INFORMATION TO USERS

This reproduction was made from a copy of a document sent to us for microfilming.
While the most advanced technology has been used to photograph and reproduce
this document, the quality of the reproduction is heavily dependent upon the
quality of the material submitted.

The following explanation of techniques is provided to help clarify markings or
notations which may appear on this reproduction.

1.

The sign or ‘‘target” for pages apparently lacking from the document
photographed is “Missing Page(s)”. If it was possible to obtain the missing
page(s) or section, they are spliced into the film along with adjacent pages. This
may have necessitated cutting through an image and duplicating adjacent pages
to assure complete continuity.

. When an image on the film is obliterated with a round black mark, it is an

indication of either blurred copy because of movement during exposure,
duplicate copy, or copyrighted materials that should not have been filmed. For
blurred pages, a good image of the page can be found in the adjacent frame. If
copyrighted materials were deleted, a target note will appear listing the pages in
the adjacent frame.

. When a map, drawing or chart, etc., is part of the material being photographed,

a definite method of ‘“sectioning” the material has been followed. It is
customary to begin filming at the upper left hand corner of a large sheet and to
continue from left to right in equal sections with small overlaps. If necessary,
sectioning is continued again—beginning below the first row and continuing on
until complete.

. For illustrations that cannot be satisfactorily reproduced by xerographic

means, photographic prints can be purchased at additional cost and inserted
into your xerographic copy. These prints are available upon request from the
Dissertations Customer Services Department.

. Some pages in any document may have indistinct print. In all cases the best

available copy has been filmed.

Uni i
Microfilms
International

300 N. Zeeb Road
Ann Arbor, MI 48106






8508737

Thompson, George Andrew

ELECTRON SPIN RESONANCE STUDIES OF MATRIX ISOLATED GROUP 1
METAL CLUSTERS

City University of New York Pu.D. 1985

University
Microfilms -
International s zees Road, Ann Arbor, Mi 48108
Copyright 1985
by
Thompson, George Andrew
All Rights Reserved






PLEASE NOTE:

in all cases this material has been filmed in the best possible way from the available copy.
Problems encountered with this document have been identified here with a check mark __v__.

-t

Glossy photographs or pages

Colored illustrations, paper or print

Photographs with dark background _____

lllustrations are poorcopy

Pages with black marks, not original copy _______

Print shoWs through as there is text on both sides of page
Indistinct, broken or small print on several pages _{_

Print exceeds margin requirements

© ® N o o » © P

Tightly bound copy with print lost in spine

-
o

Computer printout pages with indistinct print

-—h
-t

Page(s) lacking when material received, and not available from school or
author.

12, Page(s) seem to be missing in numbering only as text follows.
13. Two pages numbered . Text follows.
14, Curling and wrinkled pages

15. Other

University
Microfilms
International






Electron Spin Resonance Studies of Matrix Isolated

Group I Metal Clusters.

by

George A. Thompson

A dissertation submitted to the Graduate Faculty

in Chemistry in partial fulfillment of the
requirements for the degree of Doctor of Philosophy,
The City University of New York.

1985



COPYRIGHT BY
GEORGE A. THOMPSON

1985

i1



This manuscript has been read and accepted for the Graduate Faculty
in Chemistry in satisfaction of the dissertation requirement for the
degree of Doctor of Philosophy.

\0/24/%L1 bﬁm A{D -

date Chairman of Examining Committee
“’ 7/34 \\%
date Executive Officer
My e

Lol L. Qg

Supervisory Committee

The City University of New York



Abstract
Electron Spin Resonance Studies of
Matrix Isolated Group I Metal Clusters
by

George A. Thompson

Advisor: Professor Derek Lindsay

Metal clusters of some group I elements, sodium, potassium,
silver and gold are synthesized in non-reactive gas matrices and
studied by ESR. The experimental apparatus and technique is
described in detail. THe method for analyzing the spectra is
reviewed. Spectra are interpreted with simple molecular orbital

theory and the Jahn-Teller effect.
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[. INTRODUCTION

Metal clusters are broadly defined as molecules or aggregates
composed primarily of metal atoms. The size of the cluster provides
an approximate means of classification. Small metal clusters with
from 3 to 20 atoms are treated as a distinct class. These clusters
have received the greatest amount of attention in the literature.

The small metal clusters described here contain only metal atoms and
are stable in the absence of ligands or other supports. They are
electrically neutral molecules which interact only with an unreactive
matrix. The spectra observed are believed to represent the ground
.state properties of the molecule and to be similar to the properties
observed in the gas phase.

At the onset of this project the experimental understanding of
these molecules consisted of little more than photoionization
measurements (1), dissociation energies (2,3), and a number of broad
band UV-visible absorption experiments (4,5). Especially noteworthy
were the 2-photon ionization experiments which provided some vibrational
information (6-8) and a single ESR analysis of Na3 in an argon
matrix (9). With a few exceptions (10-12), most computational efforts
were not very sophisticated and predicted a wide range of stabilities,
ground states and geometries (13). The more sophisticated ab initio
calculations did predﬁct reasonable potential surfaces for the alkali

trimers (10,11). Most notable is the prediction that internal

b

saddle points. This effect, pseudorotation, was to be observed in the

rearrangment of the nuclei is permitted via low energy (100-300 cm

ESR experiments.



During the course of this project the state of the art was to
improve dramatically. The current status‘of metal cluster chemistry
and spectroscopy has been the subject of a recent review by G. Ozin (14).
The more general facets of metal clusters, especially those of economic
importance, have been described in a series of articles in Science
magazine (15-17).

ESR of matrix isolated metal clusters has several advantages over
other techniques. The spectrum is assured of arising from a cold
(4-30 K) molecule. Unlike molecular beam work (18), vibrationally
excited or metastable states will not be present to affect the spectra.
Although matrix effects can be decisive in determining the ground
state geometry (19), such effects may be tested by comparing spectra
of the molecule obtained {n a variety of matrices and at several
temperatures. Invariance of the molecular parameters is taken as
strong evidence that the spectra represents real, fundamental

properties of the molecule rather than matrix effects.



II. EXPERIMENTAL

I1. 1. Introduction

Figure 1 shows a block diagram of the experimental apparatus used
for these experiments. Each component is discussed in some detail later
in this chapter or in the references cited. The molecules of interest
are prepared by generating a flux of the precursor atoms from a metal
vapor source., This metal flux is co-deposited onto a low temperature
substrate with a large excess of én nonreactive gas. The deposition
substrate is mounted inside an ESR cavity. Both the substrate and the
ESR cavity are maintained near 4K by the liquid helium cryostat. The
low temperature results in rapid freezing of the matrix gas, immobilizing
the metal atoms and any clusters that may be formed. Samples formed are
studied with the commercial spectrometer.

II. 2. The Spectrometer

The spectra contained in this thesis were recorded with commercial
ESR spectrometers which had been modified for low temperature matrix
isolation experiments. A Japanese Electron Optics Laboratory ME-3X
Na

("Jeolco") was used for all of the work on K and Na7, and

3> 75
preliminary work on Au, Ag and Cu. The Jeolco spectrometer was
replaced in September 1983 by an IBM-Bruker ER 200D ESR spectrometer
("Bruker"). The Bruker field control unit was interfaced to the

Jeolco electromagnet and power supply by the technical staff at IBM
(Danbury, Ct). The Bruker was used for additional work on Ag and Cu.
Since a detailed description of these spectrometers is available in the

extensive documentation provided by their manufacturers (20,21), only a

brief description here is warranted. A more extensive review of the



Fig. II.1 Block Diagram of the Experimental Apparatus

Qutline of the experimental system used for the electron spin
resonance spectroscopy of matrix isolated metal clusters. A commercial
spectrometer is used to detect the spectra of metal clusters isolated
in a non-reactive matrix maintained at low temperatures by the liquid

helium cryostat.
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experimental principles of ESR, along with a detailed review of the
various applications, is available in the classic work by Poole (22).

Both spectrometers employed a X-band microwave bridge consisting
of a klystron, a reflective type sample cavity, a solid state micro-
wave detector and a reference arm arranged for homodyne detection.
Monochromatic microwave radiation (9.2 GHz) is generated by an AFC
stabilized klystron (maximum output 200 mW), and attenuated and guided
to a custom built TE102 microwave cavity where a standing wave is
established. The quality factor, or Q, of the cavity is between 3500
and 4500 (23). Power densities achieved in this cavity easily suffice
to induce allowed transitions between the adjacent zeeman levels of
the sample during resonance. Detection of the resonance is achieved
by balancing the microwaves reflected from the cavity with those from
the reference arm. The deviation from this balanced state caused by
the change in Q of the cavity during resonance is detected by the
semiconductor diode. In practice the reference arm is adjusted to
provide a small bias current. ‘

) Proper tuning of the reference arm of the bridge is critical

for obtaining maximum signal to noise and resolution. The biasing
of the diode is determined by the attenuation level in the reference
arm and is necessary for optimum diode response. OQverbiasing results
in the generation of avoidable Johnson noise in the diode, while under-
biasing reduces the output signal. Both underbiasing and overbiasing
can result in deviation from the diodes linear response region.
Attempts to compensate for improper biasing by changing the output

power of the kiystron arm of the bridge results in signal loss from



either insufficient power density in the cavity or saturation of the
resonance. Higher klystron powers also result in FM sideband
generation. This noise source may, under unfavorable circumstances,
exceed that of the diode, further degrading signal quality. The phase
of the reference arm serves to select only the absorption mode of the
resonance for transmission to the detector. The admixture of a disper-
sion component would distort lineshapes and is highly undesirable,
except in special applications,

Careful attention to tuning the microwave bridge was well rewarded
by increased spectrometer sensitivity. While on the Bruker spectrometer
this tuning procedure is quite simple, the earlier Jeolco instrument
was difficult to tune at times. Careful monitoring of the klystron AFC
unit with an oscilloscope, in addition to following the manufacturers
recommended procedure, was necessary for achieving optimum performance.

In order to detect very small changes in the cavity Q accompanying
the resonance condition, the magnetic field was modulated at 100 kHz and
the output of the microwave detecting diode was amplified with a 100 kHz
band pass amplifier and subsequently phase sensitive detected in a
lock-in amplifier. The magnetic field was modulated with custom built
Tow impedance coils mounted directly on the cavity and maintained at
cryogenic temperatures. The modulation and phase sensitve detection
system was of a standard type used to recover weak signals from noisy
backgrounds in many scientific applications (24). The output of the
lock-in amplifier was either actively filtered by an "EDC-301" active,
Tow pass filter before being plotted on the spectrometer X-Y recorder,

or stored digitally in a signal averager (Tracor Northern #1710-4K,



Tracor Northern Inc., Middleton, Wis.). The sensitivity of this signal

10 spins/gauss (23).

detection scheme is on the order of 5 x 10

The electromagnet used to tune the zeeman levels into resonance
had flat pole caps (300 mm dia) with a 60 mm air gap, mounted on a low
impedance water cooled coil which drew 0 to 80 amps to induce magnetic
fields from 0 to 10 k gauss. The electromagnet as provided by the
factory was unsuitable for these experiments consequently custom made
pole caps were used to replace the original Jeolco parts. This change
.1ncreased the air gap to 90 mm. No significant deterioration of
the magnet's performance was observed as evidenced by high resolution
spectra of the perylene radical taken before and after modification.

The utlimate resolution was limited by the magnetic field homo-
geneity of the electromagnet. The system resolution %s demonstrated
by the spectra of a 10'3 moTe/1iter solution of perylene (Fig. 2) in
H2304 taken on the Bruker in this laboratory. The Jeolco performance
specifications include spectra of the same molecule taken at the
factory. The superhyperfine (shf).splitting arising from the hydrogen
at the #2 carbon (Fig. 3) is clearly resolved. The literature value of
this splitting is 0.450 gauss. The spectrum in Figure 4 show peak to
peak linewidths on the order of 125 mGauss. This is assumed to be the
resolution of the instrument under optimum conditions. For molecules
analyzed here, natural linewidths were always much greater than the

~.instrumental resolution.
The magnetic field strength was calibrated as necessary with a

proton NMR (Micro-Now, Model 515, Micro-Now Associates, Chicago, I11.

60646). The accuracy of this calibration technique was confirmed by



Fig. 1I.2 ESR Spectrum of the Perylene Radical

This ESR spectrum of the perylene radical in HZSO4 is 30 gauss wide and centered atout ¢ = 2. It was
obtained in 2C00 seconds using a 200 msec time constant. The magnetic field mcdulation is 4C0 mGauss at
100 kHz. The microwave attenuation ¢f 29 dB provides 17 watts of power.

3 3
2 2 f

Vo)
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Fig. II.3 High Resolution Spectrum of the Perylene Radical

This ESR spectrum of a single hyperfine group of the perylene
radical (Fig. II.2) demonstrates the instrumental resolution of the
spectromeier. The 5 gauss spectrum is scanned in 2000 sec Wwth a time
constant of 1000 msec. The magnetic field modulation is 400 mGauss at
12.5 kHz. The microwave attenuation of 25 dB provides 0.63 watts of

power.

f*~| | |—<—— 125 mGauss

/

M\/—’{ .|-<—450chuss

H—
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comparing spectra of atomic potassium and KO2 with Titerature values
(23,25-27). The relative and absolute field values are believed
to be accurate to within 0.1 and 2 gauss, respectively.
IT. 3. The Dewar

The liquid helium cryostat used in these experiments has been
described in detail elsewhere and only a brief description will be given
here. The dewar in Figure 4 is a double chambered type capable of
maintaining the microwave cavity and deposition substrate at temperatures
near 4K for the recording of spectra. The temperature of the sample
was monitored by various means over the course of this work. Initially
a carbon resister was used. This device was calibrated at 3 fixed
points, 4.2 K, 77 K and 300 K and judgéd to be accurate to 5%. This
device and its calibration are described in Ref. 23. This device was
later replaced by a calibrated Germanium resistance thermometer
(Cryocal Inc., St. Paul, MN 55114). Precision to 0.0005 K was claimed
by the manufacturer. The final device used was a Ga]]ium‘Arsenide
diode in conjuction with a Series 5500 Microprocessor Based Temperature
Indicator/Controller (Scientific Instruments, Inc., West Palm Beach,
Fla. 33407). Precision to #0.2 K was claimed by the manufacturer.
This device was exceptionally convenient to use. After a few minor
adjustments it could maintain the cavity at a fixed temperature for
extended periods of time with 1ittle or no adjustment.

A1l temperature transducers used were mounted in a similar manner.
In the absence of significant heat loads to the cavity, the precision
of these measurements should approach the rated precision of the

transducer. Large heat loads to the cavity arise from 3 main sources:



Fig. I1.4 The Liquid Helium Dewar

Lateral cross sectional view of the liquid helium dewar used for
these experiments. The design and construction of the dewar are

discussed in detail in Reference 23.

12
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the deposition system, the modulation coils and micfowave power
dissipated in the cavity walls. When accurate temperature
measurements were needed the deposition system was turned off and
both the modulation amplitude and microwave power were kept at a
minimum,

I1. 4, The Gas Line

A gas handling apparatus was constructed.to permit the regulated
introduction of high purity gas into the microwave cavity. The gas line
in Figure 5 is constructed primarily of stainless steel and is evécuated
by a 1iquid nitrogen trapped oil diffusion pump (Model HVP-150-A,
Vactronics Lab Equipment, Inc., East Northport, L.I., N.Y.). Pressures

6 torr, as measured with an ionization gauge and controller,

of 1 x 107
(Model 6-GC, Vactronics Lab Equipment, Inc., East Northport, L.I., N.Y.)
were typical prior to deposition. During experiments, the matrix gas
handling section of the gas line is isolated from the diffusion pump
and a matrix gas is bled into the microwave cavity through a high
pressure, variable leak needle valve (Series 203, Granville=Phillips
Co., Boulder, CO, 80301), several feet of vacuum line and a precision
cut effusion slit. The gas line pressure is monitored by a sensitive
capacitance manometer (Series 200, MKS Industries, Burlington, MA)

with 0.001 torr precision. Typical pressures during deposition were
0.700 to 0.800 torr. The effusion slit was 0.020 inch thick and

allowed about 101° mo]ecules-sec'1 into the cavity, although this figure

depends on the particular matrix gas in use and other parameters (23).



Fig. II.5 Block Diagram of the Gas Line
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After an experiment, the gas line could be evacuated and
outgassed with heating tape prior to the next run. Aside from occasional
vacuum trouble, the gas 1ine performed reliably and uneventfully.

II. 5. The Metal Vapor Source

5a. Introduction

As the experiments on the alkalis were in progress using the source
described in Ref. 23, the design and constructon of a versatile high
temperature metal vapor source was begun.- The design needed to meet
several demanding requirements. The source had to generate metal

17 atoms-sec'1

fluxes of 1014 to 10 incident on the deposition substrate
for a period of several hours. These fluxes had to be stable,
reproducible and directly measured. Fluxes of this magnitude required
vapor pressures of metal of up to 100 millitorr, although 1-10 milli-
torr would suffice for most experiments. For several metals of possible
interest, this would require temperatures of about 2500°C (28). Given
the prospect of these extreme temperatures, careful attention to heat
transfer processes would be required. The maximum acceptable heat input
into the liquid helium and liquid nitrogen reservoir is, respectively,
200 mWatts and 20 Watts. The source also had to be interchangeable

with the existing low temperature source. This predetermined the beam
trajectories for both the metal fluxes and the matrix gas. The space
constraints were also severe, The available space inside the vacuum

chamber was a cylinder of 3" diameter by 6" long.

5b. Methods for Generating Metal Vapor

Of the most common techniques used for heating metal samples to

high temperatures, radio frequency induction heating, electron beam
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bombardment and high current resistive heating, the latter was chosen
due to space constraints in the dewar. Several types of resistively
heated sources were considered, some of which are shown in Figure 6.
Direct heating of a tungsten filament with the sample wrapped onto the
tungsten is shown in Figure 6a. Direct heating of a filament of the
metal of interest is also an option (Figure 6b). Other sources contain
the molten metal in a crucible heated by a tungsten "basket" heater
(Figure. 6c), or containment of the metal in a boat of tungsten, tantalum,
or molybdenum, which also serves as a heater when current is passed
through both the boat and sample (Figures 6d and 6e).

Each of these sources has its advantages and drawbacks. Filament
sources have the lowest current requirements and radiate the least
amount of heat of the different sources. If the metal has a large
enough vapor pressure below its melting point, the sample may be used
without a support, eliminating the possiblity of alloying and contamina-
tion from contact with a dissimilar metal at very high temperature.
Table 1 Tists some metals which have a significant vapor pressure below
their melting point.

The use of a tungsten filament as a support permits other metals
to be studied, though the potential for contamination and ailoying are
introduced. Tungsten support filaments are advised for very high
temperature work when source radiation must be minimized.

Basket heaters in conjunction with a crucible (Fig. 6¢c) have large
surface areas, hence large radiative heat outputs. The crucible
material, typically boron nitride, fused quartz or carbon may present

a contamination problem. These materials must be carefully outgassed
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Fig. I1.6 Metal Vapor Sources

Assorted metal vapor sources considered for use. The catalog

numbers refer to the R. D. Mathis Co. 1983 catalog.
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Table II.1 Metals Which May be Used on Filaments Without Support.

Group Element Atomic No. MP (°C) T1 a ATb
1A Ba 56 725°C 630°C 105°C
1118 Sc 21 1540 1250 290
IVB Ti 22 1660 1500 160
VB v 23 1890 - 1700 190
VIB Cr 24 1860 1250 610
Fe 26 1540 1300 240
Co 27 1500 1100 400
Ni 28 1450 1000 150
Pd 16 1550 1400 150
Pt 78 1770 1300 470

aTemperatur‘e at which the vapor pressure of the metal is 1 mTorr.

baT = mp - T,, in units of °C.
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for a few houxrs to minimize contamination. They also have a tendency
to break, spilling the contents. Their major advantage is that they
electrically insulate the sample from the power supply, minimizing
changes in source resistively as the sample is consumed. Although the
source was designed to accommodate these crucibles, they were never
used.

Refractory metal crucibles ("Boats") are a good compromise between
filaments and basket heaters with ceramic crucibles. As shown in
Fig. 6c,'they are small yet capable of holding substantial quantities
of samp]g. These boats were used extensively with generally good
results. The covered Moly boats provide faster reloading of the source
between boat changes than the uncovered type since the sample will not
spill out, circumventing the need for premelting the sample in a test
chamber before loading. The covered boats also have a smaller orifice
which in theory should provide longer run times. In practice this was
offset by small pinholes in the bottom of the boats, spilling the
contents. The pinhole problem was partially offset by introducing
8-10 pieces of 25 mil single strand tungsten wire, each about 1/2 cm
Tong in the boat with the sample to provide a large surface area for
the sample to wet. In the event of a pinhole in the bottom of the boat,
the sample does not flow out as a liquid as most of the liquid metal
adhereé to the surface of the tunsten wire. The two boats shown in
Figs. 6d and 6e (R. D. Mathis Co., Long Beach, CA) were used for most
experiments.

5¢c. Power Supply Design

The power requirement for these sources can be estimated by
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balancing the Joule heating in the heater with the power dissipated

by conduction and radiation. Each of these power dissipating mechanisms
is evaluated for a typical source of each type, a filament, a basket,
and a boat. The dimensions of the boats in Figure 6, among other useful
quantities are listed in Table 2. The effective length of the source is
approximately 1" less than the total length. This compensates for the
part of the source which is efficiently cooled by being in good thermal
contact with the electrodes. Even when the sources were at high
temperaturés the sections near the electrodes were cool enough not to
radiate in the visible.

Heat Transfer Through a Gas

Heat transfer by conduction through a gas, Q___, is in general

gas
very difficult to estimate a priori. The low pressures within tﬁe
source chamber greatly simplifies the calculation. Since the mean free
path of the gas is large relative to the source chamber and the surface
area of the boat is small relative to the radiation shield, a simple
model based on the kinetic gas theory is used. The frequency of
collisions between matrix gas molecules and the source is calculated

by analogy to effusion of a gas through an orifice of the same area.
Each collision with the source is assumed to occur with a gas molecule
at the temperature of the radiation shield, T ; ., and it recoils

from the source at a large fraction of the temperature of the source.
The fraction of the hot gas molecules is small, hence the collisional
frequency is determined by a gas at Tsink'
From the kinetic theory of ideal gases, the probability of a

collision with a wall segment of unit area is denoted by Z in Eq. 1.



Table II.2

Dimensions Qf Some Metal Vapor Sources.

22

Source Type

(see Fig. 6) Lieff)® csa®  cssa® sa® sa (en®)
Flat Filament 7/8  0.0031 0.30 0.30 1.9
Tungsten Filament 7/8  0.0015 0.16 0.10%®  0.68
Basket with Crucible 7/8  0.0015 0.16 3.5°  22.
Covered Boat 7/8 ©0.0050 0.52 0.52 3.3
Open Boat 7/8  0.0025 0.51 0.51 3.3
@ Contains a factor of 2/3 (SA, = 2/3 x L x CSSA),

b

Includes additonal surface are of crucible.

1. Length of source carrying current, in inches,

2. Length of source radiating significantly, in inches.

3. Length of source being significantly cooled by conduction, in inches.

4, Cross sectional area of source, in square inches.

5. Surface area of a cross sectional element, in inches.

6. Total surface area of source radiating significantly, in square

inches.



23

_1N=
Z-Zvc Eq. 1
where N is the number of molecules contained in a volume V. C is the
mean speed of the molecules.

Substituting the standard expression for C yields Eq. 2.

7 = N (BRT)1/2

av Eq.. 2

where R is the gas constant, T is the temperature and M is the
molecular weight, in consistent units. . Using the deal gas law, N/V

can be replaced by PL/RT in Eq. 3.

7 - PL_ (8RIy1/2

IRT W Eq. 3

where P is the pressure and L is Avogradro's number. Eq. 3 gives the
frequency of cold molecules colliding with a unit area. For a source

with unit area at Tsource’ and a transfer efficiency of g, the rate of

heat of dissipation is give by Eq. 4.

0Lp"kTsource (8RTsource)1/2
4RT

™

-
L =

Eq. 4
sink
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where k is the boltzman's constant.
During deposition pressures in the source chamber of the dewer

were approximately 0.010 torr., Assuming a T of 300 K, M = 40 for

sink
the case of argon, and = 0.7, Eq. 4 is written as:

Quag = 0-031 mw x SAh'(cmZ) x T Eq. 5

ga source (K)

2

For the filament in Figure 6b with a 1.68 cm™ surface area at 1500°C,

Eq. 5 predicts that only 80 mw will be dissipated. The basket heater

2 surface area at 1500°C will

arrangement in Figure 6 with a 28 cm
dissipate approximately 1.3 watts. The boat in Figure 6 with a
3.35 cm2 surface area will dissipate approximately 0.16 watts

at 1500°C. Table 3 summarizes the expected heat transfer at several

different temperatures.

Heat Transfer by Conduction

Heat transfer by conduction from the hot region of the source to

the water cooled electrodes is estimated using Eq. 6.

_ k x CSA
cond [h

Q x a7 Eq. 6

where k is the conductivity of the metal (29), the cross sectional area,

CSA 1is in cmz, L, is the difference between L and L(eff). The use of

h
Lh = | - L(eff) rather than Lh = L - L(eff)/2 is offset by omitting a
factor of 2 for the two electrode system. AT = Tsource - Tsink where

Tsource = 1500 °C and Tsink

Strictly speaking, the integral form of Eq. 6 should be used

= 20°C, AT = 1480°C.

taking into account that k is a function of L. This is not necessary



Table II1.3

Heat Transfer Considerations for Various Metal Vapor Sources

Source Type Temp (°C) gasl 'Qcondz Qrad3 P = K P V36
Flat Filament
Sc 1000 .078 0.49 9.9 10 0.950 65 0.28
Cr 1000 .078 1.87 9.9 12 0.604 57 0.28
1500 .090 2.45 50 53 0.526 80 .0.75
Co 1000 .078 1.46 9.9 12 0.472 83 0.36
1500 .090 2.00 50 52 0.431 | 110 1.2
Ni 1000 .078 2.43 9.9 12 0.78 56 0.29
1500 .090 3.84 50 ' 54 0.826 65 0.71
Pt 1000 .078 2.63 9.9 13 0.848 48 0.28
1500 .090 4.47 50 55 0.961 55 0.98
Round Filament
W 1000 .027 1.65 3.5 5 1.10 34 0.21
1500 .038 2.27 18 20 1.01 50 0.26
2000 .048 2.85 55 58 07950 66 1.0
2500 .059 3.56 140 150 84 1.8

G¢



Table II.3 (continued)

Source Type Temp (°C) Q Q2 Q.2 p - K r v, 0
gas cond rad
Basket Heater
W 1000 0.91 0.20 120 120 1.10 34 3.0
1500 1.63 0.28 580 580 1.01 50 7.9
2000 1.6 0.35 1800 1800 0.950 66 16
2500 2.0 0.4 4500 4500 84 29
Boat, ME-9
Ta 1000 0.14 7.8 17 25 0.614 46 0.45
1500 0.19 12 87 99 0.634 69 1.0
2000 0.24 17 270 290 0.650 82 1.9
2500 0.29 21 670 690 0.666 98 3.3
Boat, ME-5
W 1000 0.13 14 17 31 1.10 34 0.29
1500 0.18 19 85 100 1.01 50 0.63
2000 0.23 24 270 290 0.950 66 1.2
2500 0.28 30 660 690 84 2.1

. 9¢



Table II.3 (continued)

: ° - 4 5 6
Source Type Temp (°C) ans QCond Qrad P = k r V3
Boat, ME-5

Ta 1000 0.13 7.8 17 25 0.614 46 0.30
1500 0.18 12 85 97 0.634 69 0.73
© 2000 0.23 17 270 290 0.650 82 1.4
2500 0.28 21 660 680 0.666 98 2.3
Mo 1000 0.13 13 17 30 1.03 27 0.25
1500 0.18 18 85 100 9.929 37 0.54
2000 0.23 22 270 290 0.876 47 1.0
2500 0.28 27 660 690 0.840 55 1.7
1. Calculated from Equation II.5, in units of watts.
2. Calculated from Equation II.6, in units of watts.
3. Calculated from Equation II.7, in units of watts.
4. From C. Y. Ho, R. W. Powell and P. E. Liley, J. Phys. Chem. Ref. Data 1, 279 (1972). In units of
watts-cm/K.
5. Thernophysical Properties of High Temperature Solid Materials, Vol. I: Elements, Y. W. Touloukian (Ed.)
1967, MacMillan. In units of uohm-cm.
6. Calculated from Equation II.9, in units of volts.

