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I. INTRODUCTION

The interest in the generation of small metal clusters has seen a
tremendous growth in the past decade. With this increasing interest in the
field, new generation techniques and various spectroscopic approaches have
been used in an attempt to elucidate the sizes, shapes, and the chemistry of
these species (1,10). Small metal clusters are broadly defined as aggregates of
3 to 20 atoms or the limiting number of atoms approaching the bulk phase
of the peticular metal. The sizes of these clusters provide an approximate
means for their classification. These clusters have been grown in noble gas,
in zeolites and in organic support matrices at 4 to 77K, (11-15). The clusters
that we will describe were all generated in nitrogen or inert matrices near 4K
and in the absence of any ligands. They are electrically neutral and believed
to be in their ground states.

Ht

This work can be described as " the fourth generation " cluster
production from our laboratory. Successful work performed on the ESR of
the group IA metal clusters have already been published, (17), and have
added to the growing literature of small metal clusters. Interestingly enough
the work done on the alkali metals proved to be in very good agreement
with a series of theoretical publications such as photoionization
measurements, (18), and dissociation energies, (19). Also, a series of
sophisticated computational papers which were published around that time,
(20-23), did predict reasonable potential surfaces for these alkali clusters.
Since then, the field has grown dramatically and explicit compilations or
reviews articles have appeared in the journals, (24-27), describing selective

clustering techniques and various spectroscopic approaches that are

currently being used to study these metal clusters. The interest in the
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economic importance of these species has also grown as evidence by a series

of articles in C & E News, (28-32), and Nature magazine, (33). Recently the
diversity of the field is becoming apparent with the technique now being
applied for the generation of heteronuclear clusters, (34,37). These mixed-
metal species if generated successfully can offer great insight in the basic
molecular bonding scheme of different sized atoms. From a more practical
stand point, these mixed-metal species can be conceived as alloys and of
course are of great interest to industry.

In this work UV-Visible Optical Absorption spectroscopy was used
along with ESR in the study of the clusters generated. The OA technique was
specially useful for confirming the presence of species such as, dimers and
tetramers, not detectable by ESR (1,3843).

The greatest advantage of low temperature ESR is that the spectrum is
assumed to be generated from species in their ground state and unlike the
molecular beam technique, no metastable or vibrationally excited states are
expected in the spectrum. One of the many problems still present in cluster
generation are the so called "matrix effects “, which can be very decisive in
the generation or non generation of these metal clusters. In practice, several
support matrices are chosen and if any clusters are generated the invariance
in their molecular parameters are taken as an indication of real physical
properties rather than matrix effects.

The ESR of the group IB metals generated in a series of support
matrices will be presented in this dissertation. Whenever possible the
observed parameters will be compared with theoretical calculations, (44-46).
UV-visible OA spectroscopy was also performed as a secondary probing

technique and proved valuable in the assignment of species generated in
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different matrices. The ESR of mixed-metal clusters of the groups IA-IIA

will also be presented, although many questions regarding the size of these

size clusters remained unanswered.



II. EXPERIMENTAL

IL.1 Introduction

The matrices were prepared by codepositing hot metal vapor
generated by a resistively heated source along with a large excess of
nonreactive gas on a target mounted within the ESR cavity, (47-52). Both
target and matrix were maintained near 4K by the liquid helium cryostat. On
the surface of the target, the metal vapors were rapidly frozen and any
species, single atom or clusters, formed were trapped in the matrix.The
group IB metal clusters were grown using Nitrogen as the matrix gas.
Although Argon, Xenon, and Krypton matrix gases were also used, only
previously observed spectra, (48), or broad featureless unresolved spectra
were generated. The group [A-IIA mixed-metal clusters were also grown in
Argon, Nitrogen and Krypton matrices, but only when grown in an Argon
matrix could spectra observed be assigned to the mixed-metal species. The
matrices were annealed stepwise to a few degrees below the melting point of
the matrix gas. In some cases the rise in temperature warmed up the matrix
cage enough to allow diffusion or the generation of new species which were
overlapped by stronger better resolved species present at 4K. But in most
instances there was little diffusion through the matrix and annealing only
narrowed broaden 4K transitions thus giving much better signal resolution.

A Xe-Hg high pressure lamp (CANRAD HANOVIA, # 901B-1) was
used for both photolysis and optical absorption work. Photolysing the matrix
also resulted in better signal resolution. However prolonged photolysis

bleached rather than enhanced the signals. The samples formed were then
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studied using a commercial spectrometer. A block diagram of the apparatus

used in these experiments is shown in fig. (2.1).

I1.2 Spectrometer and Magnet

In September 1983 the new spectrometer, (IBM BRUKER ER 200 ESR)
("Bruker"), arrived in the laboratory. It was interfaced with an existing
electromagnet and power supply (JEOLCO JAPANESE OPTICS
LABORATORY ME-3 ) by IBM' s staff. Since extensive documentation was
provided by both manufacturers, only a brief discussion will be presented
here, (49,50). The spectrometer was extremely reliable, had good sensitivity
and was quite easy to tune. All these factors helped increase tremendeously
the experimental efficiency.

The spectrometer employed a standard X-band microwave bridge, a
klystron locked to the sample cavity, a solid state microwave detector and a
reference arm arranged for homodyne detection, (49,52). The AFC klystron
generated monochromatic microwave detection at a frequency of 9.2 Ghz
and a maximum output power of ~ 200 mwatt. Typically 1.0 mw of power
was incident on the cavity. The microwaves were attenuated and guided
through a mica window and into a custom built TE1g; microwave cavity.
The wave guide and cavity were both enclosed in the liquid helium cryostat.

The quality factor, or Q, of the cavity determines the response to
absorptions. The larger the Q, the more sensitive the cavity is to small
changes in the energy absorbed. In these experiments the Q value was
between 3500 and 4500, (47). Before deposition the reference arm of the
spectrometer was tuned at 4.2K. After deposition, since Q has changed, the

spectrometer was again tuned to the new frequency. Detection of resonance
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was achieved by balancing the microwaves reflected from the cavity by those
from the reference arm. This deviation at resonance and the change in Q
was detected with a semiconducting diode.

Proper tuning was essential for obtaining maximum signal to noise
ratio, S/N, and resolution. The attenuation level of the reference arm thus
determined the biasing and the response of the diode. Both overbiasing and
underbiassing the diode would result in deviations from linearality in the
response regions. Finally, the phase of the reference arm was used to select
only the absorption mode of the resonance for transmission to the detector.

To detect very small changes in the Q of the cavity the magnet was
modulated at 100 Khz with a pair of custom made low impedance coils
mounted directly on the cavity and maintained at cryogenic temperatures,
(47). This field had a peak-to-peak amplitude range of 0.25-5.0 Gauss. The
output of the microwave detecting diode was amplified with a 100 Khz band
pass filter and sent trough a lock-in amplifier, (phase sensitive detector ).
Since only a small fraction of random noise was expected to have this
frequency the S/N ratio increased and weaker intensity transitions could be
well resolved. This phase sensitive detection and modulation is a standard
technique used to recover weak signal from noise. The final signal was
either filtered by an active low pass filter and plotted on an x-y recorder or
digitally stored on a signal averager (TRACOR NORTHERN #1710-AIC) .
The sensitivity of the spectrometer was of the order of 5x1010 spin/Gauss,
(49) . The recorder and the signal averager were both interfaced to an IBM-
9000 minicomputer (IBM INSTRUMENT,INC) so that spectra stored could
be further analyzed.
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The electromagnet and power supply used were both from JEOLCO.

The electromagnet had custom made flat poles caps 300 mum in diameter, a
90 mm air gap and low impedence water cooled coils which drew 0 to 80
amps to induce fields in the range of 0 to 10 KG. The homogeneity of the
field determined the ultimate resolution. It was relatively stable and linear
in the range of 3.5 KG 1 1KG used in these experiments although jitters and
field drifts did occur. The field strength and recorded spectra were also
calibrated with a proton magnetometer (MICROW-NOW, MODEL 515). In
addition, the resonance frequency of the cavity was monitored using a
microwave frequency counter (Hewlett-Packard, model 5245L plus HP 5255A
plug-in). Relative and absolute field positions are judged accurate to within

1+ 0.2 % and £ 0.5 G respectively, (47).

I1.3 The Dewar

Detailed descriptions of the engineering and construction of the liquid
helium cryostat have been given elsewhere and only a brief description be
given here, (47,52). A schematic of the dewar is shown in fig. (2.2). The dewar
consisted of and upper and lower section. The upper section had an outer
vacuum jacket followed by a liquid nitrogen reservoir a second vacuum
jacket and a liquid helium reservoir of 21/2 liter capacity. The lower section
or the "tail of the dewar” had a helium reservoir of 1/2 liter capacity
connected to the top reservoir by a variable position valve. The valve
allowed helium to flow down from the top reservoir when working near
4K, and evacuation of the tail when conducting temperature dependent

work. Finally, there was a length of evacuated waveguide which ran down
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along the center of the apparatus and to which was attached the resonance
cavity.

Variable temperature work was monitored using a Gallium Arsenide
diode in conjunction with a microprocessor based temperature
indicator/controller (SERIES 5500, SCIENTIFIC INSTRUMENT, INC). The
indicated manufacturer’ s precision was $0.2K, (47). The controller was
specially convenient to use and after minor adjustments of the helium gas
flow from the upper and lower reservoir fixed temperatures could be
attained and maintained for extended periods of time.

All temperature transducers were mounted on a heat exchanger
connected to the cavity. Therefore temperatures recorded on the controller
were "nominal temperatures” but were not expected to differ by more than
$2K between the two points. Additional sources of heat were from the
modulation coils around the cavity, the klystron microwave power
dissipated in the cavity walls and conduction through the incoming matrix

gases.

II. 4a Resonance Cavity and Target

A microwave resonant cavity is a box fabricated from high-
conductivity metals that can sustain oscillations in an number of standing
wave configurations called modes. The energy from the klystron is carried
down the waveguide in a series of discrete modes for the electric field
transverse to the direction of propagation. These modes, are designated
TEmn. where TE, stands for transverse electric mode and m and n refer to
the number of half wavelength of the electric field parallel to the wide, (a),

and narrow, (b), dimentions of the rectangular guide. The mode of longest
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wavelength is labelled TE1g, and TEyg the next highest and so forth. The

cavity may also oscillate in a number of modes designated TEmnp, where the
p. refers to the number of half cycles of standing waves in the long direction
(d).

In any resonant cavity the magnetic and electric waves are 900 out of
time phase with each other. Thus, when the electric fields are at a maximun,
the magnetic fields are zero, and vice versa, (52). For a standing X-band wave

guide a = 2.286 cm and b = 1.016 cm. For our experiments a TEjpp cavity was

used, where p = 2. The cavity resonant frequency is then given by eq. (2.1),

2 _ j m? n?, p? 2
ras 2 2 .
Yo a® b d
where for our cavity case d = 4.547 cm and A,T¢S =3.224 cmor

Vo = 9.299 Ghz, (52). Fig. (2.3) shows the diagram of a cavity in the TE1q2

mode, the electric , magnetic field distributions and wall currents. The broad
face of the cavity shows, the beginning and ending positions of the electric
and a dispalcement current flowing through the center of the loops on the
magnetic field. The two fields, and the charges will reverse polarity every
cycle. Thus the sample undergoing magnetic dipole transitions is placed in a
way such that, (i} it lies in a node of the microwave electric field and, (ii) in
the position of maximum magnetic field, (52).

Three different targets were also used and were mounted within the
resonance cavity between the modulation coils. The more commonly used
target was made of copper 0.010” thick with a hole counterbored in its center
to accommodate a 0.094" diameter Quartz window. The first advantage

offered by this target was that it showed only one background signal near g =
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2 arising from a small amount of organic glue used to hold the Quartz
window in place. This background spectrum is shown in fig. (2.4). The
second advantage was that the target also allowed UV-Visible optical
absorption experiments to be performed on the matrices. The observed free
electron value , Hg, was at a field value of 3321.1 $0.5 Gauss. The two other
targets made of sapphire and uniform copper, were less often used, although
all clusters presented in this thesis could be made using any of these targets.

Background spectra of the sapphire target is shown in fig. (2.5)

I1.4b Optical Absorption Detection System

In 1985 a 5' long optical fiber cable (GENERAL FIBER
OPTICS,INC,#55-200) replaced a series of lenses previously used for the
optical absorption work. The optical fiber was coupled to the arc lamp using a
fiber optics positioner (NRC, MODEL FP-1). Inside the dewar the fiber was
held in place by a 1/4" thick Teflon retainer and extended into the resonance
cavity just below the target fitted with the quartz window.

The absorption signal was collected through a window fitted atop the
wave guide and was then focussed onto the slit of a monochromator
(GCA/McPHERSON INSTRUMENT,MODEL EU 700) to which was attached
a photo multiplier tube, PMT, (HAMAMATSU CO., MODEL R943-02 ). The
PMT was connected to a two mode single photon amplifier discriminator,
(UNI-PHOTON SYSTEM,INC). The analog mode was used for signal
optimization while the photon collecting mode for data collection. The
monochromator’s scanning motor was then interfaced with both the signal
averager and the IBM 9000 minicomputer. A block diagram is shown in fig.

(2.6).
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II. 5a. The Effusion Source

The metals were evaporated from a double chambered Knudsen
effusion source. This source was designed for simultaneous evaporation of
low and high melting point metals. The two chambers were separated .by a
water cooled 8 3/32" X 2 1/4” rectangular brass radiation shield. The low
temperature chamber, (fig. 2.7), consisted of an oven block made of stainless
steel with a tubular hole in which the metals were placed. A 150 watt resistor
(HOTTWATT INC.)) fitted in a stainless steel, SS, tube, open at one end and
vacuum tight at the other, was used to heat the oven block. A stainless steel
slit block that fitted atop the oven block was used to collimate the metal
vapors into a beam. A second SS tube with similar configurations was also
fitted with a 150 watt resistor was used to heat the slit thus preventing
clogging during vaporization. The matrix gas was introduced in the
deposition chamber by a 5/4" SS tube fitted with a slit at its end and oriented
such that the matrix gas would intersect the metal beams at the surface of the
target in the resonance cavity. The high temperature chamber fig. (2.8)
consisted of two 7/16" 0.d. "OFHC" copper water cooled electrodes. The ends
directly in the chamber were fitted with two 3/4" diameter mounts to retain
the crucible or "boat” in place. The other ends were connected to high
voltage current cables leading to a power supply, (47). A Tantalum (ME-10,
R.D. MATHIS INC.)) type boat was used for all experiment, (47).

II. 5b. Radiation Shields
The source was expected to radiate 5000 watts into space and vaporize

metals, (i.e. group IB), in the temperature range of 19000¢c. Therefore heat
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transfer from the source to the liquid helium cryostat had to be minimized to
prevent rapid helium loss during deposition.

