric field are kept to below 10-10G. One source of a
synchronous magnetic field is the motional magnetic field
of the atoms moving in the electric field if the electric field
is not exactly parallel to the weak static magnetic field that
defines the polarization axis. This effect is minimized by
using two-counter propagating thallium beams so that the
average velocity of the two beams is close to zero. Care is
taken to achieve the same velocity distribution of atoms, a
complete overlap of the beams, and uniform magnetic and
electric fields.

1 Present address: Salomon Brothers Inc., 1 New York Plaza, New York,
NY 10004.

Present address: Manne Siegbahn Institute of Physics, Frescativ 24, 104
05, Stockholm, Sweden.

2. Work in Progress

Although electron-impact ionization cross sections of
ions are usually measured by crossed beams of electrons
and ions, this technique has not been applied to highly
stripped heavy ions; high electron energies are needed to
dislodge the tightly bound electrons, and very high electron
densities are needed to measure the small cross sections.
Channeling ions through a crystal lattice provides a much
higher electron density, and this research group has
channeled ions through Si single crystals to make the first
measurement of the electron-impact ionization cross section
of the L~ and K~ shells of a highly stripped heavy ion
(uranium). Another group has since channeled ions to
measure electron impact ionization cross sections of the L~
and M~ shells of xenon (Z = 54).

Measuring electron-impact ionization by channeling,

however, requires that the electron density encountered by -

the ions is known, and that account is taken of the very
large projectile ionization by the nuclei in the crystal from
the fraction of ions that channel poorly or not at all. Also,

because of the high density, one has to ensure that density-

dependent effects, such as excitation with subsequent
electron loss, do not affect the measurements. Channeling
measurements of electron-impact ionization cross sections
of the xenon M~ and L~ shells, done at GANIL, and the
uranium K-shell measurements, done at LBL, are not in
agreement with calculations. An alternative experimental
technique is needed to help resolve this discrepancy.

A new experiment is in progress that makes use of the
fact that, for very high-energy highly stripped heavy-ion
projectiles in hydrogen gas, the electron and proton in the
hydrogen target will contribute about equally to the
ionization of the projectile. Under these conditions,
screening and molecular effects are negligible, and a
measurement of the total ionization cross section of the
projectile ion in hydrogen yields approximately twice the
electron-impact ionization cross section.
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Atomic Physics*

Michael H. Prior, Investigator

INTRODUCTION

This program performs challenging studies of the
structure and interactions of atomic systems, to provide the
most detailed description of their behavior, and to stimulate
theoretical understanding of the observed phenomena.
Emphasis is placed on research topics that are best
addressed with unique research tools and expertise
available at LBL. Often topics selected have relevance to
plasma behavior and diagnostics in tokamak devices or
advanced laser technology.

Currently the program exploits the ability of state-of-
the-art electron cyclotron resonance (ECR) ion sources at
LBL to produce intense, highly charged beams for ion-atom
and ion-surface collision and Auger spectroscopic studies.
The present studies emphasize detailed understanding of
ion-atom collisions, with particular concentration on
multiple-electron-transfer processes. A general goal of this
work is to perform experiments that describe electron
transfer between uniquely characterized initial and final
states so that theoretical predictions can be tested at the
finest scale possible. Of particular current interest are
double-electron-transfer modes, where the two active
electrons may exhibit a correlated behavior; that is, the
transfer is not simply described as the incoherent sum of
single-electron-transfer amplitudes. Also of interest are
ion-surface studies, where the high potential energy carried
by a multiply charged projectile can strongly influence
secondary processes such as sputtering of neutrals and ions
and Auger electron emission. In an applied sense, the
combination of a highly ionized projectile and a neutral
atom or surface in close proximity is a highly inverted,
nonequilibrium system, and thus the detailed study of such
collisions is relevant, for example, to the study of
nonequilibrium plasmas important to advanced laser
concepts and ion-wall interactions in plasma devices or
space environments.

In addition to detailed collision studies, this program
contains a component devoted to the description and
understanding of energy-level structure and decay modes of
highly excited atomic systems. Currently this work
concentrates upon Auger electron spectroscopy, which
provides energy-level data for multiply excited states. This

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.
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work complements photon spectroscopy in many cases,
since levels that Auger decay prominently are usually weak
photon emitters. :

1. Light Emission from Na Atoms Sputtered by
Multiply Charged Ar Ions (Publication 1)

R.E. Tribble,! M.H. Prior, and R.G. Stokstad*

This study reports, for the first time, information on the
projectile charge dependence of the production of excited
neutral atoms by heavy ions impacting on a crystal surface.
Production of excited singly charged surface ions was also
observed. This was done by observing the optical spectrum
emitted by atoms and ions sputtered from a NaCl crystal
surface normal to a beam of Ard* ions produced by the
LBL electron cyclotron resonance (ECR) ion source located
at the 88-Inch Cyclotron. The yield of light following
bombardment with heavy ions depends on the sputtering
yield and on the probability that a sputtered atom or ion
will be excited as it leaves the surface. For an insulating
surface, both of these processes can depend in principle on
the charge state, and hence on the electronic potential
energy, of the incident ion. The sputtering yield could be
increased by a direct electronic ejection of a surface atom—
a Coulomb “explosion” accompanying the passage and
neutralization of an incident ion. The probability that a
sputtered atom or ion will become excited as it leaves the
surface could be affected by the charge depletion on the
surface induced by the incident ion, provided the time
scales for relaxation of the surface charge and ejection of an
atom are comparable. The excitation and subsequent
emission of light by atoms remaining in the surface may
also depend on the charge state of the bombarding ion. All
of these phenomena are in principle sensitive to the
neutralization process for the Ar ion as it approaches the
target.

The experimental arrangement consisted of a NaCl
crystal mounted on a target holder attached to a precision
linear translator. The surface of the NaCl target was
perpendicular to, and could be translated along, a line
parallel to the ion-beam direction. A double collimator
system was mounted in front of a Jarell-Ash (Model 82-
410) 1/4 m grating spectrometer with the axis of the
collimator system perpendicular to and intersecting the
beam. This permitted a view of 600 um along the beam
path. The target position could be reproduced to within
10 um relative to the spectrometer axis. The experimental



arrangement, though optimized for measuring light
emission by the sputtered target atoms, also permitted
observation of light emitted at the surface of the target
when it was positioned within 300 pm of the spectrometer
axis.

Figure 1-1 is a survey spectrum showing all lines
observed over the 280—600 nm region. The lines belong to
the neutral and singly ionized sodium (Na I and Na II)
spectra. There was no clear evidence of Cl lines, and this is
not expected in this spectral range. The studies
concentrated on the strong lines 3s-3p (the unresolved Na D
lines) and 3s-4p, marked a and b in Figure 1-1. The
intensities of these lines were measured, normalized to the
ion beam flux, as a function of position in front of the NaCl
surface. These curves show an intensity fall-off that
depends on the velocity of the sputtered excited Na atoms,
the lifetime of the excited states, and the variation of
density of emitters within the viewing region of the
spectrometer/collimator system. The curves show a rapid
intensity fall-off in the region near the surface, followed by
a slower, near-exponential drop where light is being
emitted far from the surface by excited sputtered particles.

In Figure 1-2 we compare the light yield in the D lines
as a function of the incident charge state for (a) light from
the surface of the crystal (measured at the peak of the
intensity curves) and (b) for light from the sputtered atoms
(measured in the exponential region of the curve). The
results shown in the figure indicate no significant change
(i.e., not larger than 10% or two standard deviations) in the
light yield from the sputtered atoms. However, there is a
significant 25% increase in the yield of light from the
surface as the charge state is increased from 4 to 12.
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Figure 1-1. Survey of spectral lines observed from Ar3* jons on the NaCI
target. The intensity is in units of detected counts per particle uC. The
two lines, a and b, are the atomic 3s-3p (unresolved D lines) and the 3s-4p
transitions. Most of the other observed lines can be identified as
transitions in Na atoms (Na I spectrum) or singly charged ions (Na TI
spectrum). The location of prominent lines in these spectra are indicated
near the top of the figure. The spectrometer did not resolve lines spaced
closer than about 1.0 nm. These data were taken with the target located
0.25 mm from the line nomal to the spectrometer entrance slit. (XBL
895-1932)
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Figure 1-2. Normalized light yield (YN) for the Na D-lines, versus
incident charge state at 48-keV bombardment energy for (a) the light from
the surface region, and (b) the light from sputtered atoms well beyond the
surface. (XBL 912-323)

The increase observed in the light emission at the
surface with increasing charge state is probably a result of
the additional energy required to neutralize the incoming
ion. The potential energy between the ion and surface
increases from 144 eV for Ar%* to 2636 eV for Arl2+,
Thus, neutralizing the 12+ ions could cause a significant
increase in surface excitation. This electronic excitation
could be dissipated, at least in part, by excitation of the
surface atoms, thus producing the increased light yield.

The production of a sputtered ion (as opposed to a
neutral atom) is a process that is also determined by what
happens at the end of the cascade as a struck atom is about
to leave the surface. Studies of secondary-ion emission as a
function of the charge of the incident ion have been
reported for both semiconductors and insulators. The
results are not totally consistent; but, in general, they do
indicate an enhancement in the ion yield as the charge state
of the projectile is increased. Our observation of no
significant dependence of the sputtered-atom yield (curve b
in Figure 1-2) appears to be inconsistent with the studies of
secondary-ion emission. However, nature may be more
subtle. An understanding of the mechanism(s) for the
sputtering of excited atoms and of secondary ions requires a
unified description of the processes before one can hope to
explain the results from both types of measurement.

tWork performed while on leave at Lawrence Livermore National
Laboratory from Texas A&M University.
+LBL Nuclear Science Division.



2. Work in Progress

Using a large scattering chamber and a rotatable
electron spectrometer, we measured the angular
dependence of the Auger spectra following electron capture
by C5+* from a He gas jet target. These are the first
systematic studies of Auger angular distributions from
states created in slow, highly charged ion-atom collisions.
Nearly all published Auger spectra have been taken at a
single fixed angle with respect to the projectile beam.
Measurement of the electron emission angular dependance
allows inference of the underlying alignment and hence the
population of individual magnetic substates.

In any beam-gas inelastic collision, the final electronic
magnetic substates of the products are not necessarily
equally populated. This occurs because there is a preferred
direction in the collision (the initial relative velocity
vector), the system has cylindrical symmetry, and thus
states with magnetic substate quantum numbers M| and —
M_ will have equal population. Except for this restriction,
the population of the different substates may differ. This
variation of the magnetic substate population, termed
alignment, can result in a significant variation of the Auger
line intensities with emission angle measured from the
beam direction.

Our observations show a striking variation of the
magnetic substate populations for the Li-like 1s2p? 2D and

- 1s[2s2p 1P}2P states of the C3* ion created by the double-
electron capture. In particular, a substantial population of
ML =1 states was observed, indicating the importance of
rotational coupling (breakdown of the Born-Oppenheimer
approximation) in this system. Strong variations of
substate populations were observed over the narrow
velocity range of 0.29 to 0.50 a.u. In the absence of
relevant experimental data, theorists normally average their
results over the magnetic substates; our results are the first
to challenge theory at the finest quantum detail for a

" multiple-electron-transfer collision.

The study of the anisotropy of Auger electrons emitted
from resolved multiply excited states formed in electron-
capture collisions will be continued with systems similar to
the C3+ + He collision pair. Candidates are B4+ and N6+ +
He. Itis important to do this because the quasi-molecular
level structure and the location of important real and
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avoided crossings between initial and final states change
markedly for the different three-electron systems. This will
have strong effects on the anisotropy. - Theory that can
correctly reproduce the results-for several related collision
systems can be judged more reliable. From a practical
point of view, it is essential to know the angular
dependence of Auger spectra if one is to infer reliable
production cross sections from measurements made at fixed
angles. Our measurements show that enormous errors can
be made if the angular distributions are ignored.
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PROCESSES AND TECHNIQUES

CHEMICAL ENERGY

High-Energy Oxidizers and
Delocalized-Electron Solids*

Neil Bartlett, Investigator

INTRODUCTION

The main aim of this program is the synthesis and
characterization of new materials that may have utility in
efficient storage or usage of energy. The novel materials
include two-dimensional networks of light p-bonding atoms
(boron, carbon, and nitrogen) with structures akin to
graphite. Of these, the more metallic have possible
applications as electrode materials for high-energy-density
batteries, and those that are semiconducting could be useful
in converting light to electrical energy. Good ionic
conductors are also being sought, with emphasis on
lithium-ion and fluoride-ion conductors, since batteries
based on lithium and fluorine would be unsurpassed in their
energy density. In addition, novel oxidation-state fluorides
are being synthesized and structurally characterized to
provide a comprehensive basis for better theoretical
models, from which an improved capability to predict
physical and chemical behavior ought to be forthcoming.
Previously unknown or little-studied high-oxidation-state
species constitute a large part of this effort. Such species
are also investigated for their efficiency and specificity as
chemical reagents.