[AS)
~
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at this level of approximation. The water cooled electrode is assumed
to be a heat sink of infiﬁite capacity. An average value of the
thermal conductivity is used.

For the filament in Fig. 6b, Eq. 6 reduces to Q(cond) = 4.6 k
where k = 4 for Cu and 0.60 for Ta. For this arrangement 3-18 watts
will be conducted to the electrode.

An analogous calculation for a tungsten basket heater predicts

Q
Q

cond 1.4 k = 24 watts and for the tantalum boat in Fig. 6b

cond 27 k = 16 watts.

Heat Transfer by Radiation

Radiative heat emitted by a body at temperature T is described by

Stephans' law, Eq. 7.

4 4

QRl-‘.D = E'G'SA(TSOurce " 'sink

) Eq. 7
e is the emittance which can vary between 0 and 1. Metals generally
have a value between 0.7 and 1, because this quantity is extremely
dependent on characteristics of the surface, especially roughness,
oxidation and contamination. Since these are difficult to character-

ize, € will be taken as 0.9. o is Stephans' constant,
5.6 x 10712 _watt
cm =K

. For these calculations, T > T so that

source sink

4

Tsink

may be neglected in Eq. 7. The effective surface area of the
source is the same as for the problem of convection treated above;

again, all quantities are calculated at 1500°C.
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For the filament in Fig. 6a

12 watt
cm =K

)4 = 84 watts

(.9)(1.68 cm?)(5.6 x 10

Q ) (1773K

cond ~

For the basket heater arrangement in Fig. 6b

(.7)(28 cn?) (5.6 x 10712 —Matt 5 (41773¢)% - 1400 watts
cm -K

Q

cond ~

For the boat in Fig. 6¢C

(.7)(3.35 cm®) (5.6 x 10722 — WALt (1773004 = 170 watts
cm -K

Q

cond ~

These calculations were repeated for various temperatures and
are summarized in Table 3, along with the total power requirements.
For the design of the power supply, the quantities in Tables 1
and 3 are used. The power, P, dissipated by Joule heating is given by
Eq. 8. |
P=1"R Eq. 8

where I is the current through the resistance, R. Substituting V = IR
and the expression for resistance, R = th/CSA into Eq. 8 gives the
voltage necessary to dissipate a given power P for a source of effective

length, Lh’ with a cross sectional area of CSA and a resistivity of r.
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PLh

_ (__h 1/2
V = (CSA r) Eq. 9

The use of L, rather than L is justified by the large increase in r

h
between 20°C and 1000°C, a factor of 3. The voltages calculated by
Eq. 9 for several sources and temperatures are listed in Table 3.
They indicate that voltages from 0 to 50 volts may be needed, though
most applicatons will require voltages from 0 to 5 volts. A voltage
resolution of 1% was assumed to be necessary.

A power supply was designed and constructed., It consisted of a
standard high power variac run off of wall current with an output of
0 to 140 volts. This voltage was applied to the primary stage of a
specially constructed transformer (MEW 5258, Newton Engineering,
Newton, MA) with a 40 amp primary of 30 turns and no secondary as
delivered by the manufacturer. Depending on the particular experiment,
the secondary would be wound with n turns of 2-0 cable, n =1 to 5.
The final voltage output for a variac setting of x is xn/30. n was
usually 1 so that the power supply could deliver 0-4% volts with a
precision of 3% or better. This was satisfactory for these experiments.
Current through this boat was continuously monitored with a commercial
current meter,

II. &d. Radiation Shield Design - Heat transfer considerations.

The calculations in the previous section used elementary heat
transfer considerations to establish the power needs of the source.
Similar methods are now applied to estimate the heat input to the

surrounding experimental apparatus - the liquid helium, liquid nitrogen,
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supporting electrodes and radiation shields. For the purposes of

these calculations a source at 2000°C radiating 5000 watts into space
is assumed. Also assumed is that the electrodes will have to heat sink
1000 watts. Inspection of Table 3 shows the large margin for error
implicit in these assumptions.

The heat input into the liquid helium from the high temperature
source can be estimated from Stephans' law. Assuming appropriate
shielding, the radiant heat transfer to the liquid helium is deter-
mined by the 0.124" diameter metal vapor input hole in the liquid
nitrogen cooled radiation baffle 2" above the metal vapor source.
This configuration permits use of radiation shields which limit the
heat input to less than 100 mw-hr'l. This corresponds to a liquid
helium loss of less than 0.2 liters-hr™'.

The 3" diameter liquid nitrogen cooled radiation baffle would
absorb a considerable amount of radiation. From simple geometric
considerations, about 20% of the 5000 watts, 1000 watts would reach
the 1liquid nitrogen in the absence of an additional radiation shield,
an unacceptable amount. The heat input was reduced by the "top
radiation shield" (Fig. 7). The top slit block opening is 0.0625" x
0.750" and about 1.25" from the metal vapor source. While this does
not affect the flow of metal into the cavity, it prevents most of the
radiation from reaching the liquid nitrogen. Of the 5000 watts emitted,
only about 0.2% of it, 12 watts reach the liquid nitrogen.

The radiation shield is subject to a large heat input and some

care was needed in its design. It consists of a solid 0.375" thick

plate of oxygen free high conductivity ("OFHC") copper. The slit
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opening which permits the metal vapor to reach the cavity was cut as

2 separate plates which were mounted on the main copper plate, which
had a large (0.375" x 1.5") opening (Fig. 7). This design allowed for
changes in the metal flux trajectory without replacing the main shield.
The copper radiation shield was in good thermal contact with a water
cooled heat sink, A brief calculation demonstrates the need for this
heat sinking. Assuming the boundary of the shield is insulated, only
radiative heat transfer would remove heat from the shield. The
temperature of the shield under these conditions can be estmated from
Stephans' law. The shield will not be able to radiate away 150 watts
from a unit area until it reaches about 2000°C, which is considerably
above the melting point of copper. Clearly heat sinking of the shield
is necessary. The adequacy of heat sinking the shield at the edge is
checked by considering the heat flow through a copper bar 3 cm long,
this being the distance from the center of the radiation shield to the
edge. Equation 10 gives the temperature gradient established in a bar

3 cm in length (L) of cross section A (1 cmz)

-1

of a material of thermal

conductivity k (4.1 watt -°C = - cm'l) conducting 450 watts of heat, Q.

n

T = QL/kKA - 330°C Eq. 10

This is a most conservative estimate relying on higher than
anticipated radiation fluxes. The geometric arrangement of the
radiation shield also provides for greater thermal conductivity than
a simple bar of the above dimensions. The worst case temperature of

330°C is still well within the working temperature of copper.
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The.temperature of the lower slit block is estimated by considering
the temperature gradient established in a plate of stainless steel
1 cnx1cmx 0,16 cm conducting 150 watts. A thermal gradient of Tless
than 150° is predicted by Eq. 10. The temperature of the plate, being
sunk to the copper radiation shield at 330°, should not exceed 480°C.
This is well within the working temperature of stainless steel.

The other components of the source which serve as radiation
sh%e]ds, the flat shield and the curved shield (Figs. 8 and 9), are
overdesigned. Both shields have extensive water cooling channels.

Al1 of the flat shield is within 0.25" of cold, flowing water, while
fdr the curved shield no spot is more than 1" away from cold, flowing
water. The upper operating 1imit of these parts is much greater

than the top radiation shield. The pumping gap in the curved shield
(Fig. 10) permits a small amount of radiation to reach the stainless
steel tail of the dewar. During the most extreme conditions
encountered in experiments with this source, a slight warming of the
dewar tail was observed. The base of the source was effitiently
protected by a 0.25" copper plate. Being 6" from the source relatively
l1ittle heat is incident on it and direct cooling was not necessary.

The electrodes may be required to conduct a considerable amount of
heat away from the source without reaching an exce;sive]y high tempera-
ture. From the top of the electrodes where the source is attached, to
the cold water in the hollow body, is approximately 1 cm. Given the
1 cm diameter of the electrodes and an assumed heat input of 500 watts
a thermal gradient of 350°C is calculated by Eq. 10. Although this
is acceptable, the actual heat input, hence the thermal gradient,

should be a factor of 10 less for most experiments.



Fig. 1I.8 Flat Radiation Shield and Electrodes
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Fig. II.10 Side View of Assembled High Temperature Source
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II. 5e. Monitoring Metal F]uxeé

Metal fluxes were monitored using a commercial quartz crystal
deposition monitor (Model QM-300, Veeco Instruments, Inc., Plainview,
LI., N.Y.) with a custom built high temperature sensor head (Fig. 11).
The sensor head was similar to the Veeco VTT 300 except that the
cooling system was more sophisticated. The microbalance sensor head
worked quite well at all temperature ranges encountered. |

The microbalance reading can be related to the metal flux
incident on the sapphire plate by considering éeometric factors and
correcting for the density of the metal in use. The geometric factors

can be described by Eq. 11.

Flux(cavity) = 0.121 flux (microbalance) Eq. 11

o -
in the unusual units of angstrom per second (A - S 1) of aluminum.

1 1

o]
Converting from A - S = of aluminum to atoms-sec ~ of metal of density,

p, Equation 11 becomes

8

Flux = 0.121 x (pg/cm3) x N(1/mole) x 1077 cm/A x

rate(A/S)/M(g/mole) Eq. 12

where the rate is read directly from the instrument in units of A/S and
N is Avogadro's number.

The numerical factors can be combined to form Equation 13,

Flux = 7.3 x 1014 x

o/M) x flux (K/sec) Eq. 13



Fig. II.11 Quartz Crystal Microbalance Sensor Head
Front and side views of the assembled sensor head and vacuum feedthrough.
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The gas input on the high temperature source is identical to the
one on the low temperature source. These fluxes are calculated in
Ref. 23 and are given by Eq. 14.

Flux(gas) = 3.4 x 1028 (pm x T)1/2

where P is the pressure in torr of gas behind the input slit, usually
0.75. M,-the gram molecular weight is 40 if argon is used and T

js 300 K. The dilution factor, D is the ratio of flux(gas)/flux(metal).
For copper metal being deposited in argon, D = 230/rate(R/sec).

This calculation neglects that not every atom incident on the
deposition substrate or microbalance crystal adheres to the surface.
Also neglected is the effect of aggregation of metal in the matrix.
These factors are assumed to be small and the above dilution factor
should be of the correct order of magnitude,.

In practice, flux rates were chosen to provide the best spectra.
For alkali metals, excessively large fluxes resulted in the growth
of a large signal centered about g = 2. For the group IB metals,
large fluxes resulted in severe instabilities in the spectral
baseline.

II. 5f. Operation of the High Temperature Source

The high temperature source is a simple device to use and maintain.
Loading of the source with metal is accomplished by first choosing a
metal vapor source (Sec II.5) and fitting it to the ends of the elec-
trodes. (Only the top radiation shield need be removed for this.) Each

electrode is fitted with a small stainless steel electrode cap which
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holds the boat or filament in place. The electrode caps need only
be tapped gently to sécure the boat in place. After the top radiation
shield is attached the source is ready to mount in the dewar. This
procedure is quite fast and involves breaking only 2 vacuum seals
(source to dewar and source to gas line). As the dewar is being pumped
"~ down, the water, electrical power and sensor head connections are
made. The source is then warmed up to operating fluxes. During this
initial warm-up, dewar pressures are closely monitored to insure a
slow rate of outgassing. Typically this takes about 0.5 hour. After
the performance of the source has been checked the dewar and source
are 1eak checkedAwith a mass spectrometer helium Teak detector
(Model MS-9, Veeco Instruments Inc., Plainview, L.I., N.Y,) and
precooling of the dewar begins.

The actual experiments follow closely the procedure outlined in
Ref. 23. After the dewar is cooled to 4 K, an assortment of background
spectra are taken under conditions similar to those anticipated after
deposition. These background spectra are quite important for comparison
with spectral data, since inevitability important spectral features
will be either masked by or confused with these background signals.
In an effort to minimize the impact of these background signals the
deposition substrate was changed twice. The original substrate was
a sapphire plate 0.020" thick. Impurities present give rise to the
spectrum in Fig. 12, - This plate was satisfactory for the work on the
alkalis. It was later changed to a different sapphire plate. This
spectrum is shown in Fig. 13. While this strong feature fully obscures

the center of the spectrum, it was acceptable for work with copper.
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Fig. II.12 Background Spectruni_ from Deposition Substrate I

ESR spectrum of impurities in a sapphire plate used as a deposition substrate. This sapphire plate
was used for all of the experiments with potassium, sodium and the early experiments with gold, copper and
silver. The spectrum is 500 gauss wide and centered about g = 2. A 10 min scan time with a 500 msec time
censtant. The microwave power is 1 mwatt.

A
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Fig. 11.13 Background Spectrum from Depositicn Substrate II

ESR spectrum of impurities in a sapphire plate used as a deposition substrate. This sapphire plate
was used only for the later experimental attempts to 1so]ate Cu3 This spectrum is 7000 gauss wide and
centered about g = 2.
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The final plate, used for the work on silver is a 0.010" thick copper
. plate., Its spectrum is the least offensive (Fig. 14). This spectrum
probably arises from an organic glue used to hold a small quartz window
in place.

Before starting the deposition it is imperative that the electro-
magnet is either shut off or turned to a low (50 gauss) value. The
magnetic field can couple to the AC current in the source, throwing
the 1iquid metal out of the boat or even breaking the boat. Needless
to say, the water cooling for the radiation shield must also be on. In
the absence of water flow, the radiation shield can be destroyed in
less than 5 min at.moderate power levels. After stabilizing the metal
flux and setting the matrix gas flow rate, a process that takes about
20-30 minutes, the deposition can start. The metal flux needs to be
checked and if necessary adjusted every 30 to 60 minutes.

Metal flux rates are set according to the type of experiment
being done. Four frequently used methods for forming clusters are:

1) forming matrices with a high concentration of metal, 2) forming
moderately concentrated matrices and then annealing the matrix to an
exceptionally high temperature, 3) forming a less concentrated matrix
while the temperature of the substrate is held at an unusually high
temperature, and 4) photolyzing the matrix after formation.

Method 1 is the most useful. This technique, at times enhanced
by a small heat leak to the substrate, was used to synthesize K3, Na3,
Ag3, and Na7. Method 2 was used for synthesizing Cu3(?). Method 3
was used to form an unidentified gold containing molecule. Method 4

never worked but did enhance the formation of metal-impurity complexes.



Fig. 11.14 Background Spectrum from Deposition Substrate I11

ESR spectrum of a ccpper plate used as a deposition substrate for the Ag3 experiment. The
signal probably arises from an optical window or mounting material used for other experiments.
This spectrum is 7000 gauss wide and centered about g = 2.

| 50 G 750 G 3500 G 5250 G

Sv
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Table 4 provides a summary of the experiments done for this
project. The Table includes the deposition conditions, i.e. length of
deposition, metal-matrix gas concentration, temperature of the substrate

and the supplier and purity of the reagents used.
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Table II.4 _ Summary of Experiments with Potassium, Sodium Copper,
Gold, and Silver.
Run # Metal Matrix Time Ratio Dep. Temp.
(min)

2 K Ar 2401 100-35 4K

3 K Ar 53-35 4K

4

5 K Ar 2401 é3 4K

6 K Ar 2401 18

7 K Ar 2401 18

8 K Ar 2401 11

9 K Ar 2401 12

10

11

12 K Ar 2401 31

13

14

15

16 K Ar 2401 86-114

K Ar 2401 93-114

27 Au Ar 30 32-40 4
30 23-54 4

28 Au Ar 45 5-8 4

29 160 7-24 20

31 Cu Ar 20 0-46 4



Table 1I.4 (continued)
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Run # Metal Matrix Time Ratio Dep. Temp.
(min)
34 Cu Ar 30 12-15 4
70 18-11 4
35 Cu Ar 30 6-23
30 6-9
30 10-
30 7-15
36 Cu Ar 30 12 25
30 5-12 20
30 6-18 15
30 10-21 10
60 9-19 10
37 Cu Ar 20 19-46 21
15 14-57 14.5
15 46-77 11-12
200 46-57 13-14
38 Cu Ar 60 230
40 46-57 4
20 0-57 4
39 45 230 4
80 38 4
60 22 4



Table II.4 (continued)
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Run # Metal Matrix Time Ratio Dep. Temp.
(min)
40 Cu Kr 40 115-230 4
50 33-115 4
135 29-115 4
20 77-115 26
41 Cu Kr 60 82-104 30
40 77-115 20
30 85-92 15
30 57-77 15
60 38 15
42 Ag Kr 90 50 4
60 50 4
60 50 16
43 Ag Kr 60 55 4
30 30 4-
44 Ag Ar 15 60-70 4
180 40-50 20
60 46-80 30
45 Ag N, 40 322 4
60 54 4
180 54 4
47 Cu Ar 60 203-288 4
60 265-431 11.6-11.9
60 276-345 14.0-14.7



Table I1I1.4 (continued)

Run # Metal Matrix Time Ratio Dep. Temp.
(min)
48 Cu Ar 60 238-255 16.4-16.7
60 216-226 15.5-15.6
60 212-281 14.9-15.3
49 60 234-294 5.4
60 238-288 17.9-18.1
60 314-321 18.9-19.1
50 : 240 223-307 18.9-19.1
51 60 256-265 21.1
60 197-230 23.0
60 244-255 25.0
60 179-265 27.6-28.0
58 60 511-531
60 226 4
60 115 4
59 60 575 4
30 282-314 4
30 87-110. 4
30 53-60 4
30 30-34
60 30 314-345 19.0
30 1000 19.0



Table II.4 (continued)

Run # Metal Matrix Time Ratio Dep. Temp.
(min)
61 Cu Ar 30 406-460 13.1-13.5
30 194-200 13.3-13.4
30 106-116 13.2
30 52-56 13.2
30 23-47 13.2-13.5
62 60 29-46 4
60 17-21 4
60 16 4
60 16-17 4
63 60 16 4
60 17-18 4
60 17-18 9.9
64 60 15-17 15.2
65 Cu Kr 90 19-10 4
60 16-10 4
120 17-19 4
66 - N2 60 13-15 4
120 13-15 4
67 Xe 60 18 4
120 16-17 4
68 Kr 240 6-16 4



Table II.4 (continued)

Run # Metal Matrix Time Ratio Dep. Temp.
(min)
70 63cy Ar 60 115-117
80 107-117 4
90 119-134 4
75 82-85 4
63 ‘
71 Cu N 210 73-86 4
72 63¢y Ar 120 73-86 4
73 120 47-122 4
120 77-92 4
74 63, N 120 69-92 4
75 53¢y N 60 ? 4
KK-1 Ag N 240 80
Reagents Used
Material Source
Potassium Gallery, 99.95%
Sodium Gallery, 99.95%
Gold Alpha, 99.9999%
Cerac, 99.999%
Silver Alpha, 99.999%
Silver (107Ag) USDOE, Oak Ridge National Laboratory
(99% 197g)
Copper Alpha, 99.99%
Hookup wire - USDOE, Oak Ridge
National Laboratory (99% 63Cu)
Argon Airco, 99.9998%
Krypton Alpha, 99.995%
Xenon Alpha, 99.995%
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III. THEORETICAL CONSIDERATIONS

ITI.1. Introduction

Electron spin resonance spectroscopy depends on the ability to
detect the absorption of radiation accompanying the resonance condition
of two spin states of an electron. The experimental factors are dis-
cussed in Section II.2. This chapter serves only as a brief review of
the theory useful for analyzing an ESR spectra. A large number of texts
present the theory with varying degrees of depth and rigor (30-35).

Each of the major features of an ESR spectrum, e.g. line position,
intensity, and lineshape will be briefly discussed in this chabter.

ITI.2. Line Positions

The resonance condition is observed by inducing transitions
between the allowed spin orientations of an unpaired electron in a
magnetic field. The allowed energy levels for an isolated electron

in a magnetic field can be determined by evaluating Eq. 1.
H = g BHM (1)

where g is the electron free-spin g-factor (2.00232), B is the Bohr
magneton (9.27410 x 10'21 erg-Gauss'l) and H is the magnetic field
strength responsible for the quantization of the electron spin, S,

into the allowed states MS = (£1/2). The resonance condition is met
when the difference between the 2 energy levels, corresponding to

MS = #1/2 1in Equation 1, coincide with the radiation field of frequency,
v. This condition is described by Equation 2.
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hv = gBH ‘ (2)

where h is Plancks constant and the other quantities are defined
earlier. In the experiments described here v is in the X-band
“microwave region of the spectrum (9.2 GHz) and H is 3300 Gauss.

An analogous effect occurs for a nuclear spin, I, in a magnetic

field and is described by Equation 3.
H = I BN HMI - (3)

where I is the nuclear g factor, BN is the nuclear magneton,

(5.05095 x 1072% 1

erg—Gauss- , and MI are the allowed levels of the
nuclear spin, I, in the applied magnetic field, H. This term is
generally three orders of magnitude smaller than the electronic effect
described in Equation 1 and is usually neglected. For the case of

an atom or molecule the electronic and nuclear spins may be coupled

by the Fermi contact interaction, a, as given by Equation 4.
a IS (4)

Other interactions are well known but not included here as they were
not used in interpreting the spectra presented here. A general survey
of the different interactions which may need to be considered is
available in the literature, Reference 35 being the most comprehensive.

The above terms are collected in Equation 5:



> >

H=gB HMS + gNB NHIZ + al+sS (5)
Before evaluating Equation 5, the general features are noted to be

a first term giving rise to a single resonance at about 9.2 GHz,
corresponding to an "electron spin flip". Variations in g'are small
for spectra presented here. Only molecules with MS = +1/2 were
observed. This term is the largest and serves to define the "center"
of the spectrum, The second term is very small and was always
neglected in the final analyses of spectra in Section IV, The last
term, the Fermi contact interaction couples the nuclear spin to the

electron spin, splitting the resonance into several components, For

molecules examined, this splitting ranged between 20 and 6000 MHz

(7 to 2100 Gauss) and was the greatest source of chemical information.

For the case of an atom, the Hamiltonian in Equation 5 can be

S,I,MI> basis. This problem, or a.similar one,

is treated in most texts on ESR. The original work is due to Breit

evaluated in the [S,M

and Rabi (36). Properly ordering the basis set block diagonalizes
the Hamiltonian. In addition to the two pure states, represented by
1 x 1 matrices of the form;

<S, #Mg, T, sy | W], M, I, 4>

s> 1 I

the remainder of the matrix block diagonalizes into 2 x 2 matrices of

the form;

55
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S, Mg-1, I, Mp> s, Mg, I, My-1>
- a 1/2
<S, Mg-1, I, M| (Mg 1)H-M h+M Mca SLI(1+1)-M (M -1))
<S, Mo, I, Mo=1] ZL1(1+1)-M_ (M -1)}1/2 M H=(Mo=1)h+(M =1)M
» fge 1s T 2 1\ | s DEARAL

Where H = g@H and h = gNQNH. When diagonalized and specialized to the

case of MS = +1/2 the energy levels are found to be those given by

Equations 7 and 8.

E(+-]2-, I, M) =-]§(2hMI +%a + h)
. 12
tg e m? v 2am e + D) + 2P+ D21 )
1. .
E(- 35 1, M) =-—]27(¢hMI +—12—a - h)
1/2
- % {(H+ M2+ 2a(n + h) (M, - 17) +al(1 + 17)2 1 (8)
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A plct of these equations for I = 3/2 is given in Figure 1. Included
in Figure 1 is a labeling of the states in both the ]S,MS,I,MI>

basis and the |F,M.> basis where F =1 + S and MF = F, F =1 ~== =F,

F

The |F,M.> basis is the most frequently encountered basis set used for

F
problems of this type, including the original work by Breit and Rabi.

The [S,MS,I,M > basis is often preferred by ESR spectroscopists,

I
especially when the coupling of I and S is small compared to the
coupling of the spins to the external magnetic field. In cases where
the nuclear magnetic moment is neglected (h << H), h can be set to
zero in Equations 7 and 8.

Resonances may be observed when the energy difference between

the states described by Equations 7 and 8 coincide with the energy

available from the incident radiation field,
hv = E(+1/2,I,MI) - E(-1/2,I,MI) (9)

For an experiment where hy is held constant and the magnetic field

is varied Equation 9 can be rewritten. Substituting Equations 7 and

8 into Equation 9, recognizing the selection rules MI = 0 and MS = *1,
changing units and rearranging, Equation 9 is written as Equation 10.

M ol 1 - o1+ P )12
n(M) = - % 5 > § (10)
O 1- & 1 - %
-7 3 "7 ~

where n(MI) is the magnetic field strength of a particular resonance



Fig. III.1 Zeeman Energy Level Diagram

A Zeeman energy level diagram for a 25 atom with I = 3/2. States

are labeled in both the |S,Mc,1,M;> basis and the [ FsM> basis.
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between 2 states with the same MI value. It is expressed in units of
(H+ n)/hv. The hyperfine splitting is given by a in units of a/hv.
The sign preceding the square root is taken to be the same as the sign
of MI. A plot of n(MI) versus o for I = 3/2 and MI = +3/2, £1/2 is
given in Figure 2. The resonance condition is met at all points on
the curves shown. For purposes of discussion the figure is divided
into different regions according to the magnitude of the hyperfine
interaction, |

In the region of a small hyperfine interaction 21 + 1 transitions
are predicted by Equation 10. The magnetic field value that each
transition occurs at varies linearly with changes in the hyperfine

constant. This case is the well known "high field approximation",

described by Equation 11.
n(MI) = -Ma (11)

This equation is equivalent to the neglect of all off-diagonal matrix
elements in Equation 6.