The heat input from the low temperature chamber was reduced by a
1/16" thick rectangular 5" X 21/4" “OFHC" copper radiation skirt, and 1/8"
thick "OFHC" top slit block with a 3/8" X 5/32" aperture directly above the
oven block. Also,the heat input from the high temperature chamber was
reduced by a curve "OFHC" copper shield and an 1/8" "OFHC" top radiation
flange with an aperture 1/4" X 5/32" opening directly above the crucible. A
diagram is shown in fig. (2.9). The shields from both chambers were then
bolted to the water cooled flat brass shield
Finally, considerable amount of heat generation was expected to in the
electrodes. At temperatures above the melting point of copper it is necessary
to conduct heat away from the dewar and prevent "melt down". The
electrodes were fitted with a 1/4" diameter water inlet and outlet holes. The
water cooling reduce this heat input by more than 90 %. Stephan's law, eq.
(2.2) can be used to estimate the total heat input from the effusion source,
Qrad = €. 0. SA (T4source - T4 sink) 2.2)
where the emittance, €, can vary between 0 and 1, o, Stephan’'s constant
5.6 X10°12 watt em-1 K-1, can be used to estimate the radiative heat input
from the source into the liquid helium dewar. The heat transfer to the liquid
helium dewar was limited by an 1/8" diameter metal vapor input hole in
the liquid nitrogen cooled radiation baffle 2" above the metal vapor source.
This shield would absorb about 20% of the 5000 watts or 1000 watts, and limit
helium loss of less than 0.2 liter/hr, (52). Since the source was a combination

of two previous working sources all other heat transfer considerations are
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similar to those described in references, (47,52), except were minor

engineering adjustments were made because of space restrictions.

I1.6a. Monitoring metal fluxes

Three fluxes were involved in these experiments : The high and low
metal fluxes, and the matrix gas flux. Reference, (47), gives a detailed
explanation of the gas line input and supporting apparatus. Both metal
fluxes were monitored using a commercial quartz deposition monitor
(MODEL QM-300, VEECO INSTRUMENTS., INC), with custom built
temperature heads, (47,52). The sensor heads were similar to the VEECO VTT
300 except for modification in their cooling system. They were reliable and
responded well for all temperatures encountered.

The microbalance reading, are related to metal fluxes incident on the
target by appropriate geometric parameters inherent in the nitrogen
radiation shield. These geometric factors can be described by eq. (2.3),

Flux (cavity) = 1/3 Flux (microbalance) (2.3)
in units of Angstrom per second (A/s). The weight on the crystal or the
number of atoms incident of the microbalance is expressed by eq. (2.4a),

N (atoms/s) = 6.02x 1015 A (p/M )R (2.4a)

where M, is the metal's molecular weight, p, it's density, R, the number of

atoms on the crystal, and A, the exposed area of the crystal measured as,

0.79 cm?. For the double chambered source eq. (2.4a), is then expressed by eq.
(2.4b), after substituting the value of Ap,,

N =476 x 1015 (p/M)R (2.4b)
The number of molecules incident on the target is obtained by multiplying

the value obtained from eq. (2.4b) by one third,
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Z=1.59x1015 (p/M)R 2.5)

Table II.1 gives a list of the metals used in these experiments and their
calculated fluxes.

The low temperature metal fluxes were estimated from
Nesmeyanov's Tables, (53), that plot vapor pressure vs temperature. More
accurate measurements were obtained with the VEECO microbalance
retractably mounted on the source flange and parallel to a pinhole in the slit
situated between the oven block and the slit spacer. Two thermocouples
(OMEGA ENG.,INC) connected in series to multivoltmeters were used to
read slit and oven temperatures. These values were then compared with the
reference values, (53), and also used to maintain a constant temperature
gradient between the slit and oven block to prevent underheating which
could cause clogging of the slit passage. The high temperature metal fluxes
were monitored by a second VEECO microbalance introduced from the back
of the dewar and perpendicular to the direction of the metal beam. The
output of both microbalances were connected to a panel fitted with two
switches and connected in series with the deposition monitor. The
microbalance panel allowed greater convenience in registering the metal

fluxes. A block diagram of the apparatus is shown in fig (2.10).

I1.6b. "Doing a Run”

The double chambered source was fairly easy to operate and proved to
be both reliable and durable. The experiments follow closely the procedures
described in references, (47) and (52). The metal fluxes were first monitored at
room temperatures and compared with references values. The dewar was

always leak checked with a mass spectrometer helium leak detector (VEECO
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INSTRUMENTS,INC. MODEL MS5-9), without and with the source in place.
It was then pre-cooled with liquid nitrogen for approximately 4-5 hours. The
helium reservoir was evacuated and pump on until no significant
temperature changes due to incomplete nitrogen removal was observed. The
next day, the various components were started and liquid helium was then
transferred. Within an hour metal fluxes could be generated and set to the
required deposition conditions. After various background spectra were taken
deposition was initiated. Spectra was taken after each hourly deposition and
would continue until no significant increase in signal intensity was
observed. Fig. (2.11) and table (2.2), provide a summary of the experiments
done, the metals used, the duration of each deposition, the ratio of metal-

matrix gas concentration and the deposition temperatures.
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Fig. I1.1 Block Diagram of the Experimental Apparatus
Outline 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
nonreactive matrix maintained at low temperatures by the liquid helium
cryostat. Additional components included for specific experiments will be
presented separately in the following chapter. This diagram was adapted

from ref. (52).
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Fig. I1.2. The Liquid Helium Dewar
Lateral cross sectional view of the liquid helium dewar used for these

experiments. This diagram was adapted from ref. (52).
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Fig. I1.3 Rectangular Cavity in TE1g> Mode

Adapted from reference (52).
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Fig. I1.4 Background Spectrum of the copper Target
ESR spectrum of the copper plate used as the deposition target for most of these experiments presented
in this dissertation. The signal about g = 2, probably arises from the organic glue used to retain the optical

window in place. This spectrum is 700 Gauss wide and centered about g = 2.
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Fig. I.5 Background Spectrum of the Sapphire Target
ESR spectrum of impurities in a sapphire plate used as a deposition target in these experiments. This

target was mostly used for the mixed-metal cluster experiments. The spectrum is 500 Gauss wide and centered
aboutg =2.
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Fig. I1.6 Block Diagram of the Optical Absorption System
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Fig. I1.7 Low Temperature Chamber of The Effusion Source

Front and side view of the low temperature chamber used to generate

alkali metal fluxes.
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Fig. I1.8 High Temperature Chamber of The Effusion Source
Front and side view of the high temperature chamber used to generate

the Group IB and Group IIA metal fluxes.
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Fig. [1.9 Radiation Shields
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Fig. I1.10. Flux Monitor Assembly.
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Fig.IL.11. Sample of Matrix Growth vs. Time Taken From The Mixed-metal

Cluster Experiments.
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TABLE.II.1. Calculated metal fluxes for the double chambered source,

with the entire surface of the microbalance exposed to the metal vapor

fluxes.

Metals pa Mb N/R¢ Z/Rd
Ag 10.5 107.80 4.63(14)  1.54(14)
Au 18.9 197.00 456(14)  1.53(14
Na 0.971 22.99 2.02(14)  6.72(13)
K 0.870 39.10 1.05(14)  3.54(13)
Mg 1.74 24.31 3.40(14)  1.14(14)
Ca 1.55 40.08 1.84(14)  6.13(13)
Sr 2.54 87.62 1.37(14)  4.61(13)
Ba 3.50 137.33 121(14)  4.04(13)

a. Smithsonian Tables. Units of g cm™3 (54).
b. Units of g mol}.
c. Atoms per sec for a reading of R = 1 A sec’l.

d. Flux incident on the microbalance surface, taken as 1/3 (N/R).



TABLE I1.2. Summary of Experiments and Depositions Conditions.

# EXP METAL® MATRIX2  METAL/GASP DEPS Derd
GAS RATIO TIME TEMP.

1 ESR Ag N, 5:800 4 4
2 ESR Ag Ar 5:800 3 4
3 ESR Ag Xe 6:800 3 58
4 ESR Ag Kr 5:800 2 54
5  ESR 107A¢ N, 5:800 3 53
6 ESR 107A¢ Ar 5:750 2 54
7 ESR Au N, 5:840 3 55
8 OA Au N, 5:800 2 55
9 OA Au N, 5:800 3 55
10 ESR-0A 107Ag Kr 5:800 3 55
11 ESR-0A 107Ag N, 5:800 3 55
12 ESR-0A 1075¢ N, 5:800 3 55
13 ESR-O0A 107ag Ar 5:800 3 55
14 ESR-0A 1077¢ Ar 5:800 3 55
15 ESR Cu Ar 5:900 3 50
16 ESR-0A Na-Ag Ar 1:5:900 3 50
17 ESR-0A Na-Ag Ar 1:5:800 3 50
18 ESR-0A Na-Ag Ar 1:5:800 3 50
19 ESR-0A Na-Ag Ar 1:5:800 3 50
20 ESR-0A Na-Ag Ar 1:5:800 3 52
21 ESR K-Mg Ar 1:5:600 3 62



TABLE I1.2. (continued)

* EXP METAL® MATRIX®  METAL/GASP DEPS DEPd
GAS RATIO TIME  TEMP.
22 ESR K-Ba Ar 1:5:600 3 62
23 ESR Na-Mg Ar 1:5:600 3 62
24  ESR Na-Mg Ar
25 ESR Na-Mg Ar 1:5:600 3 64
26 ESR Na-Mg Ar 1:5:600 3 64
27 ESR Na-Mg Ar 1:5:600 4 64
28 ESR Na-Mg Ar 1:5:600 3 64
29 ESR Na-Mg Ar 1:5:600 3 60
30 ESR Na-Mg Ar 1:5:600 3 50
1:8:600 2 62
1:5:600 4 62
1:5:600 6 6.2
1:10:600 2 62
30 ESR Na-Mg Ar 1:3:600 6 62
31 ESR Na-Mg Ar 1:5:600 3 6.2
32 ESR K-Mg Ar 1:5:600 3 62
33 ESR K N, 1:800 3 62
34  ESR K-Mg N,
35 ESR KMg N, 1:5:800 3 62
36 ESR K-Mg  Ar 1:5:600 3 62

37 ESR Na-Mg Ar 1:5:600 3 62
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TABLE I1.2. (continued)

# EXP METAL® MATRIX®  METAL/GASP® DEP  ‘DEPd
GAS RATIO TIME  TEMP.

38 ESR Na-Mg Ar 1:5:600 3 62

39 ESR Na-Mg Ar 1:5:600 3 62

40  ESR K-Mg Ar 1:5:600 3 62

41  ESR K-Mg Ar 1:5:600 3 62

42  ESR K-Mg Ar 1:5:600 3 62

43  ESR K-Ba Ar 1:5:600 3 62

44  ESRe Ag N2 5:800 3 62

45  ESRe Ag N, 5:800 3 62

46  ESR K-Ca Ar 1:5:600 3 62

47  ESR Na-Sr Ar 1:5:600 3 62

48  ESR K-Sr Ar 1:5:600 3 62

49  ESR K-Sr Ar 1:5:600 3 62

50 ESR Na-Sr Ar 1:5:600 3 62

51 ESR Na-Ba Ar 1:5:600 3 62

52 ESR Au N, 5:800 3 55

53  ESR Au N, 5:800 3 55

a2

54 ESR Na-Ba Ar 1:5:600 6.2




TABLE I1.2. {(continued)

a. Material
K,Na
Kr, Xe
Ar
Ag,Au,Cu
Ag(107)

Mg Ca
Ba,Sr

33

ng pany
Gallery,  99.95%

Alpha, 99.995%

Airco, 99.9998%
Alpha, 99.9999%
USDOE, Oak Ridge National
Laboratories.

99%
Asar, 99 8%
Alpha 99%

b. Micron pressure units. 1y = 10-3 Torr for the matrix gas.
Asec-1 units for the metals where 1 ~ 2 Asec-1.

¢. Hour time units.

d. Kelvin temperature units.

e. A UV cut-off filter at 350 nm was used throughout the deposition.
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1. THEORETICAL

III.1. Introduction

Electron Spin Resonance, ESR, spectroscopy is one of the methods
used in the study of the interaction of paramagnetic species with an applied
magnetic field. It monitors the absorption of radiation and the
accompanying resonance conditions when these paramagnetic atoms or
molecules interacting with the applied field change their energy states. The
previous chapter covered the experimental factors involved in the
generation of these species to be studied. This chapter will briefly review the
theory useful for the analysis of an E.S.R. spectrum. Many texts and articles

cover these theories with varying degrees of rigor and detail, (55-61 ).

III.2a. Resonance Condition
A simple description of a paramagnetic specie interacting with an
applied magnetic field can be given by using a classical description of a bar
magnet. A charge, spinning or rotating, behaves like a magnet with its poles
along the axis of rotation. Therefore, electrons in atoms or molecules are
expected to behave like magnetic dipoles and will align themselves in the
direction of an applied external magnetic field so that their internal fields are
either parallel or anti-parallel with respect to the external field. The energy
difference, AE, between the two alignment is a function of the field strength.
For an isolated electron the magnetic moment, Mes is given by eq. (3.1),
He= BB S (3.1)

where, S, is the spin angular momentum vector of the electron, g, a
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dimensionless constant called the electron free g-factor, (2.00232), and, B, is
the electronic Bohr magneton, (9.27410 x 10-21 erg-G-1). The interaction of
the electronic moment and an applied field, H, is given by the electronic
Hamiltonian in eq.(3.2),

H ,=-u,H (3.2)
If the applied field is the z direction, Hz, then eq.(3.2) becomes,

H o= g,BeH,Ms (33)
where Ms is the quantized spin momentum, §, into its two allowed
states, Mg = (£1/2).

The energy difference, AE, is given by egs. (3.4) and (3.5),

E,1/2= +1/2 gBH,, Ea2=-1/28BH; (3.4)

AE=gefeH, (3.5)

Transitions between the two levels can be induced when the
resonance condition is met and the difference between the 2 energy levels
coincide with an electromagnetic radiation field of frequency, v.This
condition is described by eq. (3.6),

AE = hv =g.p.H, (3.6)
where h, is Planck's constant. For these experiments, v, was in the X-band
region of the spectrum ~9.2 Ghz and the field strength, H,, was ~3300 G.

A similar but much smaller effect is observed for a nucleus with a spin
angular momentum, I, interacting with an external magnetic field, H, and
magnetic moment, .. An equation analogous to (3.1) is obtained,

Hn= 8nfrl (3.7)
with the applied field again in the z direction, the nuclear Hamiltonian can

be expressed by eq. (3.8),
H = g,B,H M, (3.8)
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where gp, is the nuclear g factor, B, is the nuclear Bohr magneton,
(5.05095 x 10'2* erg-Gauss~1), and M; the allowed levels of the nuclear spin, I,
in the applied magnetic field.

In atoms or molecules there is an additional interaction that occurs
when the electronic and nuclear spins, S and I, couple to form what is called
the hyperfine interaction, described by the hyperfine Hamiltonian in eq.
(3.9a),

H,(=SAl (3.9a)
The spin vectors are couple thru the symmetric tensor, A. Equation (3.9a) is
then expanded,

Hy = SXA“I‘J,SYAYYI”SZAHIZ (3.9b)
and the symmetry of the tensor corresponds to the symmetry of the local
spin distribution about the nucleus, (63). Other well known interactions were
omitted if they did not contribute to the spectral analysis of the work that
will be presented in this dissertation These interactions are covered in most
of the previously cited references of which, (57) was found to be the most

explicit and easiest to comprehend.

