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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.

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 

w ith a series of theoretical publications such as photoionization 

m easurem ents, (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 ,3 8 -4 3 ).

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. W henever 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.



4

II. EXPERIMENTAL 

n .l Introduction

The m atrices w ere 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 IA-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, # 901 B-l) 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



5

studied using a commercial spectrometer. A block diagram of the apparatus 

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

n.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 

e lectrom agnet and pow er supp ly  (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 TEjq2  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 over biasing 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 SxlO1® spin/G auss, 

(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 mm 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 ± 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 m onitored using a 

microwave frequency counter (Hewlett-Packard, model 5245L plus HP 5255A 

plug-in). Relative and absolute field positions are judged accurate to within 

± 0.2 % and ± 0.5 G respectively, (47).

fl.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 2V 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 tem perature 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 

d iode  in conjunction w ith  a m icroprocessor based tem peratu re  

indicator/controller (SERIES 5500, SCIENTIFIC INSTRUMENT, INC). The 

indicated m anufacturer’ 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 tem peratures could be 

attained and maintained for extended periods of time.

All tem perature transducers were m ounted 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 

m odulation coils around the cavity, the klystron m icrowave power 

dissipated in the cavity walls and conduction through the incoming matrix 

gases.

n. 4a Resonance Cavity and Target

A m icrowave resonant cavity is a box fabricated from high- 

conductivity metals that can sustain oscillations in an num ber of standing 

wave configurations called modes. The energy from the klystron is carried 

dow n the waveguide in a series of discrete modes for the electric field 

transverse to the direction of propagation. These modes, are designated 

TEm n, 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 TE^q, and TE2 0  the next highest and so forth. The 

cavity may also oscillate in a number of modes designated TEm np, 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 90^ 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 TE1Q2  cavity was

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

where for our cavity case d = 4.547 cm and A.0res = 3.224 cm or 

u D = 9.299 Ghz, (52). Fig. (2.3) shows the diagram of a cavity in the TE1 Q2  

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 

w indow 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)

n.4b Optical Absorption Detection System

In 1985 a 5' long optical fiber cable (GENERAL FIBER 

OPTICS,INC,#SS-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 monochrom ator 

(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 

optim ization 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 ).



11

n. 5a. The Effusion Source

The metals were evaporated from a double chambered Knud sen 

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 m atrix 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 tem perature chamber fig. (2.8) 

consisted of two 7/16" o.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 1900®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 tem perature 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 = e • (j. SA (T ^g ^ j.^  - T^ sink) (2.2)

where the emittance, e, can vary between 0 and 1, o, Stephan s constant 

5.6 XI0"!2 w att cm 'l K 'l, 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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sim ilar to those described in references, (47,52), except were minor 

engineering adjustments were made because of space restrictions.

II.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 m onitored using a commercial quartz deposition monitor 

(MODEL QM-300, VEECO INSTRUMENTS., INC), w ith 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 param eters 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 ( atom s/s) = 6.02 x 1015 Am (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 Am , 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 Am ,

N = 4.76 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 .59x l015 (p/M  ) R (2.5)

Table II.l gives a list of the metals used in these experiments and their 

calculated fluxes.

The low  tem p era tu re  m etal fluxes w ere es tim ated  from 

Nesmeyanov's Tables, (53), that plot vapor pressure vs temperature. More 

accurate m easurem ents were obtained w ith 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).

II.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 MS-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 pum p 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 

w ould 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. n .l  Block Diagram of the Experimental Apparatus

Outline of the experim ental 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).



LIQUID HELIUM 
CRYOSTAT

ELECTROMAGNETDIFFUSION
PUMP

SOURCE

LOW PASS 
FILTER

X - Y
RECORDER

COOLING

SYSTEM

MICROBALANCE

TEMPERATURE
SENSOR/CCNTROLLER

MATRIX GAS 

SOURCE

POWER SUPPLY

FOR METAL 

VAPOR SOURCE

MODULATOR

MICROWAVE
BRIDGE

LOCK- IN 

AMPLIFIER

SIGNAL

AVERAGER



1 8

Fig. n.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. H.3 Rectangular Cavity in TE]q2 Mode 

Adapted from reference (52).
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Fig. n.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.

| 50 G___________ 11750 G__________ | 3500 G_________ |5250 G



Fig. n.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 duster experiments. The spectrum is 500 Gauss wide and centered 

about g = 2.
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Fig. n.6 Block Diagram of the Optical Absorption System
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Fig. H.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. 0.8 High Temperature Chamber of The Effusion Source

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

the Group IB and Group HA metal fluxes.
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Fig. n.9 Radiation Shields
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Fig. 11.10. Flux Monitor Assembly.
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Fig.II.ll. Sample of Matrix Growth vs. Time Taken From The Mixed-metal 

Cluster Experiments.
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TABLE.n.l. 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 c Z /R d

Ag 10.5 107.80 4.63(14) 1.54(14)

A u 18.9 197.00 4.56(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 1.21(14) 4.04(13)

a. Smithsonian Tables. Units of g cm'3 (54).

b. Units of g m ol'1.

c. Atoms per sec for a reading of R = 1 A sec'1.

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



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

# EXP METAL* MATRIX* METAL/GASb DEP.C DEP.d
CAS RATIO TIME TEMP.

1 ESR Ag n 2 5:800 4 4

2 ESR Ag Ar 5:800 3 4

3 ESR Ag Xe 6:800 3 5.8

4 ESR Ag Kr 5:800 2 5.4

5 ESR 107Ag N 2 5:800 3 5.3

6 ESR 107Ag Ar 5:750 2 5.4

7 ESR Au *2 5:840 3 5.5

8 OA Au n 2 5:800 2 5.5

9 OA Au n 2 5:800 3 5.5

10 ESR-OA 107Ag Kr 5:800 3 5.5

11 ESR-OA 10?Ag n 2 5:800 3 5.5

12 ESR-OA 107Ag n 2 5:800 3 5.5

13 ESR-OA 1°7Ag Ar 5:800 3 5.5

14 ESR-OA 107Ag Ar 5:800 3 5.5

15 ESR Cu Ar 5:900 3 5.0

16 ESR-OA Na-Ag Ar 1:5:900 3 5.0

17 ESR-OA Na-Ag Ar 1:5:800 3 5.0

18 ESR-OA Na-Ag Ar 1:5:800 3 5.0

19 ESR-OA Na-Ag Ar 1:5:800 3 5.0

20 ESR-OA Na-Ag Ar 1:5:800 3 5.2

21 ESR K-Mg Ar 1:5:600 3 6.2



TABLE n.2. (continued)

# EXP METAL® MATRIX® METAL/GASb DEP.C DEP.d
GAS RATIO TIME TEMP.

22 ESR K-Ba Ar 1:5:600 3 6.2

23 ESR Na-Mg Ar 1:5:600 3 6.2

24 ESR Na-Mg Ar

25 ESR Na-Mg Ar 1:5:600 3 6.4

26 ESR Na-Mg Ar 1:5:600 3 6.4

27 ESR Na-Mg Ar 1:5:600 4 6.4

28 ESR Na-Mg Ar 1:5:600 3 6.4

29 ESR Na-Mg Ar 1:5:600 3 6.0

30 ESR Na-Mg Ar 1:5:600 3 5.0

1:8:600 2 6.2

1:5:600 4 6.2

1:5:600 6 6.2

1:10:600 2 6.2

30 ESR Na-Mg Ar 1:3:600 6 6.2

31 ESR Na-Mg Ar 1:5:600 3 6.2

32 ESR K-Mg Ar 1:5:600 3 6.2
33 ESR K n 2 1:800 3 6.2

34 ESR K-Mg n 2

35 ESR K-Mg N 2 1:5:800 3 6.2

36 ESR K-Mg Ar 1:5:600 3 6.2

37 ESR Na-Mg Ar 1:5:600 3 6.2



TABLE D.2. (continued)
32

# EXP METAL® MATRIX®
GAS

METAL/GAS^ DEP 
RATIO TIME

.CDEP.d
TEMP.

38 ESR Na-Mg Ar 1:5:600 3 6.2

39 ESR Na-Mg Ar 1:5:600 3 6.2

40 ESR K-Mg Ar 1:5:600 3 6.2

41 ESR K-Mg Ar 1:5:600 3 6.2

42 ESR K-Mg Ar 1:5:600 3 6.2

43 ESR K-Ba Ar 1:5:600 3 6.2

44 ESRe Ag N2 5:800 3 6.2

45 ESRe Ag N 2 5:800 3 6.2

46 ESR K-Ca Ar 1:5:600 3 6.2

47 ESR Na-Sr Ar 1:5:600 3 6.2

48 ESR K-Sr Ar 1:5:600 3 6.2

49 ESR K-Sr Ar 1:5:600 3 6.2

50 ESR Na-Sr Ar 1:5:600 3 6.2

51 ESR Na-Ba Ar 1:5:600 3 6.2

52 ESR Au N 2 5:800 3 5.5

53 ESR Au n 2 5:800 3 5.5

54 ESR Na-Ba Ar 1:5:600 3 6.2



TABLE H.2. (continued)

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

Mg,Ca
Ba,Sr

Cpmp any
Gallery, 99.95%
Alpha, 99.995%
Airco, 99.9998%
Alpha, 99.9999%
USDOE, Oak Ridge National 
Laboratories.

99%
Aisar, 99.8%
Alpha 99%

b. Micron pressure units. Ip = 10*3 Torr for the matrix gas. 
Ase<rl units for the metals where lp  ~ 2 Asec‘1.

c. 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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in. THEORETICAL

in .l. Introduction

Electron Spin Resonance, ESR, spectroscopy is one of the methods 

used in the study of the interaction of paramagnetic species with an applied 

m agnetic field. It m onitors the absorption  of rad iation  and the 

accompanying resonance conditions when these param agnetic atoms or 

molecules interacting with the applied field change their energy states. The 

previous chapter covered the experim ental factors involved in the 

generation of these spedes 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 param agnetic 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, pe, is given by eq. (3.1),

l*e=-gePe*S (3.1)

where, S, is the spin angular momentum vector of the electron, gc, a
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dimensionless constant called the electron free g-factor, (2.00232), and, Pc is

the electronic Bohr magneton, (9.27410 x 10'21 erg-G*l). The interaction of

the electronic moment and an applied field, H, is given by the electronic

Hamiltonian in eq.(3.2),

H e=-He H (3.2)

If the applied field is the z direction, then eq.(3.2) becomes,

«  e= g A H , M s (3.3)
where Ms is the quantized spin momentum, S, into its two allowed 
states. Mg = (±1/2).