Also in Figure 2 is a region labeled "large hyperfine". In this
region there are still 2I + 1 transitions predicted but they are not
equally spaced and cannot be described by Equation 11, An exact
solution of Equation 10 is required.

For the case of "very large hyperfine" the spectrum has a
drastically different appearance. In this region of Figure 2 some
transitions require more energy than is available from the radiation

field and they are not observed. There will always be at least two



Fig. III.2 Transition Field Diagram

Transition fields for a 25 atom with I = 3/2 are plotted. The
bold lines indicate combinations of the hyperfine value and external

magnetic field strength which fulfill the resonance condition.

Very large hf 1

-~

Large hf

L
Medium hf {
{

Small hf
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real solution to Equation 10. The first is an ESR transition between

states with MI = -I. The second transition will be predicted to occur

at a negative magnetic field. It is observed at the absolute value
of the predicted field position. This transition is not a true ESR
transition but rather an NMR type transition (Fig. 1). The different
nature of these transitions is apparent from the phase relation
between the ESR and NMR lines in dispersion spectroscopy (Fig. 3).

The remaining transitions, if absent, correspond to the case when

2 2

1,2
MI o )

2
1 -a (I + =
< ( 2
2 2

o a
]-T ]-Z—

and real solutions of Equation 10 do not exist.. If the inequality is
reversed (for states where MI # *I) two resonances for a single
MS = *1, MS = 0 transition will be observed, often at widely differ-
ing magnetic field values. This interesting possibility has been
observed with copper atoms in neon (37).

Two 1imits of Equation 10 are eSpecia]]y useful for analyzing
spectra (37). Equation 11 gives the field position for MI = ]
transitions



Fig. III.3 Absorption and Dispersion Spectra of Atomic Cobper

ESR spectra of copper atoms isolated in an afgon matrix at 4 K with the spectrometer in the: a) absorption
mode, b) dispersion mode. Except for the tuning of the microwave bridge instrumental conditicns for the two

spectra are the same.

83cu(14976)

55¢cu(20216)

.

5%u(57566)

65cu(58846)

~r
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Equation 12 gives the value of @ for which "very large hyperfine"

behavior is first observed.
a = 2/(21 + 1) (12)

For cases intermediate between small and large hyperfine splitting,
"medium hyperfine", the spectrum retains the qualitative appearance of
the high field approximation but no longer can be described quantita-
tively by Equation 11 to sufficient accuracy. Rather than using an
exact solution of the Breit-Rabi formula, a binomial series expansion
of the square roots in Equation 7 and 8 may be combined in Equation 9.

This results in a power series expression for the resonance condition

(Eq. 14).
0L2 2
n(M) = (K +h) + M+ gy [I(I +1) - K]
3
¢S DU+ g - (1))
(H + h)
. (14)
¢ —2 1+ " s @m)® 4 e - ]

4(H+h)

This expression is most frequently given in units of gauss, with the

nuclear moment neglected, as in Equation 15.
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9e 9e .9 2 p 2
H=-CHe + 2 aM+ =8 I(I+1)-M
9 ¢ 9, 9, W[( ) ]
9¢ 3 A3 2 1
+  — [M(M® + = - I(I +1)] (15)
9% (M2 2
9, 4 1.4 > 2. 1.2 .4
+ £ == I +5)" + (2N + AT - 5 M -]
99 H(M)

where He is the resonant value of the free electron for the cavity

and sample used (3312.2 Gauss), g. is the g value for the electron

0
in the atom and ge is the g value for a free electron, a is the
hyperfine splitting constant in units of gauss and H s the observed
line position in gauss. The term in a4 is rarely used, it being
easier to rely on exact solution of the Breit-Rabi formula (Eq. 10).

3 contains an additional

As given in the literature (32,35) the term in a
factor of 1/2. The expression here appears to be correct. The degree
of approximation used when calculating line positions is noted by

referring to the order of the hyperfine constant in the final term used.
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IIT. 3. Molecular Breit-Rabi Formula

ESR of mo]eéular systems with large or very large hyperfine
splittings is not common. The application of Breit-Rabi type formula
to molecular systems has been considered by other workers previously
(38,39,40). The formulas used were applied only to molecules with a
single large or very large hyperfine interaction on one nuclei, the
remaining nuclei responsible for little or no hyperfine interaction.
No literature examples of molecules containing two or more nuclei,
each with a large or very large hyperfine interaction, are apparent.

Attempts to analyze spectra of molecules with multiple large
hyperfine interactions used a modified Breit-Rabi formula. In the
coupled basis, where the total nuclear spin vector is defined as
J =1, + I, + «eee , a formula analogous to Eq. 10 is obtained

1 2
(Eq. 16).

where J may vary as J, J=1 =-- MI and the other gquantities have the
same meaning as in Eq. 10. Except for the presence of additional states
associated with J, Eq. 16 is analogous to Eq. 10 in both appearance

and application. The behavior of Eq. 16 for J = 9/2 is illustrated

in Fig. 4. At vanishingly small values of either the hyperfine
constant or the magnetic field all J values within a given MJ manifold

are degenerate. As the degeneracy is lifted each MJ group is split



Fig. II1.4 Transiticn Fields for a Molecule with g = 9/2
Lines indicate the combinations of hyperfine values and external magnetic field strength which fulfillc

the resonance conditicn. Large values of the hyperfine interaction or magnetic field are cmitted.

99
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according to its possible J values. For small splittings the transi-
tions are best described by the quantum number MJ, J being treated as
a perturbation. As the splitting becomes large J best describes the
qualitative behavior of the transitions. Figure 4 shows how the onset
of very large hyperfine behavior depends on the quantum number J
rather than MJ.

With the exception of Cu,(?) the hyperfine interactions of the

5
observed metal clusters were of either small or medium magnitude.
This ‘permitted analysis of spectra with a power series expansion
formula exactly analogous to Eq. 15 with J substituted for I. Many
of the clusters observed had spectra whfch showed well resolved
superhyperfine structure. Molecules with groups of magnetically
non-equivalent nuclei are described by adding successive hyperfine

interactions together. Equation 15 is rewritten for the case of n

exactly equivalent groups of nuclei.

g g g
_-—e— -—g. LN N ) ——e— ¥
H = He + A.I M] + + 3 A2 M

9% 9% 0 2

In this case an 'exactly equivalent' group of nuclei means a group
of nuclei characterized by a single time independent hyperfine

splitting constant. This equation, truncated to the appropriate degree
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of accuracy, will be used in later sections for describing the spectra
of static metal clusters.

The Tine positions of some molecules are dependent on hyperfine
constants which are not time independent, and the use of Eq. 17 is
incorrect. Time dependent hyperfine constants occur when the molecule,
or its environment, undergoes a change which affects the unpaired spin
density at a particular nucleus. These molecules are described using
a time dependent Hamiltonian which describes the various configurations
which the molecule assumes. In cases studied here, the molecules were
described by a "Jump" model which considers only the individual meta-
stable conformafions of the molecule, each of which can be described

by a Hami]tonian,}%%. This results in the Hamiltonian

A

—

r\//\:

/\
' l
N n

—
L}
—

when each state described by}#— has an equal probability of nx1st1ng
at a given instant. ﬁ;ﬁ is simply Eq. 17 truncated to the necessary
degree of accuracy. Equation 18 predicts the resonance of molecules
with small hyperfines to occur at the field positions given by the
results calculated by Eq. 17 using M, J and a values consistent
with n equivalent nuclei. The deviation that the observed lines
manifest as higher order effects become significant are known as
dynamic frequency shifts. These shifts, most noticeable in pseudo-

rotating Na, (12) have been described in detail in several references

(41-45),
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I11. 4. Lineshapes and Intensities

In principal the intensities and lineshapes in ESR spectra contain
a wealth of information. However, for spectra contained here, severe
overlapping, unresolved matrix and anisotropic effects prevented full
analysis of the lineshapes. The most valuable information obtained
from the lineshapes was qualitative. Symmetric, first derivative-like
lineshapes are indicative of isotropic a and g values. a and g values
are in general tensors. With the exception of Ag3; all spectra
interpreted were well characterized by isotropic a and g values where
7 = al and 5 = gf.

The relative intensity of different 1lines in an ESR spectra
arises from the variable degeneracy of the states giving rise to the
transition. For a spectrum with a small hyperfine splitting, where the
different J values associated with a single MJ level are degenerate,
the 1ntensiiy distribution among different MJ components is given by
the coefficients of the binomial expansion.

Dynamic processes

Exchange or-other dynamic process may result in the broadening
of some spectral features while Teaving others unchanged. These
"alternating linewidth effects" are symptomatic of various changes
in the molecule's geometry or spin state. The general principles
have been well described elsewhere (41-45). The specific cases

encountered in this work are discussed later.



IV. SPECTRA AND ANALYSIS
IvV.1, Ei

The initial experiments for the thesis were efforts to synthesize
the potassium trimer. The previous synthesis and identification of
isovalent Na3 (9) with the available apparatus augered well for
success. K3 was isolated (46) and found to be markedly similar to the
previously observed sodium trimer. The analysis of the spectra was
straightforward and closely paralleled the analysis of Na3. Also
This molecule

observed was an jsomeric form of K,, denoted p-K

3 3°
was the subject of a literature report (46) which is reprinted in
Appendix 1.

Matrices yielding predominantly K, were formed by codepositing

3
argon and atomic potassium. The argon-metal ratio was approximately
100:1, as determined by comparing the source temperature with the
literature values for the vapor pressure of the metal (28). During
deposition the spectrometer's modulation coils were on (2-3 Gauss
peak to peak, 100 kHz) to enhance clustering, presumably by raising
the temperature of the deposition substrate by joule heating from
eddy currents (9).

The matrices formed by this technique gave rise to two intense,
well resolved ESR spectra, assigned to two forms of K3, designated
S - K3 and p - K3, in addition to lesser amounts of atomic potassium.
The intensity of these two spectra show a pronounced temperature
dependence. The temperature dependence for each isomer is plotted in

Figure 1. At 19 K, where s - K3 is most intense, the spectrum shown

in Figure 2 is obtained. A well resolved septet of quartets centered
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Fig. IV.2 ESR Spectrum of s-K3

The ESR spectrum of s-K3 in an argon matrix at 19 K is denoted by the quantum numbers M = +3,

2, veinn -3. Also evident are transitions arising from atomic pctassium in two sites, m = %£3/2,

+1/2, and from p-K, with M' = +9/2, +7/2, .... - 9/2.
3

r Hg= 3312.2 GAUSS

M'= +9/2, +7/2)  +5/2]  +3/2 /20 -1/2) =321 -5/2) -T2 -9/?) K, =9
m= {+3/2 (+1/2 =172 -3/2) SITE I
m= (+3/2 [+1/2 =172 : -3/2) SITE 1T
1 1 1 1 ] 1
32006 3250 3300 3350 3400 34506

L
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about 9o = 2 is apparent. The absence of transitions corresponding

to a zero field splitting or changes in the electron spin projection
(Ms) other than #1 implies that the carrier of this spectra has a
doublet ground state (5). The first derivative-like line shapes
indicate that the g and a tensors are predominantly isotropic (30-35).
The septet pattern, split by about 39 gauss, arises from the hyperfine
interaction of the unpaired electron with two equivalent potassium

nuclei of spin 3/2 (M = I1 +1,=3/2 +3/2, Mi = 3,25000..=3). The

2
intensity distribution of the septet approximates that expected for
two equivalent I = 3/2 nuclei, (1:2:3:4:3:2:1). The quartet pattern,
split by about 5 gauss, arises from an additional potassium nuclei
(m = £3/2, *1/2) with a much smaller hyperfine interaction.

Table 1 lists the observed line positions and their assignment,
The line positions calculated from the Breit-Rabi formula, truncated
to first order (Sec II, Eq. 17) for both the hyperfine splitting (M)
and the superhyperfine splitting (m), are also in Table 1. The
difference between the observed and calculated values are small.
Possible sources of error include unresolved anisotropic character,
matrix effects and calibration uncertainties. Unresolved anisotropies,
2nd order effects partially lifting the degeneracy of J, and mz2irix
effects may be responsible for the observed 2-3 gauss linewidth. The
magnitude of the parameters used, and their expected uncertainties are
in Table 2.

The spectra of the same matrix at 25 K is shown in Fig. 3. At

this temperature, the spectra of s-K3 is absent and the intensity of the

p-K3 spectra is at a maximum. As for the case of s-K3, the carrier of



Fig. IV.3 ESR Spectrum of p-K3

+9/2,

The ESR spectrum of p-K3 in an argon matrix at 25 K is denoted by the quantum numbers M'
' +3/2,

+7/2? ..... -9/2. Also evident are transitions arising from atomic pctassium in two sites (m
+1/2). The calculated stick spectrum of s—K3 is also plotted and denoted by the gquantum numbers

M= 43, 42, ..... -3.
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Comparison Between Measured and Calculated Field

Table IV.1
Position for s-K3.
Experimental
M ma Experimental Calculated Differences 2,
+3 +3/2 3194.9 3195.0 -0.1 4.7(4)
+1/2 3199.6 3199.7 -0.1
-1/2 3203.9 3204.4 -0.5
-3/2 3209.0 3209.1 -0.1
+2 +3/2 3233.8 3233.9 -0.1 4.6(2)
+1/2 3238.4 3238.2 +0.2
-1/2 3242.9 3242.9 0.0
-3/2 3247.3 3247.6 -0.3
+1 +3/2 3272.4
+1/2 3277.1
-1/2 3281.8
-3/2 3286.7 3286.5 +0.2
0 +3/2 3311.8
+1/2 3316.5
-1/2 3321.2
-3/2 3325.2 3325.9 -0.7
~1 +3/2 3350.0 3350.4 -0.4 4.9
+1/2 3355.1
=172 3359.8
-3/2 3364.9 3364.5 +0.4
~2 +3/2 3389.7 3389.6 +0.1 4.5(8)
+1/2 3394.5 3394.3 +0.2
-1/2 3398.9 3399.0 -0.1
-3/2 3404.2 3403.7 +0.5
=3 +3/2 3429.0 3429.0 0.0 4.6(2)
+1/2 3434.0 3433.7 +0.3
-1/2 3438.3 3438.4 -0.1
-3/2 3443.0 3443.1 -0.1
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Table IV.2 Magnetic Parameters for Alkali Trimers.

Matrix 9 3 a, 1 2
Gauss
Na3(I)a Ar 2.0012(12) 149.5(15) 22.6(10) 0.473 0.072
Nag(11)? Ar 2.0012(12) 153.0(15) 20.3(9)  0.484 0.064
5-Kq Ar 1.9985(5) 39.0(3) - 4.7(2)  0.474  0.057
s-Kg Kr 2.001 38 4.7 0.46  0.06
p-Ky Ar 1.9990(5)  24.5(7)

a From Reference 9.

Comparison of Parameters for s-M3 and p-M3 in Argon.

M g a (Gauss) (az)l/2 (Gauss)
s-Na3(I) 2.0012(12) 92.1(8) (calc) 122.8(12) (calc)
(11) 2.0012(12) 95.2(8) (calc) 125.5(12) (calc)
(I11) 2.0012 93.6 (calc) 123.9 (calc)

s-K3 1.9985(5) 24.4(7) (calc) 32 (calce)
p-Na3 2.0012(3) 93.2(2) (obs) 122.0(30) (obs)
2.0016(3) 95.6(2) (obs) 117.7(30) (obs)

2.0018(3) 94.7(2) (obs) 121.1(30) (obs)

p-Kq 1.9990 24.5(7) (obs) ----2

az)l/2 value of 32 calculated from the s-K

% Not resolved, the ( spectrum

3
predicts line shifts of less than a gauss.
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the p-K, spectra is a doublet. The spectrum is well described by iso-

3
tropic g and a values. The intense 10 line spectrum arises from three
potassium nuclei which appear equivalent. The observed transitions are
assigned to M = £ 9/2, *7/2, #5/2, +3/2, +1/2 and listed in Table 3.
The positions calculated with the 1st order Breit-Rabi formula are also
listed. The parameters used are in Table 2, The intensity ratio is
in good agreement with the predicted 1:3:6:10:12:12:10:6:3:1 ratio for
three equivalent 3/2 nuclei. The absence of superhyperfine structure on
any component strongly, but not absolutely, precludes the possibility
of additional nuclei.

The temperature dependence of these spectra differs for.different
M components. Figure 4 shows the striking difference between the
spectra taken at 4 K and 32 K, Only the £7/2, #5/2, #1/2 components show
any significant temperature dependence. These components are broadened
severely at 4 K while the +3/2 and *9/2 components remain unbroadened.
This "alternating linewidth effect” has been well documented for the
case of organic radicals undergoing exchange (32,42). The details of
this alternating linewidth effect have been reported elsewhere (47,48).

These reports are reprinted in Appendices 2 and 3.

Iv. 2. p4m3

The presence of a pseudorotating potassium trimer co-existing with
the static trimer prompted fhrther work on the sodium/argon system.
Four features, previously unidentified, were found to be well
described by an "Extreme Alternating Linewidth Effect” (9). This
effect is analogous to the alternating linewidth éffect observed in

potassium except that the linebroadening of the #7/2, #5/2 and *1/2
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Table IV.3 Comparison Between Measured and Calculated Field Position
for p-K3 '
M H%meas! Héca]c} Diff.
auss auss
9/2 3208.7 3208.9 -0.2
7/2 3234.3 - 3233.2 +1.1
5/2 3258.1 3257.6 +0.5
3/2 3281.8 3282.1 -0.3
1/2 3306.9 3306.6 +0.3
-1/2 3331.0 3331.1 -0.1
-3/2 3354.9 3355.6 -0.7
-5/2 3379.4 3380.1 -0.7
-7/2 3404.1 3404.7 -0.6
-9/2 3429.2 3429.4 -0.2




Fig. IV.4 Temperature Dependence of the p-K, ESR Spectrum

The ESR spectrum of p-K3 in argon at 34.2 K and 4.2 K. The stick spectrum at the bottom of the figure is
proportional to the expected intensity distribution for three equivalent I = 3/2 nuclei. Also apparent are
transiticns from atomic potassium. He = 3312.2 Gauss is the transition field for the free electron.

SSK

m=[11+3/2 M+1/72 [lH-172 . [T1-3/2
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H,=3312.26

42K

M= +9/2 |+7/2 |+5/2 |+3/2 |+W/2 |-I/2  |-3/2 |-5/2 |-T/2  -9/2
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components is extremely severe and broadens these lines beyond recogni-
tion over the entire working temperature range of the argon matrix.

The observed and calculated 1ine positions are in Table 3. The
magnetic parameters used are included in Table 2. A detailed analysis
has been reported (9) and is reprinted in Appendix 4.

Iv. 3. Na7

Experiments analogous to the K3 and Na3 experiments were conducted
using alkali concentrations 3 to 5 times greater (49). For the case of
sodium deposited in argon, the spectrum recorded at 30 K is shown in
Fig. 5. As in the case of K3, the spectra arise from a doublet ground
state with sﬁbstantia]]y isotropic a and a tensors; The seven major
groups, as for s-K3, indicates two equivalent sodium nuclei., The
observed origins are tabulated in Table 4, as are the values calculated
from the Breit-Rabi expression, correct to the 3rd order. The agreement
is excellent. The parameters used are listed in Table 5. Not shown in
Fig. 5 is the assfgnment of a 2nd matrix site. The intensity distribu-
tion among the major groups approximates that expected for two equivalent
spin 3/2 nuclei (1:2:3:4:3:2:1).

Each group shows a further splitting of at least 16 lines from at
least five additional nuclei. Fiqure-6 shows this superhyperfine
structure for each componeﬁt. The above-mentioned site structure is
clearly marked. Parameters used to assign these transitions with the

first order Breit-Rabi formula are listed in Table 5. Figure 7 shows

high signal-to-noise scans of the extrema of the M = 3 components.



Table IV.4 Comparison Between Measured and Calculated Field
Positions for Sodium Clusters, Site I.
M J H(meas) H(calc) Diff. a
Gauss Gauss

+3 3 2956.6 2956.3 +0.3 6.8(1)

+2 2 3077.0 3076.6 +0.4 6.7(1)
3 3063.6 3064.0 -0.4 6.6(1)

+1 1 3196.9 3196.8 +0.1 6.7(1)
2 3188.4 3188.5 -0.1 6.6(2)
3 3175.3 3175.8 -0.5 6.5(1)

0 0 3317.5 3317.1 +0.4 6.7(1)
1 3312.5 3312.9 -0.4 6.5(1)
2 3304.2 3304.5 -0.3 6.6(1)
3 3290.8 3291.7 -0.9 6.6(1)

-1 1 3433.6 3433.3 +0.3 7.0(1)
2 3424.9 3424.8 +0.1 6.6(1)
3 341.7 3412.2 -0.5 6.6(1)

-2 2 3549.6 3549.3 +0.3 6.6(1)
3 3536. 3536.7 -0.3 6.6(1)
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Table IV.5 Magnetic Parameters for Alkali Clusters

Matrix 9% a1 *a, p1 ipz

Na Ar(I) 1.9994(2) 118.2(2) 6.7(1) 0.37 0.021°

Ar(II) - 2.0023(4) 116.5(5)

Na N

9 2.0023(6) 110.7(5) 6.8(1) 0.35 ~ 0.022




Fig. 1V.5 ESR Spectkum of Na7

The ESR spectrum of Na7 in an argon matrix at 32 K. Each of the seven major groups denoted by the
quantum number M = +3, +2, .... -3 arises from two equivalent nuclei. The superhyperfine structure from
a group of at least five additional nuclei. Also apparent are transitions from atomic scdium, pseudo-
rotating Na3 and background signals from the sapphire deposition surface.

M ="3 T2 TTT+] 1o NI T2 1-3

’/LN*"“%MJW y iy EE——.

w | . i

S P—Na,
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Fig. IV.6  Details of the Major Features of Na7

High resolution ESR spectra of each major component of Na7

(Fig. IV.5) showing the detailed structure from higher order effects

and multiple sites.

34
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Fig. IV.7 High Signal to Noise Spectra of Na7

High signal to noise spectra of: a) the low field extrema of the

M1= +3 group; b) the high field extrema of the M]= -3 group.
(@) M, =+3

-7 - .
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| .
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These scans illustrate the uncertainly in determining the number of
nuclei contributing to the superhyperfine structure. If more than

five nuclei are involved, a *17/2 component must be present, with an
intensity approximately 1/3 that of the M = x15/2 component. Insuffi-
cient signal-to-noise prevented the observation of a *17/2 line.

In Fig. 7b, a previously unobserved 1ine associated with Na3 obscures
the region of interest. Efforts to signal average for longer periods
of time were not successful due to "jitter" in the field scan circuitry.

An ana]ysﬁs of the intensity distribution was carried out in an
attempt to determine the number of nuclei responsible for the super-
hyperfine structure. Stick plots of intensities predicted for 3, 5, 7,
and 9 nuclei were made and compared with the experimentally determined
plots. The envelopes of these plots are shown in Fig. 8 and 9 for the
M=+ and M = +3 components respectively. While these plots do support
the assignment of the smallest number of nuclei consistent with the
observed Shf, they are sufficiently uncertain to preclude definitive
assignment.

The experiment was repeated in a nitrogen matrix with similar
results, though complicated by the presence of an additional spectrum.
The parameters obtained are listed in Table 5. The literature report
of this cluster is reprinted in Appendix 5.

IV. 4. Group IB Metal Atoms

The second stage of these experiments was an effort to synthesize
Group IB metal clusters. The design of the necessary metal source

is described in detail in Sec. III. 5. ESR spectra of matrix isolated
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Fig. IV.8 Observed versus Calculated Intensity Distribution of the

M = 0 Component of Na7

The experimental results are given by the solid curve. See text for

an explanation of the calculated values.




Fig. IV.9

Observed versus Calculated Intensity Distribution of the

M = +3 Component of Na7

The experimental results are given by the solid curve. See text for

an explanation of the calculated values.

89
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Group IB metal atoms have been reported by Kasai and McLeod (37). This
work was reproduced in this laboratory to provide a check of various
experimental points.

A deposition of gold in argon (gas-metal ratio ~100) produced the
spectrum in Fig. 10. The four transitions expected from a 2S atom with
nuclear spin 3/2 are clearly evident. The increasing splitting towards
the high field side arises from the large higher order effects. The
signal-to-noise ratio is excellent, approximately 1000:1, a factor of
10 greater than that commonly encountered for the other metal atoms
observed.

A spectrum of silver atoms in argon is in Fig. 11. The high and
Tow field lines are separated by 650 Gauss. The two lines from each
silver isotope (I = 1/2) are clearly resolved. Also present is a
further small splitting of about 3 Gauss. This previously unreported
structure is of unknown origin.

Figure 12 shows the ESR spectra of copper in argon after a 200 min
deposition at an argon:copper ratio of 500. In addition to the two
Tines from each isotope, numerous sapphire lines are apparent. (The
strong doublet immediately downfield from 63Cu (NMR) is the same as the
doublet downfield from M = 3/2 in Fig. 1, the difference in signal-to-

25 with I = 3/2,

noise is quite apparent). Since both isotopes of Cu are
the observation of two rather than four transitions for each isotope
indicate that two transitions are inaccessible at X band. To confirm
that the field lines originate from an NMR type transition rather than
an ESR type, a dispersion spectrum was recorded (Fig. 13). The dis-

persion spectrum, which is sensitive to the sign of the magnetic moment,



Fig. IV.10 - ESR Spectrum of Gold Atoms

The ESR spectrum of gold atoms isolated in an argon matrix at 4 K.

The overall scan is 5000 Gauss and centerd about g = 2.
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Fig. IV.11 ESR Spectra of Silver Atoms

ESR spectra of silver atoms isolated in argon at 4 K. The high
and low field doublets are split by about 650 gauss. Each doublet
is due to the presence of two isotopes of silver. The structure

apparent on each line is of unknown origin.
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Fig. IV.12 ESR Spectra cf Copper Atoms

ESR spectrum of copper atoms isolated in an argon matrix at 4 K. Each doublet is due to the presence
of two isotopes of copper. The spectfum is 7C0C Gauss wide and centered about g = 2.
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Fig. IV.13 ESR Spectrum of Copper Atoms - Dispersion Mode

ESR spectrum of copper atoms isolated in an argon matrix at 4 K with the microwave bridge tuned
to detect the dispersion component of the resonance. The spectrum is 7000 Gauss wide and centered

about g = 2.
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confirms the assignment. Both the absorption and dispersion spectra
are the same as those reported.by Kasai (37).
IV.5. A93

When ;;Tyer was deposited in nitrogen matrices for 4 hours with a
gas/metal ratio of 200 a weak, poorly resolved spectra is apparent.
Annealing of the matrices causes a dramatic improvement in resolution.
The spectra in Fig. 14 shows the well-resolved perpendicular features
of Ag3. Also present are the parallel 1lines characteristic of an aniso-
tropic g and/or a value. A complete analysis will be presented elsewhere
(14), only the parallel features will be described here. The spectra is
consistent with a trimer containing a single spin 1/2 nulceus carrying
most of the unpaired spin. The remaining two equivalent nuclei each
carry a sma11ef amount of the spin. Because silver has a small nuclear
spin, the spectra consists of only six lines. This permits the resolu-
tion and assignment of the different isotopic combinations, i.e.,

107 109 107 109Ag, ------ . The intensity distribution is as

107

Agy, “TTAggs TTTAg,

expected. These experiments were repeated with isotopically pure Rg
to confirm the assignment and permit reso]utioh of the parallel
features. The observed spectra is grossly different than that assigned
to Ag3 in an deuterobenzene matrix (50).