1. Silver Trifluoride: Preparation, Crystal Structure,
Some Properties, and Comparison with AuF3
(Publication 7)

B. Zemva,' K. Lutart,! A. Jesih,’ W.J. Casteel, Jr., A.P.
Wilkinson,® D.E. Cox,¥ R.B. Von Dreele § H. Borrmann,
and N. Bartlett

It has been established that the bright red diamagnetic
AgF3 derived from AgF4 in AHF with BF; is
thermodynamically unstable and, in contact with AHF, at

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.
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~20°C, loses F3 in less than 19 hours according to the
equation 3AgF3 —» AgsFg+ 1/2F;. To provide for
meaningful comparisons, the structures of AuF3 and AgF;
have been determined using neutron-diffraction data. The
structures of both AgF3 and AuF3 were successfully refined
in space group P6122 — Dgy (No. 178) from time-of-flight
neutron powder-diffraction data from 100-mg samples
contained in 2-mm capillary tubes. The 7762 observations
for AgF3 yielded a = 5.0782(2) A, ¢ = 15.4524(8) A, and
V = 345.10(2) A3, the reliability parameters for the
structure being Ryp = 6.21 and Ry, = 3.86%. From the 7646
observations for AuFs, a= 5.1508(1) A, c = 16.2637(7) A,
and V = 373.68(2) A3, with Ryp= 11.21 and R, = 7.58%.
The silver or gold atom lies at the center of an elongated
octahedron with two Ag-F(I) = 1.990(3) A, two Au-F(1) =
1.998(2) A, two Ag-F(2) = 1.863(4) A, and two Au-F(2) =
1.868(3) A, the approximately square, isodimensional AF,;
units being joined by symmetrical p-fluorobridges [two
F(1) in cis relationship in the AF4 unit] to form the 6; (or
65) helical chains, the Ag-F(1)-Ag angle being 123.2(2)°,
and the Au-F(1)-Au angle being 119.3(2)°. The ~5 A3
smaller formula unit volume of AgF3; compared with AuF3;
and the shorter  z-axis interatomic distance [Ag-F =
2.540(4) A, Au-F = 2.756(8) Al, is in accord with the
tighter binding of the Ag(IIl) d-orbital electrons evident in
the strong oxidizing properties of Ag(III).

Interaction of AgF* with AgF4~ (1:1) in AHF yields
maroon Ag(IAg(II)Fs, which is probably the salt AgF*
AgF4~. The latter interacts with AgF3; to yield
Ag(IDAg(II);Fg, a second mixed-oxidation-state fluoride
that is identical to the product of the decomposition of
AgF3; at 20°C in AHF. The magnetic susceptibility of
Ag(IDAg(IIT),Fg closely obeys the Curie-Weiss law (4 to
280 K) with 6= —4.2(5)° and pss= 1.924(3) B.M,, this
indicating that the material is magnetically dilute. This is
consistent with Ag?* separated by [AgF4]™ ions as in the
formulation Ag2*[AgF4]-,. Bougon et al.! reported that
their data for “AgF3;” obeyed the Curie-Weiss law over the
temperature range 4 to 290 K. When the magnetic moment
given by Bougon et al.!2 for their “AgF3” is adjusted to the
formula AgsFg, it becomes | = 1.95 + 0.08 B.M., which is
not significantly different from the effective magnetic
moment found here. The equivalence of the magnetic and



x-ray powder data for AgsFg to that reported by Bougon et
al.12 for the “AgFs3” proves the identity of their latter with
the former.

T Permanent address: Institut Jokef Stefan, Ljubljana, Yugoslavia.
#Permanent address: University of Oxford, Oxford, England.

8 Permanent address: Brookhaven National Laboratory, Upton, NY 11973.
IPermanent address: Los Alamos National Laboratory, Los Alamos, NM
87545.

1. R. Bougon and M. Lance, Comptes Rendus, Acad. Sci., Ser. 2 297, 117
(1983).

2. R. Bougon, T. Bai Huy, M. Lance, and H. Abazli, Inorg. Chem. 23,
3667 (1984).

2. The Crystal Structure of [Ag(XeF2)2]AsFg Formed
in the Oxidation of Xe by AgFAsF¢ (Publication 4)

R. Hagiwara, F. Hollander, C. Maines, and N. Bartlett

[Ag(XeF;),]AsFg is formed by the oxidation of Xe
with a solution of AgFAsFg in anhydrous hydrogen fluoride
(AHF) at 20°C. It may also be made from AgAsFg and
excess XeF, in AHF. It crystallizes in space group I4c2,
with dg= 8.4558(12) A, co= 12.8645(19) A, V=
919.8(3) A3, and Z = 4. The structure was solved by the
Patterson method and refined to conventional R and wR
values of 0.0189 and 0.0253, respectively. Sheets of the
NaCl-type arrangement of AgAsFg occur in the structure.
The XeF, molecules are located between those sheets, each
being coordinated to two Ag*, one in the sheet above, the
other below, as shown in Figure 2-1. Each Ag* is at the
center of a roughly cubic arrangement of F ligands in two
fourfold rectangular planar sets mutually at right angles
(see Figure 2-2). The closely coordinated set involves F
ligands of the XeF, with AgF = 2.466(3) A. The four
more distant F are ligands of the AsFg~ with Ag--F=
2.732(3) A. The XeF; and the AsF- are approximately D .,
and Oy, respectively, with the bond lengths of Xe-F =
1.979(3) A, As-F(axial) = 1.718(3) A, and As-F
(equatorial) = 1.712(3) A. This arrangement is simply a
consequence of the interaction of the semi-ionic XeF,
molecules ~12F-Xe+-F-1/2 with the Ag(l) cation. The
compound slowly loses its XeF; in a vacuum at room
temperature and falls to AgAsFe.

3. Synthesis and Characterization of Graphite-Like
Boron-Carbon Materials (Publication 5)

B.C.Shen, O.K. Tse, J. Kouvetakis, K.M. Krishnan, K.-M.
Yu, and N. Bartlett

The carbon-to-boron ratio of the graphite-like BCx
materials prepared from BCl; and benzene increases with

' Figure 2-1. The unit cell of [Ag(XeF5),]AsFg. (XBL 917-1665)

increase in deposition temperature, from 3.1:1 at 800°C to
5.6:1 at 1000°C. Electron-energy-loss spectroscopy
(EELS) shows graphite-like character with s* features in
the K-edge regions for both boron and carbon. The density
(by flotation) is in the range 2.08-2.24 g cm=3, and the in-
plane conductivity lies between 5x 102 and 1x 103 S
cm~l, X-ray photoelectron spectroscopy and Rutherford
backscattering each reveal oxygen, chlorine, and silicon
impurities in the BC, deposits, these impurities being
concentrated mainly in the surface layers exposed to the
pyrolyzed gases. Chlorination of BCyx at ~300°C
eliminates B (as BCl3) completely, some volatile
chlorinated carbons (including C¢Clg) also being formed.
The resultant carbon does not reveal graphitic features in x-
ray or electron diffraction or in the EELS spectra.
Potassium metal intercalates BCy to yield a black first-
stage compound with an interlayer spacing of 5.3 to 5.4 A
A deep blue first-stage compound formed with SO;F
radical has an interlayer spacing of 8.1 A, akin to that in

(BN)3S0sF.



Figure 2-2. Ligand arrangement about the Ag(l) in [Ag(XeF3);]AsFg.

(XBL 917-1666)

4. Work in Progress

X-ray synchrotron and time-of-flight neutron-
diffraction data have established a novel structure type for
the binary fluoride RuF,4. In this structure the Ru atom is
coordinated to six F ligands on an octahedral framework;
four of the F are coplanar with the Ru, and each is
symmetrically shared with another Ru, with Ru-F-Ru =
133.0(6)°, to produce a puckered sheet structure. The
unshared F ligands (trans to one another) have Ru-F =1
.82(1) A, and the bridging interatomic distance is
2.00(3) A. These distances are very similar to those
reported for the nonbridging and bridging distances in
(RuFs)4 and for the bridging distance in RuFs;. Higher
precision is needed in the (RuFs)4 structure to prove this
similarity. It is anticipated that distances of a given type
will be similar throughout the binary fluoride set of RuFg,
(RuFs)4, (RuFy),, and (RuF;3),. Fragmentary evidence for
the other transition elements, from group V through group
VIII in the second and third transition series, indicates that
this lack of dependence of the M-F distance upon the
oxidation state is general.
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Catalytic Hydrogenation of CO*

Alexis T. Bell, Investigator

INTRODUCTION

The purpose of this project is to develop an
understanding of the fundamental processes involved in the
catalytic conversion of carbon monoxide and hydrogen to
gaseous and liquid fuels. Attention is focused on defining
the factors that limit catalyst activity, selectivity, and
resistance to poisoning, and the relationship between
catalyst composition/structure and performance. To meet
these objectives, a variety of surface diagnostic techniques
are used to characterize supported and unsupported
catalysts before, during, and after reaction. The
"information is combined with detailed studies of reaction
kinetics to elucidate reaction mechanisms and the influence
of modifications in catalyst composition and/or structure on
the elementary reactions involved in carbon monoxide
hydrogenation.

1. An Isotopic Tracer Study of the Deactivation of
RwWTiO, Catalysts during Fischer-Tropsch Synthesis
(Publication 9)

K.R.Krishna and A.T. Bell

An investigation of the causes of catalyst deactivation
during Fischer-Tropsch synthesis over Ru/TiO catalysts
has been carried out. The effects of Ru dispersion, TiO;
phase, and TiO, surface area on catalyst activity and
selectivity were examined. CO chemisorption capacity and
carbon species accumulation were determined as a function
of reaction time using isotopic tracer techniques in
conjunction with temperature-programmed surface reaction
(TPSR). The results of this investigation show that all of
the catalysts undergo deactivation with time, with no
change in product selectivity. Initially, deactivation is very
rapid followed by a slower activity loss. The long-term rate
of deactivation is proportional to the initial CO turnover
frequency, obtained by extrapolation of the long-term
activity data. Deactivation is accompanied by a progressive
loss in CO chemisorption capacity, as well as by an
accumulation of various types of carbon species. The
activity and the CO chemisorption capacity can be restored

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-AC03-765F00098.
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to their initial values by reduction in H, or D,. Differences
in the initial activity (measured at 1 min after startup of
reaction) of Ru supported on anatase and Degussa P-25
titania (70% anatase, 30% rutile) can be ascribed to
differences in Ru dispersion; Ru supported on rutile
exhibits a lower initial activity than the anatase-supported
catalyst with the same dispersion. TiO;-supported Ru has a
higher activity than SiO,- or A1,03-supported Ru, and the
formation of Ti3* sites at the adlineation of Ru and titania is
proposed to be the cause for this. Carbidic carbon (Cy) and
alkyl carbon chains (Cg) were observed to accumulate as
reaction proceeds. Cp consists of two species: Cg’, which
is the precursor to Cy, hydrocarbons, and Cg~, which
consists of longer alkyl chains and does not participate in
the production of gas-phase products. The inventory of the
reactive Co and Cp’ passes through a maximum in the first
10 min of reaction, while the longer-chain Cg~ grows
monotonically. Both types of carbon result in a loss in CO
chemisorption capacity. The rapid initial loss in activity in
the first ten minutes correlates with the Cq +Cp
accumulation; the long-term loss in CO uptake and catalyst
activity are probably due to Cg~. The alkyl chains
comprising Cg~ do not undergo hydrogenolysis under
reaction conditions, probably due to inaccessibility to
hydrogen.

2. A Review of Theoretical Models of Adsorption,
Diffusion, Desorption, and Reaction Gases on Metal
Surfaces (Publication 10)

SJ. Lombardo and A.T. Bell

A review is presented of the theoretical approaches
available for describing the kinetics of gas adsorption,
diffusion, desorption, and reaction on metal surfaces. The
prediction of rate and diffusion coefficients based on
molecular dynamics, transition-state theory, stochastic
diffusion theory, and quantum mechanics is discussed, and
the success of these theoretical approaches in representing
experimental observation is examined. Consideration is
also given to the effects of lateral interactions between
adsorbates and to the ability of lattice-gas models to
provide a representation of the dependences of rate and
diffusion coefficients on adsorbate coverage. Finally, the
utility of continuum and Monte Carlo models for describing
the kinetics of complex surface processes in terms of
elementary processes is addressed.

»



3. Monte Carlo Simulations of The Effects of
Pressure on Isothermal and Temperature-Programmed
Desorption Kinetics (Publication 11)

S.J. Lombardo and A.T. Bell

A Monte Carlo simulation technique is presented for
describing the adsorption, surface diffusion, and desorption
kinetics of molecules from metal surfaces. Lateral
interactions between adsorbed molecules are taken into
account using the bond-order-conservation-Morse-potential
(BOC-MP) method. The rate of desorption observed in the
presence of a gas-phase species is higher than that observed
in a vacuum. The increase in the apparent rate coefficient
for desorption with increasing pressure can be ascribed to
the effects of repulsive lateral interactions on the activation
energy for desorption. The simulated kinetics are in good
agreement with the experimentally observed kinetics for the
isothermal desorption of CO from polycrystalline Pd and
for the temperature-programmed desorption of CO from
Ni(100).