I1.2b. Spin Hamiltonian
The interactions described in the previous section are then combined
into a single equation known as the Spin Hamiltonian,
H =B, g H,Mg + B g H,M| + S-A‘l (3.10)
The first term is called the electronic zeeman interaction and describes the
flip of the electron's spin and gives rise to a resonance near v = 9.2 Ghz. It

also defines the center of the spectrum and has the largest order of
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magnitude, ~Icm-l.The second term called the nuclear zeeman is three
orders of magnitude smaller then the electronic zeemam, ~ 10-3 em-1,is
usually neglected. The last term called the hyperfine interaction with an
order of magnitude ~ 101 - 10-3 ¢m-1, splits the resonance into several

components. Furthermore the tensor A, can be separated into two terms. The

first called the isotropic of fermi contact term, A;g,, and the second called the

anisotropic or dipolar term, Adjp- Rewriting the hyperfine Hamiltonian
(3.9a), we have,
Hype=[A + Ad,-p] S (3.11)
The Fermi term arises from the interaction of the nuclear spin, I, with
induced electric fields at the nucleus produced by the electric current of the
spinning electron. The isotropic Hamiltonian is then expressed by eq.(3.12),
H s, =als = all,5,+1,5,+1,5;) (3.12)

where a, is the isotropic hyperfine constant and equals,

_8 2
a= $8.8.8.8.1¥(0) (3.13)

and is proportional to the squared amplitude of the wave function at the
nucleus. Since the expression is integrated over the coordinate of the
electron, contact interaction can only occur when the electron has a finite
probability density at the nucleus, i.e. no nodes at the nucleus or an s-
character.

The dipolar interaction arising from the coupling between the
magnetic moments of the electron and the nucleus, y, and p,, is similar to
the coupling of two bar magnets. The classical interaction energy, E, is given

by eq. (3.14),
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1 1
E=23(Ke r) = 55(Her D)(Ha " T) (314)

where 1, is the radius vector from the two magnetic moments, and r, is its
magnitude. To obtain the quantum mechanical version of (3.14), eqgs. {3.1)
and (3.7) are substituted into eq. (3.14) such that the dipolar Hamiltonian is

expressed by eq. (3.15),
Hmﬁ-g.ﬁ.gnﬂn(r_]ﬁ“' 5)‘%“' n(s- ')) (3.15)

The anisotropy arises from the orientation dependence of the radius

vector and eq. (3.15), can be rewritten in scalar form,

H,,=-88.88.(H1- cos?@) - 1-5) 316)

and o is the angle between the axis of the dipoles and the line joining them.
Since the electron orbital motion is not static r and e are constantly changing

therefore integration is over a spatial average of the orientation dependent

term over the whole electronic orbital, i.e. <(1-3 cosze)/r3>a , (58).

v

The anisotropic hyperfine constant a', is then expressed by eq. (3.17),

1-3 cos’@)
r?

a= gnﬂegnﬁn < ( > 3.17)

and the term <(1-3 cos?@)/r3>_ = 0 for spherically symmetric orbitals.

I11.2c Transition Field Positions

A general solution of the Spin Hamiltonian, eq. (3.10), can be obtained
by using the basis function |1S5,MgI,M;>, (64), and perturbation theory, (57).

For the hyperfine interaction equations (3.11) and (3.12), the 1,S, terms will

give the first order hyperfine energies by perturbing the zero order wave
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functions and the remaining terms, LS, and LS, will produce the second

order hyperfine energies by mixing the remaining two wave functions. The
Spin Hamiltonian can then be block diagonalyzed by properly ordering this
basis function into a set of pure states represented by 1X1 matrices and a
series of mixed states represented by 2X2 matrices. The diagonal elements are
given by egs. (3.18a) and (3.18b),
<S,+Mg I,+M| |H ; I15,+Mg L, +M> =
8ePeH +Mg + g B H +M; +
(Ajso-2A4ip)+Mg-M; (3.18a)
and,
<5,-Mg,1,-M; |H g I5,-Mg 1, -M;> =
BeBeHz-Mg + 8B H,-M; +
(Aiso-ZAdip)-Ms-Ml (3.18b)
The off-diagonal elements are given by eq. (3.19a) and (3.19b),

<SMgIM; | Hg | SMg-1,LM[+1> =

(3.19a)
1/2{(S+Mg)(S-Mg+ DU-MPI+M+ DI/ H(A  +A i)

and,
<S,MgI M, |H | SMg+1LIM[-1> =
1/2((S-MgiS+Mg-DU+MPI-Mf- DI/ A, + Ag;.) G190
For the case of Mg= 11/2, the energy levels are given by eq. (3.20),
EG@1/2LM) =-1/2(2AM; + 1/2at4)
1 1/2((8.+4,)% + 22 (A +A, XM1/2)
+aZ(1+1/2)2}1/2 (3.20)
where A= g B .H; and A_= g B, H, and a, the hyperfine constant.

Resonances are observed when the sweeping static field, H, lifts the
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degeneracy of the magnetic states when,

hu = E(+1/2,LM;) - E(-1/2,1M;) 3.21)
Transitions between these levels is then accomplished by a second time
dependent oscillating field, Hyg = 2(A,S; - Apljcoswt, produced in the cavity by
the klystron and oriented perpendicular, i.e. j = x direction, to the static field.
The transition probability can be expressed by eq. (3.22),

P = 1g.B.<McM| | I'H | MgM;> 12 (3.22)
If 5,, is expressed by the ladder operators, S, = 1/2(§* +5), then §, IMg> = 1/2
((Mg- 1) + (Mg + 1)} and all other matrix elements will vanish. A similar
treatment can be done with I, resulting with the allowed selection rules of
AMg = %1 and AM; = 0.

Equation 3.21 can then be expressed is terms of the sweeping field

H(m), by substitution of eq. (3.20), changing units and rearranging, we have,

HMy = - M;a/ (1-a2/4)

+{M,%a2/(1-a2/4) + 1-a2(1+1/2)2/ (1-a2/4)}1/2 (3.23)
where H(M,) is the observed field position between 2 states with equal M;, in
units of (A,A,/hv), and, a the hyperfine splitting in units of a/hv. A plot of
H(M/) vs is shown is fig. (3.1) for I = 3/2. At all points on this curve the
resonance conditions are met and the three labeled regions are functions of
the field strength. These regions are,

(i) Weak Field : the dominant term is the isotropic hyperfine
interaction,i.e a I'S > g, H'S, which couple the spin vectors S and I into a
resultant angular momentum, F = (I+8), with its (2F+1) projections given by
Mg=F,F-1,.......-F.

(i) _Strong Field : the dominant term is the electronic zeeman, i.e, g.B,
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H-S > a1-S, and decouples I and 8 making them good quantum numbers with
their projections M and Mg split into (2[+1)(25+1) levels. In this case eq.
(3.23) cannot be approximated and an exact solution known as the Breit-Rabi
equation, (62), is required.

(iii)) Medium Field : the zeeman and hyperfine terms are of the same

order and rather than using an exact solution a binomial series expansion of
the square root terms in eq. (3.23) is done resulting in a power series
expansion given by eq. (3.24) in unit of Gauss with the nuclear moments
neglected,
H(M)) = (g./ g, JH, + (8e/ 85)aM

+(g./8,)? a?[lI+1 - MD)] /2H(M))

+ge /8,0 @ MZM,+1/2-10+1)] /2H(M)  (3.24)
He is the resonant value for the free electron, 3312.2 Gauss, g, is the free
electron g-value, g, is the value for the electron in the atom, and, a, the
hyperfine constant . A zeemam energy diagram for the case of I = 3/2 is

shown in fig. (3.2).

II1.3. Breit-Rabi Equation

For molecules with large hyperfine values, Au,, (65), or with very
large hyperfine values, Cu,, (66), an exact solution of the Spin Hamiltonian
is desired instead of further expansion of eq. (3.24). The Breit-Rabi equation,
(62), is often used to analyze molecules that fall within these two cases.
Applications of this equation has been used by many workers since the
original work was presented, (60,63). The equation will be used in this thesis

to analyze a system with a large hyperfine at one nuclei and little or no
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hyperfine at the remaining nucleus. An equation similar to eq. (3.23) is

obtained which gives the energy levels, E(tMg,M]), over all field positions

and using the strong field case where I and S are good quantum numbers,

Paschen-Back effect, we have eq. (3.25),

22 1
M M [+
[l Bt/ el PP QL) (3.25)

a2) ( .2) £
(1 -7 IU-7F -3
where n = g.B.H/hv, and a= A/hu. For the case where M| = #I = 13/2, eq.

(M) =

(3.25) becomes,

(21 (2 + V&)
n(t 1) = (-2t a)

If h(x) = H,/H, and a = (g,/g,JA/H_ = a/H,,, where H = hv/g_B,. and

(3.26)

H, are the low and high field transitions respectively, eq. (3.26) has now been

converted from ergs to units of Gauss. The hyperfine, a, and the center field

position H,;, can be obtained by substituting these terms in eq. (3.26) and we

now have,

(e

(v}

which in terms of the low and high field transitions gives,

_ 2/-(,(— HO:tZa)
R = (-2H,t a)

(3.28)

and this equation gives a quadratic in terms of H, or a. When solved in

therms of H, we have,
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H, = h,\/h} + 3ah. (3.29)

wherea=3H h /4H -h,,andh, =1/2(H, +H)and h.=1/3(H_-H)).
Substitution of the hyperfine term into eq. (3.30) then gives the Breit-Rabi

equation in this simple working form,

H°=-g—h+:t%\/(hf+4hf) (3.30)
For the work presented in this dissertation equation (3.24) was used to
analyze the silver, and the mixed-metal spectra. Also, expansion to the a3
was sufficient to determine the line positions for both previously mentioned
species. The Breit-Rabi equation, (3.31) was used to analyze the gold spectra

and to double check the silver work.
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Fig. I11.1. Transition Field Diagram

Transition fields, hf vs. H, for 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. Adapted from

ref. (47).
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Fig. [I1.2 Zeeman Energy Level Diagram

Zeeman energy level diagram for a 25 atom with I = 3/2. The states are
labeled in both the uncoupled basis, |15,Mg,I,M1>, and the coupled basis,

|FME>. Adapted from ref. (47).

Ms
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IV. SPECTRA AND ANALYSIS

IV.1. Introduction

Various uncontrollable factors already in existence in the laboratory
will always influence or in some instances dictate the selection of
experiments that one attempts to perform during one's graduate studies. In
our case two factors could be isolated and credited for our experimental
selections. The first was that at the time on going work with the group IB
metals, i.e. Cu, and the individual that was performing these experiments
was practically graduating. Thus the second factor, a new source successfully
operating and most important, at my complete disposal. Still, the choice of
metals were limited by the heat transfer considerations and vaporization
limits of that source.

The work done on the group IB metals mostly focussed on the
generation of homogeneous small metal clusters. This phase of the work
was successful in some instances but we quickly found that these clusters
could be generated, (or at least observed), in only one support matrix,
nitrogen. To supplement the ESR experiments a UV-visible Optical
Absorption apparatus, also in existence in the laboratory, was incorporated
in the experimental detection scheme. This technique was mostly used for
the silver work and in some instances corroborated previously published
work, (67,70). From the results obtained, we further attempted to selectively
generate metal clusters by optically exciting certain bands form the UV-
visible spectra using a cutoff filter transparent only to the atom line
positions, (67). Following this increasing interest in the group IB metal an

attempt was made to generate heterogeneous or mixed-metal clusters of
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groups IB-IA, (35,37), again taking advantage of the double chambered
effusion source.

From the mixed-metal cluster generation experience, a series of
experiments involving the groups IA-IIA metals followed. In all seven
metal combinations were successfully generated in an argon matrix.

Unfortunately, the OA method was not used in any of these experiments.

IV.2 Group IB Metal Clusters

The group IB metal clusters, Ag and Au, were generated in a nitrogen
matrix at 4K. In all other support matrices, Ar, Kr and Xe, that were tried,
only atom lines could be generated. These experiments only corroborated

previously published observations, (16).

IV.2a. Silver Atoms

Spectra showing silver atoms in Ar, Kr, and Xe are shown in figs.
(4.1-4.3) respectively. Two clearly resolved lines for each silver isotope with
I = 1/2 are seen at low and high field for 10%Ag and 197Ag respectively.
Additional lines seen in the Ar, Kr, and Xe spectra were attributed to matrix

side effects, and to the deposition substrate at g =2.

IV.2b. The Silver Trimer
Co-deposition of silver vapor with excess nitrogen gas resulted in the

generation of spectra featuring a series of weak transitions at temperatures
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close to 4.2K. Deposition time was approximately 3 to 4 hours with an
N,:Ag ratio of ~ 85:1. Upon annealing to ~25K, well resolved spectra, fig.
(4.4), attributed to an axially symmetric trimer emerged. The spectrum
showed two transitions at low and high fields respectively due to a single
spin 1/2 nucleus with most of the unpaired spin. And, the remaining two
equivalent nuclei with little or no spin, further split these two transitions
into six parallel and six perpendicular components respectively. The axial
symmetry of the spectrum implies that the trimer is rotating about one of
it's principal axis. Unlike the group IA trimers, (17), there was no evidence
of a pseudorotating specie.

Since the original work was performed with naturally abundant
silver, 107Ag and 109Ag, 51.8% and 48.2%, respectively and a nuclear spin of I
= 1/2 for both isomers, a series of isomers, i.e. 107Ag,, 109Ag, 1074¢ 10975
etc, were also observed. In all six isomers were assigned giving rise to 48
parallel and 48 perpendicular transitions at low and high field respectively,
fig. (4.4). Except when overlapped by atomic transitions, the perpendicular
transitions were well resolved.

To confirm the assignments and enhance the resolution of the weak
parallel transitions, the experiment was conducted with isotopically
enriched silver, 107Ag, 99.9% pure. Fig. (4.5a) shows the axially symmetric
107 Ag. in an N, matrix at 25K. The broad background about g = 2 is from the
organic glue used to retain the optical window, ( Chap. 3). Also observed,
are transitions from a methyl radical, (71). Fig. (4.5b) shows the simulated
spectrum of the trimer using the best fit magnetic parameters obtained and
a simulation program labelled 1", (11}. At 5.2K, the M= 0 perpendicular
components are split by 1.5 and 3.0 G for m = 11/2 respectively. This might
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imply as in the case of Li, in Ar, (17), that the trimer is trapped in several
matrix sites whose magnetic parameters show a small temperature
dependence.

Well resolved spectra were obtained and facilitated the assignment of
the trimer to a 2A, ground state in contrast to the 2B, ground state geometry
assignment when generated in deuterobenzene, (73). The field positions are
defined by eqs. (4.1), which are modifications of eq. (3.23) discussed in the

previous chapter,
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The observed line positions of the isotopically enriched trimer in an
N, matrix are listed in table (4.1), and are then compared with those
calculated from a second order perturbation expansion program labelled
"ESR 1" derived from eq. (4.1). The measured parallel and perpendicular g-
values and hyperfine constants,! were the same for both the isotopically
enriched and the naturally abundant silver trimer, and are listed in table
(4.2). Finally, the assignment was confirmed by the ratio of the observed hf
constants, 1%Ag/107Ag = 1.154, (73), which was in good agreement with the
1From reference, (52), the sign of A/ s and A cannot be identified by the
use of eq. (4.1) alone. But, here we may assume that A 1/ A) >0,in

agreement with "the environment change rule of Schoemaker”, (52).
Indeed, in our case for the 107Ag; both A/, and A| were positive.
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predicted ratio of the nuclear moments, it/ K197 = 1.1544, (74).

IV.2¢. Heteronuclear Clusters: Ag and Na in an Ar Matrix

Our first attempt at generating mixed-metal clusters were
unsuccessful. Fig, (4.6), shows the spectrum of Na-Ag in an Ar matrix. The
spectrum shows only the atom lines of 197Ag and Na. The less intense

transitions were from Naj. The line positions from both sets of atoms lines

were the same as reported in previously cited references, (16,17).