Observed line positions are compared with those calculated from a
2nd order Breit-Rabi formula in Table 6. Parameters used are listed
in Table 7. The ratio of the different hyperfine constants assigned
to different isotopic combinations is consistent with the difference in

the nuclear magnetic moments, as expected. ({These spectra differ radi-

cally from those previously reported by Howard (50). These spectra,



Fig. IV.14 ESR spectrum of Ag3

ESR spectrum of Ag3 isolated in a nitrogen matrix at 4 K. The

different isotopic combinations are resolved and are denoted by the

notation 107-107-107, 107-107-109, .... .
. (109
- 107 |
l ]
| 107
107-107-107 | | l
i)i 107-107-109 | i | 109-107-109 | l -
I 109-107-109 [ | I 1 l :
! |
]
-
1
I /
\-.\”J/ i l\ ,
Mf
/ r’\~‘-~"h: ‘
| , g
| "
’ 109-109-109 | | J I
| 107-109-109 | 1 | 109-109-107 L_‘___I_FL_
t{ || 107-109-107 | l I
if .
L oS I

3000 G 3200] 3400] 36C0 G|




Table IV.6 Observed vs. Calculated for Ag31

Hyperfine Structure

M H(obs) H(calc)
107AgAgz +1/2 3230.4 3230.5
-1/2 3564.5 3564.7
1095, ¥1/2 3202.6 3202.7
-1/2 3587.1 3587.1

Superhyperfine Structure (Lowfield Group)
2

M H(obs) H(calc) Diff.
109-109-109 +1 3116.3 3116.2 0.1
-1 3291.4 3290.5 -0.1
109-107-109 +1 3144.3 3144.1 +0.2
-1 3318.5 3318.3 +0.2
109-109-107 +1 3122.2 3122.2 +0,1
-1 3284.6 3264.8 -0.2
109-107¥107 +1 3150.0 3150.0 0
-1 3312.6 23312.6 0
107-109-107 +1 3129.1 3128.2 0.9
. -1 3278.0 3278.1 -0.1
107-107-107 +1 3157.5 3156.0 - 1.5
-1 3306.0 3306.0 -0

1 Calculated using the parameters in Table IV.6.

2 M = 0 components were not as well resolved as M = 1 components.
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Table IV.7 Magnetic Parameters for Ag3

107Ag 109Ag
g 2.0526 2.0526
ao 317.2 Gauss 364.7 Gauss
a3 73.3 G 85.0 G

For these experiments, the free electron resonance is at 3322.3 gauss.
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obtained in an deuterobenzene matrix imply a different ground state for
Ags.)
Iv. 6. Cu3 (?)

A Tlarge number of experiments with copper in various matrices were
conducted. Several copper-containing molecules were synthesized although
few were definitively assigned. One species, formed when copper-
containing nitrogen matriées are annealed to 35 K, clearly consists of
more than two copper nuclei, as evidenced by the large number of Tines.
Figure 15 shows the spectrum attained with isotopically pure 63Cu, the
spectrum obtained using the naturally occurring isotope is similar but
more complex. The spectrum consists of a large number of groups, most
of which show a similar superhyperfine splitting (Fig. 16). Efforts to
assign this spectra were unsuccessful,

Iv. 7. Copper Adducts or Site Effects

Despite a careful seérch for Cu3 in an argon matrix, no strong
evidencg of copper clusters was found. A wide range of deposition
conditions was employed (Fig. 17). One carrier readily synthesized is
CuX (Fig. 18). The intensity of this spectrum was greatest in earlier
experiments using the first generation high temperature source., In
later experiments using the second generation source the spectra
assigned to CuX were much less intense. Since the major difference
between the two sources was the standard of vacuum integrity, CuX is
tentativé]y assigned to an impurity complex with copper. The nature of
X is unknown.

Another spectrum frequently observed in argon matrices is shown in

Fig. 19. One possible explanaton of this spectrum is that it is from



Fig. IV.15 ESR Spectrum of a Copper Cluster

ESR spectrum attributed to a copper cluster in a nitrogen matrix at 20 K. Isotopically pure copper is
used to simplify the spettrum. The overall spectrum is 8000 Gauss wide.
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Fig. IV.16 | Details of the ESR Spectrum of a Copper Cluster

Portions of Fig. IV.15 enlarged to show the superhyperfine

structure. Each section is 1000 Gauss wide.
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Fig. IV.17

in argon.

part of the helium dewar and microwave cavity during deposition.
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Fig. IV.18 Spectrum of CuX

This ESR spectrum of CuX in argon was most apparent in experiments

using the first generation source.
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Fig. Iv.19 Unassigned Copper Spectrum

The feature marked "A" and "B" were observed when copper was deposited in argon. The inset

shows the atom lines with the gain reduced by a factor of 100.
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copper atoms trapped in unusual sites, such as the amorphous regions of
the argon. Spectra of copper atoms in neon matrices give rise to
complex patterns which have been attributed by Kasai (37) to atoms
trapped in an amorphous region. This spectrum disappears after the
slightest annealing. A similar, though weaker, spectrum of copper in
krypton was observed after annealing to 25 K.

IV, 8. Na5 (?)

During the work on Na, in nitrogen matrices an additional spectrum

7
was observed. This spectrum became apparent during annealing at 25-26 K.
The 16 groups of transitions have an irregular 45-50 Gauss splitting.

While 16 groups are consistent with five spin 3/2 nuclei, the anomalistic

pattern prevents assignment.
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Fig. Iv.20 Spectrum of Na5 (?)

The ESR spectrum shown is obtained when sodium is deposited in a
nitrogen matrix. The number of major features (16) is consistent and
may arise from a-molecule with five equivalent I = 3/2 nuclei. The

irregular pattern is not understood.
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V.  INTERPRETATION

V. 1. Introduction

Each spectrum in the previous section is characterized by a unique
set of lines. The line positions are determined by the hyperfine
constants and the g value. Each Tine is further characterized by its
intensity and lineshape. The information can be used in conjunction
with basic chemical and physical principles, such as simple molecular
orbital theory and the Jahn-Teller effect to provide an overview of
the ground state properties of metal clusters. When possible, con-
clusions are compared with the results of the most sophisticated
. calculations available. With the exception of Ag3, all metal cluster
spectra interpreted have isotropic character., The analysis of the
anisotropic features of Ag3 is in preparation.

The hyperfine values obtained from the spectra provide the
relative distribution of the unpaired electron over the different
nuclei in the molecule. The comparison of hyperfine values of different
molecules is done by scaling the observed hyperfine Value with that of
the atomic gas phase value. The use of the atomic gas phase value to
normalize the hyperfine splitting does introduce the potential for
error, Orbital contraction, electron correlation and matrix effects
all change when the molecule is formed from the precursor atoms. The
assumption that these effects are similar for different molecules may
not be strictly valid. The use of gas phase data as a scaling factor
does provide a reasonably consistent method for comparing the properties
of different clusters. Unless otherwise noted, all spin populations

here are referenced to gas phase hyperfine splitting. Throughout this
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chapter the notation used is that for M refers to the spin population
on two equivalent nuclei. 05 refers to eéch of the remaining nuclei.
p is the average spin population on each nuclei. This notation is
slightly different from that used in references 41, 46, 47 and 48
(reprinted here as Appendices 1,2,4, and 5) where Py and Py are used
instead of Fy and Pye

The g-values of these molecules, with the exception of Ag3 which
shows significant anisotropies, are very close to the free electron
value. These small negative g-shifts increase along the series Li, Na,
K for both trimers and septamers and may be indicative of the increase
in the spin-orbit coupling constant. Low lying excited states or matrix
effects may also be responsible. Since matrix effects of this magnitude
are routinely encountered; no attempt to interpet these shifts is made.

This section is arranged into two parts. 1) Metal trimers,
2) Na,. The spectra of Na5(?), Cu3(?) and the Group IB atoms and
adducts are not interpreted here.
V. 2. | Trimers

Several metal cluster trimers have been observed and.interpreted
during the course of this project. Two isomers of K3, s-K3 and p-K3
were observed. A previously unreported isomer of Na3, p-Na3 was studied.
Ag3 was observed and the major features have been interpreted. Although
additional work remains to be done, the spectral parameters obtained
are sufficient for determining the ground state.

Summarized in Table I are the isotropic spin populations for
several metal trimers in different matrices. The molecules have been
organized into three groups; those molecules well characterized by the

single parameter, p, molecules with p, > ¢, and silver, with £,> €..
1 2 2 1
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Figure 1 shows the orbital correlation diagram for a triatomic
compased of S orbitals. On the left side are the molecular orbitals
for a linear or large angled geometry. As this angle is closed the
energy of the two upper orbitals, 1a1 and 1b2 converges and the orbitals
become degenerate for the case of an equilateral triangle. Further
closure of the angle causes an inversion of the orbitals. Each molecular
orbital predicts a unique ESR spectrum, providing a reliable means to
determine the crude geometry of 5 trimer from the ESR spectra. The large
angled case with a 282 ground state has all of the spin on each of the
two equivalent terminal nuclei. If the Jahn-Teller forbidden case were
to exist, each nucleus would have the same unpaired spin population. For
the small angled 2A1 state 2/3 of the unpaired spin is on the central
atom and 1/6 is on each of the remaining atoms.

A typical potential surface for a homonuclear triatomic is in
Fig. 2. The Jahn-Teller forbidden D3h structure corresponds to the
“energy maximum in the center of the surface. Encircling this energy
maximum is a low energy pathway. The surface is bounded by an energy
barrier corresponding to dissociation. These surfaces are frequently
described by the degree of deviation from D3h symmetry. This Jahn-
Teller distortion parameter, P, gives the difference in energy between
the D3h maximum and the geometry of the molecule at the potential
minimum. The radial behavior of the molecule on the potential energy
surface is given by the pseudorotation parameter, €. As a result of
anharmonicity in the potential function the energy path encircling the
conical intersection exhibits three potential minima separated by

saddle points.



Fig. V.1 Molecular Orbitals from Three Equivalent Atomic S Crbitals

Molecular orbital scheme for homonuclear triatomics with only S atomic orbitals available.
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Fig. V.2 Potential Energy Surface for a Triatomic Metal Cluster

a) The top figure shows a "Mexican hat" type potential surface
for a molecule subject to a Jahn-Tellr distortion. The peak represents
the forbidden high symmetry state.

b) Potential surface for Li, calculated by Gerber and Schumacher.
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The details of these potential surfaces have been investigated
for Li3 and Na3 by computational techniques. For L13 the potential
surface was calculated in detail by Gerber and Schumacher (11) using a
coupled electron pair approximation (CEPA). This calculation predicts

Li3 to be bound by ~3000 cm'1 relative to the L13 - L12 + Li dissocia-

1

tion channel. The saddle points are calculated to be ~250 cm — above

1

the potential minima. The D, _ energy maximum is ~350 cm ~ above the

3h
saddle points. A more detailed analysis by Gerber (52) indicates that

these saddle points are absent. Both reports predict that L13 should
be able to freely pseudorotate between the three equivalent potential

wells. This would preclude isolation of distinct isotopic isomers such

as OLi-71i-80 or 7Li-BLi-004,

The potential surface of Na, was studied by an ab-initio configura-

3
tion-interaction method with similar results (10). These two calcula-

tions are summarized graphically in ﬁig. 3. The properties of Ag3 were
calculated by Richtsmeier, Eades, Dixon and Gole using the diatomics

in molecules technique (51). The Jahn-Teller distortion is predicted
to result in a closing of the bonq angle. This structure is calculated

1

to be 200 cm™ * more stable than the optimum 282 state.

This survey of the gross features of the potential surface for a
Jahn-Teller active molecule suggests the possibility of four different

ESR spectra. Two types of spectra correspond to a static Jahn-Teller

distortion into either the 282 or 2A1

effect provides the opportunity to observe spectra corresponding to

states., The dynamic Jahn-Teller

D3h symmetry. The transition between the static and dynamic case

results in an alternating linewidth effect. Each of these cases and

their spectra are discussed below.



Fig. V.3 Cross Section of a Potential Energy Surface

A cross sectional cut through a potential surface similar to the cne in Fig. V.2. The numbers
used are approximate values expected for metal clusters.

~3000c¢cm™

~600cn!
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Case 1

2

If the "B, state is more stable than the 2A state the molecule

2 1

is predicted to have all of the unpaired spin localized on two equivalent
terminal nuclei. The nodal nucleus, while having zero spin density at
the simple Huckel Tevel of approximation, would be expected to have a
small spin density induced by polarization effects. For a triatomic
composed of spin 3/2 nuclei the spectrum is expected to be split into
seven groups by a hyperfine interaction about 1/2 that of the free atom
(p1 T 0.5). Each group is expected to'be further split into a quartet
by a small hyperfine interaction. In addition to the results of simple
molecular orbital theory there are available a few sophisticated
computational results. The CEPA calculation of L13 predicts Fq = 0.48
and g, = 0.03 after the author's normalization of the spin densities

to unity. (While normalizing the total isotropic spin population to
unity is incorrect, a correct treatment will not drastically change this

value.) Martin and Davison's calculation on Na, predict Po = 0.43

3
and Py = 0.047. E. R. Dietz's xa scattered-wave study of the magnetic
properties of the potassium trimer, while not able to predict reliably
the optimum geometry, calculates " and 92 for a large number of
assumed geometries (13). For bond angles from 75° to 180° 01 = 0.41
to 0.36 and P, = -0.10 to -0.13.

Both qualitative bonding concepts and detailed calculations are
in agreement with the major features of the spectrum of s-K3 in
Sec. IVﬂ The earlier reported spectrum of s-Na3 by Lindsay et al.

is very similar. Garland has observed a transient ESR spectrum of

s-7L1'3 which may be similar in nature (51).
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Case 2

2

If the "A, state of the molecule is more stable the major hyper-

1
fine splitting is expected to be about 2/3 that of the free atom and
centered on a single nucleus. Each of these groups will be further
split by a smaller hyperfine of 1/6 that of the free atom centered on
each of two equivalent nuclei. For a triatomic composed of nuclear
spins with I = 3/2 this case predicts a quartet with a large hyperfine
with each group showing a septet superhyperfine structure. No alkali
cluster spectra have been observed with this pattern. For Ag, with

I = 1/2 the Zp. state of the trimer should consist of a doublet split

1
by a large hyperfine interaction. Each Tine should be further split
into a triplet by a smaller Eyperfine interaction. This is the
dominate feature of the spectra assigned to Ag3. The magnitude of the
parameters obtained for Ag3, P = 0.12 and Py = 0.53 are in good
agreement with those predicted by simple molecular orbital theory.
Case 3

Ab-initio calculations suggest that rapid interconversion between
eqdiva]ent geometries ('pseudorotétion') is predicted to be energet-
ically feasible. This results in a dynamic Jahn-Teller effect where
the distortion averages out to zero over the time scale of the experi-
ment. Given the slow time scale of the ESR experiment (n1 x 10710 sec)

‘13 - 10‘15)

relative to optical experiments (10 the possibility of
observing these effects must be considered. A spectrum of a molecule
appearing to be in the 2E1 state of a triatomic would consist of lines
from three equivalent nuclei with each carrying the hyperfine interaction

of 1/3 the free atom (p = 1/3). For nuclear spins of I = 3/2

1™
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this gives a ten line spectrum. At high temperatures {32 K) this is

the spectra observed for p-K3. Garland has observed similar spectra

6, . 7. .
Lis and p Li, (53).

for both p-
Case 4
Intermediate between Cases 1 or 2 and 3 is the possibility of
pseudorotation at a rate comparable to the time scale of the experiment,
While line positions are identical to Case 3, line broadening occurs
for all states except those where M1 = M2 = M3. These "alternating
linewidth effects" are explained with the aid of Fig. 4, a partial
correlation diagram showing the effect of pseudorotation on the nuclear
spin configuration. Of the ten different nuclear spin states only four
have a component which does not change during pseudorotation. All
other states will undergo some broadening during the transition from
Cases 1 or 2 to Case 3. The extent of the broadening can be predicted

2

and has been shown to depend on (a1 - a2) (41-45).

Another spectrum which exhibits an alternating linewidth effect
is due to p-Na3. Because of the large value of (a1 - a2)2 all lines
susceptible to broadening are broadened beyond recognition over the
entire working temperature of the argon matrix (41).

In addition to providing interesting applications for Tinewidth
theories, Case 3 molecules provide strong evidence the p-M3 and s-M3
are different isomers of the same molecule. The difference between a
static and dynamic Jahn-Teller is often only one of experimental time
scale and not a difference in molecular parameters, The parameters
1 and a, can be related to those which describe
p-M3, as shown in equations 1 and 2 (41).

used to describe s-M3, a



Fig. V.4 Partial Correlation:Diagram of Nuclear Spin States for

Three I = 3/2 Nuclei

Only those molecular states comprised of nuclei in identical spin

states are unaffected by pseudorotation.
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a = 1/3(2a1 + a3) (1)

2 - 1/3(2a,° + a,°) (2)

3
Table 1IV.2 1ists the experimentally determined values of g a3, a and
(az)l/2 along with those calculated by Eqs. 1 and 2. Also listed are the
g values of the molecules. The close correspondence between the
parameters describing the different spectra strongly implies that the
carriers of the different spectra are either the same molecules or
closely related isomers.
V. 3. Eil

The spectra assigned to the sodium septamer provide information
on the symmetry of the valence electron. As for the case of the alkali
trimers, the total isotropic spin population is close to unity. The
n36% p character of the bonding does not appear to have a significant
influence on the spectra. The spectra are interpreted with molecular
orbital theory at the simple Huckel level of approximation. The
simple Huckel method, while not very sophisticated, has the advantage
of providing a practical methqd'of performing a large number of
calculations for clusters of different sizes and symmetry. Over
60 geometries were calculated for an assortment of clusters containing
less than 20 atoms. Since a doublet ground state is indicated by the
spectra, only odd-numbered clusters were investigated. The molecular
orbital schemes generated by this method permit comparison with the

experimentally determined unpaired spin distribution.
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Given the radical assumptions made in deriving the simple Huckel
method, no effort was made to parameterize the calculations to the
energy levels of sodium. The utility of the calculations for predicting
trends in energy was estimated by comparing the stability of several
pentamer geometries with those calculated by Gole et al. using the
diatomics in molecules method. The pentamers were chosen for comparison
because these are the largest clusters for which a number of geometries
have been investigated by the same computational technique. The
comparison is given in Fig. 5. The stability of the trigonal bipyramid
(D

), chain (D ,), branched chain (CZV) and tetrahedral geometries (T

3h «h) D)

are compared. The simple Huckel method does not distinguish between
different bond angles or bond lengths, only the assumed bonding between

nuclei. In spite of the inability to distinguish between Dooh Tinear

and "zig-zag" chains, or planar and puckered rings, the order of

energies for the different geometries are exactly the same by both

" N _
methods, (D3h - Cyy < (Dooh - CZV) < Ty

Because of the uncertainty of the superhyperfine assignment, the

) <D

larger clusters, Nag, Na11 and Na13 were investigated., A few geometries
of particular interest were calculated for Na15’ Na17 and Nalg. Some
general properties of metal clusters, at the simple Huckel Tevel of
approximation are apparent. For the clusters considered, compact, three-
dimensional geometries appear to be most 1ikely responsible for the
observed spectra. Most other geometries considered, including chains
and rings, predict unpaired spin distributions in gross disagreement
with the spectra. For Na7, Na, and Na11 bipyramidal geometries have

9
molecular orbitals consistent with the observed spectra. (This assumes



Fig. V.5 . Comparison of Simple Huckel (SH) and Diatomics in

Molecules (DIM) Methods

Relative stabilities predicted for Na5 by the Simple Huckel
Method and the Diatomics in Molecules method for several geometries.

The vertical axis represents increasing stability in arbitrary units.
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that polarization effects not considered at the Simple Huzkel level
are capable of inducing small spin densities at nuclei which otherwise
have a zero unpaired spin population.) Figure 6 illustrates the
molecular orbitals predicted by the simple Huckel method for a
pentagonal bipyramid. The valence M.0., w4, has a spin distribution
consistent with the observed spectrum. In Fig. 7 the molecular
orbitals of a square bipyramid shows the three-fold degeneracy of the
valence state. When the degeneracy is lifted by a Jahn-Teller dis-
tortion, each of the resulting orbitals are consistent with the
observed spectrum. Both of these geometries are predicted to be
relatively stable for Na7 by the simple Hﬁcke] calculations. Similar
structures for Na5 are predicted to be the most stable by both the
simple Huckel method and the calculations of Gole et al.

A few other geometries found to have molecular orbitals consistent
with the observed spectra are given in Fig. 8. The "T" shaped
geometry has a valence M.0. consistent with the spectra to a first
approximation. In a "real" molecule the five nodal atoms would not
experience identical polarization effects. Such a geometry would
most likely not have the five nodal atoms exactly equivalent. The
ESR spectra are sensitive to these variations. At the simple Huckel
level, and diatomic in molecule level, chain type structures are found
to be significantly (~30%) less stable than the c]dse-packed, three-
dimensional arrangements. The trigonai arrangements (Fig. 8b) are
also predicted to have M.0.'s consistent with the spectra. These are
predicted to be slightly less stable than the most favored geometries.

Figure 8c shows the valence M.0. for the only Na9 geometry aside from
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Fiv. V.6 Molecular Orbital Scheme for Bipyramidal Na7

APPROXIMATE SCALE OF
ORBITAL COEFFICIENTS:

o.7~© 05~ 03~o0

W 02~ O  node~®




122

Fig. V.7 Molecular Orbital Scheme for a Square Bipyramidal Na./.

APPROXIMATE SCALE OF
ORBITAL COEFFICIENTS:
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Fig, V.8 Valence Molecular Orbitals for Three Possible Na7
Geometries
&—O- @
A
B
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bipyramids which may be consistent with the spectra. The difference
between the calculated spin populations is reasonably small. This

geometry is intriguing because of the BCC structure of bulk sodium.



Appendix A.]

ESR spectra of matrix isolated potassium atom clusters
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ESR spectra assigned to the previously unobserved K, molecule have been obtained by co-depositing atomic
potassium with argon under conditions favorable to cluster formation. The ESR spectra show that the trimer
is chemically bound, with predominantly s rather than p character. Approximately 95% of the 45 spin
population resides equally on two **K nuclei with less than 6% on the third atom. The trimer is assigned a
symmetric linear or “‘obtuse angled” isosccles gecometry with ground state symmetry X} or *8,. A second
ESR spectrum, a pattern of 10 equally spaced hyperfine components centered close to the free electron g
value, is indicative of a radical species containing three equivalent K nuclei each having an isotropic spin
population of slightly less than 1/3. Plausible candidates for the carrier of this spectrum are K, with a linear

or “zig~zag" geometry, or a “‘pseudorotating” isomer of K,. ESR

ities show a prc d temperature

dependence. K, spectra are significantly enhanced by warming to T~ 19 K, but almost completely disappear

at T~25 K, where the 10 line spectrum is most intense.

. INTRODUCTION

Small metal clusters represent a relatively new class
of compounds whose properties have been receiving in-
creasing attention.!** Recent interest has largely been
stimulated by the unifying role that metal clusters may
play in a wide range of catalytic events.’~’ Further
areas of application include metal-metal bonding in
polynuclear organometallic compounds, 8 nucleation
phenomena, ® atom-dimer reactions, !* and the transi-
tion from the atomic and molecular regime to the solid
state.!! Despite a considerable theoretical and experi-
mental effort, however, metal clusters remain an im-
perfectly understood area of research whose potential
applications remain somewhat speculative at present.
Historically, the first studies of note are the photo-
ionization measurements of Foster, Leckenby, and
Robbins!? on alkali clusters containing up to eight atoms.
More recently, Schumacher and co-workers have de-
veloped an elegant two-photon ionization method of ob-
serving discrete transitions from individual cluster
species.!® Other gas-phase techniques include laser
fluorescence in supersonic nozzle expansions, " Stern-
Gerlach deflection in molecular beams, !* and mass
spectrometric measurements of dissociation ener-
gies. %17 The majority of reported experiments have
employed the matrix isolation technique, most com-
monly in conjunction with UV-visible absorption spec-
troscopy. ¥ With several noticeable exceptions, !°
relatively little structural information has been de-
duced from this work. A growing number of molecular
structure calculations have ranged from detailed ab
initio studies on alkali trimers**~%* to a much more
ambitious modelling of large clusters containing tran-
sition metal elements. ** While potentially of great
practical importance, the properties of this latter ex-
tremum remain uncertain in the absence of confirming
experimental evidence.

This paper reports the first spectroscopic analysis
of potassium trimer molecules. Atomic potassium and
diluent argon were codeposited on a sapphire surface
loosely coupled to a liquid helium reservoir. The sap-
phire surface was warmed during deposition in order to
promote aggregation before the free atoms are frozen
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into the argon matrix. Electron spin resonance (ESR)
spectra show that three species, atomic potassium in
several matrix sites, K; and a polymer designated K,
are formed during deposition, with relative intensities
(T=4 K), K<K;>K,. Matrices containing potassium
clusters show a pronounced, and to some extent re-
versible, temperature dependence. K, spectra are
significantly enhanced by warming to T~ 19 K, but al-
most completely disappear at T~25 K, where K spec-
tra are most intense.

The ESR spectra show K; molecules to be chemically
bound with a distribution of unpaired spin distinctly
different from precursor atom and dimer moieties.
The magnetic parameters for K,, markedly similar to
those of the isovalent sodium trimer, %% suggest a
symmetric linear or “obtuse angled” geometry with
ground state ’T; or ’B,, respectively. As a first ap-
proximation, the simple Huckel picture provides a
good description of the bonding in K,, which is of pre-
dominantly s- rather than p- character. The unpaired
electron resides in a nonbonding orbital having equal
spin density on two **K nuclei and a node at the third
atom. Polarization effects induce a small, approxi-
mately 6% spin density at the central or apical position.

The second radical species, designated K,, has an
ESR spectrum distinctly different in character from
that of the trimer. This spectrum, a pattern of ten
equally spaced hyperfine components centered near the
free electron g value, suggests a polymer containing
three magnetically equivalent **K nuclei, each having
an isotropic spin population of slightly less than one
third. Plausible carriers of the ten line spectrum are
‘the next highesgt paramagnetic polymer K;, or an iso-
meric form of the trimer. The simple Huckel method
was used to predict spin density distributions for a
large range of possible pentamer geometries. Onlv for
a linear (*c}) or “zigzag” (°4,) structure was approxi-
mate agreement between theory and experiment ob-
tained. Recent ab inifio calculations on Li,™! and Na.*
suggest an alternative assignment for the ten line spec-
trum. The trimer is treated as a dvnamic Jahn-Teller
molecule whose potential surface, resembling a “mexi-
can hat, " has a central peak surrounded by a trough

3 1981 American Institute of Physics 259
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containing three potential wells each corresponding to
an obtuse angled geometry. A relatively low barrier

to “pseudorotation” about the central peak is calculated.
Thus, if pseudorotation is fast compared to the ESR
time scale, an averaged trimer spectrum is expected.
The predicted result is shown to be in excellent quali-
tative and quantitative agreement with the measured
spectral data for X,. Possible mechanisms for the
temperature dependent intensities are outlined and
future experimental studies are suggested.