4. An Analysis of Fischer-Tropsch Synthesis by the
BOC-MP Approach (Publication 12)

E. Shustorovich and A.T. Bell

The BOC-MP approach has been used to calculate the
heats of chemisorption of adspecies and activation barriers
for elementary reaction steps envisioned to occur during
Fischer-Tropsch (F-T) synthesis over the periodic series
Fe/W(110), Ni(111), Pt(111), and Cu(111). Dissociative
adsorption of CO to form carbidic carbon is projected to
occur spontaneously on Fe/W(110) and with a small
activation barrier on Ni(111). The calculated barrier
heights for this reaction on Pt(111) and Cu(111) are high
enough to preclude appreciable dissociation of CO.
Hydrogen-assisted dissociation of CQ; is found to have an
even smaller activation barrier on Fe/W and Ni, but not on
Pt or Cu. On all the metal surfaces, the energetically
preferred path for initiation of alkyl chain growth is via
insertion of a CH, group into the carbon-metal bond of a
CH; group. The activation barrier for CO insertion into the
metal-carbon bond of a CH, group is greater than that for
CH, insertion. As a consequence, the acetyl group formed
by CO insertion serves mainly as a precursor to oxygenated
products. On Fe/W, Ni, and Pt, the activation barrier for
termination of alkyl chain growth by B-elimination of
hydrogen is found to be lower than that for a-addition of
hydrogen; and, as a consequence, olefins are projected to be
formed more readily than paraffins. By using as examples
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Fe(100) and Fe(100)-c(2x2)C,0, it is shown that
carburization of an Fe(100) surface reduces the heats of
adsorption of C, O, and CO, resulting in nondissociative
chemisorption of CO, similar to that on Pt(111). The BOC-
MP model projections are consistent with the available
experimental data and contain claims that can be tested
experimentally in the future.

5. An Analysis of Methanol Synthesis from CO and
CO, by the BOC-MP Approach (Publication 13)

E. Shustorovich and A.T. Bell

The mechanisms of methanol synthesis from CO and
CO; on Cu(111) and Pd(111) have been analyzed using the
BOC-MP approach. The analysis was based on
calculations of the heats of chemisorption Q for all
adsorbed species and the activation barriers AE* for all
elementary reactions believed to be involved in the
synthesis of methanol from CO and CO,. The relevant
experimental values of Q and AE*, although scarce, agree
well with the BOC-MP estimates. The formyl and formate
routes to methanol were compared. On Cu(l111), the
activation barrier for hydrogenation of CO, to HCO; is
found to be much larger than that for the desorption of CQ,,
which makes formyl formation noncompetitive. By
contrast, on Pd(111) the two barriers are calculated to be
practically equal, making it very likely that formyl groups
are formed. In the presence of OH, groups, formate
formation via the reaction CO; + OH; - HCOO is found
to have a low activation barrier, particularly on Cu(111),
where the formate route to methanol is preferred. The rate-
determining step in this case is projected to be the
hydrogenolysis of formate groups to form formaldehyde
and atomic oxygen. On Cu(111) the formate route also
appears to be efficient for the hydrogenation of CO, to
methanol, since the activation barrier for H; + CO, —
HCOO; is calculated to be smaller than that for desorption
of CO,,. The reverse is true for Pd(111), which makes the
formate route to methanol energetically unfavorable in this
case. The mechanism of the WGS reaction has also been
considered. It appears that the reaction does not proceed
via the formate intermediate, and the rate-determining step
for this reaction is projected to be the dissociation of water.
On Cu(111), the reverse WGS reaction is found to be
competitive with methanol formation. The BOC-MP
projections are generally consistent with the observed
features of hydrogenation of CO and CO, on Cu and Pd
catalysts. Some apparent inconsistencies are pointed out

and discussed.
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Transition Metal-Catalyzed Conversion
of CO, NO, Hj, and Organic Molecules
to Fuels and Petrochemicals*

Robert G. Bergman, Investigator

INTRODUCTION

The goal of this program is the development of new
chemical reactions in which transition metals interact with
organic materials, and the understanding of how these
reactions work. A recent discovery on this project was the
finding that certain metal complexes undergo oxidative
addition into the carbon-hydrogen bonds of completely
saturated hydrocarbons (M + R-H—R-M-H). This finding
was the first example of a long-sought *“alkane C-H
activation” reaction; research is now being directed at
examining the scope, selectivity, and mechanism of the
process, extending it to other X-H bonds, and developing
-ways to convert the activated metal complexes X-M-H into
functionalized organic molecules. During the current year,
progress was made on the activation of molecules
containing the heteroatoms oxygen and nitrogen, such as
epoxides, alcohols, and amines. Most significant, however,
was the finding that the liquified noble gases krypton and
xenon could be used as inert solvents for C-H activation
reactions. This technique now permits reaction of iridium
and rhodium with C-H bonds in organic solids and very
low boiling liquids (e.g., methane). It has also provided the
first measurement of the fast rates and low activation
energies of the direct C-H oxidative addition of rhodium to
alkane C-H bonds.

1. Time-Resolved IR Spectroscopy in Liquid Rare
Gases: Direct Rate Measurement of an
Intermolecular Alkane C-H Oxidative Addition
Reaction (Publication 1)

B.H. Weiller, E.P. Wasserman, R.G. Bergman, C.B. Moore,
and G.C. Pimentel

The rate of oxidative addition of cyclohexane to form
Cp*Rh(CO)CeH11)(H) [Cp* = (n°-CsMes)] has been
examined in liquified noble-gas solvents over a wide range

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Deparntment of Energy under Contract No.-DE-AC03-76SF00098.
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of temperatures and cyclohexane concentrations using a
novel combination of low-temperature and IR laser flash-
kinetic techniques. Photolysis of Cp*Rh(CO); in liquid
xenon produces a monocarbonyl species that is much less
reactive than the one generated in liquid krypton. We
propose complexation with the noble-gas solvent

- Cp*Rh(CO)(Q) (Q = K, Xe) to account for this behavior.

In the presence of CgHjz, Cp*Rh(CO)(Kr) decays
exponentially to form Cp*Rh(CO)(C¢H11)(H) with an
observed rate constant that increases monotonically with
increasing cyclohexane concentration and approaches an
asymptotic value. When CgD;3 is used in place of CgHjz, a
significant isotope effect on the asymptotic rate constant is
observed (see Figure 1-1). A mechanism that accounts for
these data consists of a rapid exchange equilibrium between
the krypton complex Cp*Rh(CO)(Kr) and an alkane
complex Cp*Rh(CO)(CgH 12), characterized by an
equilibrium constant K;, followed by unimolecular
insertion with rate constant k; to form the alkyl hydride
product. From the temperature dependence of the observed
rate constants, activation parameters for the insertion
reaction ks [E2 = 4.8 = 0.2 kcal/mol, log(Az) = 11.2 £ 0.2]
are derived.
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Figure 1-1. The observed rate constants (kyps) for the decay of the
transient at 1947 cm™! (filled symbols) and for the formation of the
product at 2003 cm™! (open symbols) as a function of cyclohexane
concentration and temperature. For clarity, only representative error bars
are indicated explicitly. (XBL 917-1680)



2. Mechanism of the C-C Cleavage of Acetone by the
Ruthenium Benzyne Complex (PMe3)4Ru(n2-CgHy):
Formation and Reactivity of an Oxametallacyclo-
butane Complex (Publication 2)

J.F. Hartwig, R.G. Bergman, and R A. Andersen

The oxametallacyclobutane complex (PMes)4Ru[n?-
CH,C(Me)(Ph)O] (complex 3 in Figure 2-1) was generated
by an unusual B-migration of the Ru-bound phenyl group in
the phenyl -enolate complex (PMes)Ru(Ph)
[OC(CHy)Me]. Mild thermolysis of 3 yielded methane and
the orthometallated enolate complex 2 resulting from what
appears to be a B-methyl migration reaction. These same
products were previously observed in the reaction of
acetone with the ruthenium benzyne complex
(PMe3)4Rum2-CgHy), providing evidence that 3 is an
intermediate in this C-C bond cleavage reaction. Reactivity
studies on oxametallacyclobutane complex 3 led to the
other unusual transformations shown in Figure 2-1, several
of which cleave the C-O bond of the metallacycle to
extrude a-methylstyrene.

3. Synthesis of (PMe3)4Ru(Me)[OC(CH;)Me] as an
Equilibrium Mixture of O- and C-Bound Transition-
Metal Enolates and the Thermal Elimination of
Methane to Form an n4-Oxatrimethylenemethane
Complex (Publication 3)

J.F. Hartwig, R.A. Andersen, and R.G. Bergman

The ruthenium enolate (PMes)4Ru(Me)[OC(CH,)Me]
(2) was synthesized by addition of the potassium enolate of
acetone to (PMe3)4qRu(Me)(Cl) (1). The complex was
isolated as an equilibrium mixture of the O- and C-bound
forms, as shown by measuring the ratio of isomers by !H
NMR spectroscopy in the temperature range 5°C to 60°C.
Thermolysis of the mixture of these two isomers at 65°C
led to extrusion of methane and formation of
metallacyclobutan-3-one (PMe3)4Ru[(CH2),C(O)] (com-
plex 3 in Figure 3-1). X-ray structural analysis of 3 shows
that it has a buckled four-membered ring with a large
dihedral angle [45.6(5)°]. As shown by variable-
temperature NMR spectrometry (Figure 3-1), compound 3
undergoes reversible phosphine dissociation to form the
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Figure 2-1. Synthesis and reactions of the tetrakis(trimethylphosphine)ruthenium oxametallacyclobutane complex 3. (XBL 917-1681)
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Figure 3-1. Variable-temperature 31p{1H} NMR spectra showing the
interconversion of ruthenium metallacyclobutanone 3 and 7 4
oxatrimethylenemethane complex 4. (XBL 917-1682)

oxatrimethyl-enemethane complex (PMe;3)3Ru[(CH)C(O)]
(4), which was isolated by removal of the labile phosphine
under vacuum. X-ray structural analysis of 4 demonstrates
that the oxatrimethylenemethane ligand is coordinated in a
n*-fashion.

4. A Phosphorus-Carbon Bond-Cleavage Reaction of
Coordinated Trimethylphosphine in
(PMe3)4Ru(OCgHsMe), (Publication 4)

J.F. Hartwig, R.G. Bergman, and R A. Andersen

A product resulting from cleavage of the P-C bond in a
trimethylphosphine ligand forms upon thermolysis of
(PMe3)4Ru(OCgHsMe), (1) or addition of p-cresol to the
orthometallated complex (PMes)sRum2-OCgHsMe) (2).
The trimethylphosphine ligand has been transformed to a
dimethylarylphosphinite ligand in the product (PMe;)s(m?-
PMe;0CgH3) Ru(OCgHgMe) (3), the structure of which
was determined by x-ray diffraction (Figure 4-1). Although
complex 1 exists in equilibrium with complex 2 and free p-
cresol at 65°C, kinetic evidence is presented indicating that
complex 1 undergoes the P-C cleavage reaction.

CSD/bergman
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Figure 4-1. ORTEP diagram illustrating the x-ray crystallographically
determined structure of phosphorus-carbon bond cleavage product 3. .
(XBL 917-1683)

5. Work in Progress

Research is in progress in the following areas: (1)
further exploration of the C-H, O-H, and N-H activation
chemistry of tetrakis(trimethylphosphine)ruthenium
complexes; (2) expansion of the use of liquified noble gases
in preparative C-H activation chemistry; (2) infrared and
uv-visible flash kinetic studies of the rapid steps involved
in C-H oxidative addition reactions in liquified noble-gas
solvents; (4) exploration of processes potentially leading to
C-F activation reactions; and (5) development of reactions
that can potentially convert the products of C-H oxidative
addition reactions into functionalized organic molecules.

8/14/91
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Formation of Oxyacids of Sulfur from
SOy*

Robert E. Connick, Investigator

INTRODUCTION

The stimulus for this research is the existence of acid
rain. Coal-burning power plants produce sulfur dioxide,
which is oxidized in air to form sulfuric acid, the principal
component of acid rain. In most commercial flue-gas
desulfurization processes, the sulfur dioxide is absorbed in
an aqueous solution of low acidity, where it may be
oxidized by O,. Control of the rate of this latter reaction is
of major importance to these processes. While recent
research of the project has been concentrated on this
reaction, investigation of the fundamental chemistry of
species formed from sulfur dioxide and reactions of these
species remains the primary goal. The oxidation-reduction
chemistry of sulfur should be studied, particularly reactions
between two oxidation states of the element, e.g., reactions
involving HSO3, H,S, Sg, and the polythionates. A
secondary and not closely related goal is to determine the
factors controlling the rate of substitution reactions in the
first coordination sphere of metal ions in solution.
Computer modeling has been extended to three dimensions,
and configurations of activated complexes have been
determined. The usual concept of a transition state with
reflection coefficient near unity is quite inadequate.

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.

1. Work in Progress

Rate Law and Mechanism of the Oxidation of
Bisulfite Ion by Oxygen

The rate law for the reaction of HSO3 with HSO5 has
been determined to be of the form k [HSO3][HSO5I[H*] +
k; (HSO3)[HSO51{H*1"! in the pH range 3.5 to 7.8. Since
S2072- is formed in the reaction, just as in the HSO3-0,
reaction, the species HSO3 is presumed to be an
intermediate in the latter reaction. The yield of S;07%~ as a
function of pH was measured for comparison with the yield
in the O reaction. They are not the same, but related. The
HSO3-HSO5 reaction gives ~90% S;072~ from pH 3.5 to
~6, after which the yield falls off according to an [H+]!
dependence at higher pH. The yield in the HSO3-0O,
reaction is ~50% from pH 3.5 to ~5.2, at which region the
yield breaks over rather abruptly to an [H*]~! dependence.