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

E+] / 2 =  +  1 n gePeH z' E-1 /2 *  -1 / 2  8 e P e H z (3.4)

A E =gepeH z (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 w ith an electromagnetic radiation field of frequency, o .T h is 

condition is described by eq. (3.6),

AE = ho = gePeH z (3.6)

where h, is Planck's constant. For these experiments, u, was in the X-band 

region of the spectrum -9.2 Ghz and the field strength, Hz, 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, pn. An equation analogous to (3.1) is obtained,

gnPn1 (3.7)

with the applied field again in the z direction, the nuclear Hamiltonian can

be expressed by eq. (3.8),

^  n= S n P n ^ z^ I (3.8)
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where gn is the nuclear g factor, pn is the nuclear Bohr magneton,

(5.05095 x 10'24 erg-Gauss'l), and Mj 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  hf = S-A-I (3.9a)

The spin vectors are couple thru the symmetric tensor, A. Equation (3.9a) is 

then expanded,

H  = SxAxxIx+SyAyyIy+SzAzzIz (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.

m.2b. Spin Hamiltonian

The interactions described in the previous section are then combined 

into a single equation known as the Spin Hamiltonian,

H  s= Pe ^ z MS + P n g n ^  + S-A-I (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 u = 9.2 Ghz. It 

also defines the center of the spectrum  and has the largest order of
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m agnitude, ~ 1cm '1.The second term called the nuclear zeeman is three 

orders of m agnitude smaller then the electronic zeemam, ~ 10'3 cm 'l,is  

usually neglected. The last term called the hyperfine interaction with an 

order of m agnitude -  10_1 - 10*3 c 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, Aiso, and the second called the 

anisotropic or dipolar term, A jjp . Rewriting the hyperfine Hamiltonian 

(3.9a), we have,

»  hf -  tAiSo + Adip) S I  (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 iso = a I S = a d ^ + Iy S y + I^ )  (3.12)

where a, is the isotropic hyperfine constant and equals,

a ^ -fg .P .g .P J 'M )!’ (313)

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, pe and p n, is similar to

the coupling of two bar magnets. The classical interaction energy, E, is given 

by eq. (3.14),
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E = - ^ ( n . r ) ( ^« r ) (3 . 14)

w here r, is the radius vector from the two magnetic moments, and r, is its 

magnitude. To obtain the quantum mechanical version of (3.14), eqs. (3.1) 

and (3.7) are substituted into eq. (3.14) such that the dipolar Hamiltonian is 

expressed by eq. (3.15),

The anisotropy arises from the orientation dependence of the radius 

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

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 0  are constantly changing 

therefore integration is over a spatial average of the orientation dependent 

term over the whole electronic orbital, i.e. <(1-3 cos20 ) / r 3>av  ̂ (58).

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

and the term <(1-3 cos2o )/r3>av = 0 for spherically symmetric orbitals.

in.2c Transition Field Positions

A general solution of the Spin Hamiltonian, eq. (3.10), can be obtained 

by using the basis function I S,MS,I,M]>, (64), and perturbation theory, (57). 

For the hyperfine interaction equations (3.11) and (3.12), the IZS2 terms will 

give the first order hyperfine energies by perturbing the zero order wave

H dip= - g .P .g np n(-^<I r ) (S  r ) ) (3.15)

H dlp= - g . 3 . g n P n ( ^ < l - C O S ^ 0 )  ■ I- s ) (3.16)

(3.17)
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functions and the remaining terms, and IySy 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 eqs. (3.18a) and (3.18b),

<S,+Ms,I,+MI I H s I -

« A H*+MS + gnPnHz+M, +

(A iso-2Adlp)+Ms-M , (3.18a)

and,

<S,-Mg,I,-Mj i H  g I «

gePc.H,-Ms + gnPnH z-M, +

(Aiso-2Adip)-Ms-M, (3.18b)

The off-diagonal elements are given by eq. (3.19a) and (3.19b),

<S,Mg,I,M| I H s I S,Ms-1,I,M!+1> =

l /2((S+Ms)(S-Ms+l)(I-M,)(I+MI+l))1/ 2(Ajso+Adip) ° ' 19a)

and,

I H S t S,Ms + l,I,M r l>  -
(3.19b)

l/2((S-M s)(S+Ms-l)(I+MI)(I-Mr l))1/ 2(Aiso + Adip)

For the case of Ms = ±1/2, the energy levels are given by eq. (3.20),

E(±l/2,I,Mj) = -1 / 2  + 1 /  2 a ± A„)

± l/2{(Ae+An)2 + 2a (Ae+An)(M ,±l/2)

+ a2 (I+l/2)2 }1' 2 (3.20)

where Ae-  ge^eH z and An= gnpnH 2 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,

ho = E(+1/2,1,!^) - EC-1 (3.21)

Transitions between these levels is then accomplished by a second time 

dependent oscillating field, Hosc= 2(AeSj - A^I^cosoot, 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=  lgePe<MS'MI 1 1 H o s C  1 I2 (3.22)

If Sx, is expressed by the ladder operators, Sx * 1/2(S+ + S'), then Sx I Ms> = 1/2 

{(Ms - 1) + (Ms +1)} and all other matrix elements will vanish. A similar 

treatment can be done with Ix, 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,

H(Mj) = - Mj a /  (l-a2/4)

±{M,2a2/( l-a 2/4) + l-a2(I+l/2)2/( l-a 2/4)}1/2 (3.23)

where H(Mj) is the observed field position between 2 states with equal Mj, in 

units of (AeAn/h u ), and, a the hyperfine splitting in units of a /ho . A plot of 

H(M j) 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 dom inant term is the isotropic hyperfine

interaction,i.e a I S > gePe H S, which couple the spin vectors S and I into a

resultant angular momentum, F = (I+S), with its (2F+1) projections given by 

MF= F,F-1,....... -F.

(ii) Strong Field : the dominant term is the electronic zeeman, i.e, gePe
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H S > a I S, and decouples I and S making them good quantum numbers with 

their projections Mj and Mg split into (2I+1H2S+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,) = (ge/ go JHp + (ge/go)aM,

+ <ge/go>2 a2[I(I+l - M,2)] /2H(Mj)

+<ge /go)3 a3[M|2(M,+l /2-I(I+l)] /2H(Mj) (3.24)

H e is the resonant value for the free electron, 3312.2 Gauss, ge is the free 

electron g-value, g0 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).

m.3. Breit-Rabi Equation

For molecules with large hyperfine values, A u3, (65), or with very 

large hyperfine values, Cu3, (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



eq. (3.23) ishyperfine at the remaining nucleus. An equation similar to 

obtained which gives the energy levels, E(±Ms,Mj), 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),

Mfa M ,a2

F ? ) J
+ 1 -  a2 i' + i)

’ - - r

<3.25)

where q = g ^ H / h u ,  and a= A /hu . For the case where Mj = ±1 = ±3/2, eq. 

(3.25) becomes,

n ( ±  / )  =
( -  2 ± (2/ + 1 )a) (3.26)( - 2 ±  a)

If h(±I) = H t/H o  and a = (ge/g0)A /H 0 = a /H 0, where H0= h u /g Gpe and 

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 H0, can be obtained by substituting these terms in eq. (3.26) and we

now have,

-2 ± (21 + 1)a -  2 ± a 
H (3.27)

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

* 4 -
2% ( - Hoi Z a ) (3.28)

( - 2 M>± a )
and this equation gives a quadratic in terms of H0 or a. When solved in

therms of H0 we have,
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(3.29)

where a = 3H0h+/4H 0-h+, and h+ = 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,

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.

(3.30)

4
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Fig. ni. l .  Transition Field Diagram

Transition fields, hf vs. H, for 2S 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. in. 2 Zeeman Energy Level Diagram

Zeeman energy level diagram for a 2S atom with I -  3/2. The states are 

labeled in both the uncoupled basis, IS,Ms,I,Mj>, and the coupled basis, 

I F,Mp>. Adapted from ref. (47).
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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 supplem ent the ESR experim ents 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 

attem pt 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 dearly resolved lines for each silver isotope with 

1 = 1 / 2  are seen at low and high field for 109Ag and ^ 7Ag 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 2: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 LA 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. l07Ag3, 109Ag3, 107Ag2109Ag,

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 experim ent was conducted w ith isotopically 

enriched silver, *®7Ag, 99.9% pure. Fig. (4.5a) shows the axially symmetric 

107 Ag3 in an N 2 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 = ±1/2 respectively. This might
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imply as in the case of Li7  in Ar, (17), that the trimer is trapped in several 

m atrix sites w hose m agnetic param eters show a small tem perature 

dependence.

Well resolved spectra were obtained and facilitated the assignment of 

the trimer to a 2A 1 ground state in contrast to the 2B2 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,

A \  + A * ,
4 H i

A 1t /
2H

[ j ( i + l ) - M ’] 

[Xj + 1) -  M ’]
I I

(4.1)

The observed line positions of the isotopically enriched trimer in an 

N 2 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, 1 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, 109A g /107Ag = 1.154, (73), which was in good agreement with the

!From reference, (52), the sign of A / /  and Ajl cannot be identified by the 
use of eq. (4.1) alone. But, here we may assume that A / / ,  Aj_ > 0, in 
agreement with "the environment change rule of Schoemaker", (52).
Indeed, in our case for the 107Ag3 both A /  j  and Aj_ were positive.
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IV.2c. Heteronudear Clusters: Ag and Na in an Ar Matrix

O ur first a ttem pt at generating m ixed-m etal clusters were 

unsuccessful. Fig, (4.6), shows the spectrum of Na-Ag in an Ar matrix. The 

spectrum shows only the atom lines of 107Ag and Na. The less intense 

transitions were from Na3. 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 2 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 

Agn, were n £ 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 

2^ 3 / 2,1 /2  <-2^ l / 2  transitions. The bands to the red have been assigned to the 

2p 1 / 2<“ 2s j / 2  transition, and the doublets to the 2P3 / 2  transition for
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Ar and N 2 respectively.

(ii) Ag2 : two bands were assigned to Ag2 in Ar, the strong A-X 

transition around 440 nm, and at 260 nm a band corresponding to the B-X 

transition. O ther weak bands were also observed but were not easily 

assigned to the Ag2 system.