Il. EXPERIMENTAL

The matrix isolation apparatus is similar in design
to that described previously. * Cluster species were
formed by codeposition of atomic potassium (Gallery,
99.95%) and argon (Airco, 99.9998%) on a sapphire
surface mounted inside a TE;(, X-band ESR cavity. The
ratio of argon to potassium was approximately 100:1
for the spectra presented here. The cavity was at-
tached to the lower reservoir of a double chamber, vari-
able temperature liquid helium cryostat. All spectra
were recorded on a Japanese Electron Optics Labora-
tory, ME-3X ESR spectrometer using 100 kHz mag-
netic field modulation and phase sensitive detection.
The resonant frequency of the cavity plus sapphire plate
and argon matrix was 9.2824(2) GHz over the tempera-
ture range 4-25 K. Individual spectra were calibrated
with a proton magnetometer (Micronow, Model 515).
The accuracy of this method was checked by comparing
measured and known trangitions from atomic potas-
sium?*% and KO,.?"?® Relative and absolute magnetic
field positions are judged accurate to +0.2 and 1 G,
respectively.

As in the analogous sodium experiments, ¥ clustering
took place during deposition and not by subsequent warm-
ing of the matrix. Cluster formation ig, presumably,

a surface diffusion phenomenon which occurs at the
quasiliquid interface characteristic of a matrix sur-
face during deposition.'®? Clustering may be par-
tially controiled by warming the sapphire substrate
above the nominal deposition temperature of 4 K.
Because of a substantial thermal resistance between
the sapphire surface and the liquid helium reser-
voir, Joule heating by the 100 kHz eddy currents cir-
culating in the cavity walls®* conveniently provided an
appropriate temperature gradient for cluster forma-
tion. For the experiments reported here, clusters
were formed with little or no magnetic field modula-
tion, indicating a thermal gradient of unknown origin.
This is in contrast to earlier experiments®® utilizing
sodium and potassium in argon matrices and presum-
ably relates to subtle differences in the two experi-
mental stations. Preliminary results for cluster for-
mation in krypton matrices show only atomic potassium
transitions with no modulation during deposition, but
some features attributable to K, in matrices formed
with large magnetic field modulation. As tempera-
tures were measured close to the liquid helium reser-
voir and not at the matrix itgelf, exact deposition con-
ditions were not determined. In experiments where
local heating was clearly absent, only the known*®~%
spectrum of atomic potassium was observed. All tem-

perature measurements were made with a carbon resis-
tor calibrated at three f{ixed points, 4.2 K, 77T K, and
room temperature. 2% The accuracy of this calibra-
tion is approximately 5% between 4.2 and 77 X. Ex-
cept during deposition, measured temperatures are
egtimated to be quite close to those of the matrix sam-
ple itself.

11l. SPECTRA AND ANALYSIS

Three distinct paramagnetic species are evident in
the ESR spectrum of matrices formed by codeposition
of potagsium atoms with argon under conditions favor-
able to cluster formation. The absence of features
corresponding to a zero-field splitting or to changes
of greater than unity in the electron spin projection
(aM,> 1) implieg that all spectra arise {rom species
having doublet ground states. The spectrum of atomic
potagsium in several distinct matrix sites is readily
identified by its sharp features and known spectral pa-
rameters. **~% A second spectrum is assigned to a
bent (®B,) or linear (*T?) potassium trimer, “K;. A
third, digtinctly different, spectrum is most apparent
at elevated temperatures, While the identity of the
carrier, designated K, has not been uniquely deter-
mined, plausible candidates are the potassium penta-
mer with a chain (%A, or °T;) geometry, or a pseudoro-
tating isomer of K,.

At 4 K in freshly deposited matrices, all three spe-
cies are observed with relative spectral intensities
K<K;>K,. However the spectra of K; and K show a
pronounced temperature dependence. Experiments
now in progress show that, after an initial annealing,
gpectral intensities are reproducible, reversible, and
dependent only upon the matrix temperature. K; spec-
tra are most intense in the temperature range T~ 13~
19 K, relatively weak at low temperatures and absent
above T~24 K. K, spectra decrease monotonically in
intensity as T—-4.2 K, where some component transi-
tions become noticeably broadened. Transitions from
atomic potassium show little intensity change with tem-
perature. A more detailed discussion of these effects
will be reported elsewhere.’® Similar, but as vet less
well studied, phenomena have been observed in matrices
containing sodium polymers.? Measured transition
fields for K, K; and K, correspond to temperatures
4, 19, and 25 K, respectively. In the several instances
where a comparison was possible, spectral parameters
measured at one temperature were, within experimental
error, identical to those at any other temperature,

A. Kj spectra

Figure 1 shows the ESR spectrum observed when pre-
viously deposited matrices were warmed to 19 K. The
spectrum attributed to K, consists of seven equallv
spaced quartets of first derivative transitions whose
center falls close to the resonance field #, =3312.2 G,
of the free electron. The separation between adjacent
quartets is approximately half that of the atomic hvper-
fine splitting (hfs) constant, a (**K)=82.4G. ! The
(substantially smaller) quartet splitting is, within ex-
perimental error, constant over the entire spectral
region. ’
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FIG. 1.

ESR spectrum of potassium trimers ”Ka in an argon matrix at 19 K. H,=3312,2 G is the resonance tield of a (ree elec~

tron for a cavity frequency of 9.2824 GHz. Transitions from atomic potassium in two matrix sites and a species labeled K,
{see Fig. 2) are also indicated. For the trimer spectrum, M designates the z component of the total nuclear spin angular momen~

tum of two magnetically equivalent **K auclei.

The spectral assignment of K; closely follows that of

_ the isovalent sodium trimer.2! The septet pattern in
Fig. 1 may be attributed to spin density on two mag-
netically equivalent potassium nuclei, the quartet struc-
ture arising from a third, nonequivalent, nucleus. To
a good approximation the magnetic field positions of the
trimer spectrum are described by

3
H(M, m3)={g,/g0) [Hc - ‘2:{ “«mc]

=(g,/g)(H, -a,M -h: my).

This expression®?*? pertains to the powder spectrum
for the case of an isotropic g tensor (§=g,1) and an
isotropic hyperfine interaction (A=al). Here m, and
m, are magnetic quantum numbers for two identical K
nuclei (@) =a,=a,). The corresponding parameters for
the third nucleus are designated mj; and a;. The hyper-
fine pattern depends on m; and m, only through their
sum, my +m,=M. For Iy=l;=1;=3/2, a total of seven
equally spaced quartets is expected, corresponding to
M=+3, +2, +1, 0, -1, =2, ~3 and my=+3/2, +1/2,
-1/2, -3/2. Infast scans recorded at 4.2 K, relative
intensities for the unresolved septet features cor-
respond approximately to the expected distribution,
1:2:3:4:3:2:1.

The second-order hyperfine interaction for two mag-
netically equivalent **K nuclei adds to Eq. (1) a term
given by=3%"

Ho(J, M) = = 3( g,/ g)? [ J(J + 1) - M¥|/H(J, M). (2)

Here J denotes the total nuclear spin angular momen-
tum of the two equivalent °K nuclei and M =m, +m, is
the total z component. H(J, M) is the magnetic field at
the particular line. Since J= IM| and the “triangle
condition” requires I, + [, =J= |[; - [,], each trangition
with a given W/ is split into components with J ranging
from M| to /, +1,=3 in integer steps. The second-
order interaction both removes the M degeneracy as-
sociated with the first-order results and shifts all lines
to lower magnetic field. In contrast to the situation

(1)

J. Chem, Phys.. Vol. 74,

obgerved for Na,, * Eq. (2) has only a minor influence
on the potassium trimer spectrum. The lifting of the
M degeneracy is not regsolved and line shifts amount to
~1G.

Superimposed on the trimer spectrum, Fig, 1, are
transitions arising from atomic potagsium in several
matrix sites®*=% and a ten line spectrum labelled K .
Although the quartet splitting of the M =+3 and =2 com-
ponents is well resolved, spectral overlap noticeably
obscures the M = +1 transitions. Poor resolution in
the M =0 region, expected to be relatively unaffected
by either *K or ¥K,, may arise from the presence of
much larger potagsium clusters. ESR spectra of in-
creasingly larger clusters should approach those re-
ported for colloidal potassium. *® an approximatelv 30 G
wide resonance centered near 4 =3320 G. For the
trimer spectrum of Fig. 1, f{ull lines represent mea-~
sured field positions whereas broken lines pertain to
those calculated as described below.

Table I compares the observed line positions for K,
(full lines, Fig. 1) with those calculated using Eqs. (1)
and (2) and the best fit parameters g, a,, and a, given
in Table [I. Estimated uncertainties in measured pa-
raraeters are given in parentheses. Also shown in
Table I are average quartet splittings, (ag;, for in-
dividual M components. The a, constant reported in
Table II is the mean of the (a,) values, with an uncer-
tainty of one standard deviation in this average. The
error in gy arises from a similar analysis. but that in .
gy is largely dependent upon uncertainties in the ab-
golute field calibration. A small correction to v
not included in Table I. Since individual (J, M) com-
ponents are not resolved, second-order contributions
to the hyperfine interaction were estimated using a
weighted average for each M value. This correction
reduced g, by approximately 6 x 10~ but, within experi-
mental uncertainty, had no effect on the hfs constant
a,. For comparison, Table II also contains measured
paramt;ters for atomic potassium in several matrix
sites.’

No. 2, 16 January 1881
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TABLE I. Compariaon between experimental and calculated line positions for *K,. Traasition flelds
H, and H, are defined in Eqs. (1) and (2). The experimental {(a,) represents the average spacing of
the quartets shown in Fig. 1. Experimental uncertainties (gee text) are given in parentheses. All

units are gauss.

Experimental Calculated Experimental
M y 8 (M, m,) H +H, Diiferences (ay)
+3 +3/2 3194.9 3195.0 -0.1 4. 7(4)
+1/2 3199.6 3199.7 -0.1
-1/2 3203.9 3204. 4 -0,5
-3/2 3209.0 3209.1 -0.1
+2 +3/2 3233.8 3233.9 -0.1 1. 6(2)
+1/2 3238. 4 3238.2 +0.2
-1/2 3242.9 3242.9 0.0
-3/2 3247.3 3247.6 -G.3
+1 +3/2 3272. 4
+1/2 3277.1
-1/2 3281.8
-3/2 3286.7 3286.5 +0.2
0 +3/2 3311.8
+1/2 3316.5
-1/2 3321.2
-3/2 3325.2 3325.9 -0.7
-1 +3/2 3350.0 3350, 4 -0.4 4.9
+1/2 3355.1
-1/2 3359.8
=3/2 3364.9 3364.5 +0.4
-2 +3/2 . 3389.7 3389.6 +0.1 4,5(8)
+1/2 3394.5 3394.3 +0.2
-1/2 3398.9 3399.0 -0.1
~-3/2 3404.2 3403.7 +0.5
-3 +3/2 3429.0 3429.0 0.0 4, 6(2) .
+1/2 3434.0 3433.7 +0.3
-1/2 3438.3 3438. 4 -0.1
-3/2 3443.0 3443, 1 ~0.1

The discrepancies between the observed and calcu-
lated line position, column 5 of Table I, are mostly
within £ 0.3 G. This is considered satisfactory in view
of the overlapping noted above and the rather large
widths, AH~2% G, of individual transitions. Trimer
(and **K,) linewidths are not instrumentally limited
in the spectra presented here (those of atomic potas-
sium are). Possible sources of line broadening in the
trimer spectrum include unresolved matrix, second-
order and anisotropic effects. For ?Na, in argon at
least two distinct trapping sites are observed with mag-
netic parameter a, and a; differing by approximately 2%
and 10% respectively.** Assuming an analogous situa-
tion for the potassium trimer, transitions arising from
individual matrix sites would differ by at most 3~4 G.
This effect should be most apparent in the M =+3J re-~
gions. As noted earlier, individual (J, M) components
are not resolved for ¥K;. Second-order effects are
largest in the M =+1 and O transitions, where H,(J, M)
is approximately 2-3 G, Consistent with the first de-
rivative appearance of the line shape, the analysis of
the trimer ESR spectrum agsumes a powder spectrum
with substantially isotropic g and A tensors. Arising
almost exclusively from p character in the wave func-
tion of the unpaired electron, small anisotropic cnn-
tributions are expected. however.'’ The s-p hybrid-
ization in the neutral dimer K, amounts to about 5%
10%.%" For the 4p valence orbital of potassium. the
mean inverse cube radius. (#*%~3 i-%,*? Thus an ap-

proximately 10% admixture of 4p character will contri-
bute a hyperfine anisotropy of the order of 1 G. Depen-
dent in part upon the trimer excited states, expected
anisotropies in the g tensor are more difficult to pre-
dict. The measured g shift, ag; =-0.0038, is con-
gistent with a small hybridization in the ground state
and spin-orbit coupling to empty orbitals of predomi-
nantly p rather than s character. Theabsence of transi-
tions having an absorptionlike profile mayv not impiv a
near coincidence of the three principal g tensor ele-
ments. Rather, these generally weaker features--*>
may be present but with insufficient intensityv to be ob-
gerved. However Ag for the trimer is also similar in

TABLE II. Magnetic parameters for ESR spectra ot dutussium
species in argon matrices. Experimental uncertaintivs tse.
text) are given in parentheses.

2

&o aq ay vy
(Gl

g, 1. 998 5(5) 39,0(3) =4.7T(2) 2, 4743 BRI
"y, 1.9990(5} 24, 5(7) 0., 2958}

{1l 2,0009(5) 31, 7(2) 9, 992(2)

awunt 1.9893(5) 35, 8(2) 1,054

2gumnt 1. 998 4(5} 91,5(3) 1. 112(3)

"RGPI 2.00231 32,35

*Roman numerals n parentheses denote diffevent matrin ~1t. -5
GP pertains to gas phase data lrom Rel, 31,

Papaired spin populations oy and ». are ratios ol @, and a2 -
the atomic isotropic Ifs constant a( “K) =32.4 G, trom Ret, .o
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FIG. 2. Ten line ESR spectrum of a radical K, in an argon matrix at 25 K.
The “stick spectrum” labelled K, pertains to trimer transitions assigned in Fig. 1.

three magnetically equivalent K nuclei.

Also indicated are potassium atom resonances for two matrix sites.

cavity frequency of 9. 2824 GHz.

sign and magnitude to that for atomic potassium in
argon, Table II and Refs. 27 and 28. Consequently,
anisotropies in the g tensor, not related to matrix ef-
fects, may be small, again contributing only to the tri-
mer linewidth.

Table II also includes spin populations p, and p; de-
rived by comparing the values of a, and a, with the iso-
tropic hfs constant for atomic potassium, a(**K)
=82.4 G.% Since the ESR spectrum gives only the ab~
solute magnitude of the hyperfine parameters, the signs
of the spin densities are not determined. Because of
its large magnitude, p, may reasonably be assumed to
be positive. However p; is small and may be either
positive or negative,

B. K, spectra

Figure 2 shows the result of raising the matrix tem«
perature from 19 to 25 K. Figures 1 and 2 pertain to
the same matrix sample with ESR spectra recorded
under identical instrumental conditions. At T'~25 K,
the trimer spectrum is almost unrecognizable, a “stick
spectrum” having been assigned by reference to Fig. 1
and Table I. Clearly evident in Fig. 2 is a pattern of
10 equally spaced first derivative transitizns whcse
component intensities increase from the wings toward
the center. The same spectrum is also evident in Fig. 1
but ig overlapped in several regions by features at-
tributed to K;. The carrier of the 10-line spectrum,
labelled K,, has not been uniquely identified. As dis- ~
cussed in the following section, plausible candidates
are K; or an isomer of K;. As in the trimer case, K,
spectral intensities show a pronounced temperature
dependence between 19 and 25 K. On average, inten-
sities in Fig. 2 are approximately double those in Fig.
1. However, individual components increase by differ-
ing amounts. Transitions arising from atomic potas-
gtum change little if any between 19 and 25 K. These
observations are reminiscent of the ESR behavior of
organic radicals undergoing exchange and similar ef-
fects in solution, 32:33:43=43

M’ denotes the nuclear spin guantum number for

H,=3312.2 G is the resonance (ield of a tree clectron for a

Component transition fields for the ten line spectrum
of Fig. 2 are well described by the first-order expres-
sion,

H(A/[ ) <g¢l/g0 {

The previously defined constants g, and , pertain to

the free electron; g, and a, parametrize the powder spec-
trum for a species having an isotropic g tensor and hy-
perfine interaction. Here, however, M’ =iy ~ma +m;
denotes the spin projection quantum number for three
magnetically equivalent K nuclei (¢, = ay = a;=a,).

For I=3/2, Eq. (3) predicts 10 equally spaced compo-
nents with M’ ranging from +9/2 to - 9-2 in integral
steps. Relative intengities in Fig. 2 correspond in

part to the predicted®’ distribution, 1:3:6:10:12:12:
10:6:3:1, for three equivalent "°K nuclei. Significant
exceptions most likely arise from dvnamic effects
which, as noted earlier, appear to be important in these
matrix samples. Table II gives the best fit parameters
g0 and a, obtained from Eq. (3) using measured transi-
tion fields from Fig. 1. The average discrepancv be-
tween observed and calculated line positions is =0.4 G.
The spectral fit was not noticeably improved by inclu-
sion of an estimated second-order hvperfine correc-
tion. Unresolved matrix gite, second-order hvperfine
and anisotropic effects probably contribute to a degree
comparable to that discussed above for K,;. The experi-
mental uncertainty in a, represents one standard devia-
tion in the average separation of adjacent M/’ compo-
nents, As in the trimer measurements, calibration
errors contribute the major uncertainty in »,. Table II
also gives the spin population p, representing the iso-
tropic spin density on each of the three magneticaliv
equivalent **K nuclei.

', —au' ] (3)

tV. DISCUSSION

The measured spin populations in Ky, pa=0.47 and
py==x0,06, are distinctly different from the corre-
sponding parameters for possible parent species: three
non interacting atoms, each with unit spin population.
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FIG. 3. Moiecular orbital scheme for alkali trimer molecules.

or a single atom plus diamagnetic dimer having py=0
and p;=1., The presence of two magnetically equiva-
lent **K nuclei indicates that the trimer has a sym-
metric linear (D.,) or bent isosceles (C,,) geometry.
The spin populations for K, are remarkably similar to
those measured for the isovalent Na; coinplex, p,=0.47
and p;=+0.07.2* Thus the ESR results show that al-
kali trimers in their ground states are chemicaily bound
molecules. This situation may be contrasted with that
found for H,, which is unstable towards digsociation in
its ground state, 4647

Figure 3 shows a molecular orbital (MO) scheme for
the potassiumtrimer at the simple Huckel level. The
figure is analogous to the bonding scheme in the well-
known allyl radical, ***® with carbon 2p basis functions
replaced by valence 4s-orbitals of atomic potassium.
For an “obtuse angled” isosceles geometry (apical
angle > 60° ‘9), the expected orbital configuration for
the trimer is * * - 14f16,, giving a ground state symmetry
’B,. For a symmetric, linear trimer of D., symmetry,
the relative order of the MO’s should remain the same
giving a - -+ a0, configuration of symmetry *z]. Thus,
the predicted spin populations for either °B, or %} sym-
metry, py=0.50 and p;=0, are very similar to the
values measured for K;, py=0.47 with p;=+0.06. As
in the allyl example, *** spin polarization effects, not
included in the simple Huckel model, would be expected
to induce a small (usually negative) spin density at the
central *K nucleus. Figure 3 also includes a Walsh-
type correlation diagram® for the bending coordinate
in Ky. As the apical angle is decreased from 180°, the
1b, orbital is destabilized by an antibonding overlap be-
tween the terminal atoms, 1 and 2. The corresponding
bonding interaction lowers the energy of the 2a, orbital.
For an “acute angled” geometry (apical angle < 60°%9)
the expected configuration is * - 1ai2a, leading to a Ay
ground state. For this situation, the predicted spin
populations py=1/4, p;=1/2 are in marked contradis-
tinction to those observed. Likewise, the ESR data
rule out an equilateral triangle for which py=py;=1.3
on each atom. For an apical angle of 60°, the potas-
sium trimer will have an orbitally degenerate ground

ESR spectra of potassium atom clusters

state of 2E’ symmetry and should, therefore, suffer

a static Jahn-Teller distortion to either an obtuse
angled or an acute angled geometry. The ESR spectra
for both K; and Na, show that the *B, component lies
lower in energy.

An alternative model for both K, and Na, envisions
trimer formation by an “electron jump” mechanism,
M, + M- M;M" or M; M*. The approximate atom-dimer *
separation at which charge transfer should occur can
be estimated from the curve crossing relationship, *!
r.=14.4/(I ~E) A, where [ and E are, respectively,
the ionization potential of the donor and the electron
affinity of the acceptor (energies in eV). For K +=K,,
r.~3.8-4.1 A, a value comparable in ‘magnitude to the
average trimer bond distance »,~4.3 A.* Consequently
the trimer ground state might be expected to possess
significant ionic character, with isoceles geometry
being favored electrostatically. In the strictly ionic
limit, predicted spin populations for both M;M ™~ and
M;M"® are py=1/2, p;=0 in qualitative agreement with
those measured.

51

The simple bonding ideas of Fig. 3 are also in ac-
cord with several recent ab initio calculations on both
Li,**%%8 and Na;.?® The comparison between observed
and calculated spin populations has recently been re.
viewed.?® Briefly, there is qualitative and sometimes
quantitative agreement for trimer species of either °5,
or 32; symmetry. In most cases an obtuse isosceles
geometry is predicted to be most stable although a flat
potential surface with multiple minima is also indi-
cated. While none of these calculations gives any
indication of an extensive ionic contribution to the trimer
electronic structure, a theoretical study of isovalent
Li,H indicatesanisosceles 4 ground state with 50%
fonic character. ™57 Most noteworthy are the calcuia-
tions by Gerber and Schumacher® on Li, and by Martin
and Davidson®® on Na,. Both studies treat the trimer
as a dynamic Jahn-Teller molecule. As discussed in
more detail below, the previously invoked static dis-
tortion may, in some situations, be too naive a model
for these molecules.

As noted earlier, the presence cf a moderate p char-
acter in the wave function for the unpaired electron will
not produce directly measurable effects in the ESR
spectrum of X;. Consistent with the 5¢~10 and 207 -
30% hybridization in K. %! and Na,, *° respectively, an
order of magnitude 10% p character might be expected.
Indeed, a more extended basis set may account for the
stability found for alkali trimer molecules but not {or
H;. Consequently, the isotropic spin populations. o,
=p, =0, 474(3) and p; =0, 057(2), should not sum o
unity, The ESR measurements leave an ambiguity. anot
resolved by molecular structure calculations, - as 0
the gign of p;, however. If p;>0, Sp=1.005(5) corve-
sponding to little or no p character, whereas for p
<0, Sp=0.891(5). If the 10-line spectrum of K, (Fig. _:
arises from a pseudorotating isomer of K»(*B.} then,
as shown below, p;<0. For this situation the spiit neru-
lation data indicate an 11% p orbital participation. A
number of complications may alter this estimate. 2.
ever. These include orbital contraction or expansic:
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upon molecule formation’®? and matrix interactions.
.The latter give rise to a gignificant spread in the mea-
sured hfs constant for atomic potassium (Table II) and
produce at least two distinct trapping sites for Na, in
argon.®* Likewise, both the sign and magnitude of the
measured g shift Ag=-0,.0038, are consistent with
either matrix site effects comparable to those of atomic
potassium or with p-orbital participation in the un-
paired electron wavefunction. For a 10% hybridization
and spin-orbit coupling to empty orbitals of dominant

p character, a rough g shift may be estimated from, 7
Ag~=2(0.10)A,/4 where A, =38 cm™ is the spin-orbit
coupling constant for the 4p orbital of atomic potassium®®
and A is the energy gap between the ground and excited
state. Substitution of the observed g shift gives a~2000
cm™, which seems unreasonably small.*® Most likely
hybridization and matrix effects contribute comparably
to the g shift in these molecuies.®®

An interpretation of the spectrum shown in Fig. 2 is
not as clear cut as in the trimer analysis. Although
this spectrum is most apparent at elevated tempera-~
tures, it does appear to be pregent in freshly deposited
matrices at 4 K. Here, however, most M’ components
are overlapped by the much stronger K; spectrum and
with transitions from atomic potassium in several
matrix sites. A somewhat analogous, but not as well
documented, phenomenon has been observed in experi-
ments utilizing sodium instead of potassium.?' In the
temperature range T ~25-30 K, the ESR spectrum of
Na, is entirely suppressed and 2 weak underlying spec-
trum becomes evident. This consists of at least six
sets of first derivative transitions, whose intensities
fall off towards the wings. The (most intense) central
get i3 closest to the resonance field of the free elec-
tron. The spacing between the major features is ~110G
and the superhyperfine splitting is ~ 6 G. For the potas-
sium experiments, the ten line hyperfine pattern shows
that the carrier contains three magnetically equivalent
»K nuclei, each having an isotropic spin population of
slightly less than one third. This situation could arise
in one of two ways. Either the spectrum originates
from a polymeric species other than the trimer or,
alternatively, it might belong to an isomer of Kj in
which all nuclei have become equivalent.

In view of the significantly greater signal intensity of
the trimer in comparison with atomic potassium, the
presence in these matrices of still larger aggregates
is quite plausible, Since, for smaller cluster sizes at
least, only odd numbered species are expected to be
paramagnetic, the most likely candidate is the potas.
sium pentamer K;. As in the trimer example above,
the simple Huckel method was used to predict spin den-
sity distributions for varying K; geometries. Assumed
structures included the chain, ring, square pyramid,
trigonal bipyramid and tetrahedral arrangements, plus
several others of still lower symmetry. In four cases
(ring, tetrahedron, square pyramid, and trigonal bi-

- pyramid) an orbitally degenerate ground state was pre-
dicted, but this was assumed to be unstable towards a
static Jahn-Teller distortion. Of the > 10 geometries
investigated. only the chain (linear or "zigzag”) struc-
ture gave approximate agreement with the experimen-

FIG. 4. Molecular orbita.l scheme for an alkali pentamer with
linear or ‘‘zigzag’ geometry.

tal spectra. Figure 4 shows the predicted MO scheme
for a linear or bent pentamer molecule. The unpaired
electron is seen to occupy an orbital of a; symmetry
{0, if linear) for which py=1/3 on three **K nuclei in
approximate agreement with the measured value p,
=0.30.°" As in the potassium trimer, the total iso-
tropic spin density, 3p,=0.89, does not sum to unity,
possibly indicating some p character in the wave func-
tion for the unpaired electron, In this context, it is
interesting that the total isotropic spin densities, p,
=1.00, 2py=0.95, 3p,=0.89, for clusters K, K;, K,
respectively, decrease monaotonically towards the
value £,~ 0,7 for the corresponding parameter in bulk
potassium.