~ The break occurs just where the second term of the HSOs -

HSOs5 rate law becomes appreciable, and the abruptness of
the change is in agreement with a second power change in
the dependence on hydrogen-ion concentration between the
two paths in the HSO3-HSOs rate law. Yet the $,072
yield of the HSO3-HSOs5 reaction does not break over to an
[H*]-! dependence until a higher pH is reached, and the
breakover is not nearly as abrupt. To understand these
discrepancies, experiments are under way to determine the
effect of catalysts and inhibitors on the yield of S,072~ on
the HSO3-0; reaction. While peroxymonosulfuric acid
[HSOs] is clearly implicated as an intermediate in the
HSO3-0; reaction, not all of the material appears to pass
through this species, and the resulting yield of S,07%" is
complex.
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Potentially Catalytic and Conducting |
Polyorganometallics*

K. Peter C. Vollhardt, Investigator

INTRODUCTION

The task being carried out under this program is the
synthesis and evaluation of new molecules designed to
exhibit novel chemical behavior, particularly (1) the
catalysis of organic transformations of synthetic and
industrial importance and.(2) potential conductivity. It
centers on the development and execution of synthetic
methodology aimed at allowing access to sequences of
extended strong p-ligands to multiple transition metals.
This work has as its target a variety of novel organic
systems. A major effort has focused on the exploitation of
a new, iterative strategy that allows the continued
elaboration of linked cyclopentadienyl chains and their
complexation with control of the resulting oligometallic
sequence. In this way, a number of hitherto unknown

transition-metal arrays have become available in which the

metallic centers adopt “unnatural” linear and angular
configurations. These structures give rise to unprecedented
reactivity when exposed to small molecules, pointing
toward applications in catalysis. They also provide ideal
models with which to probe the elementary steps of
multimetallic ligand and electron transfer. The discovery
of exciting novel chemistry of these systems, including
thermally and photochemically induced intramolecular
transfer of organic fragments, has justified the original
premise of this research. Recent efforts have concentrated
on exploring the reactivity patterns of the structures under
investigation and expanding the range of available ligand
chains, in particular those based on highly unsaturated
carbon agglomerates, including oligomers of carbon.

1. Tercyclopentadienyl Trimetals (Publication 1)

R. Boese,’ R.L. Myrabo, D A. Newman, and K.P.C.
Vollhardt

Preliminary results of this work were outlined in
previous reports. The present account constitutes a
summary of the current state of the art of one of the
cornerstones of this program.

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.

51

While the synthesis and chemistry of homo- and
heterobimetallic organometallic compounds, often bridged
by ligands intended to anchor the metals in close proximity,
is well-explored, much less is known about the acyclic
higher metal homologues. Linked pairs of m°-
cyclopentadienyl (Cp) moieties, as in fulvalene, have
played a significant role in these developments because of
their exceptional binding ability. We report a rational (and
potentially generalizable) synthesis of the first
“cyclopentadienologs™ of fulvalene, namely the two
isomers of tercylopentadienyl, their sequence-specific metal
complexation (see Figure 1-1), the structure determination
of two of these trimetallic products (see Figures 1-2 and
1-3), and some preliminary ligand transfer chemistry. The
intramolecular nature of the latter bodes well for catalytic
applications of systems of this type.

A prerequisite for potentially synergistic chemical
behavior toward organic substrates of these systems is
intramolecular metal-to-metal ligand transfer. Attempts to
uncover such rearrangements has led to some remarkable
observations. Thus, treatment of the cyclopentadiene
intermediates 4a and 4b in Figure 1-1 with basic D,O
[CD3COCD3, EtsN, 23°C, 2 h] resulted in regiospecific
deuterium incorporation (95%) into the uncomplexed ring,
a process uncomplicated by potential metal transfer along
the chain. Surprisingly, complete label scrambling between
the two terminal rings occurred on conversion of [Ds]4b
into [D4]7b, whereas {D4]7a was formed from [Dslda
bearing deuterium only on the M3-(CsDg)W(CO);CH;
substituent to the fulvalene unit! A possible rationale for
this divergent behavior is that the metal-anion precursor
before methylation is responsible for the scrambling in
[D4]17b by reversible nucleophilic displacement of the
metal-bound tungsten at the other terminus.

In contrast, in the analogous intermediate on route to
[Dal7a, steric constraints prevent coplanarity (or a
favorable angle) of attack of the cyclopentadienyl ring of
the attached non-metal-bound anionic tungsten. In support
of this mechanism, following the course of the reaction of
[Ds]14b with [W(NCMe)3(CO)31(23°C, 2 h, 40%

- conversion) by 'H NMR spectroscopy revealed the

generation of (N5-(CsDg)W(D)CO)3[m3:n3-(CsHs-
CsHy)IW2(CO)g}, [Ds]-17b, “exchange” of label taking
place only with time (23°C, 19 h), presumably by
dedeuteration at tungsten, since scrambling was suppressed
in the presence of added CH3COOD. Conversely,
metalation of [D4]4b® at 23°C led to instant label
redistribution in the resulting anion between two outer Cp
units. This process was sufficiently slow at ~78°C to allow
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Figure 1-1. Synthesis of tercyclopentadienyl complexes. (a) 3-Chloro-2-cyclopentenone, THF, ~78°C or -20°C, 5 min; (b) CH3CH,CH,CH,Li, -78°C to
23°C; (c) WINCCH3)3(C0O)3 (xs) in DME, 23°C, 3 h; (d) CH3], 23°C, 30 min; (¢) AgBF4 (2.2 equiv), THF, -78°C t0 23°C, 12 h; (f) CH3CO,H, -78°C; (g)
Ru3(CO);2, DME, A, 18 b; (h) LiAlH,4, Ety0, 0°C 10 23°C, 1 h; (i) [(CH3),CHCHs]2 AlH, CH,Cly, 0°C, 2 b; (j) cat. 4-CH3CgH4SOqH, CgHg, 60°C, 2 min;
(k) KOC(CH3)3, CME, 23°C, 10 min; 1) WINCCH3)3(CO)3, THF, 23°C, 12 h; (m) LiN[Si(CH3)3], THF, -78°C, 5 min; (n) NaNH,, THF, 23°C, 5 min; (o)
[Re(CO)3B(THF)},, THF, 23°C, 1 h; (p) Mo(NCCH3)3(CO)3, THF, 23°C, 30 min; (q) [Rh(CO),Cl],, THF, 23°C, 1 h; (r) [Mn(CO)4Br},, THF, 23°C, 30
min; (s) KOC(CH3)3, THF, 23°C, 5 min; (1) WINCCH 3)3(CO)3, THF, 23°C, 30 min. (XBL 917-1675) -
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Figure 1-2. Molecular structure of 1,1":3',1"-tercyclopentadienyl
compound 7b (SHELXTL). Selected distances (A) and angles (°): W1-
W2, 3.266(1); W-CO (avg.) 1.96; W3-C10, 2.324(11); W1-Cpl (ring
centroid), 1.975; W2-Cp2, 1.994; W3-Cp3, 2.017; C23-C24, 1.375(18);
C22-C23, 1.459(16); C11-C16, 1.453(13); C19-C21, 1.468(14); C21-
C22-C23, 106.2(9); C22-C23-C24, 109.2(10); C12-C11-C16, 124.1(9);
Cp2-Cp3, 9.6; C15-C11-C16-C20, 179.9(1.1); C12-C11-C16-C17,
153.7(1.0). XBL 917-1676)

Figure 1-3. Molecular structure of the 1,1”:2°,1”-isomer 8a (ORTEP).
Selected distances (A) and angles (°): Rul-Ru2, 2.8190(4); Ru-CO
(avg.), 1.86; Re-CO (avg.), 1.91; Rul-Cpl, 1.8981(3); Ru2-Cp2,
1.8993(3); Re—Cp3, 1.9531(2); C14-C15, 1.397(6); C6-C10, 1.457(6);
C5-C6, 1.436(6); C10-C11, 1.491(5); C1-C5-C4, 106.1(4); C8-C9-C10,
109.3(4); C4-C5-C6, 123.8(4); Cp2-Cp3, 104.7(2); C1-C5-C6-C7,
.162.6(6); C4-C5~C6-C10, 154.1(6). (XBL 917-1677)

53

access to regiochemically deuterated [D4]7b by
methylation, the stability of the latter ruling out methyl
transfer as another pathway for exchange. This species is
also stable in this regard on irradiation, significant,
considering that chlorination of [Ds]17a and [Ds]17b
(CCly, THF, 23°C, 10 min) to tetradeuteriated
{M3-(CsHy)W(CO)3(CD[M’:15-(CsHz-CsHq)]W2(CO)s)
provided results that completely paralleled those obtained
in the generation of [D4]}7a and [D4]7b with respect to the
integrity of the position of the label.

Methyl migration could, however, be induced by
reduction of the W-W bond in 7b (1% Na-Hg, THF, 23°C,
1 h) to fumnish [R3:m5:n5-(C15H;1)W3(CO)gCH3)]?8 in the
form of two isomers bearing the methyl group at both the
terminal and internal positions in a ratio of 1:2.7,
respectively, changing to 1:6 on prolonged standing.
Treatment with CDsl furnished [Dg]6b, the unlabeled
methyl remaining mainly (2.2:0.9) bound to the central
tungsten. Isomer 7a behaved similarly, being converted
into the corresponding dianions (1.5:1) and, ultimately,
[Dgl6a (1.2:1.8). The uniquely intramolecular nature of
these processes could be established by cross-over
experiments involving 7a and 7b, respectively, admixed
with  their  [(n 5-CsD4)W(CO)s(CD3)]-substituted
counterparts. It appears that in reduced 7a the terminal Cp-
metal fragments are sufficiently mobile to allow for methyl
transfer, although other details of this transformation have
yet to be established. :

Permanent address: Institute of Inorganic Chemistry, University-GH
Essen, D-4300 Essen 1, Germany.

2. Activated Molybdenum-Molybdenum Quadruple
Bonds. Synthesis, Structure, and Properties of
[Mo02(0,CMe)2(en)4][(0O2CMe),]een: A Solid-State
Model for a Solvent-Shared Ion Pair (Publication 2)

B.W. Eichhorn,! M.C. Kerby,* R.C. Haushalter,! and
K.P.C. Vollhard:

Mo,(0,CMe)4 reacts with neat en at room temperature
to form the [Moy(0,CMe)y(en)41[(O,CMe);]een complex
in high yield. Under mild thermal conditions (~120°C),
this compound reverts back to Moy(0,CMe), in the solid
state. The complex has an unusual solid-state structure
incorporating two acetate counterions that are hydrogen
bonded to the spanning en ligands (see Figure 2-1).

The extent of acetate displacement in solution is not
clear; however, NMR studies suggest that solvent-for-
acetate substitution is more extensive in DO than in en.
This observation is consistent with the findings of Taube
and Bowen nearly two decades ago. Their studies showed
that stable, red solutions of aquated Mo,*t could be



Figure 2-1. Two Chem-X views of the [Moy(0,CMe);(en)41[02CMe);]
complex. For clarity, only the first nitrogen and carbon atoms of the axial

. en ligands are shown. Top: perspective perpendicular to the M-M vector
showing the coordination environment. Bottom: a view down the M-M
vector illustrating the N-H - O hydrogen bonds and the eclipsed M;Lg
core. (XBL 917-1678)

produced from K4MoyClg2H,O in 0.1 M aqueous
trifluoromethanesulfonic acid. Furthermore, they prepared
a compound of composition Moy(en)4Cly4 that forms stable,
yellow-orange aqueous solutions that presumably contain
Moy(en)4** ions. Except for a few ligand exchange
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reactions, the chemistry of these compounds remains
unexplored. .

It appears that the ability of the polar en solvent to
displace the acetate ligands from the coordination sphere of
the Mo, center in the title compound tends to activate the
complex toward reactions with external small organic
molecules such as terminal alkynes. The potential of these
solvated Mo,** ions for use as 8-e reductants in polar
solvents is intriguing, and our preliminary studies show that
the chemistry of these compounds is quite rich,

tPermanent address: Department of Chemistry and Biochemistry,
University of Maryland, College Park, MD 20742.

¥Permanent address: Exxon Research and Development Laboratories,
Baton Rouge, LA 70821.

!Permanent address: Exxon Research and Engineering Company, Clinton
Township, Annandale, NJ 08801.

3. Oligomerization of Alkynes by the RhCl3-Aliquat
336 Catalyst System (Publications 3 and 4)

I. Amer,! T. Bernstein,! M. Eisen,’ J. Blum," and K. P.C.
Vollhardt

The cyclo-oligomerization of several terminal and
internal alkynes under phase-transfer conditions by the
RhCl3-Aliquat 336 catalyst is described. The kinetics of 1-
heptyne cyclotrimerization at 90°C in 1,1,2,2-
tetrachloroethane/water were found to follow the second-
order rate law d[arene]/dt = -k[alkyne][RhCl3] when the
molar ratio of substrate:rhodium chloride:quat was
approximately 25:1:1. The activation energy of E, =
12.5 kcal mol-! suggests that the catalysis is both
chemically and diffusion controlled. Product analysis is
compatible with a mechanism that involves
rhodacyclopentadiene rather than metal cyclobutadiene
intermediates.

The RhCl3-Aliquat 336 ion pair in 1,1,2,2-
tetrachloroethane was shown to catalyze both
cyclodimerization and trimerization of internal phenyl-
alkynes in a highly regioselective manner. Thus, 1-phenyl-
1-propyne, 1-phenyl-1-butyne, and 4-phenyl-3-butyn-2-one
result in the corresponding 2,3-disubstituted 1-
phenylnaphthalenes, in addition to the respective 3,5,6-
trisubstituted 1,2,4-triphenylbenzenes as the only
cyclotrimerization products. Diphenylacetylene yields
1,2,3-triphenylnaphthalene and hexaphenylbenzene.
Formation of small amounts of 1-chloro-2,3-dimethyl-4-
phenylnaphthalene and 1-(2-chlorophenyl)-2,3-
dimethylnapthalene, in the cyclo-oligomerization of 1-
phenyl-1-propyne, supports a mechanism in which initial
oxidative coupling of the alkyne functions produces a 2,5-
diphenylrhodacyclopentadiene capable of subsequent



ortho-metallation of the phenyl substituents, followed by
metal hydride transfer and reductive elimination of the

resultant benzometallacycloheptatriene intermediate.