In an N 2 matrix a series of weak bands were observed towards the

red but no assignments could be made.

(iii) Ag3: only one band in N 2 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 Agn, 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 Ag2 /A g 3 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 Ag2 /A g 3 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 2

matrices along with positions d ted by refs. (67, 83-84).

Selective cluster generation was attem pted 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 num ber of 

bands with no significant band shifts or growth.
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IV.3 Gold Atoms and Gold Clusters Isolated in an N2 Matrix

Fig. (4.9) shows the spectrum of Au metal clusters generated in an N 2 

matrix. The very intense four line transitions are those expected from a 2S 

gold atom with 1 = 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 Ag3, (72), and Cu3, (6 6 ), in an N 2 matrix.

Due to anomalies and transitions overlap in this spectrum , definite 

assignment of the line positions could not confirmed. However, better 

agreem ent m ight 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

rv.4.1 Introduction

The axial spectrum of 107Ag3 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 im portant physical properties of the trim er 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 2 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 Ag3 in a nitrogen 

support matrix, and the second part, the OA spectra of silver clusters, Agn, 

in Ar and N 2 support matrices.

IV.4.2 ESR of Ag3

The Jahn-Teller effect has been used extensively to explain the 

different interactions of a triatomic molecule, such as N a^ Li3, (17), and Ag3,

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, la! and 

lb 2, 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 D3h 

equilateral triangle to distort to the lower C2v symmetry and form an acute 

or an obtuse angled isomer with 2Aj and 2 B2 ground states respectively. 

More im portan t experim ental observations have show n 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 com parable to the 

experiment time scale, giving rise to an alternating line width effect. These 

different molecular orbitals will show different ESR spectra thus providing 

inform ation 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 2A3 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 2 B2. The

spectral pattern has not been seen in nitrogen support matrix, instead it has 

been observed for Ag3 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 2 and C6D 6, can

stabilize one isomer in preference to the other. This divergence in the
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ground state assignm ent is also predicted by m olecular structure 

calculations. Richtsmeier et al., (34), using a diatom ics-in-m olecule 

approach, predicted the acute angle isomer with 2Aj ground state to be more

stable, while Flad et al., (77), using the pseudopotential + density function, 

suggested that the 2B2 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 2aj

orbital and the expected 5s 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)l + T(2), where T(2) is given by,

T (2)=P(2)
( - 1  0 0

0 3 cos 2 a -1  3 sin a  cos a
 ̂ 0 3 sin a  cos a  3 sin 2 a -1 (4 . 2 )

where a(2 ) 1 = p5p(2) and (3(2 ) = p5p(2) x P5p and a  is the angle between the p 

orbitals of the two basal atoms and the molecular C2 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 (l) * a ( l) l +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 107Ag3 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 Ay y - A^, can be either positive or

negative. But as shown in column 5, of table (4.4), the observed value was 
positive, A y  y  (2) - A^(2) = 3.4G. This would imply that for the calculated

value from the anisotropic spin population, P5p ~ 1.4G, to satisfy the 

observed value of A y  y  (2) - A_l(2) = 3.4G, that the angle a , is close to either 0 °

or 90°. This indicates that the trimer is rotating about the molecular C2 axis,

which is the z axis in our framework. This phenomenon is also seen in the 

case of N 0 2, (60,82), where it is easy to identify the axis of rotation. For the 

107Ag3 the axis of rotation is not easily identifiable because the three

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

Using the hyperfine constants, Ay y and A ^, the isotropic hyperfine

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

a = i ( A , , + 2 A 1) (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, 107a5 s

2 For 107Ag3, the rotational constants are A* 0.050 cm '1, B * 0.033 cm ' 1 and C 
-  0.020 cm' 1 where A, B, and C correspond in fig. {4.7) to the x, y, z axes 
respectively, (60). For N 0 2, A = 8.0 cm'1, B = 0.43 cm'1, and C = 0.41 cm '1, 
table D-4, (60). Thus, for N 0 2, A would most likely be the rotational axis.
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= 611.1G, (77,78), the isotropic spin population P5 S(1) on the apical atom and 

pgs(2) on the two basal atoms are then obtained. Table (4.5) lists the isotropic 

spin population for 107Ag3 in an N2 matrix along with values from two ab

initio methods, (79,80). These values are in excellent agreement with one 

another and the ratio of p5s( l) / p5s(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 =  ̂ ^  ^

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

p5s = 75%, the calculated anisotropic spin population using eq. (4.4), was p5p

= 12.5% on each of the two basal atoms. When multiplied by the anisotropic 

param eter for a 107A g5p orbital, P5p * 9.0G, (78), we get the anisotropic

hyperfine* 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, Ag^ = ge- gjj, can be obtained. For the trimer both A g // = - 0.0090

and Agj_ = - 0.0465 were negative. We can assume from these large negative 

g-shifts that the anisotropy of the partially occupied 2 aj 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 Ag3 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 2P 3 / 2  level to split into two 

sublevels, 2P$/2±\/2 anc* 2^ l / 2±3 / 2 ' w ^ere 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 2 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 Ag2.

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., (6 8 ), 

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 photoexdtation in Kr and Xe support matrices, Ozin et al., (6 8 ), have 

reported observing a new band at 445 nm which they assigned to the Ag3

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 N2 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-ILA 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 

param agnetic. They all have an ns2 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 HSR 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 DA 

metals, i.e., Mg, Ca, Sr, and Ba, in argon support matrices. These mixed- 
metal species were labelled Na-IIAn and K-IIAn . Also, in every spectrum

there were additional lines which were due to either the alkali metal trimer 

or septem er and methyl radical impurities. The assignments for these 

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

IV.5.2 Na-IIAn in Ar Support Matrix,

i) NaMgn /A r

The spectrum of NaMgn 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, n, and III. We believe that they arise from clusters of 
the form NaMg to NaMgn, where n i l .  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) NaCan /A r

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 dim er NaCa. This spectrum  shows an orthorom bic 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) NaSrn /A r

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) NaBan /A r

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-IIAn in Ar Support Matrix.

i) KMgn /A r

Fig. (4.15) shows this spectrum with the intense quartet due to

a single 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 KMgn with n £ 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) KCan /A r

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 n, 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, 41K /39K * 0.7/9.9 = 0.071, were 

in good agreement with their natural abundances, 6 .8 8 %/93.10% = 0.073, (17, 

60). The quartet labelled I was assigned to the mixed-metal cluster of 39KMg. 

The last set labelled ID, 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 m ultiple 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 HA atomic size. We observed a similar trend with 

the IA-HA mixed-metal clusters.

The group HA metals all have an ns2 electronic configuration and are 

therefore not paramagnetic. Fig. (4.17), shows the electronic energy diagram 

of both groups IA and HA metals.



6 6
-1

cm

10000 -

20000 -

30000 _

40000 _

50000 -

60000 -

Mg SrCa BaNa K

Fig.IV.17. Electronic orbital of the groups IA and HA 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),

O  = a ^  (4s) - tx j^g  (3s) (4.5)

If we include the em pty 3p orbitals of the m agnesium  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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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,

0> = a ^  (4s) - txt^gOs) - c t ^ g  (3p) (4.6)

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

these mixed-metal clusters. For KMgn and NaMgn this was not observed.

Even though we assigned their spectra as having mostly isotropic hyperfine 

characters, we cannot rule out the fact that the m ultiple 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 HA 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 param ount im portance to the form ation of the dimer. The 

absorption of KMg, formed in the excited state, was also studied by Barat and 

Benard, (90-92), using chem ilum inescence 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 (3P) and 

this mixed dimer might have a chemical binding similar to an alkali dimer. 

Kappes et. al., (93), using supersonic molecular beam generation techniques 

and photoionization mass spectroscopy, reported that the dim er was 

observed w ith 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 K5Mg and K^Mg.
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This simple MO picture was also substantiated by the g-shifts analysts. 

Except for NaBan , 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 m ixed-m etal clusters, we believe tha t 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 NaMgn down the period to NaSrn .

Fig. (4.21) shows the correlation of Ag vs. the one electron spin-orbit

coupling constant, X, of the IIA atoms, (35).
AgxlOO

2 _

Ca

300100 200  t 400

Fig. IV. 19. The correlation between the observed Ag of Na-IIAn and the one- 

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

There is linear dependency between X and the Ag values. As shown in fig. 

(4.19), the g-shifts are increasing w ith 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 attem pt to build MO diagram s 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 

em bedded 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 HA atoms to the alkali atom or an already 

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

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

dimer,

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

i) K + Mg 

KMg + Mg 

Mg + KMg2

-> KMg 

—> KMg2

—» KMg3

ii) K + Mg 

KMg + K 

K2Mg + K

-> KMg 

-> K2Mg 

K3Mg
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clusters. From their calculations, they concluded that Mg2, Mg4 and Ca4, 

would be weakly bound as compared to Be2 and Be4. They attributed the 

difference in the bonding between Be, Mg and Ca to the extent of s-»p 

hybridization. For Be, the 2s-»2p hybridization was greater than the 3s—»3p 

and 4s->4p on Mg and Ca respectively. And, they also reported that 

even though the Ca 4s—>4p hybrid bond is more diffuse that the Mg 3 s—>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 DA 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 HA metals.

M ultiple cluster form ation 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 109Ag 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 109Ag and 107Ag atoms isolated in a Kr matrix at

4K. The overall scan was 800 Gauss wide and centered about g = 2.
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Fig. IV.3. ESR Spectrum of Silver Atoms in a Xenon Matrix.

The ESR spectrum of 109Ag and 107Ag 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 Ag3 in a Nitrogen Matrix.

The ESR spectrum of naturally abundant Ag3 in an N2 matrix. Two 

sets of transitions corresponding to the silver atoms, ^ A g  and 107Ag, are 

shown. Also, 48 parallel and 48 perpendicular transitions were assigned to 

the combinations of 109*107Ag3. The overall scan was 700 Gauss wide and

centered about g = 2.
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Fig. IV.5. ESR Spectrum of 107Ag3 in a Nitrogen Matrix.

The ESR spectrum of isotopically pure 107Ag3 in an N 2 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 107Ag3. 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.
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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.7.0ptical Absorption Spectrum of 107Ag in an Argon Matrix.

OA spectrum of 107Ag 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.8.0ptical 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.