IV.2d. Optical Absorption Spectra of Silver Clusters

UV-visible absorption spectroscopy has been used extensively in the
past few years as one of the techniques for size determination of small metal
clusters. Matrix isolated small metal clusters typically exhibit very intense
UV-visible bands, and when coupled with ESR, can be an even more
powerful detection and confirmation technique for elucidating cluster sizes.
Silver matrices grown in Ar and N, support matrices were annealed to
~25K and irradiated with a high pressure Xe-Hg lamp for 5-10 minutes.
Optical scans in the range of 200-600 nm were collected and are shown in
figs. (4.7-4.8). A series of bands were observed and were assigned to Ag and
Ag,, were n 2 2. These bands were assigned as :

(i) Ag atom : three strong features around 298-314 nm and 309-327 nm

in Ar and N2 respectively are observed and correspond to the Ag atom line
2P3 /2.1/2 25, /2 transitions. The bands to the red have been assigned to the

2P, /¢S, /, transition, and the doublets to the Py, 2Py /2 transition for
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Ar and N, respectively.

(ii) Ag,: two bands were assigned to Ag, in Ar, the strong A-X
transition around 440 nm, and at 260 nm a band corresponding to the B-X
transition. Other weak bands were also observed but were not easily
assigned to the Ag, system.

In an N, matrix a series of weak bands were observed towards the

red but no assignments could be made.
(ii)) Ags: only one band in N, matrix was assigned to the trimer at 402

nm. There is an additional weak band around 570 nm that was not assigned

but might be due to the Ag,, n>3, specie cited by Ozin et. al, (67). In Ar
matrix, Ozin, (67), stated that the band at 440 nm assigned to the A-X
transition of the dimer might also be part of the Ag,/Ag, band, while
Bechtold et al, (98), assigned a band at 443 nm to the dimer. Although
Bechtold also assigned a system between 425 nm and 442 nm to the trimer
in Xe support matrix, he could not unambiguously assign the trimer in Ar
support matrix due to strong Ag,/Ag; overlap. Thus due to inconclusive
OA assignments and the absence of ESR spectra in argon support matrix ,
we concluded that this band most likely belongs to the silver dimer. Table
(4.3) lists the band positions for all silver clusters observed in Ar and N,
matrices along with positions cited by refs. (67, 83-84).

Selective cluster generation was attempted by using a cut-off filter
transparent only to the silver atom transition at 315 nm during deposition.
The ESR spectrum obtained showed the same trimer pattern only with
lowered intensities and the OA spectrum showed the same number of

bands with no significant band shifts or growth.



32
IV.3 Gold Atoms and Gold Clusters Isolated in an N, Matrix

Fig. (4.9) shows the spectrum of Au metal clusters generated in an N,
matrix. The very intense four line transitions are those expected from a 25
gold atom with I = 3/2, The spectrum also shows a series of transitions at
low and high fields and was tentatively assigned to the gold trimer. The
transition pattern suggest that a single atom, with I = 3/2, is carrying most of
the spin, and is split into four components, m = £3/2, £1/2. Each transition
should in tern split into seven lines due the interaction of the first atom
with two additional atoms carrying little or no spin. This analysis is
analogous to the one offered for Ag,, (72), and Cu,, (66), in an N, matrix.
Due to anomalies and transitions overlap in this spectrum, definite
assignment of the line positions could not confirmed. However, better
agreement might be obtained between calculated and observed line
positions if equation (3.23) is modified by adding a quadrupole term. The

data and analysis of this system will be presented in a separate publication.
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IV.4 Discussion

IV.4.1 Introduction

The axial spectrum of 107Ag, was previously shown in section IV.2b.
Either the third order spin Hamiltonian or the Breit-Rabi equation could be
used to calculate the hyperfine constants and the g-values. Then using a
simple molecular orbital approach and the Jahn-Teller effect in conjunction
with these spectral parameters, we were able to assign the ground state of
the silver trimer. Furthermore, this assignment was compared with some
sophisticated theoretical calculations, (34,77), and a recently published paper
on the trimer isolated in deuterobenzene, (73).

The important physical properties of the trimer were all derived
from the hyperfine constants and the g-values. The hyperfine constants
provided the relative spin distributions or populations of the unpaired
electron over each atom of the molecule. These spin populations are
obtained by taking the ratio of the observed h.f. constants to the gas phase
atomic value. Although this practice does introduce certain errors in the
calculation, (e.g., factors such as orbital contractions, electron correlations
and matrix effects, etc..), the use of the gas phase data does provide a
consistent method for comparison of cluster properties. The g-values and
the sign of the calculated g-shifts, indicated the hybridization scheme of the
trimer. From this analysis, the molecular orbital diagram was constructed.
The g and A tensor analysis leads to a better understanding of the rotational
motion in the matrix and the probable rotational axis. This last fact shed

more light on the puzzling observed axial symmetry of the spectrum.
Also, the observed OA spectra in Ar and N, support matrices, proved
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to be an important addition to the assignment of these silver clusters. The
spectral assignments and analysis follow closely previously cited references,
(67-70).

This section will discuss, in the first part, the ESR of Ag; in a nitrogen
support matrix, and the second part, the OA spectra of silver clusters, Ag,,

in Ar and N, support matrices.

IV.4.2 ESR of Ag,

The Jahn-Teller effect has been used extensively to explain the
different interactions of a triatomic molecule, such as Na,, Liy, (17), and Ag;,
composed of s orbitals. Fig. (4.11) shows the orbital correlation for such a
molecule. The left side of the diagram shows the molecular orbitals for a
linear or large angled geometry molecule. The energy of the states, 1a; and
1b,, will converge and the orbitals will become degenerate as the angle is
opened or closed to form the equilateral triangle or Jahn-Teller forbidden
case. Further distortion of the angle will cause the high symmetry D,y
equilateral triangle to distort to the lower C,  symmetry and form an acute
or an obtuse angled isomer with 2A, and 2B, ground states respectively.
More important experimental observations have shown that rapid
interconversion between the equivalent geometries , ("pseudorotation”), is
energetically feasible, (17). Intermediate between the three previous cases is
the possibility of pseudorotation at a time scale comparable to the
experiment time scale, giving rise to an alternating line width effect. These
different molecular orbitals will show different ESR spectra thus providing

information on the geometry of the trimer. The pseudorotating and
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alternating line width effect were not observed in the case of the silver
trimer, but have been reported by Lindsay et al., for the alkali metal trimers,
(17). We can then illustrate the remaining two cases where :

i) case 1 : the acute angled isomer will have 2/3 of the spin density at
it's apical atom and 1/6 on the two equivalent basal atoms. The expected
spectrum should therefore show a pattern of 2 lines from the major
interaction of the apical atom with the unpaired electron. These two lines
will be further split into triplets by the remaining 2 basal atoms. This is
exactly the spectral pattern shown in figs. (4.4-4.5). Therefore, this
observation leads to the conclusion that we are indeed looking at the acute
angle silver trimer with a 2A; ground state in nitrogen support matrix.

ii) case 2 : the obtuse angled isomer will have most of it's spin density
at the two equivalent basal atoms and zero spin density at the remaining
atom. The nodal apical atom, while having zero spin density at the simple
Huckel level approximation, is expected to have a small spin density due to

polarization effects. The predicted ground state of this isomer is 282. The

spectral pattern has not been seen in nitrogen support matrix, instead it has
been observed for Ag, in deuterobenzene at 77K by Howard et al., (73). This
ground state geometry has also been observed for the group IA trimers, (17).

This divergence in experimental behavior is not surprising since the
predicted difference between the two geometries is only of the order of a few
hundred wave numbers. Divergences in the ground state symmetries of
certain molecules isolated in different matrices is not a new phenomenon
as is the case of Ni in the gas phase and in Ar, Kr, and Xe matrices, (75,76).

Thus, we can assume that the two support matrices N, and C6D6, can

stabilize one isomer in preference to the other. This divergence in the
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ground state assignment is also predicted by molecular structure
calculations. Richtsmeier et al., (34), using a diatomics-in-molecule
approach, predicted the acute angle isomer with 2A, ground state to be more
stable, while Flad et al., (77), using the pseudopotential + density function,
suggested that the 2B, ground state geometry should be more stable for the
silver trimer.

If we assumed that the trimer is rotating about one of it's principal
axis then the rotationally averaged g and A tensors will have axial
symmetry. From the g-tensor analysis the symmetry of the trimer can be
determined by rotating the g and A tensors about the trimer's molecular
framework and then averaging each tensor element over all orientations.
Fig. (4.10), illustrates the hybridization scheme for the partially occupied 2a,
orbital and the expected S5s and 5p character of the trimer. Here, (1), refers to
the apical atom, and (2), (3), to the two basal atoms. This analysis also gives
us the total anisotropy at the two basal atoms and an indication of the
“hybridization" of the angle a on the two basal atoms, see fig. (4.10). These
tensors can be expressed by eq. (4.2), using the sum of the Fermi contact and

dipole-dipole terms, (60), A(2) = a(2)1 + T(2), where T(2) is given by,

-1 0 0
T(2) =P(2)| 0 3cos2x-1 3sin a cos @

4.
0 3sinacosa 3sin 2a -1 (4.2)

where a(2) 1 = psp(2) and p(2) = p5p(2) X Bsp and a is the angle between the p
orbitals of the two basal atoms and the molecular C, axis. A similar
expression can be obtained for the third atom where Tyz = Tzy = -3 sin a cos

a in equation (4.2).
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The anisotropy on the apical atom can also be obtained with a similar

equation where in this case , A(1) = a(1)1 + T(1). The anisotropy of the
trimer is discussed in greater detail by Lindsay and Kasai, (81).

The terms in eq. (4.2) can then be expressed by the parallel and

perpendicular hyperfine constants fo the 197 Ag, as shown in table (4.4). In

this case the angle a = 0° for the apical atom. From column 4 in table (4.4),

we see that the anisotropic parameters A, - A, can be either positive or

negative. But as shown in column 5, of table (4.4), the observed value was
positive, A, /(2) - A} (2) = 34G. This would imply that for the calculated

value from the anisotropic spin population, BSp ~ 1.4G, to satisfy the
observed value of A / /(2) - A (2) = 34G, that the angle «, is close to either o°

or 90°. This indicates that the trimer is rotating about the molecular C, axis,

which is the z axis in our framework. This phenomenon is also seen in the
case of NO,, (60,82), where it is easy to identify the axis of rotation. For the
107Ag, the axis of rotation is not easily identifiable because the three

principal moments of inertia are almost equivalent, (60)2 .

Using the hyperfine constants, A, , and A, the isotropic hyperfine

constant or Fermi contact term, a can be derived using eq. (4.3),

1
a==(A,, +2A)) (4.3)

and is independent of any rotational axis. When the value of the Fermi

contact term, a, is divided by the corresponding gas phase parameter, 17as

2 For 107 Ag,, the rotational constants are A= 0.050 cm™!, B = 0.033 cm™! and C
= 0.020 an’! where A, B, and C correspond in fig. (4.7} to the x, y, z axes
respectively, (60). For NO,, A =8.0an’], B = 0.43 em’], and C = 0.41 em’!,
table D-4, (60). Thus, for NO,, A would most likely be the rotational axis.
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= 611.1G, (77,78), the isotropic spin population pg¢(1) on tke apical atom and
P5s(2) on the two basal atoms are then obtained. Table (4.5) lists the isotropic
spin population for 197Ag. in an N, matrix along with values from two ab
initio methods, (79,80). These values are in excellent agreement with one
another and the ratio of pg (1)/ps4(2) is very close to the 4:1 ratio predicted by
the simple Huckel model.

The anisotropic spin population is then obtained by using the
formalism of eq (4.4),

Ptotal = Piso * Paniso =1 4.9

Since the observed isotropic spin population, listed in table (4.5), was

Pss = 75%, the calculated anisotropic spin population using eq. (4.4), was Psp

= 12.5% on each of the two basal atoms. When multiplied by the anisotropic
parameter for a 107Ag5p orbital, B5P = 9.0G, (78), we get the anisotropic
hyperfinc value of a' ~ 1,4G, for each basal atom.

Using standard methods, (60,83), and g-values listed in table (4.2), the
g-shifts, Agj; = ge- 8jj» can be obtained. For the trimer both Ag,, = - 0.0090

and Ag; = - 0.0465 were negative. We can assume from these large negative
g-shifts that the anisotropy of the partially occupied 2a, orbital of the trimer

arises from spin-orbit coupling of the higher energy empty p-orbital with
the s-orbitals rather than the lower energy filled d-manifold.

Even though the ESR results do not explain entirely the observed
axial symmetry and the anisotropy of the silver trimer, it can be inferred
that the wave function for the unpaired electron is mostly 5s at the apical

atom and an equal admixture of 5s-5p at the two basal atoms. And, from the
Jahn-Teller effect it is evident that the observed spectrum of Ag, shows the

acute angled isomer with 2A, ground state in nitrogen support matrix.
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IV.4.3 Optical Absorption Spectra

Two sets of bands assigned to the Ag atom were observed in both
nitrogen and argon matrices. This is interpreted as a removal of the
degeneracy by a crystal field causing the 2P3 /2 level to split into two
sublevels, 2P3 1241/2 and 2P] /243 /2 where the second subscript correspond to
the z component of the total angular momentum. This is the so called
Kramer's degeneracy, which allows only doubly degenerate levels in system
with one unpaired electron, (7). It is interesting to observe a red shift from
N, to Ar matrix similar to earlier observations in Kr and Xe matrices, (67).

In the case of the dimer in Ar support matrix, the band assignments
were in very good agreement with previous assignments, (67). The strong
A-X transition towards the red and the weaker B-X transition towards the
blue were clearly identified. The C-X transition although assigned by Ozin,
(67), in the same region was not observed. Other features at 343 nm and 361
nm could not be conclusively assigned although Shin-Piaw et al., (95),
reported observing a system between 315 and 363 nm in the emission band
of Ag,.

Two bands at 440 nm and 360 nm were assigned to the trimer in Ar
support matrix. These assignments are in agreement with Ozin et al., (68},
and Cheng et al., (99), who reported observing two systems between 360-380
nm, and 420-490 nm for trisilver clusters generated in a supersonic beam.
Using photoexcitation in Kr and Xe support matrices, Ozin et al., (68), have
reported observing a new band at 445 nm which they assigned to the Ag;
system. They concluded that a photoisomerization process was responsible
for this band growth. This feature could then be removed by annealing the

matrix to 25K, where sufficient thermal energy could allow the matrix cage
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to soften and cause back formation of the most stable silver trimer. Also,
they reported not observing this band growth in Ar matrix in agreement
with our observations. However these OA assignments in Ar support
matrix are still questionable since we did not obtain any ESR spectra.

In a N, support matrix, a strong band at 402 nm was assigned to the
trimer. Without other matrix deposition references or gas phase values, we
used the trimer's detection by ESR as our strongest evidence of it's presence
in this support matrix. Photoexcitation of the Ag atom line at 315 nm did

not cause any changes in either the OA or the ESR spectra.
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IV.5 Mixed-Metal Clusters of Groups IA-IIA Generated in Ar Support
Matrix.