At the gimple Huckel level, the a wave function for
the chain pentamer structure, Fig. 4, has a node at
two potagsium nuclei. However, as in the case of K,
higher order effects would be expected to induce a
small polarization spin density at these positions. For
the trimer this gives rise to the quartet superhyvperfine
structure characterized by a;~5 G. The correspond-
ing interaction in the pentamer should produce a septet
superhyperfine pattern about each of the ten M’ compo-
nents of Fig. 2. The clear absence of this effect might
indicate a superhyperfine splitting considerably smaller
than the trimer value. In this situation, an upper
bound to the pentamer superhyperfine splitting con-
stant may be estimated from measured linewidths, ™
and is found to be approximately 1 G. As mentioned
earlier, ESR spectraof matrices doped with sodium show
evidence for a cluster (other than Na,) whose super-
hyperfine splitting ~6 G. A similar potassium species
would have a predicted“ splitting of ~1 G, in good agree-
ment with the value estimated from the observed line-
width data. Semiempirical calculations® predict a
variety of stable geometries for alkali pentamer mole-
cules, including a chain structure. Since these studies
are not as detailed as in the trimer case, it is difficult
to make a fair comparison between theory and experi-
ment at this time,
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N S
HytHg~a,(m +myi-aym, Hy*Hy=0g (m +m, ) =a my

FIG. 5. Normal coordinate and real space description of
pseudorotating K, with circles representing energy coatours for
the trimer potential surface.

An alternative interpretation of the ten line hyper-
fine pattern is suggested by the results of recent theo-
retical studies on Li; *! and Na,, % which treat the trimer
ag a dynamic Jahn-Teller molecule. In D,, symmetry
there are three normal modes of vibration one of which
is totaily symmetric while the other two comprise a
doubly degenerate pair. The trimer potential energy
surface is usually described in terms of the two doubly
degenerate coordinates @, and @,. 5" The Jahn—
Teller interaction gives rise to a continuous, double
potential surface, formed by two overlapping parab~
olids of revolution, with upper and lower sheets joined
at a conical intersection. ’

Figure 5 is a schematic illustration of the lower po-
tential sheet, whose esgential features are a central
peak surrounded by a trough containing three potential
wells. The central peak, corresponding to a true
equilateral geometry, is energetically remote from the
trough region. The three minima correspond to obtuse
isosceles geometry (282 symmetry), and are indistin-
guishable except for different occupancies of the apical
position, as indicated by the numbering in Fig. 5.
Each well is separated from its neighbors by a saddle
point of acute isosceles geometry. The broken line in
Fig. 5 represents a relatively low~energy path between
adjacent minima, intraconverting one obtuse triangular
form into another, This “pseudorotation” is accom-
plished by deforming the trimer in both the @, and @,
directions. The totally symmetric coordinate is not
involved in this motion.

Figure 5 also gives magnetic field positions H;, H.,
and H, for the ESR transitions from each obtuse angled
structure, These expressions are the same as Eq. (1)
and are discussed in Sec. III. If trimer molecules are
“locked" into their respective minima, ESR does not
distinguish among the three geometries and the resul-
tant spectrum is a superimposition of individual obtuse
angled species, i.e.. a septet of quartets as observed
in Fig, 1, However, for pseudorotation faster than the

" (ii) give rise to the spectrum of a "'vibronic sim

ESR time scale, only an average spectrum will be
observed,

(Hy=$(H, +Hy +H) =Hy =M’ + $(2a, +ay). )

This expression, in which M’ =m, +m, +my, is simi-
lar to Eq. (3) but with an effective hfs constant, d,
=1(2ay+a;). Together with the data of Table II, a,
=39,0(3) G and a;=%4.7(2) G, Eq. (4} predicts a 10-
line ESR spectrum for which a,, =27.6(3) G if 4,> 0
OF @y,¢=24.4(3) G if a;<0. The predicted value with
a3<0, @,y =24.4(3) G, is remarkably close to the
measured hfs constant for K., a,=24.53(7) G from
Table 0. In addition, Eq. (4) predicts the same g
value for both K; and K,. Within experimental error,
the data of Table II show this to be the case.

A pseudorotation mechanism is also appealing as it
suggests a posgsible origin of the temperature depen-
dent intensities observed in these matrix samples. For
the sodium trimer, Martin and Davidson’’ estimate a
vibrational frequency of approximately 85 cm™ for the
doubly degenerate normal mode, with a barrier to
pseudorotation close to 200 cm™'. Consequently they
conclude that “the B, well should support 2 or 3 vibra-
tional levels."” More precisely, the ground state for
the trimer is a vibronic doublet of £’ symmetry with a
%As state lying slightly higher in energy. "™ In the
absence of barrier penetration. all three states have
the same energy. This three fold degeneracy. arising
from the three indistinguishable obtuse angled configu~
rations of the trimer (Fig. 5), is lifted bv quantum
mechanical tunneling which raises ‘A, above ‘E’. This
example ig analogous to the more familiar case of in-
version doubling in the ammonia molecule. “*'* For
Na,, a rather crude estimate gives an order of magni-
tude 1-10 em™! inversion splitting corresponding to a
tunneling frequency in the 10~100 GHz range.”™ If a
similar situation pertains to K. then it is plausible that
at low temperatures the trimer is trapped in its zero
point energy level within the "B, wetls. The tunneling
rate might well be less than the 10-100 GHz estimate
for Naj, so that little or no pseudorotating isomer is
detected on an ESR timescale. As the temperature is
raised above 4 K, several effects mav come into plav.
The matrix, which should be particularly importarnr in
systems with a markedly flat potential surface, misht
“lock” the trimer into an obtuse angled geomerr near
4 K but could become sufficiently {luid at higher rem-
peratures to allow pseudorotation. Alternartiveiv. or
in addition, higher energy levels of the trimer niis:
become thermally accessible. This could {i}
the rate of pseudorotation either by thermal
of excited energy levels in the 383 wells or v
coupling of the three wells through a much hiu
as in the Orbach mechanism for spin lattice relaxu::

state, ° for which unresolved anisotropies wou!
absent. leading to narrower lines and a more e
spectrum as observed at T ~19 K and (iii) decrea
spin lattice relaxation time suificientiv for rhe s
angled trimer spectrum to be broadened bevona e+ -
tion, ** as observed at I'~25 K.

While these explanations for the temperarrez e
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intensity changes are qualitative and, consequently,
somewhat speculative, additional experiments may pro-
vide further guidance and, in addition, allow a defini-
tive assignment of the carrier of the 10-line spectrum.
Included are intensity measurements over a finer tem-
perature grid, the use of matrices other than argon

and temperature dependent studies using lithium and
sodium rather than potassium. The results of these
experiments will be reported in later communications.
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ESR spectra assigned (o pscudorotating Na, molecuies have been obtained by clustering atomic sodium in an
argon matrix. Both a pseudorotating spectrum and the previously reported “stationary™ spectrum are

observed. As in the analogous potassium case, the pseudorotating spectrum is attributed to a rapid exchange
between the three equivalent potential wells of a Jahn-Teller distorted trimer. The ESR spectra show an
extreme aiternating linewidth effect. Even at 7' 30 K, only those four hyperfine (hf} components which do
not broaden are observed. The relaxation matrix formalism is applied to pseudorotating Na, and derived
expressions give a good fit to the measured line positions. These show $-10G “‘dynamic frequency shifts,”
much larger in magnitude than normally encountered in exchanging radicals. The measured g value and hf

4,

constants for pseudorotating Na, ate in close corr

with those pred

1 from the stationary trimer

parameters. Together the two spectra determine the sign of the hf coupling in Na,.

-

. INTRODUCTION

In previous work, ! electron spin resonance (ESR)
spectra were reported for sodium trimers trapped in
solid argon at 4.2 K. The spectra show an isotropic
hyperfine (hf) structure arising from the Fermi contact
interaction of a single unpaired electron and three ¥Na
nuclei. Twao nuclei are magnetically equivalent and have
hf constants (a,) approximately half that of the free atom.
The hf coupling to the third nucleus (+ a;) is much
smaller. Subsequent studies® have identified an analo-
gous spectrum for K,.

Both trimer spectra have been interpreted as arising
from the °B, ground state of an “obtuse isosceles” iso-
mer. The unpaired electron is localized almost entirely
in valence s orbitals on the two base atoms. Polariza-
tion effects induce a small (positive or negative) spin
density at the unique apical position. The trimer ground
state may be viewed as the stable partner of a Jahn-
Teller distorted equilateral triangle.'* The orbital de-
generacy of the Dy, trimer is lifted by an increase in the
apical angle and since no particular atom is preferred
this leads to three equivalent potential wells each of 2B,
symmetry. Trimer molecules are equally distributed
among the three wells which, if sufficiently deep, give
rise to the “stationary spectrum” observed.!?

For potassium in argon, a further ESR spectrum con-
sists of ten equally spaced hf components as would be
expected of a radical containing three equivalent K
nuclei.*%¢ This spectrum was attributed to a pseudo-
rotating trimer in which all three atoms are made
equivalent by rapid exchange between adjacent B,
minima. As evidence for this interpretation, the hf
splitting constant of pseudorotating K, is found to be in
excellent agreement with the appropriate average, (@)
=1/3(2ay+a,), of the stationary trimer constants, if a,
is assumed nega.tive.2 In addition, both spectra have
the same g value. Confirming evidence is provided by
the striking alternating linewidth effect shown by the
pseudorotating spectrum.®® At high temperatures,
component ESR intensities approach the predicted ratio
for three equivalent **K nuclei. With decreasing tem-
perature, however, all but four hf components become
noticeably broadened. This behavior was shown to be
both qualitatively® and quantitatively® in accord with the
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pseudorotation hypothesis.

In this paper we report ESR spectra for the pseudo-
rotating sodium trimer. As is well known from the
study of certain organic radicals, ™" dynamic behavior
may be manifested by both line broadening and frequen-
¢y shifts. These two effects depend upon the mean-
square deviation in the hf splitting (54%, where,® for
alkali trimer molecules, (8a® = 2/9(a, - a;).* Because
(6a® for Na, is very large (over an order of magnitude
greater than in K,), there are pronounced consequences
for the ESR spectrum. Only those four hf components
whose linewidths are immune to exchange can be ob-
served {an extreme alternating linewidth effect) and
these show large (5-10G) dynamic frequency shifts.

As in the potassium case, ® the magnetic parameters
for pseudorotating Na, are in good agreement with those
predicted from the stationary spectra' when a, is as-
sumed negative.

II. EXPERIMENTAL

The experimental details have been reported else-
where. *? Matrices are formed by codeposition of ex-
cess argon (Airco, 99.9998%) with atomic sodium (Gal-
lery, 99.95%) on a sapphire plate bonded to the inside of
an ESR cavity mounted on a variable temperature liquid
helium Dewar. Cluster formation occurs during de-
position and is accomplished by warming the sapphire
surface above a nominal temperature of 4.2 K. Spectral
resolution was considerably enhanced by a subsequent
annealing of the matrix sample. Temperature measure-
ments are made with a calibrated carbon resistor and
are judged accurate to within = 5. The resonance ire-
quency of the cavity plus sapphire plate and argon mua-
trix was 9. 2824(2) GHz over the temperature range °!
these experiments. ESR spectra were recorded on 2
JEOL ME-3X spectrometer and were individually cali-
brated with a proton magnetometer (Micronow, mode!
515).

Il. THEORY

Trimer spectra may be described by the isotropic
spin Hamiltonian

() =iy 0y (1)

2 1982 American Institute of Physics
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where
Yo=goBeSe H+@Se Y Ia+$d 9 (Sulpo+5.1,0) 6y
] e
is a time independent part, and
1
Ky(t)= 3 ho(0) S fg + -2-; B0 (S0, +5.1,,) (2)
q

is a random, fluctuating term which describes the dy-
namics. Inthese expressions, g, is the trimer g value.
8, is the Bohr magneton, and a={(a,(#))=1/3(2ay+ay) is
the average hf coupling constant for nuclei ¢=1, 2, or 3.
The electron spin operators S,, S, and nuclear spin op-
erators I,,, [,, have their usual meaning but are special-
ized to S=1/2 and I=3/2. The h,(t) represent instan-
taneous deviations from the mean hf,

ho(t) =a,(t) - , @)

which can take one of two values depending upon whether
a,(t) =a, or a,.

A. Static problem

To second order in a/H, the eigenvalues of the static
Hamiltonian (i¢y) give, with the selection rules am,
=t 1, Am, =0, transition fields (the units are Gauss)

H0=5'£'--&M--‘727}[31(1+1)-Z' mf] , ()

where g,, H, are the g value and resonance field for a
free electron, m,=+3/2, £ 1/2 is an eigenvalue of /[,
and M =3, m,. Assumed in the derivation of Eq. {4) are
first order basis functions

[y =my [T imy » (5)

where | m,) and | m,) are eigenfunctions of S, and [,,,
respectively. The product representation of Eq. {5)
recognizes a choice of uncoupled nuclear eigenfunctions
for a pseudorotating trimer.'? No nuclei are “complete~
ly equivalent” in the sense that a,(t)* a, (¢) at all times
t, and the criterion™? |ay - a,l > a¥/2H, a%/2H is easily
met by both Nay and Ky. For pseudorotating K,, the last
term in Eq. (4), the “static frequency shift,” is small
and the spectrum is adequately described using first
order theory alone.? For the sodium trimer, however,
all three terms are insufficient and an additional “dy-
namic frequency shift,” arising from 5C,(¢), must be
included.

B. Dynamic probiem

The first term in Eq. (2), which cannot connect dif-
ferent spin states m, =+ 1/2, gives rise to a secular
broadening of the trimer hf spectrum. In Ref. 6 the
secular contribution to the trimer linewidth is shown
to be

T(M, k) =2/9(ay = ay)? [M? = 3(myma+ mymy+ mamy)| 1, ,

(6)
where 7, is a (temperature dependent) correlation time.
The symbol % recognizes that the function in parentheses
can, for certain M, take on several values depending
upon the particular combination of m, m,, and m,. Of

importance here are (m;, m,, nty) = (£ 3/2,+ 3/2,x 3/2)
and (£ 1/2,% 1/2,+ 1/2), corresponding to M =+ 9/2 and
one component of £ 3/2. For these ['(M,k)=0 and, in
the limit of an extreme alternating linewidth effect, only
four hf transitions may be detected.

Effects arising {rom the second term in Eq. (2) are
elegantly handled by the perturbation theory of Redfield
et al. Valid whenever (8a%'/ 27 <« 1, the general for-
mulation is well described elsewhere™®1*3%14 and need
not be restated here. However, each application re-
quires a computation of the elements of a relaxation ma-
trix R=R"+/R’, whose real and imaginary parts give
rise to a nonsecular linebroadening and the dynamic
frequency shiit, respectively. Although the two are
closely related, only the latter is of importance for
pseudorotating Na,. For the isotropic Hamiltonian
[Eq. (2)] a straightforward application of the general
theory?® 111814 gives a frequency shift

Ry o == 1/zk,,(w,,)[sm+ n-3 mf] , )

where the a, a’ subscripts (m, =+ 1/2 and = 1/2, re-
spectively) pertain to basis functions of the type (5),
wy is the Larmor frequency and

Rog(wy) = f‘ Go(T) sinwgrdT
0
The correlation function

G (T) = h (0)h,(7)

is the ensemble average of the expressions (3). The
appearance in Eq. (7) of a single spectral density func-
tion is a consequence of: (1) the zero matrix elements
which multiply & (w,) for g#4q’, and (2} the equality
kyy(Wg) = Rag(wg) = kag(wy), but ky,(wg) = = 2k (wo), as is
easily vetrified from the results of the next paragraph.

For a stationary, Markov process, in which trimer
molecutes undergo a random exchange between adjacent
B, wells ({,j=1, 2, or 3)

3
Gyl = .Z. Bgg(0) gy (1) PL(O) P, ()
s fm

where the P,(7) are conditional probabilities relating
the accupancy of wells i and j at times r=0 and 7=,
respectively, and P,(0}=1/3. A very similar expres-
sion, in which the h{7) have a slightly different meaning
is evaluated in Ref. 6. For pseudorotating alkali trimer
molecules

GoolT)=(bad e %

giving
wy 72
Rlar aer = =3 (8a) 1—:”;5?: [3I(I+ 1) - Z mf] .
where

(6a%) =2/9 (ag =a,)? .
For wir?> 1 and units of Gauss, the dynamic frequency
shift is

H‘=-<—MWZ>-[SI(I+1)-Zm§] . 3)
q
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TABLE I. Measured line positions (units are Gauss) for
pseudorotating Na, in an argon matrix at 33 K. Uncertainties
are 0,5 G, ’
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TABLE III. Magnetic parametars (bf coagtants in Gauss) for
stationary Na, la argon.® Experimental uncertainties are in
parentheses.

a (;5)112

n (mys may my) Sitea  SlteB  SiteC  Site ag ay % Fi
+9/2 (+3/2,+3/2,+3/2) 2883,0 2872,1 2875.3 I 149,5(15) 22.6(10) 2,0012(12) 92,1(8) 122,8(12)
+3/2 (+ 1/2_, +1/2,+1/2) 3149.3 3146, 5* 3146.5% )1 163,0(15) 20, 3(9) 2.0012(12) 95,2(8) 125,5(12)
--\'.'/2h (=1/2,=1/2,-1/2) (3431.0) (3435, 2) (3432.7) 316 151 21.2 2.0012 93.6 123.9
-%/2  (=~%/2,-3/2,~3/2) 3724.6 3734.6 3730.6 *For matrix sites I and II g, @y, and ay are from Table 3 of

iFor M=+3/2, sites B and C are not resolved.

"All M=-3/2 transitions are overlapped by an additional spec~
trum. {See the text.) Values in parentheses are calculated
using Eq. (9) and the data in Table IL

Combining Eqs. (4) and (8), the complete (to second
order) description of the trimer spectrum becomes

2
H=H0+H,=&E’E'-—EM- "ﬁ[sr(un-; mf] ,

where
@ =3+ (6a?) =1/3(2a3 +ad) .

This last expression suggests a complementary
derivation of the resuit (8). In each 3B, well (i=1, 2,
or 3) transitions fields, correct to second order in a/H
using the basis set (5), are given by

2
H‘=%~Za,‘m'-§;%ﬁ [+ -m? ,

(10)

where a, =a,4 if, in well i, nucleus ¢ is apical and q,,
=a,, othewise, The average over all three wells
H=1/33,H, is identical to Eq. (9).

1V. RESULTS AND DISCUSSION

Table I gives ESR transition fields assigned topseudo
rotating Na, in three matrix sites. The relative uncer~
tainty in these measurements is estimated to be £0.5
G, although the absolute error may be slightly greater.
While Table I pertains to ESR spectra recorded at
T =33 K, trimer line positions are not noticeably af-
fected by temperature. Below T'~ 20 K, the pseudoro-
tating spectrum is strongly overiapped by transitions
from the stationary spectrum, ! which shows a temper-
ature dependence similar to that of the analogous potase-
sium trimer.® The ESR intensity of stationary Na, in-
creases to a maximum at T~ 10 K and then falls to zero
without a noticeable change in linewidth. This behavior

TABLE II. Magnetic parameters (bf con~
stants in Gauss) for pseudorotating Na, in
argon, Approximate errors (ln parenthe~
ses) derive from uncertainties in Table I

data.

site 20 1 @H’?
A 2,0012(3)  93.2(2)  122.0(30)
B 2,0016(3)  95.6(2)  117.7(30)
c 2.0018(3) 94.72)  121,1(30)

J. Chem. Phys,, Vol, 77

Ref. 1. Parameters for site I (not reported in Table 3) are
apprmdmn_t_z?. The average hf a=1/3(2ay +ay assumes a,
vegative; a-=1/3(2a}+aj).

and the apparently anomalous coexistence of the two
trimer spectra is surprising and potential explanations
are currently being pursued. Also observed is atomic
sodium in several matrix sites, *!* and an extensive,

but well resolved, spectrum arising from a cluster
other than Na,.!® Although the latter masks the M =-3/2
component of pseudorotating Na,, the trimer contributes
a noticeable intensity perturbation. Equation (8) pre-
dicts a total of 20 transitions for pseudorotating Na,.
However, even at elevated temperatures where spectral
overlap is not severe, no hf components other than
(£3/2,+3/2,+ 3/2) and (+ 1/2,x 1/2,£ 1/2) were observed.
This is not surprising. If the correlation times for
pseudorotating K, and Na,y are assumed comparable, !
then Eq. (6), with r.~2x 10! s at 30 K from Ref. 6,
predicts an exchange contribution to the linewidth of
order 10 G. A broadening of this magnitude would prob-
ably make these transitions quite difficult to detect.

Table II gives constants gq, @, and (29! ? obtained by
fitting the data of Table [ to Eq. (9) with &, =3312.2 G. ~
Since there are an equal number of data points and pa-
rameters, the error estimate derives from the uncer-
tainty in the experimental line positions. The fitis
particularly insensitive to the magnitude of @, which
enters Eq. (9) through the relatively small second or-
der term.,

A conceivable carrier other than pseudorotating Na,
is a radical of the type NaX, where X is an impurity.
Several examples of adduct formation by metal atoms
have been documented. '* For NaX (with X =H,0, for
example) a quartet hf pattern would also be expected.
However, the data in Table I give a poor fit to the spin
Hamiltonian for a radical containing a single ¥*Na atom.

Table III reproduces® gy, 2o, and a, for the stationary
trimer in two matrix sites. Limited data for a third
site, apparent in Fig. 3 of Ref. 1, were analyzed to
give approximate a, and ay values assuming gy =2.0012.
A comparison of Tables II and III shows that the directly
measured go and & are remarkably close in magnitude
to those predicted from the stationary spectrum, pro-
vided ay<0. A similar correspondence of stationary
and pseudorotating parameters has been demonstrated®
for potassium trimers in argon. The agreement in
@)V ? is less satisfactory but, as noted above, the ex-
perimental uncertainty is large. Since this prevents a
meaningful inversion of Z and a*to give ay and a;, a
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1-1 correspondence between stationary and pseudoro-
tating matrix sites is not necessarily implied by these
data.

In conclusion, several aspects deserve particular
emphasis. The ESR analysis presented here provides
additional evidence for pseudorotation im alkali trimer
molecules and suggests that the dynamic behavior of
Nay and K, may be comparable. Since the spin popula-
tions of the two stationary trimers are markedly simi-
lar, 3 this is not entirely suprising. Indeed a close
correspondence between sodium and potassium parames
ters may be a general feature of these small cluster
molecules. ® In addition, the combination of stationary
and pseudorotating spectra determine that 4,<0, as is
the case for K,.‘ A negative spin density at the apical
atom is predicted by ab initio calculations,? but cannot
be determined from the static spectra alone."* Finally,
the ESR spectra for pseudorotating Nay provide a fairly
stringent test for the relaxation matrix formulation it-
self. The measured dynamic frequency shifts [Eq. (8)
of Sec. III] are #,~~5 and = 10 G for M =+9/2 and + 3/2,
respectively. These values are approximately two or-
ders of magnitude larger than the 10-100 mG shifts re~
ported previously. *='°
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Matrix ESR spectra of polyatomic alkali metal clusters
G. A. Thompson, Frances Tischler, and D. M. Lindsay

Department of Chemistry, City University of New York, The City College, New York, New York 10031

(Received 9 December 1982; accepted 3 February 1983)

ESR spectra have been obtained for polyatomic sodium and potassium clusters in argon and nitrogen
matrices. The spectra, tentatively assigned 1o alkali septemer molecules, show a large isotropic hf (a ) from
two equivalent alkali nuclei plus a much smaller splitting (a,) from an additional |at least) five equivalent
nuclei. For an argon matrix, the measured hf constants and g values are a, = 118.1614) G, a, = 6.66(12),
go=1.9994 (11 and a, = 30.55(6} G, a, = 1.792! G, g, = 2.001711) for Na, and K,, respectively. The ESR
spin populations, p, = ¢, /alatom}, are compared with the orbital symmetries predicted by the simple Huckel
approximation for a range of M.. M,, M, and M, structures. Aside from the relatively unstable “7-
shaped™ arrangement, only a few three-dimensional structures give a satisfactory agreement with the ESR
spectra. For M., a likely geometry is the pentagonal bipyramid. The ESR spin populations for Na- are almost
identical in magnitude to those of K. Ifa. < 0. the total fsotropic spin population is £ p, =0.64, which implies

an ~ 36% p character for the unpaired electron.

f. INTRODUCTION

This paper reports on the electron spin resonance
(ESR) spectra of matrix isolated sodium and potassium
clusters, probably the atkali septemer molecules. Ma-
trix samples were prepared by codepositing atomic
alkali (2-5 mol%) with either argon or nitrogen on a
liquid helium cooled sapphire surface. In addition to
the features assigned to M,, all matrices show the ESR
spectra of both alkali atoms® and alkali trimer mole-
cules.®™* No sample gave ESR spectra attributable to
Ms. Septemer spectra are relatively more intense at
the higher concentrations, but a further increase in
alkali favors‘the formation of an unstructured resonance
characteristic of large particles or the bulk metal
phase.® The absence of additional ESR spectra sup-
ports a previous hypothesis® of a sharp, concentration
dependent transition between molecular clusters and
microcrystals.

The spectra attributed to Na, and K; show distinct
“quantum size effects.”” A single unpaired electron
has an isotropic hyperfine (hf) interaction arising from
an approximately 37%.spin population on each of two
equivaient alkali atoms, plus a much smaller (& 2%)
spin population on each of (at least) five atoms. The
ESR spin distribution was compared with the orbital
symmetries predicted by the simple Huckel (SH) ap-
proximation for a range of 7, 9, 11, and 13 atom clus-
ters. Although unsophisticated, the SH method gives
a rapid overview of a large number of cluster sizes
and geometries. Except through Mg, relatively few
molecular structure calculations have been reported
for alkali atom clusters.®® [n addition, SH calcula-
tions readily provide information on the moiecular wave
function, data which are most often omitted in reports
on semiempirical and ab initio calculations. A qualita-
tive agreement between experiment and SH theory is ob-
tained for a few compact three dimensional structures,
but not for straight chains or rings. For M, a likely
geometry is the pentagonal bipyramid, the most com-
pact packing arrangement for seven interacting
spheres. !?