*Permanent address: Department of Chemistry, The Hebrew University,

Jerusalem 91904, Israel.

4. Facile Hydrogenation of the Central Cyclo-
hexatriene of Tris(benzocyclobutadieno)benzene:

Synthesis, Structure, and Thermal and Photochemical

Isomerization of all-cis-Tris(benzocyclobuta)-
cyclohexane (Publication 5)

- DL. Mohler,K.P.C. Vollhardt, and S. Wolff

We describe the first chemical reaction of hydrocarbon
1 (see Figure 4-1), namely its facile and stereoselective
hydrogenation to 2, whose x-ray structural analysis reveals
the presence of an unusually bond-fixed, planar
cyclohexane ring. The latter undergoes stereospecific
thermal retrocyclization exclusively to the hexaene 3, a
feature that, in conjunction with the associated kinetic data,
suggests the occurrence of an unprecedented all-disrotatory
In contrast, irradiation of 2 effects the
rearrangement of the new hydrocarbon 4 and, ultimately,
phenanthrene and naphthalene, whereas 3 photoisomerizes

process.

Figure 4-1. (a) Hy or Dy (1 atm), Pd-C, THF, 18 h; (b) C¢Dy, sealed tube,
125°C-160°C; (c) Etx0, hv 254 nm, —22°C, 4.5 h; (d) EpO, hv 254 nm,

-2°C, 3.5 h. (XBL 917-1679)
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to 5 (See Figure 4-1). The reported chemistry expands
significantly the range of the transformations recorded for
the benzocyclobutene nucleus and the tribenzo-(CH);2-
manifold.
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HEAVY-ELEMENT CHEMISTRY

Actinide Chemistry*

Norman M. Edelstein, Richard A. Andersen, Kenneth N.
Raymond, and Andrew Streitwieser, Jr., Investigators

INTRODUCTION

Development of new technological processes for the
use, safe handling, storage, and disposal of actinide
materials relies on the further understanding of basic
actinide chemistry and the availability of a cadre of trained
personnel. This research program is a comprehensive,
multifaceted approach to the exploration of actinide
chemistry and to the training of students. Research efforts
include synthetic organic and inorganic chemistry for the
development of new chemical agents and materials;
chemical and physical characterization through such
techniques as x-ray diffraction, optical and vibrational
spectroscopy, magnetic resonance, and susceptibility; and
thermodynamic and kinetic studies for the evaluation of
complex formation. One aspect is the development and
understanding of complexing agents that specifically and
effectively sequester actinide ions. Such agents are
intended for the decorporation of actinides in humans, in
the environment, and in systems related to the nuclear fuel
cycle. Extensive studies are under way to prepare
organometallic and coordination compounds of the f-block
elements that show the differences and similarities among
the f-elements, and between the f- and d-transition series
elements. Optical and magnetic studies on actinides as
isolated ions in ionic solids, and in molecules, provide
information about electronic properties as a function of
atomic number.

SPECIFIC SEQUESTERING AGENTS FOR THE
ACTINIDES

The coordination chemistry of the actinides and
lanthanides is being studied in order to create agents that

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.
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selectively and strongly bind f-transition elements in their
+4 or +3 oxidation states. Characterization of these
compounds includes the use of NMR spectroscopy, x-ray
crystallography, potentiometric and spectrophotometric
titrations, and electrochemistry. Possible applications for
these ligands include magnetic resonance imaging (MRI),
plutonium decorporation, uranium extraction from sea
water, and waste-actinide extraction and long-term storage.

1. Specific Complexation of Metal Oxo Cations
(Publication 9)

T.S. Franczyk and K.N. Raymond

Certain tripodal tertiary amine carboxylates form
monomers with the uranyl ion, employing the protonated
amine as a hydrogen-bond donor to the uranyl oxygen. The
hydrogen bond, along with the carbonyl groups, provides
three-dimensional recognition (stereognosis) and a more
stable complex. A formation constant with the uranyl ion
in aqueous solution and the extraction ability of a
hydrophobic complexing agent have been determined.
These ligands could be used to extract uranium from sea
water. Other such carboxylates form polymers with the
uranyl ion but could still be used in industrial processes
(see Figure 1-1).

Figure 1-1. A schematic view of ligands designed for the stereognostic
coordination’of UO3". Selective recognition of the cation involves
coordination to uranium and H-bonding to the oxo group. (XBL 911-155)



2. Pu(IV) Coordination (Publication 10)
X. Jide and K.N. Raymond

Previous workers have determined that the
tetracatecholates are not optimal ligands for decorporation
of Pu(IV) due to their high pK,'s.! However, the
terephthalamides have lower pK,'s and improved water
solubility.? New chelators have been synthesized: DTPA
analogs that contain only one or two catechol groups,
tetracatechoylamides and tetraterephthalamides containing
a polyaminomacrocyclic ring or H-shaped structure as a
backbone, and macrotricyclic terephthalamides. Initial in
vivo testing indicates that these tetracatecholates are not
efficacious in removing Pu(IV) from mice (see Figure 2-1).

1. M.J. Kappel, H. Nitsche, and K.N. Raymond, /norg. Chem. 24, 606
(1985).
2. TM. Garrett, P.W. Miller, and K.N. Raymond, Inorg. Chem. 28, 128
(1989).

SYNTHETIC AND STRUCTURAL STUDIES OF
ACTINIDES AND OTHER COMPOUNDS

3. Structural Studies on Cyclopentadienyl
Compounds of Trivalent Cerium: Tetrameric
(MeCsHg)3Ce, Monomeric (Me3SiCsH4)3Ce, and
{(Me3Si)2CsH3]3Ce and Their Coordination
Chemistry (Publication 1)

8.D. Stults, RA. Andersen, and A. Zalkin

The coordinated tetrahydrofuran in (MeCsHg)3Ce(thf)
can be removed by MesAl in a Lewis acid-base reaction or

NWaARSAY

NH HN, ° HN
HO. OH HO oH
HO OH HO OH
o NH 7 °NH HN HN

Figure 2-1. Structural formula of a new class of macrocyclic Pu(IV)
chelating agents that are now under investigation as
decontamination/decorporation agents. (XBL 911-154)
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by the “toluene-reflux method” to give base-free
(MeCsHy)3Ce, which is a monomer in the gas phase though
a tetramer in solid state; the crystals are monoclinic, P2y,
with a= 12.497(5) A, b= 26.002(8) A, c = 9.664(3) A, B =
97.33(3)°, R = 0.041 for 2117 data, and F2 > 26(F?. The
structure, shown in Figure 3-1, is made up of a cyclic
tetramer in which two MeCsHj rings are n>-bonded to each
cerium atom and one MeCsHy ring bridges two cerium
atoms such that the MeCsHy ring is n3-bonded to one
cerium and ml-bonded to the other. With larger
cyclopentadienyl groups, the binary metallocenes (n-
MesSiCsHy)sCe,  (M°-MesCCsHg)sCe, and  [n’-
(Me3Si),CsH3)3Ce are monomeric in gas phase and solid
state. The structure of the latter, shown in Figure 3-2, is
based upon a trigonal planar geometry; the crystals are
monoclinic, 12/c, with a= 22.752(5) A, b= 11.386(3) A,
c=17.431(4) A, B=105.70(3)°, R = 0.046 for 2519 data,
and F2> 36(F?. All of the binary metallocenes form 1:1
complexes with isocyanides and organocyanides, and the
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Figure 3-1. ORTEP diagram of (n°-MeCsHz)g (u-n° m!-MeCsHy)4Cey,
50% probability ellipsoids, Cp 1 = ring centroids of C(2-6), Cp 2 =ring
centroid of C(8~12), Cp 3 = ring centroid of C(14-18), Cp 4 = ring
centroid of C(20-24), Cp 5 = ring centroid of C(26-30), Cp 6 =ring
centroid of C(32-36); Ce(1)C(2-6, 8-12) and Ce(2)C(20-24, 32-36) =
2.80(3) A (avg.); Ce=Cp(1,2,4,6) = 2.54 A; Ce(1)~C(14-18) and Ce(2)-
C(26-30) = 2.88(4) A (avg.); Ce-Cp(3,5) = 2.62 A; Cp(1)-Ce(1)-Cp(2)
and Cp(4)-Ce(2)-Cp(6) = 117°; Cp(1)-Ce(1)-Cp(2), Cp(2)-Ce(1)}-Cp(3),
Cp(4)-Ce(2)-Cp(5), and Cp(6)-Ce(2)-Cp(5) = 116° (avg.); Ce(1)-
C(28) = 3.09(1) A; Ce(2)-C(16) = 2.97(1) A; Cp(1)-Ce-C(28), Cp(2)-
C;;C(ZS), Cp(4)-Ce—C(16), Cp(6)-Ce~C(16) = 100° (avg.). (XBL 912
174)



Figure 3-2. ORTEP drawing of [°"(Me;Si),CsH314Ce, 50% probability
ellipsoids; Ce~C = 2.83(4) A (avg.), Ce-ring centroid = 2.57 A (avg.), and
ring centroid—Ce—ring centroid = 120° (avg.). (XBL 912-175)

crystal structure of two of them have been determined: (1)
(MeCsHy)3Ce (CNCMes) is monoclinic, P2y, with a=
14.2593) A, b= 9.382(2) A, c= 17.652(3)A, B =
106.16(3)°, R = 0.050 for 1501 data, and F2 > 306(F2); (2)
[(Me3Si),CsH3l3Ce(CNCMes) is also monoclinic, P2y,
with a = 11.462(3) A, b= 17.146(4) A, c = 26.826(6) A,
B = 112.93(3)°, R = 0.047 for 2437 data, and F2 > 36(F),
as shown in Figures 3-3 and 3-4, respectively.

4. Chemistry of Trivalent Cerium and Uranium
Metallocenes: Reactions with Alcohols and Thiols
(Publication 2)

S.D. Stults, RA. Andersen, and A. Zalkin

The trivalent cerium metallocene (Me3CCsHy)3Ce
reacts with alcohols, HOR (R = CHMe; or Ph), or thiols,
HSR (R= CHMe,; or Ph), to give the dimers
(Me3CCsHy)gsCes (U-ER);, as shown by x-ray
crystallography for the isopropoxide and isopropylthiolate
derivatives. Crystals of (Me3CCsHy)4Cer (u-OCHMey),
(Figure 4-1) are monoclinic, P2/c, with a = 11.962(4) A,
b= 14.489(5) A, ¢ = 12.384(5) A, B=103.31(3)°, and V =
2089 A3; the structure was refined by full-matrix least
squares to a conventional R-factor of 0.028 for 2874 data,
with F2 > 206(F2). The Ce0, unit is planar; the geometry
about the cerium atom is pseudotetrahedral, and the
geometry is planar about the oxygen atom. Crystals of
(Me3CCsHy)4Cey (n-SCHMe,), (Figure 4-2) are also
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Figure 3-3. ORTEP drawing of (ns'MeC5H4)3Ce (CNCMes), 50%
probability ellipsoids; Ce—C(Cp) = 2.79(3) A, Ce-ring centroid = 2.55 A
(avg.), ring centroid—Ce-ring centroid = 119° (avg.), Ce-C(19) =
2.71(2) A, ring centroid-Ce-C(19) = 97° (avg.). (XBL 912-176)

Figure 3-4. ORTEP drawing of [ns—(Me3Si)2C5H3]3Ce (CNCMes), 50%
probability ellipsoids; Ce~C(Cp) = 2.87(3) A (avg.), Ce-ring centroid =
2604 (avg.), ring centroid-Ce-ring centroid = 119.5° (avg.), Ce-C(34) =
2.70(1) A, ring centroid-Ce~C(34) = 94° (avg.). (XBL 912-177)

monoclinic, P2;/n, with a = 14.255(9) A, b=13.585(9) A,
= 11.265(7) A, B = 96.02(5)°, and V = 2170 A3; the
structure was refined by full-matrix least squares to a



Figure 4.1. ORTEP diagram of (Me3CCsHy4)4Cey (-OCHMejp), 50%
probability ellipsoids; C(19) is disordered and refined as two isotropic

half-atoms, only one conformation of which is shown. Ce-C (avg.) =

2.83 £ 0.04 A; Ce—Cp (cent.) = 2.58 &; Ce-0 = 2.373(3) A, 2.369(3) A;

CeCe = 3.844(2) A; Ce-0O-Ce = 108.3(1)°; O-Ce-O = 71.7(1)°; Ce-O-
C(19) = 143.3(5)°, 108.2(5)°; Cp (cent.)-Ce-Cp (cent.) = 128.5°. (XBL

912-172)

conventional R-factor of 0.028 for 2899 data, with F2>
26(F2). The Ce;S> unit is planar, and the geometry about
cerium is pseudotetrahedral, though the geometry is
pyramidal at sulfur so that the isopropyl groups are anti
relative to the Ce;S, ring. Methanol or water give an
insoluble solid, presumably Ce(OMe); or Ce(OH),,

Figure 4-2. ORTEP diagram of (Me3CCsHy),Ce, (1-SCHMe,),, 50%

probability ellipsoids; Ce-C (avg.) = 2.78 + 0.02 A; Ce-Cp (cent.) =
2.52 A; Ce-S = 2.870(2), 2.894(2) A; Ce"Ce = 4.449(2) A; Ce-S—Ce =
101.06(6)°; S—Ce-S = 78.94(6)°; Ce-S~C(19)° = 128.5(3)°, 118.2(4)°; Cp
(cent.)-Ce—Cp (cent.) = 131°. (XBL 912-173)

whereas HECMe3 (E = O or S) does not react with
(Me3CCsHy4)3Ce; but the thiol does react with the sterically
less bulky metallocene (MeCsHy)3Ce(thf) to give
(MeCsHy)4Cey (L-SCMe3);. The pKa's (H,0) of the
organic acids generally predict the thermodynamic outcome
of the proton exchange reactions, though the latter set of
experiments show that kinetic (i.e., steric) factors play a
role. The uranium metallocene (Me3CCsHy)sU reacts with
HSPh at low temperature to give isolable (Me3CCsHa)4U2
(1-SPh),, which rearranges in solution to the monomeric,
tetravalent species (Me3CCsHy)3USPh and unidentified
material. The dimeric intermediate cannot be detected with
the sterically smaller metallocene (MeCsH4)3U(thf), as
only (MeCsH4)sUER (ER = OMe, OCHMe,, OPh, and
SCHMey,) is isolated.