89

The ESR spectrum of gold atoms isolated in an N 2 Matrix at 4.2 K. In

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

originate from a specie labelled "Au3". 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 Agj.

<s> x
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Fig. IV .ll. ESR Spectrum of NaMg in an Argon Matrix.

92

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 Na3, (17). The remaining

transitions were assigned to the mixed clusters and are labelled I, I*, n, and

HI. The overall scan was 1200 Gauss wide and centered about g = 2.
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Fig. IV. 12. ESR Spectrum of NaCa in an Argon Matrix.
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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 

Na3 f (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.
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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 I. The remaining transitions present in the spectrum were from 

N a3 (17). The overall scan was 1200 Gauss wide and centered about g = 2.
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Fig. IV.14. ESR Spectrum of NaBa in an Argon Matrix.
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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 Na3, (17). The

remaining transitions were assigned to the mixed clusters and were labelled

I, n, and III. 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.

100

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 41K isomer, (17). The 

remaining transitions were assigned to the mixed clusters and were labelled 

I, n , and in. 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.
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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.l. .Line Positions of 107Ag3 in an N2 Matrix.

104

rype 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 -0.6
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 107Ag3 in a nitrogen 
matrix and gas phase parameters for the 107Ag atom. Units are in Gauss®.

Matrix g A (l)c A(2)C

107Ag3 <//) n 2 1.9933(3) 310.8(6) 76.0(2)

107Ag3 (1) n 2 1.9558(3) 310.1(6) 72.2(2)

107Ag atom N 2 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 ge3e in 
ergs G'V

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 run Units.

Clusters

A ra N 2a Arb

Matrices

Krb Nec GI*1

Ag 300-320 309-327 298-314 310-340

Ag2 256 220 260-275
381 254 390

Ag3 440 402 225-240 220-250
360 280 280

360 350
440 410

Ag4 350

Agne 570

435
279

261-270
266
256
249

a. Bands assignments from our experimental results.
b. From Ozin et al., (67).
c. 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 107Ag3. The Axes X, Y, Z are the same

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

Rotation 

axis and 

nuclei

A/ / A l A /  } ' Aj_a

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

Y(C2 axis) a+P(3cos2a-l) a+l/2p(3sin2a-2) 3/2p(3cos2a-l)

Z a+p(3sin2a-l) a+1 /2P(3cos2a-2) 3/2p(3sin2a-l)

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 o i A f  /  -
A_l (1 and 2) from table (4.1).
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TABLE IV.5. Isotropic Hyperfine Constants and Spin Populations for 107Ag3 

and 107Ag in a Nitrogen Support Matrix

N ucleus a P58<H* PSs*1^ P5sa ) c

Apical (1) 310.3 (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 P5S(1) and P5S(2) are ratios of corresponding h.f.
values to the gas-phase constant 107a = 611.1G, (78).

b. Calculated from Ab-initio methods, (80).
c. Calculated from LSD and SCF-Xa methods, (79).



TABLE IV.6 Line Positions of NaMgn in an Ar Matrix.
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Sites* H(meas)b H(cal)c Diff.

A 2841.5(1) 2831.4(4) + 0.1

3162.4(2) 3162.2(1) + 0.2

3492.7(1) 3493.1(1) - 0.4

3824.2(1) 3824.0(1) + 0.2

A ' 2847.5(1) 2847.8(2) - 0.3

3167.2(1) 3166.8(1) + 0.4

3486.0(1) 3485.8(2) + 0.2

3804.5(2) 3804.8(1) - 0.3

I 2896.7(1) 2896.2(3) + 0.5

3182.4(1) 3182.5(4) - 0.1

3467.4(2) 3468.9(2) - 1.5

3756.2(3) 3755.2(1) + 1.0

I* 2908.3(2) 2908.5(3) - 0.2

3186.1(2) 3186.8(4) - 0.7

3467.2(1) 3465.1(6) + 2.1

3742.3(2) 3743.4(3) - 1.1
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TABLE. IV.6. (Continued)

Sites3 H(meas)b H(cal)c Diff.

n 2962.0(1) 2961.5(8) + 0.5

3203.9(2) 3204.2(5) - 0.3

3445.5(1) 3446.8(5) - 0.9

3689.5(1) 3689.5(8) + 0.7

hi 3038.7(3) 3041.7(9) - 3.0

3232.7(2) 3228.8(5) + 3.9

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, II, and III are from the Na atom 
and and the mixed-metal dusters 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.7 Magnetic Parameters of NaMgn in an Ar Matrix.

Sites® g-values a0(G)b pc

A 1.9982(1)

A ’ 1.9990(2)

I 1.9994(6)

I ’ 1.9992(8)

n 1.9995(5)

ni 2.0014(18)

330.2(1) 1.04(1)

318.5(1) 1.01(1)

285.9(5) 0.905(5)

277.9(7) 0.879(8)

242.3(4) 0.767(4)

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 ajsja = 316.1 Gauss, and aG = go H e/ HQ.

c* PNa = ao t  aNa-



TABLE IV.8 Line Positions of NaCan in an Ar Matrix.
112

Sites3 H(meas)b H(cal)c Diff.

A 2828.4(3) 2829.7(5) - 1.3
3161.2(3) 3162.6(2) - 1.4
3501.9(7) 3495.5(3) + 6.4
3824.4(5) 3828,4(9) - 3.9

I 2960.0(9) 2960.4(20) - 0.4
3203.8(6) 3204.7(13) - 0.5
3451.9(5) 3449.2(13) + 2.8
3691.8(9) 3693.4(20) - 1.6

I 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) + 0.8
3220.0(10) 3219.5(12) + 0.5
3460.1(10) 3463.5(10) - 3.4
3709.5(13) 3707.4(20) + 2.1

a. Sites labelled A, and 1, are from the Na atom and the mixed-metal dusters 
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 NaCan in an Ar Matrix.

Sites8 g-values »o<G)b PC

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 aNa = 316.1 Gauss, and aQ = go H e/ HQ.

c PNa = ao f  aNa



TABLE IV.10 Line Positions of NaSrn in an Ar Matrix.
1 1 4

Sites8 H(meas)b H(cal)c Diff.

A 2829.4(5) 2828.4(6) + 1.3
3157.2(6) 3159.3(4) - 2.1
3490.4(3) 3490.1(5) + 0.3
3821.5(5) 3821.0(6) + 0.5

I 2995.5(9) 2996.1(5) - 0.6
3243.3(6) 3242.0(4)) + 1.3
3487.3(5) 3487.8 (3) - 0.5
3733.6(9) 3733.6(6) 0.0

a. Sites labelled A, and I, are from the Na atom and the mixed-metal duster 
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 .ll Magnetic Parameters of NaSrn in an Ar Matrix.

Sites® g-values a0(G)*> Pc

A 2.0001(7) 330.6(8) 1.04(7)

I 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 ajsja = 316.1 Gauss, and aQ = go H e/ Hq.

c  PNa = ao f  aNa-



TABLE IV. 12 Line Positions of NaBan in an Ar Matrix.
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Sites® H(meas)b H(cal)c Diff.

A 2828.8(14) 2825.7(12) + 3.4
3146.7(12) 3150.2(10) - 3.5
3471.7(9) 3474.7(9) - 2.0
3801.6(14) 3799.1(12) + 2.5

A ' 2837.3(15) 2846.4(13) - 9.1
3158.2(11) 3161.4(10) - 3.2
3461.9(10) 3476.3(8) -14.4
3785.9(15) 3791.3(13) - 5.4

I 2885.0(5) 2884.6(3) + 0.4
3166.7(3) 3167.8(2) - 1.1
3452.0(2) 3451.0(3) + 1.0
3734.0(5) 3734.2(3) - 0.2

n 2896.1(5) 2895.8(3) + 0.3
3171.0(2) 3171.9(4) - 0.9
3448.8(3) 3447.8(2) + 1.0
3723.6(5) 3723.9(3) - 0.3

a. Sites labelled A, and I, are from the Na atom and the mixed-metal dusters 
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 NaBan in an Ar Matrix.

Sites* g-values >o<G>b PC

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)

n 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 a ^ a = 316.1 Gauss, and aQ = go H e/ HQ.

c' PNa = ao /  aNa-



TABLE IV.14 Line Positions of KMgn in an Ar Matrix.
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Sites* H(meas)b H(cal)c Diff.

A 3197.4(5) 3198.0(3) - 0.6
3290.2(3) 3289.3(2) + 0.9
3380.5(4) 33380.5(1) 0.0
3471.5(5) 3471.8(2) - 0.3

I 3209.2(4) 3208.9(8) + 0.3
3286.8(5) 3287.3(2) + 0.5
3366.0(3) 3365.7(1) + 0.3
3444.2(4) 3444.1(7) + 0.1

n 3243.6(6) 3243.3(3) + 0.3
3299.7(4) 3300.1(2) - 0.4
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) - 1.3
3386.6(5) 3385.8(2) + 0.8

a. Sites labelled A, and I, II, and III are from the 39K atom and the mixed- 
metal dusters 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.15 Magnetic Parameters of KMgn in an Ar Matrix.

Sites* g-values a0(G)b Pc

A 1.9900(3) 90.74(3) 1.11(3)

I 1.9950(2) 78.11(2) 0.958(2)

n 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, D, and HI are from the Na atom and and the mixed- 
metal clusters respectively.

b. The K atom atomic h.f. is aj; = 81.9 Gauss, and aG = go H e/ H0>

c PK = ao /  aK



TABLE IV. 16 Line Positions of KCan in an Ar Matrix.
1 20

Sites® H(meas)b H(cal)c Diff.

A 3193.5(3) 3193.9(6) + 0.4

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) - 0.5

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) + 0.5

n 3256.2(5) 3255.8(2) + 0.4

303.1(3) 3303.4(2) - 0.3

3350.4(2) 3351,0(3) * 0.6

3399.1(5) 3398.6(3) + 0.5



1 2 1

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 dusters.