5945 J. Chem, Phys, 78(10), 15 May 1983
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1. EXPERIMENTAL

Alkali clusters were formed by codepositing atomic
sodium or potassium (Gallery, 99.95%) with diluent
argon (Airco, 99.9998%) or nitrogen (Airco, 99.99985%)
on a sapphire plate mounted within an X-band ESR
cavity. The cavity was attached to a variable tempera-
ture liquid helium dewar whose components have been
described elsewhere.®? The alkali was evaporated
from a water shielded Knudsen effusion source, recent-
ly modified to inciude a quartz microbalanace (Veeco,
QM-301). Matrices were grown at or slightly above
4.2 K, a 5 h deposition time being typical. The ratio
of matrix gas: alkali varied from 20:1 to 70:1
corresponding to, respectively, 0.4 and 0.1 umolh™
of alkali incident on the sapphire plate. This range of
concentration, two to five times greater than the 100:1
ratio used in the trimer experiments, *° was found to
give the optimum septemer intensity without causing ex-
cessive nucleation. At still greater concentrations, a
broad resonance centered near the free electron ; value
was observed and this may be attributed to a conduction-
electron spin resonance spectrum.’® Annealing by warm-
ing the matrix to 30 K, gives a substantial improvement
in spectral resolution and may also promote aggregation
to Na,. For argon, no further irreversible changes were
observed, provided the matrix temperature {measured
with a calibrated carbon resistor and accurate to = 30)
did not exceed ~ 34 K. The ESR behavior of sodium in
nitrogen was more complex. An additional, unassigned
spectrum was observed during annealing at 25-26 K.
This consists of ~ 16 groups of transitions separatea by
45~50 G, but the spacing is irregular. On further
warming to 29-30 K, these features were almost entire-
ly replaced by the spectrum attributed to Na,. At sull
higher temperatures, the latter spectrum abruptly dis-
appears.

All spectra were recorded on a JEOL ME-3X ESR
spectrometer (microwave power indicident on cavity
=~ 2 mW) using 100 kHz magnetic field modulation (peak-
to-peak amplitude =~ 1 G) and phase sensitive detection.
The signal from the JEOL lock-in amplifier was further
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FIG. 1. ESR spectrum of Na; in an argon matrix at 33 K, The quilntum number M, is the nuclear spin projection for 2 equivilent
BNa nuclei. The further structure within My=+2, =1, and 0 arises from a second order splitting (see the text and Fig. 2). Also
shown are atomic sodium, pseudorotating Na; and background sapphire signals laheled S, The resonance tield of a tree electron

is H,=3312,2G.

processed either with an active filter (typicallyals
time constant for a scan rate of 2 G min™) or by aver-
aging repetitive scans on a multichannel analyzer
(Tracor Northern, TN 1710). Owing to a jitter of ap-
proximately + 0.5 G in the JEOL field scan circuitry,
the expected signal-to-noise enhancement of long ac-
quisition times was never fully realized. The reso-
nance frequency of the cavity plus sapphire plate and
matrix sample was 9. 2824(2) GHz over the temperature
range 4.2-30 K. Individual spectra were calibrated
with a proton magnetometer {Micronow, model 515).
Relative and absolute magnetic field positions are
judged accurate to + 0.5% and + 1 G, respectively.

HI, SPECTRA AND ANALYSIS

A. Sodium

Figure 1 shows, for an argon matrix at 31 K, the
ESR spectra of atomic sodium, ! pseudorotating Na,, *
and the newly observed cluster species, most likely
Na,. The septemer spectrum consists of seven groups
of first derivative transitions (isotropic hf splitting a,)
centered near the resonance field H, =3312.2 G of a free
electron. Despite a careful search, features corre-

sponding to a zero-field splitting or to changes of greater

than unity in the electron spin projection were not ob-
served, thus implying a cluster with an odd number of
sodium atoms. Except, possibly, as transient events
in nitrogen matrices, no phenomena characteristic of
exchange or other dynamic process have been observed.

As shown in more detail in Fig. 2, the septet struc-
ture may be assigned to two magnetically equivalent
[=3/2 nuclei whose total nuclear spin angular momen-
tum has magnitude Jy and projection M,, where VI,
=+3,..., =3and 32J, 2 1M,1.%"* [ncluding terms up
to third order in a,/H, ' the transition fields of each
origin are 4

2 2
Hy My = 52 (H, =ay0,) - 2(80) B gy, + 1) =a12)
£o 2\go/ H

3
—%#JII[M‘?‘*%—J,(J“-I)] , (1)

where g, is the (isotropic) g value of the cluster and H
is the magnetic field at a particular transition.

Each (Jy, M) origin in Fig. 2 corresponds to the cen~

ter of a superhyperfine (shf) pattern of at least 16 equal-
ly spaced transitions. This further structure is de~
scribed by adding to Eq. (1) a term

HMy) =~%a,M, , (2)
8o

where a, << a, is the shf splitting constant and M, == 1/2,
%3/2,... i3 a nuclear spin projection quantum number*?
for this second group of magnetically equivalent [=3/2
nuclei. '

Because of the marked decrease in intensity with in-
creasing | M,l, it has proved difficult to assign an upper
bound to |M,| and thus to the number of equivalent sodi-
um atoms responsible for the shf structure. Our origi-
nal assessment'® that we were observing Na; arose from
an insufficient signal-to-noise (S/N) ratio leading to an
assignment of |M,| =9/2, as would be expected of three
equivalent [ =3/2 nuclei. That the spectral carrier is
indeed larger than the pentamer is apparent from Fig.

3, which shows a detail (at T =4.2 K) of the low field
wing of M, =+3 and the high field wing of M, =~3. Al-
though the ESR intensity at 4.2 K is significantly greater
than at 30 K,  there is extensive overlap with the spec-
trum?® of stationary Najy at lower temperatures. Ciear-
ly evident in Fig. 3 are transitions M,=-15 2 and
M,==15/2 for M, =+3 and - 3, respectively. For i/,

= -3 [Fig. 3(b)], possible M,=-17.2, ~19 Z,... .ure
obscured by the more intense features of pseudorotatinye
Na,.* As shown in Fig. 3(a), there is no overlup with
the low field wing of M, =+3, even at 4.2 K. Here. how-
ever, the S/N ratio is still insufficient to rule out the
presence of M,=+17/2, +19/2,... .7 Thus, r ex-
ample, a cluster Na, with one set of two equivalent nu-
clei (the septet structure) and a second set uf seven
equivalent nuclei, contributing a 22 line shf ‘3!.
=+21/2,..., =21/2), would also be consistent -
experimental spectra. As discussed in the toilow
section, the number of seven (or greater} utom wecuie-
tries having spin populations consistent with those 2. -
sured is very limited.

For Na,, the shf arising {rom {ive equwvatent /=3 2
nuclei should have relative intensities 1:3:13:...
©155:155:...:1 corresponding to M,=-15 2. - i3 T,
~11,2,..., 1.2, =1,2,..., =15:2, Measured inten-
sities, while approximately tn agreement with those en-
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FIG. 2. Detail of Nay In argon at 32 K, showing matrix site effects.
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Full and broken lines denote, respectively, measured transi-

tion fields and those calculated using Eqs. (1) and (2) and the parameters of Tables [ and II. Subscripts 1 and 2 designate different
groups of equivalent nuclef with magnetic quantum numbers (Jy, M,) and M;, respectively. The gain for M ==3 is {our times that
of the other components. The remalning notation i3 the same as Flg. 1.

pected for Na,, are sufficiently uncertain that Nay (or
perhaps Na,;) is not precluded by these data. For ex-
ample, the ratio of shf intensities is neither the same
for each (Jy,.M;) component nor symmetric about its
origin. These effects apparently arise from overlap
of partially resolved (J;,.,) components, the presence
of different matrix sites each with a slightly different g,,
a,, a, and, possibly, a weak and unresolved anisotropic
hf interaction.'® Thus, while an assignment of our
spectrum to Na, seems most likely, the possibility of
a larger cluster species cannot be ruled out. It is
hoped that experiments, currently in progress,'® on
the analogous lithium clusters (*Li, and "Li,) will un-
ambiguously resolve this question.

Table [ compares the observed H(J,, M,} with those -
calculated using Eq. (1) and the best fit parameters g,
and a, given in Table II. Estimated errors, given in
parentheses in Table II, are one standard deviation un-
certainty in the [it to the experimental data. However,
the calibration errors noted earlier, £§% and +1 G in

the relative and absolute field positions, respectively,
are larger. Also listed in Table I are average {1y val-
ues determined for each {J,.M/,) component; the mean
of these values is given in Table {[ with an estimated
error of one standard deviation. Labeled II and [II in
Fig. 2, several additional but weaker {eatures can be
assigned to clusters trapped in more than one distinct
matrix site. These effects are well known for alkali
atoms’ and are also observed for Na,* and Li,® in
argon matrices. The two minor sites shown in Fig. 2
were fit to Eqs. (1) and (2) with gy, a,, and a, values
included in Table II. A spectrum almost identical to
that shown in Fig. 1 was observed for sodium in a ni~
trogen matrix. Again, the assignment of seven groups
of transitions to two equivalent [=3/2 nuclei is excel~
lent, with g,, a@,, and a, (Table II) similar in magnitude
to the corresponding parameters for an argon matrix.

Table II also includes isotropic spin populations p,
and p, obtained by dividing 7, and a, by the hf splitting
constant of the gas-phase atom.?!' Because of their large
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magnitude both a, and p, are assumed to be positive.
However, g, is small and may be either positive or
negative.

B. Potassium

Figure 4 shows the ESR spectrum of *K, in an argon
matrix at 31 K. The spectral assignment closely fol-
lows that of the sodium cluster, except that third order
corrections to the hf energy, the last term of Eq. (1),
were ignored. Table III shows a comparison of mea-
sured transition fields (full lines in Fig. 4) with those
calculated using Eqs. (1) and (2) and the best fit param-
eters of Table III.

Because of extensive overlap with the intense fea-
tures of pseudorotating Ky, *?*2* a determination of the
maximum |M,| value for these spectra is even more
difficult than with sodium.® However, as shown in Ta-
ble II, the experimental spin populations p{ and p, of

-Tr-

FIG., 3. Part ot the spectrum of
Na- in argon at 4. 2 K with (2} low
tield wing of M, =+3 and (b) high
fleld wing of My =-23 obtained by
signal averaging for 8 and 3 h, re-
spectively, Transitions M.==17/2
denote estimated line positions for
a hypothetical nine atom cluster
having seven equivalent *INa nuclet.

:("Vz)

Noy

the potassiurmn cluster are nearly identical to those of
Na,. Thus, it is reasonable to assume that the two
spectra arise not only from clusters of the same size
but also from molecules having a similar or identical
structure and geometry. An analogous correspondence
between the spin populations of Na, and K, (both sta-

" tionary and pseudorotating) has been noted else-
where, 3*4:%

IV. DISCUSSION

The ESR spectra determine a characteristic sym-
metry for the wave function of the unpaired electron.
Thus, regardless of stoichiometry, the nuclei or both
the sodium and potassium cluster fall into two distinct
groups: one set composed of two equivalent nuclei and
a second of {at least) five equivalent nuclei. In addition.
the hf data {Table II) show that the isotropic spin popu-
lation on the two equivalent atoms (~ 37%) is large. while

J. Chem. Phys,, Vol. 78, No. 10, 15 May 1983
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TABLE I. Comparison of measured (matrix site 1) and calcu- TABLE [, Magnetic parameters for sodium and potassium sep~
lated transition fields, H(Jy, M) defined in Eq. (1), for Nay in temers with estimated errors (see the text) in parentheses.
argon at 32 K. Experimental (a,) are average shf constants Also given are constants tor the principal matrix site of the
for individual (Jy, M}) with uncertainties {see the text) in paren-  atom, Units of ay, a; are Gauss.
theses. Units are Gauss.
Specles® gy ay =y p® 2p,°
__H_(J‘Lfi.—. Na 1,9995(4) 331, 0(6) 1. 047
My Jy Meas, Calc. Differences (aa) Nay(l) 1,9994(1) 118,16(4) 6.66(12) 0,374 0,021
Nag (1D 2,0023(1) 115, 9(1) 6.3(2) 0.367 0,020
*3 3 2956.6  2956.3 *0.3 6.808)  \aam  2.0027(1)  117.000  6.5(2  0.370 0,021
+2 2 3077.0 3076, 6 +0.4 6. 69(5) Nag(Nyp) 2,0023(3) 110, 7(2) 6. 8(1) 0,350 0,022
3 3063.6 3064. 0 -0.4 6.63(4) K 1.98990(1) 86. 8(2} 1.053
1 1 3196, 9 3196. 8 f0.1 6. 73(7) K; 2.0017(1) 30, 55(6) 1,792) 0,37 0,022
o - _ =
; g:g:; g:::; _gls g ;::g: *Roman numerals in parentheses designate matrix sites, Ex-
: ° ' ' cept for Na;(N.), data pertain to argon matrices at ~30-32 K.
\] 0 3317.5 3317.1 +0.4 6. T0(5) Ysotropic spin populations oy and p. are ratios of a; and a, to
1 3312.5 3312, 9 -0.4 6. 58(T hf constant of free atom, a{®Na)=316,09 G or a{*’K)=82,38 G
2 3304. 2 3304.5 -0.3 6. 64(4) from Ref, 21,
3 3290.8 3291.7 -0.9 6.60(3)
-1 1 3433.6 3433.3 +0.3 6. 95(5)
2 3424.9 3424.8 +0.1 6.58(9  that on each of the remaining atoms is only + 2. As
3 34117 3412.2 -0.5 8.576)  for Na, and Ky, *? this spin distribution is both qualita-
-2 2 3549.6 3549, 3 +0,3 6. 59(6) tively and quantitatively different from a simple com-
3 3536. 4 3536.7 -0.3 6.60(4)  bination of the spin populations of possible precursor
-3 3 3665.6 3665. 4 +0.2 6. 85(5) molecules. At least in the case of sodium, spin popu-
lations are relatively unaffected by matrix site effects
M=0
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TABLE III. Compariaon of ed and calculated transi-
tion ftelds for K; In argon at 31 K. Notation is the same as
Table I, Uaits are Gauss.

HWJy, My)

My Jy Meas. Cale. Differences (ay)
+3 3 J3221.3 3221.2 +0.1 1,78(1)
+2 2 3251.8 J3251.9 0.0 1, 82(1)
3 3250, 9 3251. 0 -0.1 1. 79(D
+1 1 3282, 7 3282,6 +0,1 1. 80(3)
2 3281, 9 3282.0 -0,1 1, 80(4)
3 3280.9 J3281.2 -0.3 1.80(1)
0 0 3313.6 3313.3 +0,3 1, 80(1)
1 3313. 2 3313.0 +0,2 1, 80(1)
2 3312.6 3312, 4 +0.2 1L, 79(1)
3 3311, 8 3311.6 +0,2 1, 80(3)
-1 1 3343. 8 3343.7 +0,1 1. 75(3)
2 3343.0 3343.1 -0,1 1, 78(3)
3 3342, 1 3342, 3 -0.2 1, 75(3)
-2 2 3373.7 3374.1 -0.4 1, 81(1)
3 3372.7 3373.3 -0.6 1, 80(1)
-3 3 3404, 9 3404.5 +0,.4 1, 79(1)

or even by the matrix material (Ar or N,) itself. Con-
sequently, the ESR results imply that the new clusters
should be viewed as chemically bound molecules having
a preferred structure and geometry and not as an ag-
gregation of smaller units (dimers, trimers, etc.) nor
as entities which owe their properties to a stabilizing
influence of the matrix host.

A large number of simple Huckel {SH) structures
were examined in order to find cluster geometries with
molecular orbitals, partially occupied or otherwise, of
the same symmetry as the ESR spin distribution. In
addition to the 15~20 arrangements assumed for M,
molecules, SH calculations were also performed on W,
(15 geometries), My, (7 geometries), and My, (17 ge-
ometries, including the icosahedron, cubo-octahedron,
etc.). Since the ESR spectra imply §=1/2, even num-
bered clusters were not considered. The total number
of arrangements of n atoms increases very rapidly with
cluster size and this limits the choice of geometries to
those having a relatively high symmetry. For the large
clusters, in particular, this selection was simplified by
adopting, among others, the proposed or actual struc-
tures of bare transition metal clusters®:? and organo-
metallic cluster compounds.? Because the calculations
make no attempt to optimize bond lengths, bond angles,
or energies, there is some ambiguity as to the details
of a particular geometry. Thus, for example, the SH
method does not distinguish between a linear chain with
D., symmetry and a “zig~zag’ arrangement. Although
the ESR spectra give indirect evidence for a significant
s-p hybridization (see below), the SH basis set, a single
function from each atom, does not allow the “‘subtlety”
of including both s and p character. Even though no at-
tempt was made to parametrize the calculations for Na
or K, the relative stability of the different bonding ar-
rangements does seem to be meaningful. Recent di-
atomics-in-molecules {DIM) calculations®® have deter-

mined the binding energies for several alkali pentamer
geometries. The structures considered were a trigonal
bipyramid (point group Dy}, a square pyramid (C,J, a
ring (Dy,), a straight chain (D.a), a branched chain
(Cy,), and a tetrahedron (Tp). For Ms, the order of
stability predicted by the SH method, {(Dy=C,,)> Ds,

> (Day > Cq,)> Tp, exactly follows the DIM results for
Lis, Nag, and K.

Two general trends emerge from the SH calculations.
First, except in the case of an “accidental equivalen-
cy, "® the only molecular orbitals with n-2 atoms equiv-
alent and significantly different from the remaining pair
of equivalent atoms are those in which the wave function
has a node at all n-2 nuclei. As in the case of Na, and
K, %3 gpin polarization effects, not included in the SH
model, would be expected to induce a small (most likely
negative)’ %2> gpin density at these nodal positions.

The second prediction (excepted by a few orbitally
degenerate septemer geometriesj of the SH calculations
is that for all cluster sizes only two arrangements of
atoms give rise to an orbital with symmetry to match
the ESR spectra. These are T structures with nomi-
nally C,, symmetry and bipyramidal geometries having
a ring of n-2 equatorial atoms plus two apical atoms.
For n=3-13, the former have a nondegenerate haif-
filled orbital with p, =0.50 for each of the “arm atoms”
and a node at the remaining n-2 nuclei. For n=7,
however, thisstructureis 30%-35% less stable thanthe
most strongly bound clusters of the same size. If rela-
tive Huckel energies have significance, as suggested by
the data for Ms, then a T structure seems unlikely.
Figure 5(a) shows the orbital scheme for M, with a
pentagonal bipyramidal geometry (point group Dy,).

The unpaired electron occupies a nondegenerate orbital
with SH spin populations, p,=0.50 on the two axial
atoms and p, =0 on each of the equatorial atoms. Al-
though a realistic basis set and spin polarization effects
will modify these values, the a3’ symmetry classifica-
tion of this orbital will remain unchanged. For cluster
sizes My~My3, the ring bipyramidal structure is rela-
tively stable and always has one (not always half-filled)
orbital of the type shown in Fig. 3(a).

Figure 5 shows two further septcmer geometries
which, with appropriate Jahn-Teller distortions, mignt
also give rise to the observed ESR spectrum.®® The
D, structure [Fig. 5(b)]*! has a doubly degenerate ¢’
level with orbital composition (8, €) similar to that of
the equilateral triangle.*?® Although unoccupied at the
SH level, these orbitals might be more stable in the
true septemer. If, in addition, the degeneracy ot the
¢’ orbital is lifted by a Jahn~Teller distortion. then the
€ orbital would have p, =0.50 on two atoms and 5, =0
on the remainder.® The octahedral structure Fig.

5(c)] is threefold degenerate. Since each orbital has

the sought after orbital composition, an elongation

along any axis would give a singly occupied orbital of

the correct symmetry. The degenerate structures woula
be expected to have rather flat potential surfaces with
multiple energy minima. As in the case of the alkali
trimer, >* this situation would favor a relatively fluxion-
al geometry. However, the ESR spectra are more chir-
acteristic of a static geometry and show no evidence o:
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exchange effects. Thus, while comparabie in energy to
the Dg, arrangement, the degenerate structures seem
less likely.

A further consequence of degenerate or near degen-
erate energy levels is the increasing likelihood of spin
state $>1/2. For high spin molecules the zero field
splitting may cause absorption over a prohibitively large
range of magnetic fields and so make the powder spec-
tra of these species relatively difficult to detect. If
sufficiently large, this interaction may even preclude
the observation of all X-band transitions.* An addi-
tional consequence of degeneracies is the possibility of
large and anisotropic g shifts which, analogous to the
situation for matrix isolated ®r molecules, ¥ also makes
detection difficult. In this context, it is interesting to
note that the two most stable pentamer geometries (D,,
and C,,) have, at the SH level, orbitally degenerate
ground states and it may be for this reason that neither
Nas nor K; were observed in our matrices.

Although the SH method can give spin populations in
qualitative agreement with those observed, an accurate
prediction requires either configuration interaction or
unrestricted spin orbitals and a more extended basis
set, in particular the inclusion of p orbitals. Since the
total isotropic spin populations (Zp) of Table II do not
sum to unity, the difference 1 ~Zp gives an approximate
measure of the average p character of the unpaired elec-
tron. However, since the sign of o, is not determined
by a single ESR spectrum, there is some ambiguity as
to these values. If p,>0 then, for an alkali septemer,’
Sp =0, 85 for both sodium and potassium. Thus, the
average p character is approximately 15¢ or very close
in magnitude to the 11%-13% found for the corresponding
trimers.®™ On the other hand, if 5,<0, as in the case
of Na, and K,, then Sp=0.64 which implies a p character
of 36%. For this situation. the mean hybrudization of

the septemer is close to the 30%-38% value of solid
sodium and potassium. ¥ For p,<0, therefore, the
ESR data suggest a tendency to greater hybridization
with increasing cluster size and a close approach to the
bulk metal value for the polyatomic clusters.
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Two distinet ESR spectra are observed when atomic potassium and wrgon ace vodeposited under conditions
favorable to aggregation. A pattern of seven equally spaced quartets may be attributed to potassium trimer molecules
with o symmetric linear or ubtuse angled isosceles geometry, Trimer traasitions show @ pronoanced peaking in
itersity at - 17 K0 A seeond £5R spectrum consists of ten equally spaced hypetline components, whose relative
fteasities approach the predicted distribution for thiee equivalent ™K nucled at high temperatures, but shuw a
nonceable *alternating hnewidth”™ effect at lower temperatures. These observations are mterpreted in terms of a
temperature dependent “pacudoratation ” between three Juhn-Teller distirtions of @ [y, molecule, most likely the
timer

. Introduction

fn previcous werk {1 2] by two of us (G.AT. and DM L) we reported magaetic
paraeters for iwo matrs solated potassium clusters: The teimer. Ko and o radieal of
distinetly ditferent spectral character which we designated K. Magneiic parameters for K,
were found to be markedly similar to those of the isovalent sodiuny timer [3]0 A spin
population asadysis Tor both Nug |3, 4] and Ky (1, 2] shows that the unpaired electron re-
sides almost entirely on two equivalent alkali atoms and has predoniinantly s- rather than
p-churacter. Polarization effects induce w small spin density en the third atom. These data
Are consistent with hoth simiple bonding ideas [2. 3} and recent ab inttio caleulations {3, 6],
suggesting a lincar or obtuse ungled isosceles geometry of cround state symmetry X7 or
“B-. respectively The ESR spectrum of K, [1, 2] implies that the unpaired clection in this
species is equally distributed over three ™K aucled. Suggested |1 21 candidates for the
currier of this spectrum were the potassium pentamer with a chain stencture, for which the
anpaired electron would be expected to reside equally on three atoms, or a “pseadorotat-
ing” tsomer of K. In the latier case, wll three atoms are made equivalent by rapid exchange
hetween the three obtuse ungled geometries which arise from Jahin=-Teler distortions from
L., symmetry.

I this puper we picsent temperature depeadeat BESTU Iutonnsdies o potissiom cluatoss
in argon matrices and show evidence Tor an altemating noewnith” cleat [ro 8] inche BSK
spectrum of K. This phenomenon is characteristic of dymamie prosesses i molecules o
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so provides additional evidence for a pseudorotation interpretation of K,. A correlation
dingram. which relates transition ficlds for the three obtuse angled trimer molecules,
qualitatively explains the observed linewidth alternation in K,,.

2. Experimental

The experimental details have been reported elsewhere [2.3]. Briefly. matrices are
formed by codeposition of excess argon with atomic potassium on a sapphire plate
mounted inside an ESR cavity which is itself attached to a variable temperature liquid
helium dewar. Cluster formation occurs during deposition and is accomplished by warming
the sapphire surface above a nominal deposition temperature of 4.2 K. For spectra shown
here. temperaturc measurements were made with a calibrated carbon resistor and are
judged accurate to within £5%.

3. Hyperfine structure

A detailed discussion of ESR line positions is given in ref. [2]. As an aid to describing
the intensity measurements which follow, this section summarizes ccrtain features of the
previous analysis. Both K and K, have doublet ground states (S = 1/2) and a well resolved
hyperfine (hf) structure arising from the Fermi contact interaction of the clectron spin with
several I = 3/2 nuclei. All observed transitions have a tirst derivative lineshape as would be
expected for powder spectra having an isotropic g tensor (g = g) and an isotropic hf
interaction (A; = al).

Magnetic ficld positions for the trimer spectrum. seven groups of four transitions euch.
are described by

R}
H{M. mi) = (ge/gu) [HL. - Z u.m,] = (go/go) [He — wod — awna]. ()
1=
where m; and m, are nuclear spin projection quantum numbers for two equivalent 'K
nuclei (¢, = a»= «y) and M = m, + m, is their sum. Since [ = 3/2, m; = £3/2 or =1/2 and M
ranges in integral steps from +3 to —3. The quantum number m; and hf constant a; pertain
to the third, non-equivalent nucleus. H, and g. denote. respectively. the resonance tield
and g value for a free electron. An expression similar to eq. (1). but with the added
complication of a significant second order hf interaction, has been used to describe the
ESR spectrun of Naa {3]. Since as < ay [1. 2], eq. (1) gives rise to a septet of quartets as
observed. For both Ki and Nas. ay arises from isotropic spin density on the trimer terminal
atoms and is positive. However as arises from spin polarization etfects at the central or
apical position and may be positive or negative.
Component transition fields for the ten line hf pattern observed for K, were fit to,

HM'Y = (gelgol He = and'] . Q)
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Here A’ =my+ m>+ ms denotes the z-component of the total nuclear spin angular
momentum of three magnetically equivalent K nuclei (¢; = ¢x = ay= ay) and H,. g, have
the same meaning as in eq. (1). For I = 3/2, M’ ranges from +9/2 to =9/2 in integral steps.

4. Temperature dependence

Both K, and K, are present in freshly deposited matrices at 4.2 K. but their spectra are
difficult to deconvolute prior to an initial anncaling of the matrix. Subsequently, the ESR
intensities of both species are extremely reproducible. depending only upon the matrix
temperature. It is these intensity data that we discuss in the present article. Transitions
from atomic potassium, also observed in our matrices. show little intensity change with
temperature.