5. [(MeCsH4)3U]2[p-1,4-N2CgHy]: A Bimetallic
Molecule with Antiferromagnetic Coupling Between
the Uranium Centers (Publication 3)

R.K. Rosen, R A. Andersen, and N.M. Edelstein

The two bimetallic, pentavalent uranium metallocene
compounds [(MeCsHg)3U]2(1-1,4-N2CgHy), 1 in Figure 5-
1, and [(MeCsH,)3Ul2(u-1,3-NoCgHy), 2 in Figure 5-1,
have been prepared from (MeCsHy)3U(thf) and 14-
diazido- and 1,3-diazido-benzene at room temperature,
respectively. Magnetic-susceptibility studies on these
solids from 5 to 280 K show that the spins on 1
antiferromagnetically couple at ~20 K while those on 2 do
not couple to 5 K (see Figure 5-2). The susceptibility curve
for 1 can be fit to a one-dimensional exchange between the
two metal centers with a J of ~19 cm~1 (see Figure 5-3). A
super-exchange model is postulated to account for these
results, since the imido-nitrogens of the bridging ligand in 1
are in the 1,4-positions of the benzene ring and they can
conjugate, while the bridging ligand in 2 has the imido-
nitrogen on the 1,3-positions of the benzene ring and they
cannot conjugate.

(MCC5H4)3U:N—®‘N=U(MCC5}[4)3 1

Figure 5-1. Two bimetallic, pentavalent uranium metallocene
compounds. (XBL 918-1685)
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Figure 5-2. Experimental magnetic susceptibility data of 1 and 2 as a
function of temperature. (XBL 901-210)

6. The Uranocene Half-Sandwich:
Mono[8]annuleneuranium(IV) Dichloride and Some
Derivatives (Publication 5)

T.R. Boussie, R.M. Moore, Jr., A. Streitwieser, A. Zalkin, J.
Brennen, and K.A. Smith

A facile synthesis of [8]annulene uranium(IV)
dichloride (1) has been developed via the reduction of
cyclooctatetraene (COT) by UCls, or through reaction of
UCly, COT, and NaH. Crystals of 1 solvated by tetra-
hydrofuran (THF) were not sufficiently stable for x-ray
crystal analysis, but a crystal structure of the bis-pyridine
adduct, {8]annuleneuranium(IV) dichloride bis(pyridine),
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Figure 5-3. Comparison of experimental magnetic susceptibility data
with calculated values for 1. The calculations are with gy = 2.6. The
impurity is assumed to be (MeCgH,4)3U(thf), and three calculated curves
are shown for J = ~18 cm~! (no impurity), J = -19 cm™! (1 mole%
impurity), and J = -20 cm™! (2 mole% impurity). (XBL 901-211)
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(CgHg)UCI,(NCsHs), (2), was determined (see Figure 6-1).
Crystals of 2 are monoclinic, P2,/c, with a = 15.431(3) A,
b= 7.744(2) A, ¢ = 15.665(3) A, Z = 4, and Ry = 2.8%.
Reaction of 1 with sodium acetylacetonate gave the corre-
sponding half-sandwich derivative [8]annulene ura-
nium(IV) bis(acetylacetonate), (CgHg)U(CH3COCHCO-
CHs); (3). The crystal structure of 3 is shown in Figure
6-2. Crystals of 3 are monoclinic, P2;/n, with a=
19.166(4) A, b= 10.312(2) A, c = 9.227(2) A, Z = 4, and
=2.7%.

The 'H NMR spectrum of 1 in THF-dg at 30°C shows
a single resonance at —31.8 ppm with a line width of 18 Hz
corresponding to the [8]annulene protons. Replacement of
the coordinating THF ligands with pyridine results in only a
small change in the ring proton resonance. '

Reaction of 1 with COT dianion gives uranocene.
Reaction with a substituted COT dianion gives a statistical
mixture of the possible uranocenes. Attempted alkylations
of 1 with organolithium or Grignard reagents failed to
produce isolable products in which the chlorides were
replaced. Similarly, attempted reactions of 1 with metal
alkoxides gave no isolable products. The reaction
chemistry of these half-sandwich compounds is clearly
limited.

The activation parameters for the coordination of
trimethylphosphine (PMe3) to 1 in THF solution have been
measured by variable-temperature NMR: AH* = 12.7 kcal
mol-l, AS# =22 e.u., and AG* = 12.1 kcal mol-1-

7. Structures of Organo-f-Element Compounds
Differing in the Oxidation State of the f-Element:
Crystal Structures of Bis([8]annulene) Complexes of
Cerium(1V), Ytterbium(III), and Uramum(III)
(Publication 13)

T.R. Boussie, D.C. Eisenberg, J.T. Rigsbee, A. Streitwieser,
and A. Zalkin

Crystal structures of the first organometallic compound
of cerium(IV), 1,1’-dimethylcerocene, 3, and of a reduced

Figure 6-1. ORTEP drawing of 2. (XBL 892-550)



AN D
. C el

Figure 6-2. ORTEP drawing of 3. (XBL 892-551)

uranocene, (diethylene gycol dimethyl ether)potassium
bis(methyl[{8]annulenyl)uranate(Iil), 7, have been obtained
and are shown in Figures 7-1 and 7-2, respectively. They
provide valuable comparisons with related organometallic
structures derived from cyclooctatetraene (COT) dianion.
The results show that the effective size of the [8]annulene
ring (rcot) varies over a wide range. A selection of the
available data is summarized in Table 7-1.

For a given oxidation state, the metal ligand distance
normally increases as the coordination number (C.N.)
increases. Comparisons of 10-coordinated uranocene, 1,
and thorocene, 2, with their 9-coordinate half-sandwich
analogs 4, 5, and 6 show a reversal of this generalization.
The generalization holds for the cerium(III) compounds 8
and 11. In the potassium sandwich salts 7, 8, and 9, the two
rings have different effect sizes; the COT ring that is also
coordinated to K* is farther from the central f-element.
Especially dramatic is the comparison of these potassium
salts with 12. The coordination environment around the
potassium is the same in all four cases, yet the K-COT
distance varies widely. :

The results can be rationalized by the recognition that
the ring-metal distance depends not just on some intrinsic
function of coordination number on metal cation radius but
also on the mutual repulsions of the ligands. In 4, 5, and 6,
the repulsions between the one COT dianion ring and the
other ligands is greater than between the two COT dianion
rings of 1 and 2. In 7, 8, and 9, one COT ring is attracted

|
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Figure 7-1. ORTEP drawing of 3. (XBL 904-1349)

only to a central trivalent cation while the other is attracted
to a K+ as well. In these compounds the K* is repelled by
the central trivalent cation, whereas in 12 only the repulsion
of two monovalent cations is involved.

Figure 7-2. ORTEP drawing of 7. (XBL 904-1351)



Table 7-1. Comparison of M-C bond lengths and rcor for several [8]annulene complexes.

Compound M M M-C Tmetals fcoTs

C.N. Dist., A A

1. U(CgHjg), U4+ 10 2.64 1.08 1.57
2. Th(CgHg)2 Th#+ 10 2.70 1.13 1.57
3. Ce(MeCgHy), Cet 10 2.69 1.07 1.62
4. (CgHg)UCI(NCsHs), U4+ 9 2.68 1.05 1.63
5. (CgHg)U(acac); U4 9 2.69 1.05 1.64
6. (CgHg)ThCl,(thf), Th4+ 9 2.72 1.09 1.63
2.71 1.09 1.62

2.72 1.09 1.63

7. [K(diglyme)][UMeCgH7)7]* U3+ 10 2.73 1.22 1.51
5 10 2.71 1.22 1.49

K* 8 3.26 1.51 1.75

8. [K(diglyme)][Ce(CgHg)2]? Ce3+ 10 2.73 1.25 148
Ce3+ 10 275 1.25 1.50

K+ 8 3.17 1.51 1.66

9. [K(diglyme)l[Yb(CgHg),12 Yb3+ 10 2.61 1.10 1.51
Yb3+ 10 2.60 1.10 1.50

K* 8 3.19 1.51 1.68

10. (CgHg)Lu(CsMes) Lu3+ 8 243 0977 1.46
11. [(CgHg)CeCl(thf),], Ce3+ 9 271 1.20 1.51
12. [K(diglyme)]o(Me4CgHy) K+ 8 3.00 1.51 1.49

2The [8]annulene rings are in different coordination environments.

PHYSICAL AND SPECTROSCOPIC PROPERTIES

8. The 6d — 5f Fluorescence Spectra of PaClg— ina
Cs,ZrClg Crystal (Publication 15)

D. Piehler, W.K. Kot, and N. Edelstein

Emission spectra from the parity-allowed electronic
transitions between the lowest crystal-field level of the 6d!
configuration to all the electronic levels of the 5fl
configuration of Pa%* (see Figure 8-1) diluted into single
crystals of Cs,ZrClg at 4.2 K show highly structured
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vibronic sidebands (see Figure 8-2). Vibronic progressions
are seen along the 310 cm™! totally symmetric stretch of the
PaCl%, complex. Most v1bromc peaks correspond to even
parity vibrations of the PaCl6 complex or the host lattice.
Additionally, electronic Raman scattering was observed
between the two lowest crystal-field levels of the 5f!
configuration by exciting with an argon-ion laser in near
resonance with the lowest level of the 5d! configuration.
The spectra allow four levels of the 5f configuration, as
well as the lowest I'g, level of the excited 6d configuration
of Pa**/Cs,ZrCl, to *be measured accurately. An analysis
of vibronic structure indicated that the Pa-Cl bond distance
is ~0.1 A longer in the 6d excited state than in the ground



(cmt)

>33000 (g

6d
24340 T7)
20780 Tsp)
80001200 2F7,(T6n)
70802200 2F;p(T3,)
5210200 2F(T5,)

5f
(1912)  FspTe)
0 2F5p(T7y)

Figure 8-1. Schematic energy-level diagram for the 5f and 6d
configurations of Pa**/Cs,ZrCl,. (XBL 911-6)
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Figure 8-2. Fluorescence spectrum from the 6d(T'g 8) level to the 5f(T";,))
level. (XBL 911-7)

5f configuration. The simple crystal-field model cannot
accurately reproduce the energies of the 5f configuration
and the g value of the ground state. The relative strengths
of the fluorescent bands are reproduced quite well by a
calculation of the relative electric-dipole intensities
between the 6d(I'g,) state and the 5f levels.

9. Luminescence of Sm2* Ions as a Probe of
Pressure-Induced Phase Transitions in SrF,
(Publication 19)

C.S. Yoo, HB. Radousky,! N.C. Holmes, and N.M.
Edelstein

The luminescence spectra of Sm2+ diluted in SrF, are
characteristic of the local site symmetry and bulk crystal
phase of StF,. In this paper the change in these spectra are
used to monitor the B (cubic) to o (orthorhombic) phase
transition of StF, at 5 GPa and 300 K. Several spectra at
various temperatures and pressures are shown in Figure
9-1. The Sm2* spectra in the o phase show a series of
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Figure 9-1. Luminescence spectra of Sm2* ions doped in StF; crystals;
(a) 4f-4f transitions in B-SrFy at 0 GPa and 15K, (b) 4f-4f and 5d-4f
transitions in B-SrF5 at 2.5 GPa and 28 K, and (c) 4f-4f transitions in o~
SrF; at 5.1 GPa and 296 K. (XBL 911-4)



sharp 4f-4f transition bands originating from the 5D, level
to 7FJ multiplets, including a strong transition for AJ = 0.
The high-pressure o phase is metastable and can be
recovered at 1 atmosphere and 30 K. At low temperatures,
these transitions are not observed; instead, the 4f55d! band
of the Sm2* ion in the B phase shifts below the 5D, (4%)
level at 4.5 GPa and 30 K. The relative energies of the
low-energy 4f55d! band edge and the D, — F,
fluorescent line as a function of pressure are shown in
Figure 9-2. This band crossing occurs reversibly in the B
phase. The nature of the Sm2* luminescence spectra in the
o- and B-phases of SrF, at several pressures and
temperatures is discussed.

tPermanent address: Lawrence Livermore National Laboratory,
Livermore, CA 94550.