IV.5.1 Introduction

The generation of the mixed-metal clusters of groups IA-IIA was
facilitated by the double chambered effusion source, (Chap. 2). The group
IIA metals were chosen because their vaporization in the high temperature
side of the source was quite stable and deposition rates could be satisfactorily
controlled. Also, the low temperature side of the source, due to previously
mentioned heat transfer considerations, limited our choices to only the
alkali metals. This last choice was completely satisfactory since most of the
ESR papers on alkali metal clusters were published by our laboratory, (17).

We knew that the analysis of the ESR spectra of these mixed-metal
clusters would be severely limited since the group IIA metals are not
paramagnetic. They all have an ns? or closed shell type electronic
configurations. And, in terms of ESR theory, they would show no hyperfine
values which would prevent cluster size assignments.

Besides work published by Kasai et. al.,, (35), on silver co-deposited
with the IIA metals in argon support matrices, and work on the IIA metal
hydrides and fluorides, (34,36-37), few references could be found dealing
with the ESR of these heterogeneous species. From these references and our
spectral observations we were able to explain our mixed-metal clusters
using molecular orbital theory and by correlating observed magnetic
parameters with other spectroscopic constants obtained form ref. (35). The

line positions were calculated using eq. (3.24)
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In this section, we will present the ESR spectra of the sodium, and the
potassium atom along with spectra assigned to the mixed-metal clusters
generated when these alkali metals where codeposited with the group 1A
metals, i.e, Mg, Ca, Sr, and Ba, in argon support matrices. These mixed-
metal species were labelled Na-IIA, and K-IIA,,. Also, in every spectrum
there were additional lines which were due to either the alkali metal trimer
or septemer and methy! radical impurities. The assignments for these

species were in close agreement with previously cited references, (17).

IV.5.2 Na-IIA,, in Ar Support Matrix.

i) NaMg,, /Ar

The spectrum of NaMg,, in argon is shown in fig. (4.11). The
intense four line pattern is due to a single Na atom with I = 3/2. The line
assignments were in close agreement with the work published by Lindsay
et. al, (17). The spectrum also shows a series of less intense quartets which
were assigned to the mixed-metal species. As can be seen in fig. (4.11), these
quartets are labelled I, II, and III. We believe that they arise from clusters of
the form NaMg to NaMg,, where n 2 1. These spectra show an isotropic
hyperfine character and have multiple matrix sites. Tables (4.6-4.7), list the
line positions and the magnetic parameters of the Na atom and the mixed-

metal clusters.
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ii) NaCa, /Ar
This spectrum is shown in fig. (4.12), again with the quartet Na
atom transition. The other sets of transitions are believed to be the mixed-
metal dimer NaCa. This spectrum shows an orthorombic hyperfine
character and no multiple matrix sites. This observation was also reported
by Kasai et. al., for AgCa in Ar, (35). All field positions and magnetic

parameters are listed in tables (4.8-4.9).

iii) NaSrp, / Ar
The spectrum is shown is fig (4.13). Along with the Na atom
lines, a single set of quartets is seen and was assigned to the mixed-metal
specie labelled NaSr. This spectrum has an axial hyperfine character and no
multiple matrix sites. The field positions and magnetic parameters are listed

in tables (4.10-4.11).

iv) NaBa,/Ar
Fig. (4.14) shows this spectrum with the intense Na atom line
quartet. Two sets of quartets labelled I and II due to slightly different matrix
sites were assigned to the mixed-metal specie NaBa. This spectrum shows
an axial hyperfine character. Tables (4.12-4.13), list all line positions and

magnetic parameters.
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IV.5.3. K-IA[ in Ar Support Matrix.

i) KMg,/Ar
Fig. (4.15) shows this spectrum with the intense quartet due to
a single 39K atom with I = 3/2. The less intense quartets were assigned to the
mixed-metal species. These clusters are believed to range in size from KMg
to KMg, with n 2 2. As previously observed with Na, co-deposition with
Mg metal seems to generate more mixed-metal species than any other
group IIA metal. This spectrum also has an isotropic hyperfine character.

Tables (4.14-4.15) list all line positions and magnetic parameters.

ii) KCap, /Ar

This mixed-metal co-deposition showed a couple of interesting
features. Apart from the usual atom line quartet due to 39K shown in fig.
(4.16), another set of quartet, labelled II, was assigned to 41K isomer also with
I =3/2, (17). The evidence offered for this assignment was that the observed
relative line intensities of the two isotopes, #1K/3%K = 0.7/9.9 = 0.071, were
in good agreement with their natural abundances, 6.88% /93.10% = 0.073, (17,
60). The quartet labelled I was assigned to the mixed-metal cluster of 39KMg.
The last set labelled 11, was due to a methyl radical impurity.
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IV.6 Interpretation

The mixed-metal clusters presented in the previous section offer
some interesting discussion. When sodium was co-deposited with the IIA
metal, ESR spectra was observed for all of them, and multiple cluster
formation observed only for NaMg codeposition. For potassium, the mixed-
metal species could only be observed with Mg and Ca, again with multiple
clusters formation with magnesium. To explain these observations, we
propose that heterogeneous cluster formation and detection is dependent
on both the size of the interacting atoms and the matrix support cage. Kasai,
(35), reported that with the Ag-IIA mixed-metal clusters, unless UV-
irradiation was conducted simultaneously with the metal co-deposition, the
larger IIA mixed-metal clusters could not be observed. His explanation was
that the heat produced by the irradiation eased cluster diffusion thru the
matrix thus allowing their formation and detection. In our case, we
annealed these matrices to ~25K but saw no spectral changes. We concluded
that these mixed-metal clusters were formed on the surface layers of the
support matrix, and once formed on the matrix could not be force to diffuse
even by annealing. He also reported observing a gradual decrease in the
mixed-metal silver hyperfine and a high field shift of the resonance
positions with increasing ITA atomic size. We observed a similar trend with
the IA-TIA mixed-metal clusters.

The group I1A metals all have an ns? electronic configuration and are
therefore not paramagnetic. Fig. (4.17), shows the electronic energy diagram
of both groups IA and IIA metals.
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Fig.IV.17. Electronic orbital of the groups IA and IIA metals.

The smallest mixed-metal clusters formed will be dimers, and will share
three electrons on two atoms. To illustrate this bonding scheme, we will
take KMg as an example. From this simple scheme we concluded that the
unpaired electron will reside in an antibonding o+ orbital of the valence 4s
orbital of the K and 3s orbital of Mg. This LCAO can be expressed by eq (4.5),
D = apg 4s) - b"’Mg (3s) 4.5
If we include the empty 3p orbitals of the magnesium atom, this
hybridization scheme will further stabilize the dimer. A more accurate
description of this interaction can be given by using a molecular orbital

diagram, fig. (4.18),
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K K-Mg Mg

Fig. IV.18. Simple MO diagram of the KMg mixed-metal dimer.

Thus, we can now describe this interaction with a more accurate LCAO
function,

D = ady (45) - bhpg(3s) - chppg (3p) (4.6)

This would indicate the presence of anisotropy in the ESR spectra of

these mixed-metal clusters. For KMg,, and NaMg, this was not observed.

Even though we assigned their spectra as having mostly isotropic hyperfine

characters, we cannot rule out the fact that the multiple matrix sites

observed in the spectra may or may not be due to the presence of anisotropy.

Kasai, (35), in his work with silver and the group IIA metals calculated the

anisotropy contribution from both the g and A tensors of the silver. For the

alkali metals the anisotropy contribution will be present only in the g
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tensors. These observations will be presented in a subsequent paragraph.
However, for the remaining group IA-IIA mixed-metal clusters, due to
greater spin-orbit interaction, the anisotropy will be present in both g and A
tensors. This can be seen in the axial or orthorombic hyperfine characters of
their ESR spectra. To obtain the anisotropy contributions a complete
analysis of both tensors would have to be undertaken. In this case eq. (4.1)
instead of eq. (3.24) may be more suitable. These analyses and spectral line
shapes will be presented in a separate publication.

Knight et. al., (34), reported the ESR of the A metal hydrides and
concluded that significant s—p hybridization was involved on the alkaline
earth atom during the formation of these dimers. A similar approach was
taken by Chan et. al., (94), in their theoretical study of BeH and MgH. They
concluded from their calculations that for MgH the 3s and 3p orbitals of Mg
was of paramount importance to the formation of the dimer. The
absorption of KMg, formed in the excited state, was also studied by Barat and
Benard, (90-92), using chemiluminescence and laser fluorescence
spectroscopy. Barat, concluded that in the excited state Mg would be in the
(3P) state, which would be identical to an alkali metal half filled s-shell. The
molecular configuration of the dimer would then be, K (4s) and Mg (°P) and
this mixed dimer might have a chemical binding similar to an atkali dimer.
Kappes et. al., (93), using supersonic molecular beam generation techniques
and photoionization mass spectroscopy, reported that the dimer was
observed with a relatively low abundance. But, in contrast to our
observations, they reported that the Mg atom changes from a van der Waals
interacting particle to a strongly bonding one between KsMg and K Mg.
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This simple MO picture was also substantiated by the g-shifts analysis.
Except for NaBa,, all the g-shifts were negative or close to zero. We
concluded that indeed the ns orbital of the alkali metals was mixing with
the empty np orbitals on the group IIA metals. Since the g-shifts were
positive for the NaBa mixed-metal clusters, we believe that the
hybridization may involve the lower empty 5d orbitals instead of the 6p
orbitals on Ba. For the remaining group IIA metals, the extent of that
mixing can be seen as we move from NaMg, down the pericd to NaSry,.
Fig. (4.21) shows the correlation of Ag vs. the one electron spin-orbit

coupling constant, A, of the IIA atoms, (35).

Agx100
3 — Sr
2—1
1.
Ca
Mg o
0 i 1 i
100 200 300 400
-1
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Fig. IV.19. The correlation between the observed Ag of Na-llAn and the one-

electron spin-orbit coupling constant of the group IIA atoms.

There is linear dependency between A and the Ag values. As shown in fig.
(4.19), the g-shifts are increasing with increasing spin-orbit coupling
constant. This dependency, was also observed by Kasai, (35), and by Knight,
(37), for the group IIA metals with Ag and hydrogen respectively.
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This simple MO picture is greatly complicated as we move to larger

sized clusters. But before we attempt to build MO diagrams for these
clusters, we should elaborate on their aggregation mechanism. Again, this is
a very complicated process and only a simplified version can be given. We
assume that when the two metal beams collide with the matrix surface, the
atoms may move and interact with each other before becoming completely
embedded in the matrix. Then, the size of the individual atoms and the
matrix cage determines the extend of cluster diffusion. To explain these
interactions, we have proposed two reaction routes. We can picture the
successive addition of the group IIA atoms to the alkali atom or an already

formed mixed-metal cluster i.e., the dimer. This is shown in route i,

i) K+ Mg - KMg
KMg + Mg - KMg,

The second route is the addition of the group IA metal to the mixed-metal

dimer,
ii) K+ Mg - KMg
KMg + K - KoMg
K.Mg + K - K;Mg

The first aggregation route seem to be one followed in our experiments as
evidence by the ESR spectra, while the second route was the one observed by
Kappes, (93). An explanation for the spectral evidence of proposed route i,
cannot be given at this point. However, the fact that larger sized mixed-
metal clusters were observed only with magnesium co-deposition, can be
tentatively explained. Chiles and Bauschlicher, (96,97), using SCF and SCEP

respectively calculated the bonding scheme for the alkaline earth metal
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clusters. From their calculations, they concluded that Mg,, Mg, and Ca,,

would be weakly bound as compared to Be, and Be,. They attributed the

difference in the bonding between Be, Mg and Ca to the extent of s—p
hybridization. For Be, the 2s—52p hybridization was greater than the 3s—3p
and 4s—4p on Mg and Ca respectively. And, they also reported that
eventhough the Ca 4s—4p hybrid bond is more diffuse that the Mg 35—=3p
hybrid bond, the promotion energy was 30% less for Ca. They concluded that
for Ca, the two effects may have canceled each other out resulting in the
similarity between the bonding of Mg and Ca. Thus, for our Mg mixed-
metal clusters, we propose that the addition of the alkali atom may have
lowered their energies enough to induce cluster stabilization. However, for
Ca, along with Sr and Ba, although this addition may have caused a similar
effect, we think that the interaction between metal size and deposition
matrix cage may have prevented their formation.

The ESR analysis of the mixed-metal clusters of the groups IA-IIA
metals presented in the previous sections were inconclusive for a number
of reasons. Obviously, due to the electronic configuration of the IIA metals,
were not able to obtain hyperfine values from the IIA metals. Because of
this problem, we could not determine the sizes of these clusters. However,
we were able to present a simple MO picture for the smallest mixed-metal
cluster which would be a dimer. We explained the bonding scheme of this
dimer using a couple of LCAO equations, and substantiated our conclusions
with spectral observations. Finally, An explanation was also attained by the
g-tensor analysis. A series of trends was established when the g-shifts were
plotted against the spin-orbit coupling constants for the IIA metals. The

most important information obtained from this plot was that the line went
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through the origin, substantiating the fact that the anisotropy contribution
was from the IIA metals, (35). Also, for Na-Ba the g-shifts were positive
indicating a different hybridization scheme compared to the rest of the
group IIA metals.

Multiple cluster formation was observed for only IA-Mg co-
deposition, and for K-IIA co-deposition only Mg and Ca mixed-metal
clusters were observed. Our proposed explanation was that, mixed-metal
cluster formation is dependent of both the size of the interacting atoms and
the support matrix cage. We also proposed an aggregation scheme that
seems to agree well with the ESR spectra. However, the lack of experimental
references and theoretical calculations prevented any decisive conclusions

on the size distribution observed in their ESR spectra.
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Fig. IV.1. ESR Spectrum of Silver Atoms in an Argon Matrix.

The ESR spectrum of 1%9Ag and 107Ag atoms isolated in an Ar matrix

at 4K. The overall scan was 800 Gauss wide and centered about g = 2.
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Fig. IV.2. ESR Spectrum of Silver Atoms in a Krypton Matrix.

The ESR spectrum of 10Ag and 107 Ag atoms isolated in a Kr matrix at

4K. The overall scan was 800 Gauss wide and centered about g = 2.



76

1900v:

SO00KT

o

TOl|

0



77
Fig. IV.3. ESR Spectrum of Silver Atoms in a Xenon Matrix.

The ESR spectrum of 1%Ag and 1%7Ag atoms isolated in a Xe matrix at

4K. The overall scan was 1000 Gauss wide and centered about g = 2.
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Fig. IV.4. ESR Spectrum of Naturally Abundant Ag, in a Nitrogen Matrix.

The ESR spectrum of naturally abundant Ag, in an N, matrix. Two

sets of transitions corresponding to the silver atoms, 109Ag and 107Ag, are
shown. Also, 48 parallel and 48 perpendicular transitions were assigned to

the combinations of 109-1074g,. The overall scan was 700 Gauss wide and

centered about g = 2.
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Fig. IV.5. ESR Spectrum of 107Ag, in a Nitrogen Matrix.

The ESR spectrum of isotopically pure 197Ag, in an N, matrix. Two

sets of transitions corresponding to the silver atoms, 107Ag, at low and high
field respectively are shown. Also, a set of triplets were observed and were
assigned to the 107Ag.. Spectrum b, shows a simulation of the trimer using
the best fit parameters. The overall scan was 700 Gauss wide and centered

about g = 2.
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Fig. IV.6. ESR Spectrum of NaAg in an Argon Matrix.