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 KCan in an Ar Matrix.
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Sites8 g-values a0<G)b 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)

n 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 aj; = 81.9 Gauss, and aQ *= go H e/ HQ.

c PK= ao I  aK-
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Appendix I. Reprint by permission of the American Institute of 

Physics: ]. Chem. Phys., 82, 4739 (1985)
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ESR spectra of Aggf1̂ )  in an N2 matrix
K K e m is a n t ,  G . A. T h o m p w n .* *  a n d  D. M. U n d a a y
Dfportmrnl o / C k t m m r y  City Um'orrjiiy £>/S t m  York. Thr Ci ty  C-oJ/rft \ r w  York, \ t w  York 100)1 

(R eceived  2 9  January 1913; accep ted  t M arch  19*5)

ESR  sp ectra  assign ed  to  A g ,  m o lecu les  h ave b een  p ro d u ced  by c o d e p o s itm f  a tom ic  silver w ith  
excess  n itr o te n  at tem p era tu res d o s e  to  4 2 K  T h e  sp e ctra  are ch arac terised  by an a n a lly  
sym m etric  sp in  H am ilto n ia n  h a v in g g | «  1 9 9 3 3 |3 ) a n d g ,  — I 9 5 5 ((3 ) an d . for l , , A g ,, A  l l |
-  110 1(6| G  w ith  ,4,11) -  3 1 0 .1 16| G  and A t {2) m  7 6 .0 (2 | O  w ith  A J 1 )  -  72 6(2) G  for the 

apical( I) en d  b a ss  ll 2) n u c le i, resp ectively  T h e  a n a l  sy m m e tr y  o f  the sp e ctra  is  b e liev ed  to  im p ly  
that th e trim er is ro ta ting  ab o u t o n e  s a i l  T h ere  is n o  ev id e n c e  for a p se u d o  r e n t in g  t rimer 
spectru m  T h e  iso trop ic  sp in  p op u la tio n s a r c /? , , ( l |  — 0 .51  an d  p . ,  131«  0  12 im p ly in g  an acu te  
a n gled  g eo m etr y  w ith  g rou n d  s ta te  sy m m etry  7 A , T h is  is  in  sh arp  co n tra st to  the o b tu se  an g led  
n o m er  |* J ,  grou n d  sta le) fou nd  for A g , in  a C ,D t  m atrix  F o r  A g , :d , |  there it  little/r ch aracter on  
thr ap ical a to m  but a 10% -1  5% p  h yb r id isa tion  on  ea c h  o f  th e tw o  b a sa l nuclei

I IN T R O D U C T IO N

T h e rquilateral triangle is an u nstab le geom etry  for 
b oih  th e G rou p  IA  and G ro u p  IB m eta l (rim ers ' A  J a iin -  
T eller d is u n io n  rem oves th t  e lec tro n ic  d egen eracy  p resent  
m D j , sym m etry , g iv in g  n se  10 an iso sceles  geom etry  (p oim  
grou p  C ,, u ith  ap ica l an g le  e ither greater than or less ih an  
60' (the obtuse" an d  " acute"  iso m ers, resp ectively ) T h e  
tw o  C , isom ers are p red ic ted  to have rad ica lly  different spin  
p opu lation s T h e ob tu se  trim er, w ith  a 1B I ground sta te, is 
ch aracterized  by a large spin  p op u la tion  o n  th e tw o  term inal 
a tom s and  si the sim p le  H u ck ei lev e l, a n ode on  th e central 
a tom  For the acute isom er | \ 4  , g rou n d  state) the spin  p opu  
lan on  on  th e ap ical a tom  n  p red icted  to  be large and, aga in  at 
the sim p le  H uckei lev e l, a p p rox im ately  four lim es that on  
ra h o f  the m o  basal a tom s

For the G rou p  IA  t rim ers N a ,1 and K , ; and for A g ,  in  a 
d eu terob en ren e m a tr ix .’ th e grou n d  state is found to  be 'B ,  
In I he case  oi L i,. th e acu te  and ob tu se  geom etr ies are equier  
gic and the in m er is besi described  a s  b ein g  a com p le te ly  
A uxional m olecu le  w ith  |on  average) eq u al sp in  p opu lation s  
on all three a tom s ‘ ’ T h e silver in m er  e lec tro n  spin reso  
nance |L S R ' spectra  reported  here g iv e  iso trop ic  spin p o p u ­
lations o f  5151 on  on e n u c leu s  and  12%  on  each  o f  tw o  add i 
iiona l nuclei T h is is co n c lu s iv e  ev id en ce for a 7A ,  grou n d  
s ta le  for A f  in a n itrogen  m atrix

II E X PE R IM E N T A L

Silver (rim ers w ere  form ed by c o d ep o s itm g  a tom ic  s i l ­
ver, e ither naturally  o ccu rrin g  (A lfa , 9 9 .9 % ) or iso to p ica lly  
en rich ed  (Oak R id g e  N a tio n a l L ab oratory , 91  2%  lc ’A g |, 
w ith ex cess  n itrogen  (A irco , 99  9 99S % | on  a p o lish ed  O F H C  
copper target (w id th  5 /3 2  in , th ick n ess  0 .0 3 1  in ) m ou n ted  
in sid e a T E 10. JT-band cav ity  T h e  ca v ity  w as a ttach ed  to  a 
variable tem perature cr y o sta t, w h o se  d esign  has been d e ­
scribed  p reviously  ' T h e cop p er targei w as eounterfaored to a 
d ep th  o f  0 0 3 6  in in ord er  to  a c c o m m o d a te  a sm all quart i

* Proem  AdCroi Molecular Speclroardfi, D tm w e, Nairowal Bureau of 
Standards W uhinfioei. D C IQiM

(D y n a t i l -t000| w indow  o f  d iam eter  0  0 9 4  in  (H ib sh m an  
C o rp  . San Luis O b isp o, C A | T he q u ar tz  w in d o w  w as held  
in p la ce  w it h a  m in im u m  a m ou n t o f  G E  7 0 3 1 ad h esive  W ith  
th is  arrangem ent it is p ossib le  to  obtain  both  E S R  and o p t i­
ca l ab sorption  sp ectra  o f  th e sa m e m atrix  sam p le  S ilver was 
ev a p o ra ted  from  a d irectly  h eated  tan ta lu m  b oat |R  D  
M a th is  M E - 10) sup p orted  on  tw o  w ater co o led  e lec tro d es  
an d  surrou nd ed  by a water co o le d  rad ia tion  sh ie ld  D u r in g  
an e x p en m en ta l run the m eta l flux w a s p er io d ica lly  m oni- 
torcd  w ith  a q u artz  m icrob a lan ce T he m ic rob a lan ce used a 
c o m m er c ia l co n tro ller  and o sc illa tor  (V eero , Q M -3 0 II  but 
had a carefu lly  d esign ed  s e n so r  head  w h ich  o p tim iz ed  ilic 
th erm a l con tact b etw een  th e quarsr crysta l and  u s w ater 
c o o le d  m ount F u rth er d eta ils  o f  th e eva p o ra tio n  sou rce  can  
be I ju n d  elsew h ere * For th e  ,01A g , sp ectra  p resen ted  here, 
th e N .  A f  ratio is estim ated  to  be F5 I A p p rox im ate ly  0  35 
y jm o l/h  cl A g w ere incident on  the cop p er target for a lo u t  
d ep o sit io n  tim e o f  about I h M atrices w ere grow n  ai tern 
peratu res c lo se  to  4 2 K and th en  an nea led  to -  2 5 K T h e  
E S R  spectru m  o f  A g , was ob served  in fresh ly  g ro w n  m a tr i­
ce s , but tis reso lu tion  ivd ram atica llv  im p roved  by a n n ea lin g  
N o  further irreversib le ch a n g es  w ere ob served , p ro v id in g  ihe  
m a tn x  tem p eratu re  did not exceed  3 0 -3 5  K M atrix  tem  
p era iu res  w ere m easu red  an d  co n tro lled  w ith a S cien tific  
In stru m en ts  m o d el 5500 cry o g en ic  co n tro ller  an d  a G a A s  
se n so r  D esp ite  several a ttem p ts , no E SR  spectra  a ttr ib u t­
ab le  to  A f ,  w ere observed  for A r, K r, or X e  m atrices

A ll spectra  w ere  record ed  on an lB M -B r u k e r  ER  2 0 0 D  
E P R  sp ectrom eter  u sin g  100 k H z m agn etic  field m o d u la tio n  
(p eak -lo -p eak  a m p litu d e - 3  G )a n d  p h a se -sen s itiv e  d e te c ­
t io n  ESR  sp ectra  cou ld  be further p rocessed  by averag in g  
re p e titiv e  scan s o n  a m u ltich a n n el an a lyzer  (T racor N o rth  
e m ,  T N  1710) A cq u isitio n  t im e s  ranged from  5 0 0 0 - 1 0 0 0 0  
s  F o r  7 " i 20 K a m icrow ave p ow er o f  20  m W  w as fo u n d  to  
b e op tim u m  T h e  reson an ce freq u en cy  o f  the ca v ity  p lus c o p ­
p er  target and  m atrix  sa m p le  w as m easu red  p er io d ica lly  
w ith  a m icrow ave freq u en cy  co u n ter  (H P  524S L  p lus H P  
5 2 5 5 A  plug-in). In d iv id u a l spectra  w ere ca lib rated  w ith  a 
p r o to n  m a g n etom eter  [M icrortow , m o d e l 5 15) R e la tiv e  and  
a b so lu te  Held p o sitio n s  are ju d g e d  accu rate  to ± 0 .2 %  and  
±  0 .5  G . re sp ectively

Cnam Pnira az [111 1 Aina i*BS O O Ii-W O a/as/i U 71»  DM0Z c jr i»as  AmericanInaiiiuteotPhysics S75S
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n em ew i. Ihempeen, w e  u itiM y  *e,l'< i n  N,

TABLE II K am i— H | m n | i « t f  W M H  A , | l a r l |  an d ,e ,|t a t ])lbrl* .sext»»(ll*»«*e*«W t nuclei of Ag, For the apical nuctaui a  ■  0 T k i i n  
i , 7 . i u i  J i< m Bin Fig 2.