10. The Electronic Structure of Metalloorganic
Compounds of f-Elements XXVII. Interpretation of
the Optical, Magnetic, EPR, and NMR Spectroscopic
Properties of the Neutral Base Adducts of Tris(n--
cyclopentadienyl)Nd(III) (Publication 20)

H. Reddmann,! H. Schultze,f H.-D. Amberger.f G.V.
Shalimoff, and N.M. Edelstein

The absorption spectrum of (Cp-ds);Nd-THF-dg was
measured in hydrocarbon glasses and in KBr and teflon
pellets at room and low temperatures. The bands were
assigned based on calculations assuming the crystal-field
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Figure 9-2. Peak position of the 4f-4f band and the red edge position of
the 4f-5d band in the B phase as a function of pressure, showing the band
crossing at 4.5 GPa and 30 K. Closed and open circles represent the up
and down strokes in pressure, respectively. (XBL 911-5)
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parameters of the Nd complex were the same as for the
previously analyzed Cp;Pr-MeTHF. The parameters of the
empirical Hamiltonian were fitted to the energies of 96
levels to give an r.m.s. deviation of 26 cm™1. On the basis
of the wave functions of the crystal-field ground state
obtained from these calculations, the observed EPR
spectrum of Cp3Ndg ggLag 94'THF could be explained. The
calculated wave functions and eigenvalues were used to
simulate the experimentally determined temperature
dependence of Hegr of powdered CpsNd-THF and of an
oriented single crystal of Cp;Nd'NCCH;. With the
assumption that the methyl protons of the y-picoline ligand
of Cp;Ndy-pic and(MeCp);Nd-y-pic, respectively,
experience an NMR shift due only to dipolar coupling, the
paramagnetic anisotropy x;-x was estimated.

tPermanent address: Institut fiir Anorganische und Angewandte Chemie
der Universitit Hamburg, Martin-Luther-King-Platz 6, D-2000 Hamburg
13, Germany.

11. Photoreduction of Ce(IV) in Ce,(OiPr)g({PrOH),.
Characte_rizatio_n and Structure of
Ce4 O(O'Pr),3(*PrOH) (Publication 21)

K. Yunlu,T P.S. Gradeff,! N. Edelstein, W. Kot,
G. Shalimoff, W E. Streib,i BA. Vaartstra,i and
K.G. Caulton?t

Visible irradiation of Ce,(O'Pr)s(PrOH), yields the
mixed-valence compound Ce O(O'Pr),;(PrOH), which has
been characterized by 'H NMR, infrared spectra, elemental
analysis, and x-ray diffraction. The structure is described
by Ceg4(114-0)(13-OPr),(11,-O'Pr) ,(O'Pr),(PrOH) (see
Figure 11-1). The Ce,(14-O) core has a butterfly form,
with a crystallographic C, axis that passes through the
oxide ion and the center of a symmetric hydrogen bond
between the coordinated alcohol and one terminal alkoxide.
This photoredox reaction cannot be thermally induced and
requires that hydrogen be present on the carbon o to the
alkoxide oxygen. Magnetic susceptibility and EPR studies
show the compound to be paramagnetic. Two temperature
ranges of Curie-Weiss behavior are observed, with p g =
2.7 BM from 80-300 K. Crystal data (-130°C): a=

'21.405(6) A, b= 14.0773) A, c= 20.622(6) A, B=

103.97(1)°, with Z = 4 in space group C2/c.

* Permanent address: Rhone-Poulenc, Inc., New Brunswick, NJ 08901.
$Permanent address: Department of Chemistry and Molecular Structure
Center, Indiana University, Bloomington, IN 47405.



Figure 11-1. ORTEP drawing of the nonhydrogen atoms of
Ce,O(O'Pr)|;(PrOH), showing selected atom labeling.  The
crystallographic C, axis (which creates primed from unprimed atoms) lies
vertically in both drawings. Oxygens are stippled. (XBL 911-15)

12. Electronic Coherent Anti-Stokes Raman
Spectroscopy in CeF3 (Publication 17)

D. Piehler

The coherent anti-Stokes Raman spectra (CARS) of the
electronic states of the Ce3* ion in a CeF; crystal at 3.8 K
have been measured. CARS resonances involving the
ground state of the 2Fs, manifold and the Stark
components of the 2F;, manifold at 2161 cm~! and
2239 cm~! have been detected. Measurements were made
with both visible (A; = 476 nm, A, = 532 nm) and near-
ultraviolet (A, = 355 nm, A, = 385 nm) lasers. The energy-
level diagram and experimental frequencies for the singly
resonant electronic CARS experiment are shown in Figure
12-1. The intensity of a normalized CARS signal is shown
in Figure 12-2. The enhancement of the third-order
susceptibility due to the electronic transitions,
ICRjGINRy . is as great as 4.8. This represents an
order-of-magnitude increase over singly resonant electronic
CARS experiments in other rare-earth crystals. The CARS
data also yielded accurate measurement of the Ce3+
electronic Raman cross sections. In the visible region, ¢,
(2161 cm™) = (5.0 1.1) x 10-3%cm?, and o, (2239
ecm~1)= (1.9% 0.7) x 10-3%cm2. Both the absolute
magnitude and dispersion of ly®R|_ . could be calculated
by modeling the virtual intermediate states as a single
degenerate 5d state at 45000 cm™1,
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Figure 12-1. Schematic diagram of single resonant electronic CARS in
CeF, using visible lasers. A frequency-doubled Nd&**:YAG laser
provided a fixed w,27c = 18794 cm™.. A tuneable dye laser provided
©,27c = 21000 em~1. Energy levels are not drawn 1o scale. (XBL 911-
16)
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Figure 12-2. Intensity of a CARS signal, normalized to the off-resonance
intensity, at frequency w, as a function of ®; ~ @, with the visible lasers
polarized in the z direction. The solid line is from an empirical fit. (XBL
911-17)
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CHEMICAL ENGINEERING SCIENCES

Moleculaf Thermodynamics for Phase
Equilibria in Mixtures*

John M. Prausnitz, Investigator

INTRODUCTION

Phase equilibria are required for design of efficient
large-scale separation processes (e.g., distillation and
extraction) .in the chemical and related industries. In this
context, “efficient” refers to optimum use of raw materials
and to conservation of energy.

Since the variety of technologically important fluid
mixtures is extremely large, it is not possible to obtain all
equilibria from experiment. Therefore, the objective of this
research is development of molecular thermodynamics for
interpretation and correlation of reliable experimental data
toward confident prediction of phase equilibria for
engineering. The correlations are expressed through semi-
theoretical, physicochemical models in a form suitable for
computer-aided design. Particular attention is given to
those materials that may be useful for innovative low-
energy-consuming separation processes, such as polymers
and gels and micellar systems, with possible applications in
biotechnology. However, attention is also devoted to
conventional materials for applications in fuel technology
and for recovery of solutes from wastewater.

Development of molecular thermodynamics calls for a
combination of theoretical, computational, and
experimental work. Further, it requires simultaneous
~ awareness of progress in molecular science and of realistic
requirements for engineering design.

*This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Chemical Sciences Division, of the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.
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1. Thermodynamics of Liquid-Liquid Equilibria
Including the Critical Region. Transformation to Non-
Classical Coordinates Using Revised Scaling
(Publication 1)

J.J. de Pablo and J.M. Prausnitz

Classical or mean-field models for equilibrium
properties of fluids and fluid mixtures are inaccurate near a
critical point. To improve the performance of such models
near the critical point of a pure fluid, Fox proposed a
method of transforming the coordinates of a classical
equation of state to nonclassical coordinates. Recently, we
have extended the method of Fox to binary liquid mixtures
at constant pressure and to ternary liquid mixtures at
constant pressure and temperature. However, our previous
extension has used simple scaling, where transformation to
nonclassical coordinates is symmetric with respect to the
critical point. In this work, our extension is applied to
binary and ternary liquid mixtures in a revised-scaling
context that allows for the asymmetry found in real
systems. Results are shown for binary and ternary liquid
mixtures. For a few illustrative examples, good agreement
is obtained between experimental and calculated
coexistence curves.

2. Thermodynamics of Aqueous Systems Containing
Hydrophilic Polymers or Gels (Publication 2)

MM. Prange, H.H. Hooper, and J.M. Prausnitz

A quasichemical partition function is applied to
represent the thermodynamic properties of aqueous
solutions of nonelectrolytes, including linear polymers and
crosslinked polymers (gels). The partition function extends
conventional lattice theory; to take into account strong
specific interactions (hydrogen bonds) as encountered in
aqueous solutions, each molecule (polymer segment) may
possess three energetically different types of contact sites.
We distinguish between sites that interact through .
dispersion forces and sites that can participate in a
hydrogen bond; hydrogen-bonding sites are divided into
electron-pair donating sites and electron-pair accepting
sites. The Helmholtz energy of the mixture is obtained
using an oriented quasichemical approximation. The final



equation contains three independent adjustable binary
parameters; these are the exchange energies for different
types of contact pairs. To represent quantitatively upper or
lower critical solution phenomena, we include the
semitheoretical fluctuation correction recently proposed by
de Pablo. Comparison with experimental data indicates
that the proposed molecular-thermodynamic model may be
useful for representing phase equilibria for a variety of
aqueous systems, including swelling equilibria for
hydrophilic gels.

3. Molecular Thermodynamics of Fluid Mixtures at
Low and High Densities (Publication 3)

D. Dimitrelis and J.M. Prausnitz

A molecular-thermodynamic framework is proposed to
describe phase equilibria over a wide range of densities and
compositions. The proposed framework is expressed
through a model for the Helmholtz energy that incorporates
arbitrary mixing rules at high densities, while at low
densities the model reduces to the correct second-virial-
coefficient limit. In effect, this framework provides
density-dependent mixing rules. The proposed framework
is illustrated with an equation of state of the Boublik-
Mansoori-van der Waals form. Special attention is given to
high-pressure vapor-liquid equilibria for systems containing
water and hydrocarbons.

4. Swelling Equilibria for Positively Ionized
Polyacrylamide Hydrogels (Publication 4)

H.H. Hooper, J.P. Baker, HW. Blanch, and J.M. Prausnitz

Swelling equilibria are reported for polyacrylamide
gels in water and for copolymer gels containing acrylamide
and [(methacrylamido)propyl] trimethylammonium
chloride (MAPTAC) in aqueous NaCl solutions. Gel
swelling was investigated as a function of gel structure
(cross-link density and monomer concentration), degree of
gel ionization (relative amount of charged comonomer),
and solution ionic strength. A gel-swelling model is
presented that describes polymer/solvent mixing effects
using a recently proposed lattice model developed for
aqueous/polymer systems; this model accounts for
hydrogen bonding in aqueous solutions by distinguishing
between different types of contact sites on a solvent
molecule or polymer segment. The elastic contribution to
swelling is represented using a network theory that
accounts for nonaffine displacement of network junctions
under strain; polyelectrolyte effects on swelling are
described using ideal Donnan theory. Swelling equilibria
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for uncharged polyacrylamide networks in water are
correlated using the gel-swelling model. The model
describes reasonably well the effect of cross-link density on
swelling but fails to reproduce accurately the dependence of
swelling on monomer concentration at preparation.
Exchange-energy parameters obtained from polyacrylamide
gel-swelling measurements are used to predict swelling in
salt solutions for acrylamide/MAPTAC copolymer gels.
The model predicts well the effect of gel charge density and
solution ionic strength on swelling; however, the effect of
monomer concentration is not accurately predicted. Further
work is needed to quantify the effect of monomer
concentration on the swelling and elastic properties of
polyacrylamide hydrogels.

5. Effect of a Dissolved Gas on the Solubility of an
Electrolyte in Aqueous Solution (Publication 5)

HR. Corti, M.E. Krenzer, J.J. de Pablo, and J M. Prausnitz

The solubility of Na;SO4 in aqueous CO; solutions has
been measured at 50°C and 75°C and at pressures to 200
bar. To calculate the effect of gas concentration on the
solubility of the salt, we use thermodynamic-consistency
equations that relate the solubility of the salt to the
Setschenow constant and other thermodynamic properties.
The effect of pressure on the salt solubility is estimated
from volumetric data for the aqueous electrolyte solution
and for the solid salt. Caiculated and experimental results .
are in good agreement. By use of the thermodynamic-
consistency analysis, predictions are made for the solubility
of NaCl in aqueous solutions containing CO5 or CHg4, using
available data for gas solubility in the respective binary
electrolyte solutions. The predicted decrease of NaCl
solubility with rising CO, concentration is confirmed
experimentally at 50°C.

6. Biotechnology: A New Frontier for Molecular
Thermodynamics (Publication 6)

J.M. Prausnitz

Thanks to growing scientific knowledge at the
molecular level and to the awesome growing power of
computers, it may now be possible to apply molecular
thermodynamics toward the development and production of
biochemicals. To illustrate that possibility, a few examples
are presented; these include extraction for isolating solutes
from dilute aqueous solution; extraction using organic
solvents containing reverse micelles; phase separation in
liquid solutions of large molecules using shear; entropy-
driven adsorption of enzymes; and finally, molecular-




simulation calculations to determine the catalytic properties
of a mutant enzyme.

While novel future applications will require much
dedicated research, it is necessary to start now to build the
necessary foundations. Emphasis must be directed toward
establishing a representative data base and toward
increasing familiarity with new experimental methods and
new theoretical concepts. To apply molecular
thermodynamics to biotechnology, it is particularly
important for chemical-engineering thermodynamicists to
give attention to the properties of aqueous systems
containing salts and large, charged molecules.