Fig. 1 shows a plot of (first derivative) peak heights versus temperature for the
(M, m3) = (+3, +1/2) component of the trimer spectrum and the M' = -5/2 component of
K. The notation (M. m;) and M’ is the same as that introduced in connection with egs. (1)
and (2) of the preceding section. A marked peaking of intensity at T ~ 17 K is common to
all unobscured (M. n1,) components of Ky aad is also apparent in spectra recorded during
annealing. Within experimental error, trimer linewidths remain unchanged (after anneal-
ing) over the temperature range 4.2-25K. This is somewhat surprising, since most
mechanisms {2] for the intensity behavior in fig. 1 would be expected to give a broadening
of ESR linewidths [9]. For K, there is a trend to smaller peak heights at lower
temperatures, as shown for M'= -5/2 in fig. 2, This trend is common to all component
transitions of K, but is reversed for M'==9/2 and =£3/2 below T ~ |0 K. Peak areas.
approximated to the square of the linewidth times the (first derivative) peak height. show a
less pronounced trend with temperature, but these data have a large experimental scatter.

120 T T T T T T T ]
100 N ‘

1 \ W‘
80 o -

I
(o]
T
N
1

PEAK HEIGHTS
(23
o
T

L]
L]
x g\
i
Eﬂ
N}
J

n
o
T
{\
\\
[
S

\ M, my)= (+3,+1/2)

x5 !

U l
1 i 1 i 1 - - i J
0 5 10 i5 20 25 30 35 30
TEMPERATURE ( K)

Fig. |. Temperature dependence of ESR intensities for potassium clusters in argon matrices. M= =52 and
(M.omyp = (30 +1/2) pertain to one component each of, respectively, the ESR spectrum shown in fig. 2 and the ESR
spectrum of Ka. refs. [1. 2], Relative to M’ = =52, trimer intensities are 1/3 of those shown in the figure
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Fig. 2. Ten line spectrum of a radical K, in an argon matrix at 4.2 and 34.2 K. The “stick spectrum’” shows the predicted
intensity distribution for three equivatent *K nuclei. Also indicated are potassium atom resonances (m = =312, =1,2)for
several matrix sites. H, = 332.2G is the resonance field of a [ree electron for a cavity frequency of 9.2824(2) GHz.

In contrast to the trimer, however, K,, spectra show striking variations in linewidth with
temperature, individual A’ components being differently affected. Fig. 2 shows spectra
recorded at two extreme values of temperature, 4.2 and 34.2 K. A broadening of the low
field components. most pronounced for M'= +9/2, probably arises from two different
matrix sites and gives an asymmetric appearance to the spectra at all temperatures. The
“stick™ diagram in fig. 2 was computed from eq. (2) and the best fit parameters of refs.
i1.2]. Component intensities. arising from the M’ degeneracy of three equivalent K
nuclei in the high field limit [2, 10], are in the ratio 1:3:6:10:12:12:10:6:3:1. At high
temperatures observed intensities do indeed approach the predicted ratio, but this is
certainly not the case at T =4.2K. At low temperatures the M' = x7/2, £5/2 and =172
components show pronounced line broadening, whereas M’ = +9/2 and =3/2 are noticeably

narrowed. A similar behavior in the ESR spectra of organic radicals in solution is generally

termed the “alternating linewidth™ effect [7. 8].

5. Discussion

Recent ab initio calculations on Liy [S] and Na; [9] emphasize the importance of
dynamic Jahn-Teller effects in alkali trimer molecules. The principal features of the trimer
potential surface are a central peak surrounded by a trough containing three potential
wells. The three minima have obtuse isosceles geometry (*B. symmetry) and are indis-
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tinguishable except for a numbering of the nuclei. Adjacent wells are separated by saddle
points which provide a relatively low energy path for intraconverting one obtuse form into
another (pseudorotation).

In earlier work [2] it was pointed out that sufficiently fast pseudorotation would lead to
an averaged trimer spectrum in which all three ™K nuclei would appear equivalent.
Moreover, the measured hypertine splitting constant for K,, was almost exactly equal to the
appropriate average of the measured hf splitting constants for the trimer. when as was
assumed to be negative.

Our observation of an alternating linewidth effect is likewise consistent with a pseu-
dorotation mechanism. Fig. 3 shows a partial correlation diagram for the transition fre-
quencies of the three obtuse angled forms of Kio Each stick spectrum represents a dif-
ferent occupancy of the apical position as indicated at the top of the figure. Transition fre-
quencices, plotted vertically, correspond to the spectral assignment of refs. (1. 2], eq. (1) with
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Fig. 3. Partial correlation diagram for the transition frequencies of three obtuse angled “Ki molecules. For an
explanation, see text,

152



'
e

G Thampsan et al. | Temperatere dependence in ESR intensities

a0, Relative intensities, plotted horizontally. denote the M-degeneracy associated with
two equivalent J = 3/2 nuclei in the high field limit [3]. On the right hand side of fig. 3
several transitions have been labelled (mm.m:). where m, = £1/2, £3/2 is the magnetic
quantum number for distinguishable nuclei i = 1, 2, or 3. Adjacent columns are correlated
by joining just those transitions which have the same m-value for all three nuclei. Most
correlations have been omitted for clarity. It is apparent that. while several transitions are
unaffected by exchange between adjacent *B, wells, in only four cases do frequencies
remain constant when all three obtuse angled species are considered. These latter tran-
sitions have (mymamsy) = (£3/2 £3/2£3/2) and (£1/2£1/2=1/2), corresponding to M’ =
+9/2 and *=3/2, respectively. Thus the situation for K, may be analogous to exchange
effects in organic radicals in solution {7, 8]. At high temperatures. where exchange might be
expected to be fast, all three nuclei become equivalent, giving an averaged ten line
spectrum, as shown for T = 34.2 K in fig. 2. At low temperatures. however, pseudorotation
rates may become comparable to the ESR timescale. In this regime M’ = £9/2 and +3/2 ure
relatively unaffected by exchange and so remain narrow, but M’ = x7/2, £5/2 and =12
experience: large frequency shifts and become broadened.

In conclusion, it should be pointed out that the pseudorotation mechanism outlined
above need not imply that K, is the potassium trimer. Any cluster for which the
Jahn-Teller interaction might induce a similar three foid degenerate distortion is also
plausible. For example, this situation also pertains to a potassium pentamer with a trigonal
bipyramid structure (Ds, point group). For this geometry, simple Hiickel calculations
predict that the unpaired electron will occupy a doubly degenerate molecular orbital whose
wavefunction has a node at both axial atoms. The spin distribution for the three equatorial
atoms is identical to that in the cquilateral triangle. Consequently a Jahn-Teller distortion
to C,, geometry would be expected to have consequences at least qualitatively similar to
those in the trimer.
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Appendix A.5

SR of Stationary and Pseudorotating Alkali
‘Trimer Violecules

Do M. LINDSAY, DENISE GARLAND, FRANCES TISCHIER,
and G. A THOMPSON

City University of New York, Depagtment of Chemistry, City College,
New York, NY 10031

The relaxation theory of ESR linewidths is spe-
cialized to the case of pseudorotating K,. Trimer
molecules are assumed to fluctuate randomly between
the three stable configurations which correspond to
static Jahn-Teller distortions from D, symmetry. A
simulated ESR spectrum is shown to be in quite good
agreement with the Tinewidth alternation observed
for K, in argon at low temperatures. Measured line-
widths give approximate correlation and transverse
relaxation times, 107° sec S ¢ £ 107'° sec and 107°
sec £ T, £ 107° sec, for the temperature range 4.2 K
2T ¢ 20 K. The temperature dependence of Tt is
well represented by either exponential or power law
behavior. Possible pseudorotation mechanisms, in-
cluding a temperature dependent tunneling, are out-
lined.

Small metal clusters have received considerable attention be-
cause of their possible involvement as "active sites" in a variety
of catalyzed reactions. Although not particulariy noted for their
catalytic activity, alkali clusters have a simpie chemical compo~
sition and may, therefore, model the more complicated systems in a
manner analogous to the role played by the hydrogen atom in atomic
structure. Less emphasized is the fundamental nature of alkali
clusters per se. Since the ground state of H, is not chemically
bound, alkali trimers are the most elementary species which can
exhibit a Jahn-Teller interaction.

In previous electron spin resonance (ESR) studies of matrix
isolated Na, (1, 2) and K, (3, 4), alkali trimers have been shown
to be chemically bound and well described both by simple bonding
ideas (1, 3) and by the wore sophisticated calculations recently
employed for Li, (5), Na, (6) and K, (7). For the potassium tri-
mer in argon, two distinct ESR spectra are cobserved (3). An ob-
tuse angled isomer corresponds to one of three static Jahn-Teller
distortions from D, symmetry, and is surprisingly similar to the

Reprinted with permission from ACS Symposium Series,
copyright 1582 by the American Chemical Society.



70 METAL BONDING AND INTERACTIONS

structure reported for Na, (1). A "pseudorotating" isomer is both
qualitatively and quant1tat1ve1y consistent with fast exchange be-
tween the three "stationary" trimer geometries. In a preliminary
report on the trimer iineshape, the pseudorotating spectrum was
shown to exhibit an "alternating linewidth" effect, as would be
expected for an exchanging radical (4). In this paper, trimer
linewidths are reported and discussed from the viewpoint of a
purely phenomenological model involving a stochastic modulation

of the trimer hyperfine splitting. Linewidth expressions, derived
for the part1cu1ar case of pseudorotating K,, lead to a simulated
ESR spectrum in quite good agreement with that observed. Approxi-
mate values for the trimer correlation and transverse relaxation
times are computed. Possible exchange mechanisms are outlined in
the last section.

Experimental

The experimental details have been reported elsewhere (1, 3).
Briefly, matrices are formed by codeposition of excess argon with
atomic potassium on a sapphire plate mounted inside an ESR cavity
which is itself attached to a variable temperature liquid helium
dewar. Cluster formation occurs during deposition and is accom-
plished by warming the sapphire surface above a nominal deposition
temperature of 4.2 K. For spectra shown here, temperature mea-
surements were made with a calibrated carbon resistor-and are
judged accurate to within % 5%,

Trimer Spectra

Alkali trimer molecules have a relatively flat potential sur-
face, whose principal features are a conical peak surrounded by a
trough containing three potential wells (3, 5, 6). Figure 1 shows
the trimer potential surface plotted as a function of Qx and Qy,
the doubly degenerate pair of normal mode coordinates for D,, Sym-
metry (3). The central peak corresponds to a degenerate, ’t'
ground state of equilateral triangular geometry. The three poten-
tial minima have obtuse angled isosceles geometry (? B, symmetry)
and arise from three possible Jahn-Teller distortions” from Dah
symmetry. Adjacent minima are separated by relatively low energy
saddle points of acute isosceles geometry (%A, symmetry). As
shown by the broken line in Figure 1 this situation permits the
intraconversion of obtuse triangular forms without passing through
the energetically remote equilateral triangle (“pseudorotation").

In Reference 3, two distinct ESR spectra were identified for
potassium clusters in argon matrices. Both spectra have doublet
ground states (S = 's) and a well resolved hyperfine (hf) structure
arising from the Fermi contact interaction of the unpaired elec-
tron spin with three I = % nuclei. Seven groups of four transi-
tions each were ass1gned to a potassium trimer of B, symmetry
whose apical and two equivalent terminal atoms have hf splitting
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constants a, and a,, respectively. Powder spectra were fit to
aMy (1)

in which m; = m , m, or m, is the spin projection quantum number
for the apical nucleus and M is the sum of the corresponding gquan-
tities for the remaining two atoms. The term Hy = go/9q Ha, where
He and g, denote the resonance field and g value for a ?ree elec-
tron, describes the Zeeman interaction for an isotopic g tensor, g
'=gg 1. For K, (estimated uncertainties in parentheses], gq =
1.9985(5) with a, = 39.0(3) gauss and a; = * 4.7(2) gauss (3).
The ag constant originates from bonding 4s orbitals on the termi-
nal atoms and is positive; a,, however, arises from spin polariza-
tion effects and may be either positive or negative (1, 2, 3).
Figure 1 gives magnetic field positions, derived from Equa-
tion (1) with i = 1, 2 or 3, for the three distorted trimer geo-
metries. Since these differ only by a numbering of the nuclei,
the ESR spectrum of "frozen" K, molecules will consist of a super-
imposition of indistinguishable obtuse angled trimer species. If,
however, adjacent minima can exchange on a sufficiently fast time
scale, then an average spectrum,

Hi = Hy - agM - a

3

3
<H> =Y 2% Hi = Hy - 4(234 + a M’ (2)
":

for which all three ?°K nuclei appear equivalent, will be ob-
served. Since M' =m, + m, + m, ranges from +% to -% in integral
steps, a ten line hf pattern having <a> = %,(Za0 +a,)and a g
value jdentical to that for the "frozen" trimer would be predic-
ted. As discussed in Reference 3, the second ESR spectrum ob-
served for argon matrices exactly fulfills these requirements.
Previously denoted K,, this spectrum was shown to have magnetic
parameters g, = 1.9980(5) and hf constant a = 24.5(7) gauss, in
excellent agreement with the predictions of Equation (2), go =
1.9985(5) and a = 24.3(3) gauss, if a, is assumed to be negative.

Figure 2 shows the pseudorotating trimer spectrum at T = 34.2
K (4). Also shown in this figure is a "stick spectrum" in which com-
ponent intensities, in the ratio 1:3:6:10:12:12:10:6:3:1, reflect
the M' degeneracy of three equivalent I = % nuclei in the high
field 1imit (3, 4). Magnetic field positions for the simulated
spectrum were computed using Equation (2) and the experimental
parameters of Reference 3. A broadening of the Tow field transi-
tions is observed at all temperatures and most likely arises from
the trapping of radicals in more than one matrix site. Aside from
this asymmetry in the linewidths, the agreement between computed
and observed intensity ratios is quite good. At low temperatures,
however, component intensities differ markedly from the expected
1:3:6:10:12:12:10:6:3:1 pattern. As shown for T = 4.2 K in Figure
3a the M' = + 7, + % and + !5 components show a pronounced line
broadening whereas M' = + % and * % remain narrow.
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In Reference 4, this "alternating linewidth" effect (8) was
shown to be consistent with a temperature dependent pseudorotation
in K,. A correlation diagram, which relates transition fields
for the three obtuse angled trimer geometries, qualitatively pre-
dicts line broadening for M' = £ 7%, + % and % ! when pseudorota-
tion is relatively slow. At high temperatures fast exchange leads
to the motionally averaged spectrum shown in Figure 2.

Trimer Linewidths

The linewidth analysis for pseudorotating K, closely follows
the more familiar treatment of relaxation mechanisms in both the
NMR and ESR of chemically exchanging systems (8 - 12). Physi-
cally, the electron spin interacts with both the static, labora-
tory magnetic field and a random, fluctuating magnetic field aris-
ing from an isotropic hf coupling with the nuclear spins of the
trimer. Hyperfine coupling constants are not explicitly time de-
pendent. Rather they assume different values according as to pos-
sible occupancies of the three ZB2 minima shown in Figure 1. Thus
the hf interaction is time dependent only if the trimer is assumed
to “jump" randomly from one well to another. '

Two terms may contribute to the trimer linewidth. Diagonal
elements of the hf interaction produce a secular modulation of the
magnetic levels of both electron spin states without causing tran-
sitions. Off diagonal elements, which cause (lifetime broadening)
transitions between Zeeman levels, give rise to a non-secular con-
tribution. For either effect to be significant, the hf interac-
tion must have "sufficient" magnitude. Non-secular terms face the
additional requirement that the Fourier spectrum of the interac-
tion be rich at the Larmor frequency, wy/2m = 9.3 GHz. For K, in
argon, the exchange rate for jumping between adjacent 2B2 minima
is never sufficiently fast for non-secular terms to make an appre-
ciable contribution.

Several formalisms have been applied to relaxation in ex-
changing radicals. Principal among these are modifications of the
classical Bloch equations (8, 12) and the more rigorous quantum
mechanical theory of Redfield et al. (8 - 11). When applied in
their simplest form, as in the present case for K,, both ap-
proaches lead to the same result. Since the theory has been ele-
gantly described by many authors (8 - 12), only those details
which pertain to the particular example of K, will be presented
here. Secular terms contribute to the ESR linewidth (T) and
transverse relaxation time (T_ ) by an amount

fe -]

r=T;!= é G(t) dt (3)

where the correlation function G(t) = <hihj> is the appropriate
ensemble average for exchanging trimer species, and,

hj = Hj - <H> (4)
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is defined, through Equations (1) and (2), in order to make <h:>
vanish. Although Equation (3) is strictly applicable to absorp-
tion spectra having Lorentzian lineshapes, its use in connection
with a powder spectrum will have only a minor effect on the con-
clusions of this paper. The several approximations applied to
deriving Equation (3) are well described in Reference 10. Most
significant is the neglect of perturbation terms past second or-
der. As a consequence, expressions derived in this section will
be valid over most, but not all, of the temperature range employed
in the ESR experiments.

Figure 4 shows the "three jump model" used in deriving G(t)
for pseudorotating K,. Jumping between adjacent wells (i =71, 2
or 3) is assumed to be a stationary, Markov process which may be
characterized by a single, phenomenological rate constant A. The
three potential minima are assumed to be identical so that the
probability of occupying any one well at a particular time t is
given by Pi(r) = L. Under these circumstances

3

G(f) = i}%i] hithi(o)Pij(r) (5)

where the Pij(r) are conditional probabilities relating the occu-
pancies of wélls 1 and j at the times t = o and T = T, respec-
tively. The P;;(t) may be formally derived by application of the
Kolmogorov equations of probability theory (13). For the situa-
tion represented in Figure 4,

dPii/dt = - ZAPii + ZAPij 6)
dPij/dt = - Apij + Apii

analogous to the more familiar expressions often encountered in
the elementary theory of chemical reactions. For initial condi-
tions Pyi(0) = 1 and Pij(o) = 0, the simultaneous Equations (6)
have a solution .

P..(1) = N1 + 20"V Tc) )
] (7
Pig(t) = 401 - eV Te]

where 1. = (3r)~! is a characteristic, correlation time for trimer
exchange. Substitution of 4 and 7 in the expression 5 gives

6(t) = 2%(a_ - a,)2F(M', k)e ™/ Tc (8)

0
where
fM', k) =M'2 - 3(mm, + mm, +mm) (9)

with k = mmm,. The function f(M', k) is listed in Table I.

16



7. LINDSAY ET AL. _ LESR of Alkali Metal Trimer Molecules 77

Table I. Parameters appearing in linewidth variation of pseudoro-
tating K,, Equation (10) of text.

M k (M, k) Dy,
£9/2 27/8 0 1
+7/2 9/8 1 3
£5/2 3/8 1 3

-9/8 4 3

£3/2 1/8 0 1
-3/8 3 6

-27/8 9 3

£1/2 -1/8 1 3
3/8 4 3

-9/8 7 6

Also shown in this table are the number (Dy) of transitions (m,,
m,, m,) which contribute to a given k. Applying Equation (3) to
individual hf components M' = +%,--,-% gives

M, k) = ey - a,)? - (M, k) -t (10)

c

where the last expression has been notated to show that exchange
contributions to the trimer linewidth will, in general, be a sum
of Lorentzian functions k. Equation (10) also shows that ESR
linewidths are temperature dependent only through a corresponding
variation in the correlation time ..

Results for K,
Table II shows the temperature variation in the peak-to-peak

Table II. Measured linewidth variation for pseudorotating K,.

I'{gauss) . I'(gauss)

T(K) M' = M' = T(K) M = g M' o=

4.2 4.55 4.85 15.2 2.67 2.67

6.7 4.36 4.36 15.3 2.87 2.87

7.6 4.06 3.56 16.2 2.97 2.77

9.5 3.17 3.17 17.1 2.48 2.87

1.7 2.97 3.07 19.1 2.77 2.77
20-35 2.18 2.57

linewidth for the M' = % and M' = -% components for pseudorota-

ting K,. After an initial annealing of the matrix, measured line-
widths (r) are independent of the sample history and, within
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experimental error, depend only upon temperature. Above T ~ 20 K,
ESR linewidths remain approximately constant and are represented
by average values, Iy, as shown in the last entry of Table II. T,
is taken to be a measure of temperature independent contributions
to the ESR linewidth. Although powder spectra are most often in-
homogeneous]y broadened, the exchange contribution to the trimer
linewidth is assumed to be given by I' - T, 0w1ng to the 10-20%
uncertainty in T', there is considerable scatter in these differen-
ces, part1cu1ar1y at higher temperatures. However, the linewidth
data do give approximate values for t. and T, and allow an experi-
mental test of the "three jump model" introduced in the preced1ng
section.

Figures 3a and 3b show, respectively, observed and simulated
spectra for the pseudorotating trimer at T = 4.2 K. Absorption
linewidths for the "bar spectrum" were derived from Equation (10),
with f(M', k) from Table I and %(a, --a,)* = 3.4 x 10'° .sec™? from
Reference 3. The correlation time, 1o = 3.8 X 107° sec, was cho-
sen to give the measured linewidth for M' = =%, T = 1y + I'(M', k)

= 4.6 G from Table [I. Relative areas in Fiqure 3b ref]ect the Dy
degeneracy given in Table I. For ESR transitions, (m,, m,, my} =

5, 5, *%) and (*%, 4, *%4), f(M', k) = 0 and trimer exchange is

not predicted to contribute to the linewidth. Accordingly, bar
spectra for these transitions correspond to I' = Iy = 2.2 G with
ESR intensities equal to that measured for M' = -2 Aside from
the matrix site effects noted earlier, the genera] features of the
observed spectrum are quite well represented in Figure 3b.
gr+mer linewidths were compared with both an exponential, Te

= Toe » and a power law, T, = , temperature dependence in
the corre]at1on time T.. Flgure g shows the least snuares fit
for M' = -%. Both plots represent the experimental 1inewidth

equally well (correlation coefficient, r = 0.90) and the present
data are not sufficiently accurate to distinguish between the two
interpretations. For reasons given below, the data point at T =
4.2 K was not included in this fit. Similar results (but with r =
0.98) pertain to M' = -%. Although, as shown in Figure 3b, two k
components contribute to this transition, it is most likely that
the broad, f(M', k) = 4 and narrow, f(M', k) = 1, features are
sufficiently well separated for the latter to dominate the ob-
served M' = -3 linewidths.

Table III gives the computed parameters for both M' = -% and

Table III. Least squares parameters (defined in text) for trimer
correlation times (t.). Estimated errors are given in
parentheses.

- o/ T - -n
Te = Tg € / =1 T

M T x 107 (sec).  §(K) "1 x 10%(sec KM) n

T
(s
7 17(5) 16(3) 4(21) 1.5(3)
-3 5.8(11) 21(2) ( 1) 1.9(2)
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M' = -%. Estimated uncertainties, in parentheses, represent one
standard deviation in the least squares fit to the experimental
data. Table IV summarizes several parameters of interest for

Table IV. Temperature variation in correlation time (t.), secular
linewidth, '(M', k), and transverse relaxation time
(T,) for M' = -%. The Larmor frequency wy/2m = 9.3
GHz. For an explanation, see text.

1.
T e x 101° r(M*, k) T, x 10® (1o/7,)° weTe

(K) (sec) gauss) (sec)

4 93 11 3.2 0.54 540
6 24 2.9 12 0.14 140
8 13 1.6 23 . 0.08 76
10 8.4 1.0 35 0.05 49
15 4.9 0.6 60 0.03" 29
20 3.8 0.5 77 0.02 22

pseudorotating K3 These data were calcu]ated from_Equation (10),
with f(M', k) = 1 and %(ay - a, )2 = 3.4 x 10'° sec™?® from Refer-
ence 3, together with the 1east squares T, and & from Table III.
These examp]e results permit a check on several of the approxima-
tions alluded to earlier. A necessary conp1t10n for second order
perturbation theory to be valid is ? << 1 (10). As shown
by the data in column 5 of Table IV %h1s approx1mat1on breaks
down at low temperatures and pred1cted Tinewidths become much lar-
ger than those actually observed. The ratio of the non-secular to
the secular contribution to the trimer linewidth is of order (1 +
we?Te2)™! (8 - 12). As shown by the last entry in Table IV line.
broagening by non-secular terms is quite negligible over the tem-
perature range T = 4-20 K.

Discussion

Contingent upon the details of the potential surface for K,
several mechanisms may give rise to the observed temperature de-
pendence in t.. If the ground vibronic state for the trimer is of
order kT below the energy barrier to pseudorotation, then the cor-
relation time (inversely proportional to the rate constant for ex-
change) would be expected to show Arrhenius type behavior. Alter-
natively, the trimer ground state might lie above the pseudorota-
tion barrier, as has been suggested for Li, (5). In this situa-
tion a fast, but temperature independent, exchange would be pre-
dicted. However, since the trimer potential surface is markedly
flat, matrix effects may play a particularly important role. Thus
the matrix might "lock" the trimer into an obtuse angled geometry
at some temperatures but be sufficiently fluid to allow pseudoro-
tation at others.

For Na,, which is expected to be more closely analogous to
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the potassium trimer than Li,, Martin and Davidson (6) estimate a
zero point vibrational energy w~ 85 cm™! with a barrier to pseu-
dorotation, 2@ ~ 200 cm™'. Particularly critical for Jahn-Teller
systems (14), is the distortion parameter p, (A in the notation of
(6)). Referring to Figure 1, po is the radial distance from the
conical peak to the average energy minimum in the trough region of
the trimer potential surface. For Na,, pg ~ 0. 5 (6). If vibra-
tional frequencies, potential parameters,and bond distances scale
according to, respectively, the force constant, bond energy, and
internuclear distance of the corresponding a]ka]i dimers, then, |
very approximately, w ~ 65 cm™! with 28 ~ 150 cm™' and p, ~ 0.6 A
for K,. Consequently the ground vibronic level of K, is some 85
cm! be]ow the pseudorotation barrier and, for 4 < T S 35 K, ex-
change can only occur by quantum mechan1ca1 tunneling. This rate
may be approximately calculated using a WKB method similar to that

applied to the more familiar. case of ammonia inversion (15). Us-

1ng the previously estimated parameters for K, (reduced mass, u =
=m = 26 amu) and numerical integration of an assumed cosine poten-
tial we find a tunneling frequency of order 1 GHz.

Although temperature dependent tunneling is not, of course,
to be expected for gas-phase molecules, its occurence for transi-
tion meta] complexes in the solid phase has been well documented
(14, 16, 17). Even in carefully prepared crystals, random strains
are of sufficient magn1tude to make the previously assumed equi-
valence of potential minima no longer valid. If, for K; in argon,
matrix effects contribute a similar blurring of the trimer energy
levels, then tunneling between adjacent wells no longer conserves
energy. Transitions from the vibronic ground state of one well to
the corresponding level of its inequivalent neighbor must now be
stimulated by phonon absorption or emission. As given elsewhere
(14, 16, 17), the several possible mechanisms correspond to the
direct Raman or Orbach processes more familiarily appiied to spin
tattice relaxation. In all three cases this situation leads to an
attenuation of the gas-phase tunneling frequency and complex, ge-
nerally hyperbolic, temperature behavior for t.. In certain 1i-
miting situations either an exponential or power law température
dependence is predicted. Consequently our results for K, in argon
are also consistent with a trimer zero point energy well be]ow the
pseudorotation barrier.
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