Rouiim
u h  4 ,  A. 1/1(4, + U  I A, -  A,

i m-fi . + .$ * -me
y •-* -£ (3  eoa? a -  t | « +  ( 5(1 im a _  n  « 1/2 0(1 m s1 a -  11
i  e  +  d(3 s*n: a -  II ■ + I f l l J m  f f -  II a 3/2 If |3 sin* a  — IJ

have ax ia l sy m m etry . T h is p h en o m en o n  it  n ot u n k n ow n , th e  
best d o cu m en ted  c a m  b ein g  N O ,  in an  argon  m atrix ”  U n ­
like N O ,, h o w e v er , th e three p rin cip a l m o m en t! o f  in ertia  
for th e tilvcr  trim er ir e  com p a ra b le  in m agn itu d e , to  th a t a 
unique rotationa l a x il it not im m ed ia te ly  ap paren t ’* T ab le  
II su m m ar ize! ro tah on a lly  averaged  h f co n sta n ts  o b ta in ed  
bi rotating  the sta tic  tensors, E q i (4 |a n d (5 ) . ab out either th e  
i  y,  o re  a x es  and  th en  averag in g  ea c h  ten sor e lem en t over all 
o rien tation s F or b oth  n u c le i, th e  F erm i con tact term  
a =  1 /3 ( 4 ,  -+ 2 4 , ) ,  in d ep en d en t o f  ro tationa l axis T h e e n ­
tries in co lu m n  3 o f  T able It sh o w  that th e an iso trop ic  pa- 
lam e ier  4 ,  -  A , ma> be e ither p ositive  o r  n e g a tn e  H ow -  
e ier , the ex p er im en ta l a n iso trop ies . 4 1 1 1  — 4,111  =  0 7 0  
and A |2 | — 4 ,  |2) =  3 4 G  from  T ab le I. ate  b oth  p ositive  ’* 
This w ould  im p ly  that the in m e r  ro la tesa b o u t th e m o lecu lar  
C .  i n t .  w hich  is a lso  the axis w ith  th r sm allest m om en t o f  
inertia '* W h ile  th is  con clu sion  is s ta tistica lly  s ig n ific a n t,"  
the d ipolar hyperfine analysis (p articu larly  for th e ap ical n u ­
cleus] is co m p lica ted  by a re la tively  large p seu d oh yp erfin e  
in teraction  (sec b elow } and a rota tion  about th e r  axis sh o u ld  
not be ruled ou t M

T able III g ives  the exp er im en ta l isotrop ic param eters  
for the case o f  a s ilv er  in m er  ro ta tin g  about a principal ax is  
T he iso trop ic sp in  p o p u la tio n s"  p u l 11 on the ap ical a tom  
a n d p , , |2 |o n  each  or the tw o  basal a tom s arc, resp ectively , h f  
con stan ts a ( l]  an d  o(2) d ivided by th e corresp on d in g  gas  
phase param eter, l0 ,a , ,  =  t i l l  G  "  A n  an a logou s apprais  
al o f  the in m er  an iso trop ic sp in  p op u la tion s is less stra ight 
forw ard S in ce for unit spin p op u lation  in a 1,1 A g  i p  orb ita l 

- 9  0  G .'*  th is  suggests an ap ica l a to m p ch aractery iv ( I) 
S A n  an alysis  o f  the p  ch aracter o n  th e m o  basa l

a tom s requires a va lu e for the cubita l or ien ta tion  an g le a  
H ow ever, th e sum  o f  the iso trop ic  sp in  p op u la tion s t s p „ ( l |  

-r j lp i.lf  I ”  0-^5 t n ^' lm ee  ,h t  lo t *' (isotrop ic +  a m sotro  
pict spin p op u lation  shou ld  be c lo se  to  u nity , the ESR  spec  
tra im ply p „ ( 2 |  S I i %  o r j9 (2 | 5  I { G . For th is  s itu s  non the 
exp ression s in the last co lum n  on  T ab le  t l  sa tisfy  4 ; -  4 ,

TABLE til In iropie hf m u i m i  and xptn populations tor **'A|, and 
**A | in nitrogen matrices.

Nvvlevi

Aptcallll
fiauldl
Atom

210 lt*i 
73 7|2t 

*37. St D |

O il0 i:1 W
* ItmrspK spin populations p „ | 11 an* p t.l l)  are r a m  of correspondift| •

values lopa-phaaeeonsuat -  t i l  l O tR rf I t ,

=  3 4  G  on ly  if  a  is re la tively  c lo se  e ither to  O’ or to  90*, 
corresp on d in g  to  a ro ta tiona l averag in g  ab out the y  a x is  or 
the t  ax is, resp ectively  T h is  su g g e sts  that th e b o n d in g  
b etw een  t he t w o basa l a to m s sh o u ld  be v iew ed  as eh  h er  near 
ly i t  o r  nearly a  in  ch aracter

V T H E  fi T E N S O R  AMD P S E U D O H Y P E R F IN E  
IN T E R A C T IO N

F igu re 3 sh o w s a m o lecu lar  orb ita l (M O )sc h e m e  for the  
g rou n d  - 1  n ; 2 o p co n fig u ra tio n  o f  A g ,  T h is  figure d raw s  
heavily from  the S C F -C I ca lc u la t io n s  o f  B o sch 1’ and  from  
the W alsh  type correla tion  d ia g ra m s for A B , an d  B ,  m o le ­
cu le*  d iscu ssed  by G im arc M S in ce  d g u =  -  0  0 0 9 0  and  
J g ,  =  -  0 0465  are both  negorruf th is  im p lies d o m in a n t  
co n tr ib u lio n s to th e g -ten sor  an iso tro p y  from  sp in -orb n  c o u ­
p lin g  to the em pty m olecu lar orb ita ls  o f  th e r and p  n<xm 
fold A lth o u g h  m olecu lar  stru ctu re  ca lcu la tio n s  dis 
agree a s  to  the re la tive ord er o f  2fl> and l i ,  |see  later
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K ami***, Thompson, and L M m / ' A frT 4 ,) in N,

T A iL E I P trelk l r|M B 4p*rpe*dm lir(l)p«r* iM ttnfor * TA jtiiitM trp> 
gen m a in land  * A |p>nn>t u >i E n iM i td m o n j ia i i tw  
ptrwiln in  U n i i i» n C ii« .a

Xilni 4  (I) 4  (2)

" 'A ld l l N, l a s t s o i ) 10**1 7*0(1)
" ’A s J t l N, H i tS l l l 110 l|*) 7 1 t |l )
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p ow d er pattern 11 N o  su ch  e f fe c li  w ere ob served
T a b le  I |n e s  th em a g n etic  param eters g | , g ,  * n d j4 „ |l) ,  

/ t ( |2) used  in the sim u lated  sp ectru m . F ig  1(b) T he line  
sh a p e  Function w as a G au ssian  d e n v a iiv e  w ith  a pealt-to- 
peak w id ih  I o f  5 5 G  By c o m p a n io n , a to m ic  silver in 
N - h s s a  L o re n m a n  line shap e w i ih d W ,,  « 9 0 G  T h ts t ic k  
ip ec tru m  assignm ent sh ow n  in F ig  1 rep resen t) the Iransi- 
lion  fie ld ) or Eq U] using the co n sta n tso F T a b le  1 E stim ated  
e r r o n  g iven  in parentheses tn th is  table co rresp o n d  to  the  
ca lib ra tion  uncertainties n oted  earlier T h e  average differ 
en ce b etw een  l i t  exp er im en ta l an d  ca lcu la ted  (parallel and  
perp en d icu lar! features It 0  4 G  A l io  g iven  in T ab le 1 are th e  
g  va lu e  and  |iso i top ic) h f c o n sta n t for a tom ic  s ilver  in N ,  and  
A r m a trices  and in the gas phase "

For u n rn n ch ed  silver, a to ta l oF tie  d istin ct isom ers are 
Formed, g iv in g  n se  to 48 parallel and 48  p erp en d icu lar  Iran 
sit ions S in ce  t he natural ab un d an ces o f  ,0 ,A g  and  l<f,A g  are 
M (Wt an d  48  r e s p e c t i 'e ly ,"  the six  iso m er s  g n e  co m  
parably intense ESR specira N everth e less, ex cep i w hen  
o ver lap p ed  h> a tom ic silver tran sition s, the p erp en d icu lar  
Feaiures are quite w ell reso lved  1,1 W ith in  th e eap ertm enta l 
errors q u o icd  in T able I. the m easured  g , ,  ' ° 'a  | l )  and  
0 ,d  (?) are the sam e as th ose o b ta in ed  from  the en rich ed  

sam p le  M oreover, the ob served  h f c o n sta n t ratio, 
"’’ A , / ' “ 'A , =  1 15313). is in go o d  agreem en t w ith  that p re­
d icted  From the ralto o f  nuclear m o m en ts . Mtor? 

M,o. - I.I5« 11

IV. H Y PER FIN E STR U C TU R E

F igu re 2 illustrates th e Si and  i p  ch a ra c ter  eap ec ied  For 
th e p artia lly  occu p ied  2 a , orb ita l o f  A g) S in c e g ,  a n d g , are 
both le ss  th an  g , .  it w ill be a ssu m ed  that th ere  is no sign ifi­
can t ad m ixtu re o f  if ch aracter  From th e Ailed 4d  m an ifo ld  or  
th e trim er T h u s the a n iso trop y  in the E S R  sp ectru m  w ill 
arise from  p -orb iia l spin p op u la tion s, (I )  on  the ap ica l 
a to m  (lab eled  1 in F ig  2 | a n d p v |2 |o n e a c h  o f  th e  tw o  basal 
a to m s  (labeled  2 and 3) T h e co r resp o n d in g  iso trop ic  spin  
p o p u la tio n s  are d en oted  p f, | l )  and p u \ I) In th e g-tenaor  
p rin cip a l a x es  r .y .  t  in F ig  I), th e (a n a lly  sym m etric ) h f  
ten sor  Tor th e apical n u c leu s  is g iven  b y "  th e sum  o f  the  
F erm i co n ta ct in d  d ip o le -d ip o le  term s, A |l )  «  c l t l l  +  T (l) .

|2 o .>  ( P ,1> - o „  ( C o s a [ |P T, )  + | P , , ) ]

* Sin o  [ l f } ,>  -  IFJ,) ) )

FIG J Qu*ljt»iis« K)'6ndiuuon Khur.c for ibe paru*JI) occupied s' 
h ia l of Ag, Although 7)St i in chart;i«r, Only f-o rtau l cocIRoctTi  tt?  
included in it* LCAO rip m u o n  for Alto >h©»o v t  Jiom ,: »>?-.
C* I kI. 1 11. *\C And motarulir g trntof t i n  |f .  y. jj

w ith

-  1 0
0 ■* 2 i A

Cj 0 -  \ )
T | i |  * = 0 | l |

w h ere  in d /?  11t =  p „ |  T h e  param eters
ir)d  0 Xf ir e  h f  ip lith n g  co n sta n t! Tor unit spin p o p u la ­

tio n s  in « lii A g  3 j and  $p o rb ila l r r sp ec iiv e ly  S in ce , in gen 
era), th e p  orb ita ls  located  on  th e basal n u c le i are o r ien ted  at 
so m e in g le  | ±  a  in Fig 2) w ith  respect to  th e m o iecu la ; r 
ax is , th e  h f  ten sors for th ese  1*0 n u c le i are n eith er  aM itU  
sy m m etr ic  nor d iagon a l in th e  x.  y,  1 fram e T h u s for n u c leu s  
2 t A (2f *  a |? l l +  T{2|, but now'*