7. Phase Equilibria for Fluid Mixtures from Monte
Carlo Simulation (Publication 7)

J.J. de Pablo and J. M. Prausnitz

The Gibbs-ensemble Monte Carlo simulation method
is extended for simulation of systems containing
polyatomic molecules. This extension is used to predict
phase equilibria in systems containing pure and mixed
lower alkanes. To describe interactions between different
groups, we use OPLS potential-energy functions. We also
give results for the simulated vapor-liquid coexistence
curve of water, using a TIP4P potential function.

8. Monte Carlo Simulation of Phase Equilibria for the
Two-Dimensional Lennard-Jones Fluid in the Gibbs
Ensemble (Publication 8)

R.R. Singh, K.S. Pitzer,J.J. de Pablo, and J M. Prausnitz

The coexistence curve of the two-dimensional
Lennard-Jones fluid has been obtained by Monte Carlo
simulation in the Gibbs ensemble. The calculated vapor-
liquid equilibria show that the apparent critical exponent J3,
has a value near that of an infinitely large system, rather
than the classical value, even though the correlation length
is constrained by the box size. These results are similar to
those for the three-dimensional case.

9. A Simple Perturbation Term for the Carmnahan-
Starling Equation of State (Publication 9)

R. Dohrn and J.M. Prausnitz

A simple perturbation term is presented for the
Camahan-Starling (CS) hard-sphere reference equation of
state (EOS). This perturbed CS EOS is compared with
seven other two-parameter equations of state; it represents
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the critical isotherms of eight fluids with the lowest
deviations in density and pressure. After a generalized
temperature dependence is introduced for parameters a and
b, the perturbed CS EOS is compared to the well-known
Peng-Robinson equation. For nine nonpolar pure fluids,
the perturbed CS EOS represents liquid densities
significantly better, but it is not superior for vapor
pressures. For mixtures, the CS reference term is given by
the Boublik-Mansoori hard-sphere mixture EOS. Some
calculations for binary mixtures are given, using
conventional mixing rules for parameters a and b in the
simple perturbation term.

10. Configurational Properties of Partially Ionized
Polyelectrolytes from Monte Carlo Simulation
(Publication 10)

HH. Hooper, HW. Blanch, and J.M. Prausnitz

Monte Carlo simulations have been performed for a
lattice model of an isolated, partially ionized
polyelectrolyte whose charged groups interact through
screened Coulombic potentials. Configurational properties
are reported as a function of chain ionization and Debye
screening length for chains containing 20-140 segments.
At high screening between fixed charges, the chains exhibit
power-law scaling behavior for the dependence of the
mean-square end-to-end distance <r?> on chain length. At
lower screenings the chains undergo a transformation from
flexible to stiff conformations as ionization rises. Long-
chain scaling behavior was not observed at low screening
due to the limits on the chain lengths studied here.
Simulation results for poly-ion electrostatic energies and
expansion factors are compared with predictions based on
the theory of Katchalsky and Lifson and the uniform-
expansion extension of this theory. Large discrepancies
between theory and simulation are probably due to the
assumed theoretical expressions used for describing
distance probability distributions between charged groups.

11. Monte Carlo Simulations of Hydrophobic
Polyelectrolytes. Evidence for a Structural Transition
in Response to Increasing Chain Ionization
(Publication 11)

H.H. Hooper, S. Beltran, A.P. Sassi, HW. Blanch, and J.M.
Prausnitz '

Monte Carlo simulation has been used to study the
configurational properties of a lattice-model isolated
polyelectrolyte with attractive segment-segment interaction
potentials. This model provides a simple representation of



a hydrophobic polyelectrolyte. Configurational properties
were investigated as a function of chain ionization, Debye
screening length, and segment-segment potential. For
chains with highly attractive segment-segment potentials
(i.e., hydrophobic chains), large global changes in polymer
dimensions were observed with increasing ionization. The
transformation from a collapsed chain at low ionization to
an expanded chain at high ionization becomes increasingly
sharp (i.e., occurs over a smaller range of ionization) with
increasing chain hydrophobicity. The ionization-induced
structural transitions for this model hydrophobic
polyelectrolyte are analogous to pH-induced transitions
seen in real polyelectrolytes and gels. These studies
suggest a simple explanation for such transitions based on
competing hydrophilic and hydrophobic interactions.

12. Swelling Equilibria for Ionized Temperature-
Sensitive Gels in Water and in Aqueous Salt Solutions
(Publication 12)

S. Beltran, H.H. Hooper, HW. Blanch, and J.M. Prausnitz

Swelling equilibrium data in water and in aqueous
NaCl solutions are presented for thermally sensitive N-
isopropylacrylamide (NIPA) hydrogels containing 0-4
mol% quaternized amine (positively ionizable) comonomer.
We report the effect of gel charge and solution ionic
strength on the temperature-induced collapse of NIPA gels.
Experimental swelling equilibria are compared with
predictions based on a recently proposed oriented-
quasichemical model. This model has been shown
previously to describe lower critical solution behavior in
uncharged aqueous polymer solutions and gels (i.e.,
aqueous NIPA gel). We apply the model here to ionized
NIPA gel. Semiquantative predictions are obtained for the
effects of gel charge and solution ionic strength on
temperature-dependent swelling behavior.

13. Phase Equilibria for Aqueous Systems Containing
Salts and Carbon Dioxide. Application of Pitzer's
Theory for Electrolyte Solutions (Publication 13)

HR. Corti, J.J. de Pablo, and J.M. Prausnitz

The semiempirical specific-interaction model
developed by Pitzer is applied to aqueous salt solutions that
also contain a dissolved nonelectrolyte. Pitzer’s model is
used to describe phase equilibria for aqueous solutions
containing either sodium chloride and carbon dioxide to
600 bar or sodium sulfate and carbon dioxide to 200 bar at
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several temperatures. In contrast to predictions reported by
previous authors, we find that over wide ranges of pressure
and temperature, Pitzer's equations provide an excellent
description of salt solubilities in these temary systems.

14. Molecular Simulation of Water Along the Liquid-
Vapor Coexistence Curve from 25°C to the Critical
Point (Publication 14)

JJ. de Pablo, JM. Prausnitz, H.J. Strauch, and P.T.
Cummings

Previous work has shown that the simple point-charge
(SPC) model can represent the experimental dielectric
constant of water. In this work, we present results of
Monte Carlo simulations of SPC water in the isothermal-
isobaric (NPT) ensemble and in the Gibbs ensemble. Long-
range intermolecular interactions are included in these
simulations by use of the Ewald summation method. When
Ewald sums are used, simulated, uniphase liquid potential
energies are slightly lower (in absolute value) than those
obtained for a simple spherical cutoff of the intermolecular
potential. The coexistence curve of SPC water is obtained
from 25°C to 300°C. The critical constants of SPC water
are estimated by adjusting the coefficients of a Wegner
expansion to fit the difference between simulated liquid and
vapor orthobaric densities; the estimated critical
temperature is 314°C, and the estimated critical density is
0.27 g/em3,

15. Molecular Thermodynamics of Aqueous
Polymers and Gels (Publication 15)

H.H. Hooper, HW. Blanch, and J M. Prausnitz

The phase behavior of aqueous polymer solutions and
gels is often sensitive to prevailing conditions such as
temperature, pH, ionic strength, or solvent composition.
For crosslinked polymer gels, this solution sensitivity is
indicated by large changes in gel volume in response to
small changes in solution conditions. This chapter reviews
recent work directed at developing a molecular-
thermodynamic description of phase behavior in aqueous
polymer systems. A theoretical description of phase
equilibria correlates systematic experimental data obtained
for model systems. Novel molecular-simulation studies of
isolated polyelectrolytes provide detailed information on
the relationship between expansion of polyelectrolytes in
solution and pertinent parameters that characterize polymer
and solution properties.



16. Work in Progress

Efforts are directed at experimental and molecular-
thermodynamic studies of (a) phase equilibria for systems
containing water, a water-soluble polymer, salt, an organic
solvent (e.g., propanol) and carbon dioxide at high
pressures, for separation of salts and polymers; (b) swelling
equilibria and kinetics for hydrophilic gels in response to
changes in temperature, pH, or ionic strength; (c) liquid-
liquid equilibria in aqueous mixtures containing salt and an
organic solvent that has an upper or lower consolute
temperature in the region 10-120°C, for energy-efficient,
solvent-induced crystallization; (d) molecular-simulation
studies to determine the configurational properties of
polymers in concentrated solution, and to determine chain
configurations of a polyelectrolyte in dilute aqueous
solution near a wall; (¢) experimental measurement of
liquid-liquid equilibria in polymer solvent systems over a
large temperature range; (f) molecular simulations for
natural-gas fluids and dilute fluid mixtures at high pressures
in the retrograde region; (g) distribution of proteins and
other water-soluble solutes between water and a well-
defined gel; and (h) thermodynamic properties of hydrogels
as a function of chemical composition, charge density, and
extent of cross-linking.
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Superconductivity*

Vladimir Z. Kresin, Investigator

INTRODUCTION

This research is concerned with different aspects of
superconductivity, such as the mechanisms of high-T,
organic superconductivity, properties of the new oxides,
and applications.

A unified approach to the description of high-T. oxides
has been developed. This approach allows us to understand
many different unusual properties of these materials.
Several predictions, such as an appearance of the two-gap
structure, were verified experimentally.

The analysis of organic superconductors versus high-
T, cuprates has been carried out. The origin of the present
limitations of T, of organics has been studied.

1. Two-Gap Superconductivity (Publications 1, 4, 7,
and 11)

V.Z. Kresin, SA. Wolf,! and G. Deutschert

The short coherence length requires the introduction of
two-gap structure in the high-T. oxides, such as the
Y;Ba,Cu;04., compound.

The system is characterized by three coupling
constants, describing intraplane and intrachain pairing
interactions and transitions between the two subsystems.
Superconductivity in the chains is not infrinsic and is
induced by various charge-transfer channels: the intrinsic
proximity effect and phonon-mediated transitions. The
theory describes the effect of the oxygen ordering on T,
and the induced gap and allows us to describe a number of
experiments (“plateau” effect, zero-bias anomaly,
microwave losses, etc.).

Y Permanent address: Naval Research Laboratory, Washington, D.C.
#Permanent address: Department of Physics and Astronomy, Tel Aviv
University, Tel Aviv, Israel. .
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2. T.and the Carrier Concentration. Spectroscopy of
the High-T_ Oxides (Publications 2, 3, 5, and 13)

V.Z. Kresin and H. Morawitz?

The electron-phonon coupling is shown to depend on
the carrier concentration n. As a result of this dependence,
T, reaches a maximum at some value of n. This maximum
of T, has been observed in the high-T oxides. At a higher
n, there is a superconductor-normal metal transition. The

‘calculated carrier concentration, which corresponds with

T.™ma _js in agreement with experimental data.

The appearance of a maximum of T. and the
superconductor-normal metal transition in the region of
large n is due to a crossover between the electronic and
phonon momenta. This nontrivial behavior of T, has been
observed in the new high-T. oxides and is a direct
consequence of the electron-phonon mechanism.

The dependence of the Sommerfeld constant on n is
predicted to be nonmonotonic, and this prediction has been
confirmed experimentally.

The superconducting transition affects the positron-
annihilation lifetime in the high-T. oxides. This effect is
due to the unusual properties of the oxides in the normal
state and, in particular, to the small Fermi energy. The
value of the shift also depends on the interlayer distance.

Permanent address: IBM Almaden Research Center, San Jose, CA.

3. Organic Superconductivity (Publications 9 and 10)
V.Z. Kresin and S.A. Wolf'

Remarkable progress in the field of organic
superconductivity was made during the last ten years. This
progress has demonstrated the great potential of these
materials for future development. Based on our previous
evaluation of the major parameters of the cuprate
superconductors, an analysis of organic superconductors
versus cuprate superconductors was carried out. The
organics are found to have a short coherence length and, as
a result, display two-gap structure. Many of the normal and
superconducting parameters of the two classes of
compounds are quite similar. The Fermi surface of the
organic superconductors contains a large number of nesting
sites. This is very favorable for the occurrence of the



charge-density-wave (CDW) transition in this material.
This factor is important, and its elimination might lead to
further increases in T, of organic low-dimensional
materials.

The effect of pair correlation on the properties of n-
electron systems in aromatic molecules has also been
studied. It is manifested in the simultaneous appearance of
an energy gap or an even number of z-electrons and of
anomalous diamagnetism. The pairing is caused by
polarization of the ¢-core.

¥ Permanent address: Naval Research Laboratory, Washington, D.C.

4. Microwave Properties of the High-T; Oxides
(Publications 6, 8, and 12)

V.Z. Kresin

Microwave properties of the high-T, oxides are
studied. The frequency and temperature dependences of
the impedance are obtained. Short coherence length leads
to large losses. The effects of impurities and multi-gap
structures are discussed. The multi-gap structure leads to a
peculiar temperature dependence of the losses. The
impedance of the proximity system is calculated. The
presence of the acoustic plasmon branch leads to intrinsic
residual losses.
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Intramolecular Vibrational Relaxation for
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Investigation of Intramolecular Couplings
in CgHg and Determination of the
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Frictional Effects in Chemical Reactions
in Solution

Theory of Optical Spectra in Condensed
Media

Semiclassical Theory for the Scattering of
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