The spectrum shows two 107Ag atom line transitions and the four
line pattern for an Na atom with I = 3/2, (17). In addition, there were
transitions present that were assigned to the sodium trimer, (17). The

overall scan was 1200 Gauss wide and centered about g = 2.
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Fig.IV.7.Optical Absorption Spectrum of '07Ag in an Argon Matrix.

OA spectrum of 197Ag in an argon support matrix at 25 K. Several
bands were assigned to the Ag atom, the dimer and the trimer. For the
remaining bands, no conclusive assignements could be made. The overall

scan was from 2000 to 6000 A°.
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Fig.IV 8.0Optical Absorption Spectrum of 107Ag in a Nitrogen Matrix.

OA spectrum of 107Ag in an argon support matrix at 25 K. Three
bands to the silver atom and the remaining bands to the trimer. The overall

scan was from 2000 to 6000 A°,
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Fig. IV.9. ESR Spectrum of Gold Atoms in a Nitrogen Matrix.

The ESR spectrum of gold atoms isolated in an N, Matrix at 42 K. In

this spectrum a series of transitions were also seen and were believed to

originate from a specie labelled "Auj". The overall scan was 4000 Gauss

wide and centered about g = 2.
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Fig. IV.10. Qualitative Molecular Orbital Scheme for the Partially Occupied
2a, Orbital of Ags.
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Fig. IV.11. ESR Spectrum of NaMg in an Argon Matrix.

The ESR spectrum of the mixed-metal clusters of NaMg in an argon
matrix at 4K. The transitions labelled A and A’ were from the Na atom, and
the series of unassigned transitions arise from Naj, (17). The remaining
transitions were assigned to the mixed clusters and are labelled I, I', I, and

III. The overall scan was 1200 Gauss wide and centered about g=2



THo
It 2
Ho
Ho
133006
130006 _

t6



94
Fig. IV.12. ESR Spectrum of NaCa in an Argon Matrix.

The ESR spectrum of the mixed-metal clusters of NaCa in an argon
matrix at 4K. The transitions labelled A, A' and A" were from the Na atom
transitions, (17). The transitions assigned to the mixed clusters and are
labelled I. The remaining transitions present in the spectrum were from

Naj (17). The overall scan was 1200 Gauss wide and centered about g = 2.
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Fig. IV.13. ESR Spectrum of NaSr in an Argon Matrix.

The ESR spectrum of the mixed-metal clusters of NaSr in an argon
matrix at 4K. The transitions labelled A, and A' were from the Na atom
transitions, (17). Only one transition was assigned to the mixed clusters was
labelled 1. The remaining transitions present in the spectrum were from

Naj (17). The overall scan was 1200 Gauss wide and centered about g = 2.



I ] 0
I L TR |
lezooG 130006 133006

L6



98
Fig. IV.14. ESR Spectrum of NaBa in an Argon Matrix.

The ESR spectrum of the mixed-metal clusters of NaBa in an argon
matrix at 4K. The transitions labelled A, and A' were from the Na atom
transitions, (17), along with a series of transitions arising form Naj,, (17). The
remaining transitions were assigned to the mixed clusters and were labelled

I 11, and II. The overall scan was 1200 Gauss wide and centered about g = 2.
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Fig. IV.15. ESR Spectrum of KMg in an Argon Matrix.

The ESR spectrum of the mixed-metal clusters of KMg in an argon
matrix at 4K. The transition labelled A was from the 39K atom transition,
along with a second set of quartets assigned to the 4'K isomer, (17). The
remaining transitions were assigned to the mixed clusters and were labelled

I, II, and III. The overall scan was 325 Gauss wide and centered about g = 2.
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Fig. IV.16. ESR Spectrum of KCa in an Argon Matrix.

The ESR spectrum of the mixed-metal clusters of KCa in an argon
matrix at 4K. The two quartet transitions labelled A and A' were from the
39K atom transition, along with a second quartet labelled II that was assigned
to the 41K isomer, (17). The remaining transitions labelled I and III were
assigned to the mixed clusters specie KCa and a methyl radical impurity.

The overall scan was 325 Gauss wide and centered about g = 2.
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TABLE IV.1. .Line Positions of 107Ag3 in an N, Matrix.
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Type m M H(meas)a H(cal)b Diff.
/! +1/2 +1 3094.9 3094.4 +0.5
0 3171.4 3171.2 +0.2
-1 — 3248.2 —

1 +1/2 +1 3158.7 3159.5 -0.8
0 3234.3 3234.0 +0.3

-1 3308.0 3308.9 -0.9

// -1/2 +1 3409.2 3409.2 0.0
0 3486.8 3486.4 +0.4

-1 3563.7 3563.4 +0.3

1 -1/2 +1 3478.7 3475.3 -06
0 3554.0 3554.0 0.0

-1 3627.5 3628.3 0.8

a. Field positions in units of Gauss.

b. Calculated using IBM program program labelled ""ESR 1", derived from
eq. (4.1) and in the original paper, (72).
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TABLE IV.2. Parallel and perpendicular parameters for %7 Ag; in a nitrogen
matrix and gas phase parameters for the 197 Ag atom. Units are in Gauss?.

Matrix g A (1)¢ AQ2)C
10Ag, (/1) N, 1.9933(3) 310.8(6) 76.0(2)
1074g, (1) N, 1.9558(3) 310.1(6) 72.2(2)
107Ag atom N, 2.0010(3) 637.5(13)
107Ag atomb GP 2.0023(10) 611.09(1)

a. H.F. constants in Gauss are related to hf constants in ergs by gape in

ergs G'1,
b. Gas phase constants from reference, (77).
c. Here (1),(2) refer to the apical and basal atoms respectively.
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TABLE IV.3. Optical Assignment for Silver Clusters in Nitrogen and Argon

Support Matrices. Bands are in nm Units.

Clusters Matrices
Ar® N,* ArP Krb Ne¢  GP
Ag 300-320 309-327 298-314 310-340 300-320 304-320
Ag, 256 220 260-275 435
381 254 390 279
261-270
266
256
249
Ag, 440 402 225-240 220-250
360 280 280
360 350
440 410
Agy 350
Ag.© 570

a. Bands assignments from our experimental results.
b. From Ozin et al., (67).
¢. From Gruen et al., (84).

d. From Schultze et al., (85).
e. In this assignment n > 3.
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TABLE IV 4. Rotationally Averaged Hypefine Constants A, ;, A| (1 or 2) for

the Apical (1) and Basal (2) Atoms for 197Ag,. The Axes X, Y, Z are the same

as in Fig. (4.10). For the Apical atom a = 0°.

Rotation A// Ay A/}-A_La

axis and

nuclei

X (1 Plane) a-p a+1/2B -3/2p

Y (C, axis) a+B(3cos?a-1)  a+1/2P@3sinZa-2)  3/2PBcos?a-1)
z a+B(3sinZa-1)  a+1/2P(3cos2a-2)  3/2P(3sinla-1)
Basal 76.02 (2) 72.60(2) 3.4

Apical 310.80 (6) 310.1 (6) 0.7

a. Units are given in Gauss and are obtained by taking the difference of A /-
A (1 and 2) from table (4.1).
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TABLE IV 5. Isotropic Hyperfine Constants and Spin Populations for 1%7Ag,

and 1%7Ag in a Nitrogen Support Matrix

Nucleus a psg(1)? psg(P p5e(DE
Apical (1) 3103 (6) 0.51 0.49 0.5
Basal (2) 73.7 (2) 0.12 0.13 0.12
Atom 637.5(13) 1.04

a. Isotropic spin populations p5 (1) and pgg(2) are ratios of corresponding h.f.

values to the gas-phase constant 1%7a = 611.1G, (78).
b. Calculated from Ab-initio methods, (80).

¢. Calculated from LSD and SCF-Xa methods, (79).



TABLE IV.6 Line Positions of NaMgp, in an Ar Matrix.
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Sites? H(meas)P H{cal)€ Diff.
A 2841.5(1) 2831.4(4) + 0.1
3162.4(2) 3162.2(1) +0.2
3492.7(1) 3493.1(1) - 04
3824.2(1) 3824.0(1) +0.2
A 2847.5(1) 2847.8(2) - 03
3167.2(1) 3166.8(1) +04
3486.0(1) 3485.8(2) +02
3804 .5(2) 3804.8(1) - 0.3
| 2896.7(1) 2896.2(3) + 05
3182.4(1) 3182.5(4) - 0.1
3467.4(2) 3468.9(2) -15
3756.2(3) 3755.2(1) +1.0
I 2908.3(2) 2908.5(3) - 0.2
3186.1(2) 3186.8(4) - 07
3467.2(1) 3465.1(6) +2.1
3742.3(2) 3743.4(3) - 11




TABLE. IV.6. (Continued)
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Sites? H(meas)® Hi(cal)® Diff.
2962.0(1) 2961.5(8) +0.5
3203.9(2) 3204.2(5) - 0.3
3445.5(1) 3446.8(5) - 09
3689.5(1) 3689.5(8) +0.7
I 3038.7(3) 3041.7(9) - 3.0
3232.7(2) 3228.8(5) +39
3416.9(3) 3415.9(6) +1.0
3601.0(3) 3603.0(9) - 2.0

a. Sites labelled A, A' and sites Labelled I, I, and III are from the Na atom
and and the mixed-metal clusters respectively.

b. Calculated using a least square fit.

¢. Calculated using the spin Hamiltonian given by eq. (3.24). Units are given
in Gauss



TABLE IV.7 Magnetic Parameters of NaMg,, in an Ar Matrix.
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Sites? g-values a,(G)b pc

A 1.9982(1) 330.2(1) 1.04(1)

A’ 1.9990(2) 318.5(1) 1.01(1)

I 1.9994(6) 285.9(5) 0.905(5)

I 1.9992(8) 277.9(7} 0.879(8)

o 1.9995(5) 242.3(4) 0.767(4)
2.0014(18) 187.0(16) 0.591(16)

a. Sites labelled A, A' and sites Labelled I, II, and III are from the Na atom

and and the mixed-metal clusters respectively.
b. The Na atom atomic h.f. is anj; = 316.1 Gauss, and a, = g, He/ H,,.

C-PNa =2 / aNa:



TABLE IV.8 Line Positions of NaCa, in an Ar Matrix.
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Sites? H(meas)? H(cal)* Diff.
A 2828.4(3) 2829.7(5) - 1.3
3161.2(3) 3162.6(2) - 14
3501.9(7) 3495.5(3) + 6.4
3824.4(5) 3828,4(9) -39
1 2960.0(9) 2960.4(20) - 04
3203.8(6) 3204.7(13) - 05
3451.9(5) 3449.2(13) +28
3691.8(9) 3693.4(20) - 16
1 2970.6(6) 2969.5(15) +1.1
3210.8(9) 3212.5(13) - 1.7
3455.6(9) 3455.5(13) +0.1
3699.0(10) 3698.4(15) +0.6
I 2976.4(13) 2975.6(20) +08
3220.0(10) 3219.5(12) +0.5
3460.1(10) 3463.5(10) - 34
3709.5(13) 3707.4(20) +2.1

a. Sites labelled A, and 1, are from the Na atom and the mixed-metal clusters

respectively.
b. Calculated using a least square fit.

c. Calculated using the spin Hamiltonian given by eq. (3.24). Units are given

in Gauss



TABLE IV.9 Magnetic Parameters of NaCa,, in an Ar Matrix.
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Sites? g-values a,(G)P P

A 2.0017(2) 332.8(3) 1.05(2)

I 2.0029(2) 244 .3(3) 0.773(3)
I 1.9986(5) 242.5(4) 0.767(4)

I 1.9941(10) 242.9(10) 0.768(10)

a. Sites labelled A, and I, are from the Na atom and and the mixed-metal

clusters respectively.

b. The Na atom atomic h.f. is apn, = 316.1 Gauss, and a, = g, He/ H,,

€. PNa =3,/ aNa-



TABLE 1V.10 Line Positions of NaSrp in an Ar Matrix.
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Sites® H(meas)P H{cal)¢ Diff.
A 2829.4(5) 2828.4(6) +13
3157.2(6) 3159.3(4) - 21
3490.4(3) 3490.1(5) +0.3
3821.5(5) 3821.0(6) +05
I 2995.5(9) 2996.1(5) - 0.6
3243.3(6) 3242.0(4)) +1.3
3487.3(5) 3487.8 (3) - 05
3733.6(9) 3733.6(6) 0.0

a. Sites labelled A, and I, are from the Na atom and the mixed-metal cluster

respectively.
b. Calculated using a least square fit.

¢. Calculated using the spin Hamiltonian given by eq. (3.24). Units are given

in Gauss
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TABLE IV.11 Magnetic Parameters of NaSr in an Ar Matrix.

Sites® g-values a,(G)P pe
A 2.0001(7) 330.6(8) 1.04(7)
1 1.9762(6) 242.6(7) 0.767(6)

a. Sites labelled A, and I, are from the Na atom and and the mixed-metal

clusters respectively.
b. The Na atom atomic h.f. is aNj; = 316.1 Gauss, and ag = 8o He/ Ho-

¢.PNa = 3o / aNa-



TABLE IV.12 Line Positions of NaBa,, in an Ar Matrix.
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Sites® H(meas)P H(cal)¢ Diff.
A 2828.8(14) 2825.7(12) +34
3146.7(12) 3150.2(10) -35
3471.7(9) 3474.7(9) -20
3801.6(14) 3799.1(12) +25
A' 2837.3(15) 2846.4(13) - 9.1
3158.2(11) 3161.4(10) -32
3461.9(10) 3476.3(8) -14.4
3785.9(15) 3791.3(13) - 54
2885.0(5) 2884.6(3) +04
3166.7(3) 3167.8(2) - 1.1
3452.0(2) 3451.0(3) + 1.0
3734.0(5) 3734.2(3) - 02
2896.1(5) 2895.8(3) +0.3
3171.0(2) 3171.9(4) - 09
3448.8(3) 3447.8(2) +1.0
3723.6(5) 3723.9(3) - 03

a. Sites labelled A, and I, are from the Na atom and the mixed-metal clusters
respectively.

b. Calculated using a least square fit.

c. Calculated using the spin Hamiltonian given by eq. (3.24). Units are given
in Gauss.



TABLE IV.13 Magnetic Parameters of NaBa,, in an Ar Matrix.

Sites® g-values a,(G)b o

A 2.0074(1) 325.7(2) 1.02(2)
A 2.0036(3) 315.2(2) 0.997(3)
I 2.0093(4) 284.2(3) 0.899(4}
o 2.0090(4) 276.9(3) 0.876(4)

a. Sites labelled A, A'and I, II, are from the Na atom and and the mixed-

metal clusters respectively.
b. The Na atom atomic h.f. is apj, = 316.1 Gauss, and a, = £o He/ H,.

€. PNa =3 / aNa-



TABLE IV.14 Line Positions of KMg, in an Ar Matrix.
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Sites? H(meas)b H(cal)* Diff.
A 3197.4(5) 3198.0(3) - 06
3290.2(3) 3289.3(2) +0.9
3380.5(4) 33380.5(1) 0.0
3471.5(5) 3471.8(2) - 0.3
3209.2(4) 3208.9(8) +03
3286.8(5) 3287.3(2) +0.5
3366.0(3) 3365.7(1) +03
3444.2(4) 3444.1(7) +0.1
3243.6(6) 3243.3(3) +0.3
3299.7(4) 3300.1(2) -04
3357.2(5) 3357.0(2) +0.2
3413.9(6) 3413.8(2) +0.1
m 3270.1(5) 3269.7(2) +0.4
3308.3(2) 3308.4(4) - 0.1
3445.8(3) 3447.1(2) - 13
3386.6(5) 3385.8(2) +0.8

a. Sites labelled A, and 1, II, and III are from the 39K atom and the mixed-
metal clusters respectively.

b. Calculated using a least square fit.