( - I 0 o x
T (2) a  0  (2) I 0  }  co s ' o  — l 3 sin  a  co s  a  I If1)

\  0  3 w n c ic o s < J  3 s in 3 a  — 1 /

A s im ila r  ex p ressio n  p erta in s 10 n u c leu s  3 excep t th at 7 . 
»  T tf ^  — 3 tin  a  co s  a  F or  b oth  n u c le i, (h e p red ic ted  hf 

ip h u in g *  ( A j 2 ) r for H  parallel l o i s x . ^ o r  r ] a r c J:

T„(2)+ ■(!),
A r „ ( 2 i - [ ( r w [ 2 i - a R i ] ^  km

u r . d i  +  o i i ) ) ’ -  

so  th a t (u n less a  — 0  or sr /2 | an  o r lh o r h o m b ic  h f  sp littin g  
^v„(2l w o u ld  be t ip e c i c d  S in ce th e  o b ­

served  h ra m so tr o p y  is not large, sm all d e v ia t io n s  From axial 
sy m m etry  m igh t n ot b e  reso lved  in the E S R  p o w d er  spectra  
For A g ,  H o w ev e r , th e g -ten sor  a n iso tro p y  is large and. as 
d isc u sse d  in m ore d eta il b e lo w , a Fortuitous co in c id e n c e  o f  
tw o  g ten so r  c o m p o n en ts  se e m s  u n lik ely

I f  th e  trim er is assu m ed  to  ro tate  ab o u t o n e  o f  its  princt 
pal a x e s , th en  th e  ro ta tion a lly  averaged  g an d  h f  ten sors  w ill

Cne<- ’ "ys voi g? vc t i t  Jun* ■ (#S
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III. S P E C T R A  A N D  A N A L Y SIS

F igu re H*! sh o w s th e a x ia lly  sy m m etric  E S R  •p e c t/u m  
ob serv ed  for ,,TA g ,  in i n  N ,  m atrix  e l  25 K  ’ T h e  sep aration  
in to  a lo w  Held and a h ig h  Acid g ro u p  o r  tra n sitio n s  
|m  -  ±  1 /2 )  i n s e t ,  from  a n early  ito tr o p ic  h yperfin e (hf) 
in tera ctio n  w ith  a tin g le  1,1 A g  n u e leu t |ip in , /  — 1 /2 )  T h e  
triplet ip li it in g  { M  *■ 0, ± 1 )  w ith in  each  g r o u p  it  i t i ig n e d  
to  t  tm i l le r  and  m ore an iso trop ic  h f  in tera ctio n  w ith  tw o  
ad d itio n a l but eq u ivalent '° ’A g  n uclei In F ig  I (a). H ,
— 3 3 2 2  4  G  it  th e  reson an ce held for a free e lec tro n  (gt
— 2 0 0 2  3 2 1 at a ca v ity  freq u en cy  o r  9 .3 1 0  7 (  G H z . T h e  

th arp  featu re a t (  •» 2 it  a  b ack grou n d  reson an ce  a n t in g  
from  th e  G E  7031 ad hesive A n  a d d ition a l b u t b road er back  
grou n d  sig n a l h a t  b eer  p artia lly  sub tracted  o u t  A ls o  sh o w n  
are tran sition s d u e  to  a to m ic  silver1 and m eth y l (M e| radi 
c a ll * A t T  »  5.2 K . th e fif — 0  p erp en d icu lar co m p o n en ts  o f  
"” A g ,  are ip h t by 1 5 and 3 0 G  for m  — +  l / 2 a n d  - 1 / 2 ,  
resp ectively  T h is m ight im p ly  that the trim er it  trapped  in 
severa l m a in *  s ites  w h ose  m agn etic  p aram eters show  a 
sm all tem p eratu re  d ep en d en ce  as has been reported  for L i, 
in argon  10 N o  sp ectra  co rresp o n d in g  to  a p teu d o r o ta tin g  
tr im er3 * 11 w ere observed over th e tem p eratu re range  
4 2 5  T 5  30  K
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F IG  I O b t* r> ttl i«1 and i im u lA t* d { b |E S R  «p*cirA for '*  A l i  Ir A n U ro je n  
m i t n t  «i 2 5 IL T h e  r^ O n a iv c r  fttfo  fo r a  free c l r c i /o n  n  H .  “  5J22  4 G  
IttX opK A ll} f f t r x h td  “  A |  utetf F o r  tp e c tr a t  AA ii^nm eni * «  ih «  t e n  
a>%d Rtf T

F igure Mbi s h o u t  * s im u li ic d  ESR  ip c c ir u m  co m p u ted
f r o m 1

/(//)«[ £  ̂H)dH ,
J  m . M  J

H \ m , M .  J )  -  W : ] ' "

III

(2)
w ith |a  || or i |

/ / „  J  I =  —  \ H , -  A . \ \ \ m  - A . \ l \ M  ) -  — | A J ( 1) +  2a  ; 111 -  A ; i  11 ] [ /  ( / +  I) -  m 3 |f.
ti

[A  j |2 )  +  2A j(2 ] -  ,4 i  |2 ) ] [ J ] +  1 | -  A f : ] 13)

and H ,  ■* g , / | ,  [ H ,  -  A , H \ m  -  A m[ l ] M  \ T h e  a lgor ith m  
d efined  by E q s ( I H J) w d lb e  referred t o a s l  In th ese  e x p r e s ­
sion s, F [ H  -  H ’) i t s  line shap e fu nction  and J  | is
zero  for m agn etic  fields o u tsid e  or  th e range J )

, [ m M .  J  I E q u ation s ( I |  and  (3 1 sh ou ld  on ly  be used  
in ca se s  w here p rom m en l featu res in the p ow d er  sp ectru m  
arise from  m olecu les  aligned  (or c lo se ly  a lign ed ) c ither paral 
le i or p erp en d icu lar  to (he lab ors  lory  field In ord er  to  ch eck  
its su ita b ility  h ere , th e trim er sp ectru m  w as sim u la ted  u sin g  
an en tir e ly  different a lgorith m  w hich  w e label 11 . 11 T h e latter  
c a lcu la te s  the rcw snance field |t o  secon d  ord er in A / H )  for  
m o le c u le s  Oriented at a ll an g les  w ith  (h e m a g n etic  h eld , s u m ­
m in g  (h e in ten sity  con trib u tion s from  ea c h  o r ien ta tio n  “  
S in ce b o th  s im u la tio n s  gave a lm ost id en tica l resu lts , e ffec ts  
arisin g  from  'o ff-p r in e ip a l-a x is  tra n s itio n s" '’  are a ssu m ed  
to  be m in o r  T h e p rin cipa l ad v a n ta g e  o f  a lg o r ith m  I is  its  
ab ility  to  h an d le  m agn etica lly  eq u iva len t n u c le i T h u s, in Eq  
(3) th e A .  (2) arc h f  co n sta n ts  (o  — I  Or I ] '*  for tw o  m a g n e ti­
cally  eq u iva lent /  w  1 /2  n uclei w h o se  resu ltan t n u c lear  sp in

I "
h as m agn itu d e  J  »  0  or 1 and p ro jection  Af =  0 , ±  I 1 ’ A s  
d escr ib ed  in Sec IV , the A ,  (2| are related to, but n o t n eces  
s a n ly  equal to, ih e  p rin cipa l v a lu es  o f  the basal a to m  h f  ten  
s o n  T h e  p rin cipal va lu es  o f  (h e ap ica l a tom  h f  ten so r  are 
d tn o te d  A . ( l |  T h e g .  are m o le cu la r  g -ten sor  c o m p o n e n ts  
for a rad ica l w ith  asta l sym m etry

It is at first surprisin g (hat th e trim er w ith  an  a ssu m ed  
C t ,  g eo m etry  sh o u ld  h ave an  a n a l ly  sy m m etr ic  E S R  spec  
tru m  A s  d iscu ssed  in m ore d e ta il in  Sec IV , th is  p rob ably  
im p lie s  (hat A g , is ro ta tin g  a b o u t on e ax is  T h u s  th e tw o  
c h e m ic a lly  eq u iva lent n u c le i b e c o m e  m a g n e tic a lly  e q u iv a ­
le n t  an d  th e p rin cip a l axes o f  th e ir  ro ta tio n a lly  a v er a g ed  h f  
te n so r s  w ill be p arallel to  th e m o le cu la r  g -ten so r  ■ re s  U s in g  
a lg o r ith m  II. severa l s im u la tio n s  w ere run a ssu m in g  non-  
c o in c id e n l g and A  ten sors F o r  th is  s itu a tio n  th ere  is a  m ag  
n e lic  eq u iva len cy  o n ly  w hen  th e  field is p ara llel o r  n early  
p a r a lle l to  a g-ten sor  p rin cip a l a i i s  F or a ll o th e r  o r ie n ta ­
t io n s , Ihe t»  c  M « 0  tran sition s  n o  lon ger  c o in c id e  (even  in 
first o rd er )a n d  ad d ition a l sp litt in g s  m igh t ap pear in  th e E S R
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d u e u tiio n ) , th e  ab so lu te  en ergy  d ifference it  a ck n o w led g ed  
to  be sm all S in ce  th e  E S R  ip e c tr *  (h o w  ■ 7A , grou n d  sta te  
for A g , in * n itrogen  m atrix , th is  p laces th e I b ,  orb ita l a  few  
h undred  w ave n u m b c n  ab o v e  2 a , a t  in d icated  in  F ig . 3. T h e  
orbital en erg ies  for  l a , ,  lb , ,  2 i j ,  an d  l a ,  arc  Ihe ad iab a tic  
e ic ita t io n  en erg ies  (relative to  2 a , eq u als zero] o f  th e co rre­
sp on d in g  1A t , l B „  , B , .  and 3A ,  states g iven  in T ab le  V I o f  
R e f 29. A  vertica l e a c ila t io n  energy o f  ap p ro x im a te ly  
2 1 0 00  cm  " ' for 2d , w as estim a ted  from  th e  orb ita l c o r re la ­
tion  d iagram , F ig  2 o f  R e f  2 9  N o t in clu d ed  in  F ig . 3 a r e th e  
five rem ain in g orb ita ls  o f  th e  p  m an ifo ld  T h ese  eith er  lie 
h igher in en ergy  th an  2b , or by sym m etry  m ake n o  con trtb u  
(ion to Ihe trim er g  ten sor