¢. Calculated using the spin Hamiltonian given by eq. (3.24). Units are given
in Gauss.



TABLE 1V.15 Magnetic Parameters of KMg,, in an Ar Matrix.
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Sites® g-values a,(G)P pe

A 1.99500(3) 90.74(3) 1.11(3)

| 1.9950(2) 78.11(2) 0.958(2)
I 1.9937(1) 56.60(2) 0.695(2)
m 1.9943(6) 38.54(5) 0..472(5)

a. Sites labelled A, and I, I1, and III are from the Na atom and and the mixed-

metal clusters respectively.
b. The K atom atomic hf. is ax = 81.9 Gauss, and a, = g, He/ H,

C.pK =ay / ak.



TABLE IV.16 Line Positions of KCay, in an Ar Matrix.
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Sites® H(meas)P H(cal)¢ Diff.
A 3193.5(3) 3193.9(6) +04
3286.1(3) 3285.0(2) +1.1
3375.0(2) 3376.0(2) - 1.0
3467.4(3) 3467.1(5) +0.3
A 3198.8(2) 3198.0(5) +0.8
3284.5(3) 3285.5(3) - 1.0
3372.4(2) 3372.9(1) - 05
3461.0(2) 3461.0(4) +0.6
I 3229.8(3) 3229.6(3) +0.2
3300.0(2) 3300.5(4) +0.1
3370.8(1) 3371.4(2) - 0.6
3442 8(3) 3442.3(3) +05
i 3256.2(5) 3255.8(2) +0.4
303.1(3) 3303.4(2) - 03
3350.4(2) 3351.0(3) - 0.6
3399.1(5) 3398.6(3) +05
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TABLE. IV.16. (Continued)

a. Sites labelled A, A’ and II are from the 39K and 41K atoms. Site labelled I, is
from the mixed metal clusters.

b. Calculated using a least square fit.

c. Calculated using the spin Hamiltonian given by eq. (3.24). Units are given
in Gauss



TABLE IV.17 Magnetic Parameters of KCa,, in an Ar Matrix.
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Sites? g-values a,(G)P pc

A 1.9900(3) 90.74(3) 1.11(3)
A’ 1.9950(2) 78.11(2) 0.958(2)
I 1.9937(1) 56.60(2) 0.695(2)
1| 1.9943(6) 38.54(5) 0..472(5)

a. Sites labelled A, A" were assigned to the 39K atom , while site labelled II to
the 41K isomer. The remaining quartet was due to the mixed-metal cluster.

b. The K atom atomic h.f. is ak = 81.9 Gauss, and ay =g, He/ H,,.

C. PK= 25 / ag.
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Appendix I. Reprint by permission of the American Institute of

Physics: J. Chem. Phys., 82, 4739 (1985)



ESR spectra of Ag,(24,) in an N, matrix

K. Kemisant, G. A. Thompson™ and D. M. Lindsay
Depariment of Chemisery, City Univarsity of New York, The City College. New York, New York 1003}

{Received 29 January 1983, accepled 1 March 1985)

ESR spectrs astigned 10 Ag, molecules have been produced by codepositing stomic silver with
£10s3 Ritrogen st temperatures close 10 4.2 K The spectra are charactenized by an axislly
svmmetric spin Hamiltonian having g, = 1 9933(3)and g, = 1 9558(3) and, for ""Ag, 4 ()

= HOB8(6) G with A (1) = 3}10.1(6) G and 4;(2) = 76.0(2] G with 4 {1) = 72 62} G for the
apicalil) and basal(2) nuclei, respectively. The axial symmetry of the specirs 1s behieved 101mply
that the trimer is rotating about one axis. There is no evidence for s pseudorotating trimes
spectrum. The isotropic spin populstions are gy, {1} = 0.5]1 and p.,i2} = 0 |2 implying an acute
angled geametry with ground state symmetry 24, This i3 in sharp contsast 1o the obtuse angled
isomer (1B, ground state) found for Ag, in s C,D, matrix. For Ag, “A,| thereis hittepcharacter on
the apical atom but a 109%-15% g hybridization an each of the o basal nucle

1. INTROQDUCTION

The equilateral tnangle is an unstable geometry for
both the Group 1A and Group IB mets) trimers ' © A John-
Teller disteriion removes the elecironic degeneracy present
in Dy, symmetry, giving nse 10 an isosceles geornetry {poini
group €, with apical angle either greater than or less than
60" {the “obluse” and “scute” omers, respectively] The
two O, wsomers are predicted 10 have radically different spin
populstions The obtuse trimer, with a *8, ground stste, is
characlenzed by a large spin popuistion an the two terminal
atoms and a1 the ssimple Huckel level, & node on 1he central
atom For the acute 1somer [°4, ground state) the spin popu-
Imiion onthe spical atom s predicted 1o be large and, againal
the simple Huckel level, approximately four times that on
eah ol the 1w o basal atoms

For the Group 1A tnmers Na,'and K" and for Ag.ina
deuterobenzene matrix,” the ground siste 1s found to be “#,
Inthecase of L1, the scute and obiuse geomelries are equier-
gic and the inmer ss besi described as being a completely
fluxional molecule with {on sverage} equal spin populstions
on sl three stoms ** The sitver tnmer electron spin reso-
nance |[ESR- specira reporied here give isotropic spin popu-
lations of 1% on one nucleus and 12% on esch of 1wo add)-
uonsl nucler This 15 conciusive evidence for & "4, ground
stale for Ag.in & mtrogen matrix

1. EXPERIMENTAL

Silver tnmers were formed by codepositing alomic sil-
ver, either naturally occurnng (Alla, 99.9%) or isctopically
enniched {Oak Ridge Nstiona) Laborsiory, 98 2% ‘*"Aql,
with excess nitrogen (Airco, 99.99959%| on a polished QFHC
copper target {width 5/32 in., thickness 0.031 in.) mounied
wnside a TE ;. X-band cavity. The cavity was aftached to a
variable (empersture cryostat, whose design has been de-
scribed presiously.' The copper Larget was counterbored (o
depth of G026 in_ in order 1o accommodate 3 tmall quarz

* Present AdZrma Mobrcular Speciroscopy Divitson, Nationsl Buraiu of
Suandards W ashingion. D C 2014

. Lhem Prys @201 1 June 1985

0021-9806/85/11473%-D880: 'O

{Dynasii 3000] windows of diameter 0.094 in (Hibshman
Corp., Stn Luis Obispo, CA| The quartz window was held
in plsce »1th 2 mimmurn smount of GE 7031 adhesive With
this arrangement 1t 15 possible 1o obisin both ESK and opti-
cal absorption spectra of 1he same matnx semple Silver was
evaporaied from a directly heated tantalum boat (R I}
Mathis. ME-10) suppocted on (wo water cooled electrodes
and surrounded by & water cooled radiation shield Duning
an expenmentsl run the meial flux was penodically moni-
tored with a quartz microbalance The microbalance used a
commercial coniroller and oscillptor {Veerg, QM-301) by
had a carefully devigned sensor head which optimized 1he
thermal contact between the quanz crystal and s water
cooled mount Further details of the evaporation source can
be >und ¢lsewhere ® For the "' Ag, specirs presented here.
the N. A ranoas esimated to be $5' 1 Approximatels O 35
#mol/h of Ag werc inzident on the copper 1arger for a 101al
deposition ume of about | h Mairices were grown a1 tem-
peratures close 1o 4 2 K snd then annealed 10 ~ 25 K The
ESR specirum of Ag, was observed in freshly grown matrni-
ces, bul 11s reselution s dramatically improved by snnealing
Nofuntherirreversible changes were observed, providing the
matnx temperature did not exceed 30-35 K Matnx tem-
peratures were measured and conirolled with a Saenbfic
Instruments model 5300 eryogenic controller and a GaAs
sensor Despite several attempts, no ESR spectira annbut-
able 10 Ag, weee obsened for Ar, Ke, or Xe mairices

Allspecira were recorded on an 1BM-Bruker ER 200D
EFR spectrometer using 100 kHz magnetic field modulation
{peak-to-peak amphiude ~ 3 G and phase-sensitive delec-
t:on. ESR spectra could be further processed by averaging
repelitive scans on a multichanne! analyzer (Tracor North-
emn, Tis 1710). Acquisition times ranged from 5000-1G 000
s. For 72 10 K a microwave power of 20 mW was found to
be optimum The resonance frequency of the cavity plus cop-
per target and matny sample was measured penodically
with » microwave frequency counter [HP 52451 plus HP
3255A plug-in). Jndividesl specira were calibrated with a
proton magnetometer (Micronow, modet 513 Relative and
absolute field positions are judged accurate to + 0.2% and
1 0.5 G. respectively

£ 1985 Amencan Inshiute of Physics 473%
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TABLEIL K bonnn iy W
x. 7. tare deflnad in Fig 1.

AgiL o 2) wad 4, {1 or 2} For Une apucall 1] and iaaakl) muche: of Ag, For the spical nuchews o w O The aney

Rouation
asn 4, A 17MA, + 14 ) A, - A,
x a2 asi N -3y
y e+ B0owa— 1| e+ Alus a1 . 118’ a -~ 1|
I e+ Pidun‘a - 1) a+ 1Bl e a IR Asinto— 1)

have axial symmetry. This phenomenon 13 not unknown, the
best documented case being NO, in an argon marrix > Un-
like NO,, however, the three principal moments of incrtia
for the silver trimer are comparable in magnitude, so that a
unique rotational axis is not immediately apparent ™ Table
11 summarizes rotstionally sveraged hi consiants obisined
by rotating the static 1ensors, Eqs. (4} and (3], about either the
x.y, or z axes and then averaging each tensor element over ati
onentations For both nuclei, the Fermi contsct term
g = 1/3{A, + 24,), independent of rolationst axis The en-
tnes in column 3 of Table I show that the amsotropic pa-
tameier A, — A, may be either positive or negatine How-
erver, the experimental anisotropies, 4. (11— A4, 111=07 G
and A 2t — A, (2) = 34 G from Table I, are both posiive ™
This would imply that the timer rotates sbout the molecular
C. amis, which 1s also the axis with the smatlest moment of
ineriia ** While this conclusion is statistically sigmbcsnt,™
the dipolar hyperfine analysis (particularly for the apical nu-
cleus) 13 complicated by & relanvely large pseudohyperfine
inlerachion (see below) and a rotstion about the £ ez should
not be ruled out *

Table 111 gives the experimental isolropic paramelers
for 1he case of s silver tnmer rotating sboul & pnncipal axis
The 1sotropic spin populations’’ g.t1] on the apical atom
sndp,, (2} on each of the \wo basal a10ms are, respecnively. hf
constants a(1] and a(2) divided by the corresponding gas-
phase parameter, 'Pa,, = 6111 G."" An analogous apprais-
] of the Irimer anisstropic spin populstions is less siraight-
farward Since for unit spin population in & "'Ag 5p orbutal
8., ~9.0G.™ this suggests an apical stom p characier g, (1}
5 266-39%. An analysis of the p character on the 1wo basal
atoms requires a value for the oibital onentstion sngle o
However, the sum of the isotropic spin populsticns is p,, (1}

~ Jp,,12] = 0. 75 and, since the lotal (isolropic + anisolro-
pict spin population should be close 10 unily, the ESR spec-
tra imply p,, (213 15% or §(2) 3 1} G. For this situation the
eapressions in the last column on Table 1] satisfy 4, — A4,

TABLE L1l Isotrope f wnd Bpin populations for ™Ay, and
AR in aitrogen mainces.

Nulevs - [

Apcallll 0 Mg as

Buaklt 1IN 01

A1pin 3.4 104

= 34 G only if @ is relanvely close either to O or to %0°,
corresponding to & rotational averaging about the y axis or
the r anis. respectively This suggests thal the bonding
between the 1wo basal stoms should be vicewed as either near-
Iy = or nearly @ 1 charscter.

¥. THE g TENSOR AND PSEUDOHYPERFINE
INTERACTION

Figure 3shows a molecular ortitnl (MO)scheme for the
ground --1a; 22, configurstion of Ag, This hgure draws
heavily from the SCF-CI calculstions of Basch®™ and from
the Walsh type correlntion disgrams lor AB, and B, male-
cules discussed by Gimarc * Since 4g, = — 00090 and
Jg, = — 00465 are both #eganve this y/mples dominant
contribunons to the g-1ensor anisotropy from spin-orbit cou-
pling 1o the ernpty molecular orbitals of the 1 and p mni-
fold '**" Although molecular structure calculstions dis.
sgree as to the relanve order of 20, and b, |see later

0,000
(——- —— 12p)-b P D gl IR 18 01
—— o Jige 0y, 1Ry - IRV
5.
“0000 .
e 120} B IR, 30 Con i () 4 1R, )]
'5"""&1)"9“)“
000 L e ol e bR 300, (R, 4 1R
',
\ k —_— B BB, b, s (B4R
% ke o CsealRe- IR
-
-
0000
i oy
< 20,000

FIG 3 Mole utar ortuinl dugram for 1he 3 maniloid and, in pan. the p

* lscaropic spon populeions g, 1 1) snd p,,(2) are ranos of corrosponding o
vilue (o gas-phase conpiant s = 4113 O {Ref 48y

J Chem Phys  Val

fold of A . thowing prmcipal contributions to 1% 1nmer g lensor The
LCAD enpress.ons pive the p characier for sach orbues] The atomic ares
b, BV 6 sedehned in Fop 2
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TABLEL Parallel [} and perpendicular (1) parsmaten for "M Ag, in e nitro-
gen mainaand " Ay paramnetern. Esiimated ermors (see tive leat) are givin in
parenibases Unity are Gauss”

Maina t AN A2
A g Kl N, LMY 30N 16,002}
»ag Ly N, RSN 10118} 11LHY
" Ag ainm N, 10010 151
“Ag atom" At 100013} A0 W13
A g atom* GP 100IXEDY 611 0%1)

“ W consiants tn Gauss ere relaied 1o bl consunisin esgaby g, 8, erps G °*
Sex tho Refy 7and 16

SThesuthonnof Ref Bgnegm 999K wah A = 843 Y| G

* Gas phase conianis from Ref 18

powder pattern '’ No such effects were observed

Table | pives the magnetic parameters g, g, and A, (1),
ALi2} used in the simulated spectrum, Fig (b). The ine
shape function was 8 Gaussian denvative with & peak-10-
pesk wadih (39X ,1of $.3G By companson, stomic sifver in
N.hasa Lorenian hineshape with dH, = 9.0G Thestck
spectrum assignment shawn in Fig | represents the trans:-
tion fields of Eq 3] using the consiants of Table 1 Estimared
ersors given in parentheses in this 1able correspond to the
calibration uncenairiies noled earher The average differ-
ence between the eaperimental and calculated (parsilel and
perpendicular i features 150 4 G Also givenin Table larethe
£ value and hsovropic) hf constant for stomic silves in N, and
A1 matnices and an the gas phase '

For unennched silver, a1otal of six distinct isomers nre
formed, giving nse 10 48 parallel and 48 perpendicular tran.
wtions. Since the naturat abundances of "' Ag and '“Ag are
51 85% and 45 2%, respectinely, ' the six isomers give com-
parably intense ESR specira Nevertheless, except when
overlapped by aiomic silver iransinons, the perpendicular
features are guite well resclved. ™ Within the experimental
errors quoled 1n Table I, the measured g, '®"4 (1), and
'9TA {7} ars the sanie as those obtaed from the enriched
samp.:  Moreover, the observed hll constant ratio,
A, /%A, = 11533} s in good agreement with that pre-
dicted from the ranio of nuclear momenis. b, o/
Hog = 115847

IV. HYPERFINE STRUCTURE

Figure Zvllustrates the 5rand 5p characier expecied for
the partially occupied 2a, orbits) of Ag, Since g, andp, are
both less than g, . it will be assumed that there is no sigmf-
cant admixiure of & charscier from the flled 4 manifold of
the trimer. Thus the amisotropy in the ESR specirum will
anse from p-orbilat spin popuistions, p,{l) on the spical
stom {labeled 1.1n Fig 2 and p, [2) on each of the ino basal
sioms [labeled 1 and J). The corresponding sotropic spin
popuiations are denoied 5,,11) and p,,(2). In the g-tensor
principal axes ix, p, 2 10 Fig. 1), the (axially symmetric] hf
tensar for the apical nucleas is given by'* the sum of the
Fermi contact 1nd dipole—dipole terms, A{l) = o(tyl + T(1),

2.6
N

o)
z? 3
E
‘*““‘*‘2 *K

|20 = -0, [Py )>-0,, {Cosa[lR,) +IF,,}]

+Sng (R~ 18,2}
FIG 1 Qualiane hybndizarion scher.e for vhe partislly acouped 20 o
bial of Ag, Alhough T4% ;o charaiter, dnly porbunl coeficiens ate

wcluded in 1he LCAD eapranon for 20} Alw shown are glomic vees
Lzl vl rll eic and? modeculsr g-tensos snes v, p 1)

with
-1 ¢ 0
Til) = A1l 0 w2 al. 14
0 o -1

where p{l) = g, (1)a,, and At11 = p, 11)3,, The parameters
a,, and B, sre hif splithing constants for unu spin popula-
tors in 8 " Ag Srand Sp orbital. respectively Since,in gen.
eral, the p orbitals located on the basal nuciel are oriented at
some angle | = a in Fig 2] with respect 10 the maiecular ¢,
1x15, the hf rensors for these 1w o nucier are nerther pvail
symmetric nor diagonalin the 5, p, z (rame. Thus for nuclens
2, A(2) = g(20 + T{2), but now"’
- 0 4]
Tl =H12) 0 3dcotta—1
0 dmnacosa

A sumilar expression perimns 16 nucleus 3 except thar 7
= T, = —isingcosa For both nuclei, the predicied hf
splittings [ X, {2), for H parallel 104 = x, y or 7] are™

K. (=T, ,12) +aid).

K (2= {{T, 2+ a1} + T 2|, 161

Kolb= [[ToD 4 ai)) = T, 02070,
s that (uniess o = 0 or &/2] an orthorhombic hf sphiting
K (K 121K (1 would be expecied Since the ob-
served hi mnisotropy is not large, small deviations from axial
symmetry might not be resalved in the ESR powder specira
for Ag, However, the g-tensor anisotropy is large and. as
discussed in more detnil below, a fortuitous coincidence of
two g-tensor components seems unlikely

If the trimer is assumed (o rotate about one of its princi-
pal axes, then 1he rotationally averaged g and hi1ensors will

Isinagcosa | {5
Iun’a— |
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Il BPECTRA AND ANALYSIS

Figure 1{a) shows the axially symmetric ESR spectium
observed for A g, inan N; matriz 8125 K.” The separation
inte & low field and & high feld group of transitions
{m = + 1/1) arises, from o neatly isotropic hyperfine {hf}
interaction with a single "*Ag nucieus (spin, f = 1/2). The
triplet splitting {M = 0, 4 1] within esch group is assigned
to 1 smaller and more anisotropic hi interaction with 1wo
additions] but equivalent '“Ag nuclei. In Fig. (s}, H,
= 133224 G is the raonance field for a free electron (g,
= 2.002 32) at & cavity frequency of 9.310 78 GHz. The
sharp fealure at g = 2 is & background resonance arising
from the GE 7011 adhesive An additionsl bul broader back -
ground signal has been partially subtracred out Also shown
are transitions due (o atomic silver® and methyl (Me) radi-
cals *At T = 5.2 K, the M = O perpendicular components of
"Wag,aresphtby 1 5and J0Glorm = + 1/2and ~ 172,
respectively. Thus might imply that the tnmer is trapped in
several matnia siles whose magnetic parameters show a
smal) temperature dependence a3 has been reported for Li,
in argon '® No specirs corresponding to a pseudorotating
trimer?*'' were observed over the femperature range
425T510K

nmzj S NH mMJIFIH - HdH

& CRERSEE 29 TR :.
H_Lﬂxq(vj'bwq ;,.-,u-
b
o | t__lle_;__j[:

& B 1T ML TAMAS ’
'

P *»__f”'g_A ,"Ir___
S B
{ )

Lo woa b o) il - 300 110N M

FIG | Obaered iaf and imuiated o) ESR specirn lor '™ Ag, i & nitrogen
macny 81 23 K The cosonance feké for & lrec eleciron n M, = 3224 6
Isotopscally ennched ™ Ay mas ured For spectial astipament see the texr
and Ref 7

Figure libishows asimulsted ESR spectrum computed
from'?

th

-
where
Hylm M, JIH Y m M. T
HHmM.J) = b M I A ) - 2
HUHmM iy~ HlmM I (K m M Sy B
with @ = for 1}
Homat )= £ [H, —ALllim —A_(2M ] - £ AT+ 24500 = AL [FH + 1) — 7]
) £ ) A H '
‘: H 2 i N
- [A3+ 247021 - 40024 [ 7 7+ 1) — M7 i3
s H,
T

and M, =g, /g, [H, — A, (lim = A 1M ]| The algonthm
defined by Eqs {143} willbe referred toas . In these expres-
sions, F{H — }’)is a hine shape function and f{H.m.M, )15
zero for magnetic fields ouwside of the range M (m.M.J)
<HH, (mM, J| Equanons{lyand (})should only be used
in casas where promunent features in the powder spectrum
arise from molecules aligned (or closely shgned) cither paral-
lel ar perpendicular 1o the laboratory Aeld. In order to check
its suitability here, the trimer spectrum was simulated using
an entirely different algorithm which we label 11.'° The latter
calculates the resonance field (to second order in 4 /H ) for
molecules onented at sll angles with the magnetic field, sum-
ming the intensity contributions from each onentation '
Since both simulations gave almost identical results, effects
arising from “off-principal-axis transitions’** are assumed
to be minor. The principal advantage of slgonthm I 15 115
ability to handie magnetically equivalent nuclei. Thus, in Eq

(3) the A, (2] are hf constants (@ = § or 1)'"* for two magneli-
cally equivalen! [/ m 1/2 nuclei whose resultant nuclear spin

has magriiude f = O or | snd projection M = 0, + 1 '* As
described in Sec. IV, the 4, (2} nre related 10, but not neces-
sanly equal 10, the principal values of the basal arom hf ren.
sors The pnncipat values of the spical atom hf tensor are
denoted A_{l| The g, are molecular g-tensor components
for a radical with axial symmetry

1t 15 a1 first surpnsing that the tnmer with an assumed
C,, geometry should have an axially symmetric ESR spec.
trum. As discussed in more detail in Sec IV, this probably
implics tha1 Ag, is rotating sbout one axis. Thus the two
chemically equivalent nuclei become magnetically equiva-
lent and the principal sxes of their rotationally sversged hi
tensors will be paraliel 10 the molecular g-tensor naes Using
algonthm |1, several simuistions were run assuming non-
coinciden! gand A tensors. For this situation there 13 2 mag-
netic equivalency only when the field is parallel or nearly
parallel to » g-tensor prncipal axis. For all other onenta-
tions, the two M = O transitions no longer caincide {even in
first order}and additional sphttings might appear in the ESR
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discussion), the absalute energy difference is scknowledged
to be small. Since the ESK spectra show a 24, ground state
for Ag, in & nitrogen malnx, this places the 14, orbital & few
hundred wave numbers above 22, as indicated in Fig. 3. The
orbiwl energies for la,, i&,, 2b,, and la; are the adiabatic
excitation energies [relative 1o 2a, equals zerd| of the corre-
sponding 'A,, '8, '8, and 4, states given in Table VI of
Rel 29 A vertical excitation energy of approximately
25000 cm ™’ for 2b, was estimated [rom the orbital correls-
tion ciagram, Fig 2 of Ref 23 Not included in Fig. 3 srethe
five remaining orbitals of the p manifold. These either he
higher in energy than 25, or by symmetry make no contnbu-
tion to the timer g tensor

Also showrn in Fig 3 are orbital coefficients for those
MO's pertinent 1o the present analysy Atomic Sp ofbitals
sre specified with respect (o axes (x], pl, 1) through
{x}. v3, 23} centered on silver nuclei 1-3, respectively. The
momic axes and nuclesr numbening are defined 1n Fig. 2,
which mlse gives the orbinal coefficients for |2a,) Since
prbitals do not directiy enter into the g-lensor calculation,
thees have been omitted tn both fipures Using siandard
methods'™ ' ¥ the g shifts dg. = g, — ., are found 10 be

Lk

- Jdg. = ;1-%') | — a6 + 22,5b,.cosa - B1]°
U
+ ';.'b," [ M ITLETIE 20 - I0t- 291 Coﬂa—ﬂ'UJ.
{7
L2 R .
- Jdg, = q;’] aj,ej. wn' a, i8)
2, .
a5, = ani fugb,, + a8, conal’
'
u'r . . .
+?{; { ~eub), +2,b,, cosal %
I

In these expressions {which 1gnore overiap coninbutions),
Ay, =~ 815 cm™ " 3 the spin-orbit coupling constant for a sil-
ver Sp orbiial’’ and e, ¢ are {pasitive) excited state energies
for. respectively, the lowest and highest states whose sym-
meines are indicated in parentheses

The g-tensor eapressions contain Miny MOre param-
elery Then are avmiable either from the ESR hf constants or
from molecule structure calculations and a definitive com-
panison of experimental snd predicied constants is not posss-
ble Nevertheless several general features may be noted. Un-
less 1he tmmer 13 rotaung aboul one avs, it 15 dificult 10
reconcile Eqs (71-49) with the anially symmetric ESR spec-
trum observed for Ag, ™ The largest g shift is probably Ag,,
as this anises from the low lying 13, orbital * Since, expeni-
menlally, 4g, »4g,. this implies & rostional averaging of
Ag,, with either Ag,, or Ag,, The reistive magnitudes of
Az, and Ag,, are quite senyitive ta the angle a. 1 the bond-
ing between (he basal atoms is @ in character then a 15 small
and 3¢, —0. Since the h{ snalysis msociates -type bonding
with a rotational averaging about the y axis, this would imply
dg wmdg, and to Ag, = 1/2(4g8., + 2.} On the other
hand. if the bazal bond is best described as being o in charac-
ter then az=*/2 and, sgain because of the hf date, 4,

mAg, withdgp = 1/2(4g,, + 4%,,) In comparison (o the
case of & w-type bond, Ag, it relatively large and dg,, 1
small.
Since spin-orbit coupling mixes a significant amount of

&,, by, and o, character into the partially occupied 24, orbi-
tal, matrin elements of the operstor

]i.i Loy
T
wili not be 2ero The electron arbnai-nuzlear spin interac-
tion gives nse to pseudohyperfine terms, /7, [k ), which add
1o the isotropic and dipolar tensor elements

Ak j=ak )+ Tkt + 5k (n

for the apicakih = 1} and basai{k = 2 nucs: of the thmer ™
InEq (10}, g and 8 are the g factor and Boh: magneton for an
election or nucleus, subscript eor A respectively. The orty-
1al angular mementum of the ith eleciron 1s denoted ), 1, 15
anuciear spin vector and ry, is the disiance ‘rom electron 10
nucleus & By methods similar to those used in denving g-
1ensor expressions,™ we find

0k =1 8., 4g, . nun

where (approvimately| the proporonahiy zonstants, which
In some cases may be of order urniry, are fur.:ions of the same
ground snd evored siate orbiial cocfficier s that sppear in
the g-tensor expressions, Eqs {749 Since g, = — 00465
and '8, =90G," then 5/28,,|4g '~ | G Accordingly
the J2,|4 | mas be apprecisble, parucylar’s In companson
with the smasll dipolar hf for the apical nu:'zus

Mi)=g B, ex B

V1. DISCUSSION

For Ag. solated in nitragen marnces the ESR spectra
cleasly identily a "4, ground staie correspc ~dmng 1o a inmer
having an scute angled geomeiry A dishr oty different e
sult 13 obtained for Ag, 1n & deuierobenzane matrin.' for
which only the obiuse angled isomer 15 obszsved This diver.
gence 1n expenmental behavior 1s paratieled by a simudar di-
versily 1n the ground state symmetnes prec:.c1ed by molecu-
tar structure calculations Thus, Richtsmeier er al., M using s
distomics-in-molecule approach, predict & 4, ground stale
for Ag,, whereas the pseudopotential + densily functional
resulis of Find et o/ * suggest the 5. state 10 be mare stable
Andreom snd Martins,” using local-spin-densily |LSD)
methods, find a “4, ground state with frozen o orbitals bus
equal energies for the acute and obtuse geometnies if  orbr-
tals sre included as part of the valence mamiold. Since, inall
cases, Lhe enerpy difference between the 1wo geometrnies is of
the order of a few hundred weve numbers, 1t is not surprising
that such disparate hoats as N, and C,D, might stabilize ane
isomer in preference to another. A classic enample of this
cffect is the ground state of stomic nickel In the gas phase,
the *D, state lies 205 cm ™' above the *F, ground state [n Ar.
Kr, and Xe, however, the ground suse of Niis *D, “®*' In
neither C D, nor N, is there any evidence for & pseudorotat-
ing isomer. This is probably more a function of the tnmer
mass than en indication of nlarge inversion barrier, although
matrix effects might piay an important role in determining
phenomena as sensitive as pseadorotsiion =’
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For both Ag, geometries, the ESR spectra show [per-
haps surprisingly| large negative g shifts, phenomena asso-
ciated with both low lying exciled states and » ground state
hybridization scheme using 3p as opposed to 44 orbitals. For
Ajgyin N, the measured isotropic spin populations arep,, (1|

= 0.5 and g,,(2) = 0.12 for the apical and baaal nuclel, re-

spectively. These values are in excellent agreement with the
corresponding spin populations determined by ab initic
methods: p,, (V= 0.4 withp (2} m 013" and p,,{1) = 0.53
with p,,{1} = 0.12.** using LSD and SCF-Xa methods, re-
spectively. For all three sets of data, g, (1)/p,,(2) is very close
to the 4:} raiio predicted by s simpie Hisckel model. Neither
theory nor experiment pive sn adequate account of the aniso-
trapic span populations in A g, However, 1t can be inferred
from the ESR data that the wave function for the unpaired
electron is domanarnay 52in charscter ot the apical nucleus,
but has an approximaiely equsl admixture of S5 and 5p char-
scier at each of the two basal nuclel
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