A ls o  show n  in F ig  3 are orb ita l coeffic ien ts  for th ose  
M O  s pertinent to  th e presen t an a lysts A to m ic  Sp  o rb ita ls  
are specified  w ith  respect to  axes U l , y l . r l |  th rou gh  
( x 3 .y 3 , 1 3) cen tered  on  silver n u c le i 1-3 . resp ectively  T h e  
a tom ic axes an d  n uc lear n um b erin g  are d efined  in F ig  2, 
w hich  a lso  g ives th e orb ita l coefficients for |2 a , )  S in ce  r 
orb itals d o  not d irectly  en ter  in to  th e g-ten sor c a lcu la tio n ,  
ttievr have been o m itted  in b oth  figures U sin g  stand ard  
m e th o d s1111 *" th e g  sh ifts  d g .. =  g , — g„ are fou nd  10 be

- -1 J ., =  --------  I -  a ,  A-, -t 2uj i tA - - cosier -  P IJ1
f i t , I

U,,
+  — --—  I -  D ,,h  ■+ 2 a r t>'., cosier -  f ? | T  ,

(31
M , .

-  J g , ,  =  — —  a , . o ; .  s m  a  . | 8 |
f |o , ]

J ? —  tu < ibi > *  2o , , 6 , .  c o s n  Ieih,l ' '
+  I - ej,, fc ;, ■+ l a  ,b ), co s  a l  (9)

r ' iM  ‘ '■ 1

In these ex p ress io n s  (w hich  ign ore  over lap  con trib u tion s). 
A v  -- 615 cm  "1 is the s p in o r b it  co u p lin g  con stan t for a si I 
ver o rb ita l11 an d  e , r  are (p ositive! esc ired  sla te  en erg ies  
for. resp ectively . Ihe low est a n d  h igh est s ta tes  w h o se  aym - 
m etn es  are in d icated  in p aren th eses

T he g -ten sor  ex p ress io n s  con ta in  m an y m ore p aram ­
eters then are av a ila b le  e ith er  from  the ESR  h f  co n sta n ts  or 
from  m o lecu le  stru ctu re  ca lcu la tio n ! and  a defin itive c o m ­
parison o fe ip e r tm e n ia )  and pred icted  co n sta n ts  is not p o ss i­
ble N everth eless  severa l gen era l features m ay be n oted  U n ­
less th e trim er is ro ta tin g  a b o u t on e  axis, it is difficult to  
recon cile  E q s I 7 H 9 )  w ith  th e  ax ia lly  sym m etric  E S R  s p e c ­
trum  ob served  for A g ,  w T h e largest g  shift is p rob ably  d g „  
as th is a n se s  from  th e low  ly in g  lb ,  orbital ”  S in ce , e x p e r i­
m en ta lly , d g j b d g , .  this im p lies  a  ro ta tiona l averag in g  o f  
d g „  w ith either d g , .  or 4 g u T h e relative m agn itu d es o f  
d | „  and d g u are q u ite  sen sitiv e  to  th e angle a .  I f  th e b o n d ­
ing betw een ih e  basal a tom s is ir in ch aracter th en  a  is sm a ll 
and -> g „ —>̂0 S in ce  th e h fa n a ly its  a ssoc ia tes  tr -ly p e b o n d in g  
w ith a ro ta tiona l averag in g  ab out th e y  axis, thia w ou ld  im p ly  
d g  and s o  d g ,  -  l / 2 ( d g „  +  J g „ | .  O n th e o th er
h and , if  th e  basal b o n d  is  best d escrib ed  a s  b e in g  o  in ch a ra c ­
ter then a ~ * / 2  an d , aga in  b ecau se o f  th e h f  data . d | |

aTS3

r o d g .  w ith  d g  ** l / 2 ( d g „  +  d g „ l  In co m p a riso n  to the 
ca se  o f  a  ir-type b o n d . d g „  is  re la tively  large  an d  d g „  is  

sm all
S in ce  spin  orb it c o u p lin g  m ixes  a sign ifican t am ou n t o f  

4 , .  A,. a n d  a ,  ch aracter  in to  th e p artia lly  occ u p ie d  2a , orb i­
ta l. m a tr ix  e lem en ts  o f  Ihe op erator

-an*) - g, $. i* I  no)
* r*,

w ill n o t be t t r o  T h e  e lec tro n  o rb ita l-n u c lea r  spin  in tera c­
t io n  g iv es  n se  to p seu d o h y p erfin e  term s, f )u [* ). w h ich  add  
t o  th e  iso trop ic  and d ip o lar  ten sor e lem en ts

d „ ( J t |« o i *  ! +  r . | * 1  +  ( }„ [k  , ( l l |

for th e a  p ita  h A «  1) and  basal(Jt =  2  nuc'r: o f  th e  tn m er  ’* 
In E q  I I 0 ) .g a n d ^  a r e th e g fa c to r  and B oh - m a g n eto n  for an 
e lec tro n  or nucleus, su b scrip t e o r  A resp ectively  T he orbi 
la l an gu lar  m o m en tu m  o f  the rth e lectron  ti d en o ted  1,.. I , is 
a n u c lea r  spin  vector an d  r ,. ts th e d is ia n c r  from  e lec tro n  i to 
n u c leu s  k  By m eth o d s  s im ilar  to  th o se  u>rd in d er iv in g  g  
ten sor e x p re ss io n s .1* w e  find

/2„(A | « ; 0 . , d g „  . [121

w here lap p ro s im a te ly l th e p r o p o r tio n a lil' :o n s t in t s , w hich  
in so m e ca ses  m a v b t o f o r d t r  unify ,  are fu r ;; ion s  o f  th e sam e  
g ro u n d  an d  r s o r e d  s ta te  orb ita l cocfficier s that appear in 
t h e g  tensor exp ress ion s. Eqs f7>—{9 1 Since J g ,  =■ -  0  0465  
and =  9  0 G , ’* th e n  5 /2 /? , .  |d g  -  I G  A ccord in g ly
th e /J„|A  ) may be a p p reciab le , p a n ic u lsr  > in co m p x n so n  
w ith  th e sm all d ipolar h f  for the ap ical n u / ; u s

VI. D IS C U S S IO N

F o r  A g ,  iso lated  m  n itrogen  m itn c e s  the E S R  spectra  
c learly  identify a A , g rou n d  s ta le  correspc .d in g  to  a in m er  
h a v in g  an acu te an g led  g e o m tir y  A  d istin ctly  d ifferen t re 
su it is ob ta in ed  for A g ,  in a d e u te m b e m e n e  m a tr ix .' for 
w h ich  on ly  the ob tu se  an g led  isom er is ob served  T h is  diver 
gen ce  in exp er im en ta l b eh av ior is paratle lec by a sim ilar d i­
versity  in the grou n d  sta te  sy m m etr ie s  pred icted  by m olecti 
lac stru ctu re  ca lcu la tio n s  T h u s, R ich tsm eier  t t  j l  . "  u s in g s  
d ia lo m tex -in -m o lecu le  ap p roach , p red ict a ■ A , g ro u n d  s ta le  
for A g ,,  w hereas (h e p seu d op o len tiaJ  +  d en sity  fu n ction a l 
resu lts  o f  F lad  er a / H  su ggest the iB i  sta te  to be m ore stable  
A n d re o n i and  M a rtin s,’* u sin g  loc a l-sp in -d en s ity  |L S D )  
m e th o d s , find a g ro u n d  s ta te  w ith  fr o ie r  d  o rb ita ls  but 
eq u a l en erg ies  Tor th e a c u te  and ob tu se  g eo m etr ies  if  d  orbi 
ta ls a r e  in clud ed  as part o f  th e v a len ce  m an ifo ld  S in ce , in all 
ca ses , th e energy d ifferen ce  b etw een  th e tw o  g eo m etr ie s  is o f  
the ord er  o f  a few  h un d red  w a v e  n um b ers, it is n o t  surprisin g  
that su c h  d isp arate h o s ts  a s  N ,  an d  C ,D ,  m ig h t s ta b i li ie  o n e  
isom er in preference to  a n o th er  A  classic  ex a m p le  o f  this 
effect is th e  grou n d  s ta le  o f  a to m ic  n ick el In th e  g a s  phase, 
th e  ’Z>, s ta te  lies  203 c m "  1 ab o v e  th e ’F ,  grou n d  sta te  In A r. 
K r, and  X e , h ow ever, th e  g ro u n d  sta te  o f  N i it \D ,  In 
n eith er  C , D ,  nor N ,  it  th ere  an y  ev id en ce  for a p se u d o ro la t-  
in g  isom er . T h is is p rob ab ly  m ore a fu n ction  o f  th e  tn m er  
m a ss  th an  an in d ica tion  o f  a large  in version  barrier, a lth ou gh  
m a tr ix  effec ts  m igh t p la y  an im p ortan t ro le  in d eterm in in g  
p h en o m en a  as sen sitive  a s  p aeu d oro ta tion  *r
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KemJeem. Thwnswon. an t LrvWxy A g /4 .) ki N.4744
F or b o th  A g , geom etries, th e  E S R  t p c c t n  sh o w  (per- 

h sp s  su rprisin gly! large n ega tive  g  sh ifts , p h e n o m e n a  a sso ­
c ia ted  w ith  b oth  low  ly in g  c a c ile d  s ta tes  an d  a  g rou n d  s la te  
h yb r id isa tion  sch em e u sin g  i p  a s  o p p o sed  to  4d  o rb ita ls  For  
A l i  in N j ,  the m easured iso trop ic  sp in  p o p u la tio n s  a r c p , , | l |  
— O i l  and  p t,U I *  0 .1 2  (or th e  a p ica l an d  b a sa l n u c le i, re­

sp ectiv e ly  T h ese  values are in e x c e lle n t  a g re em en t w ith  the  
co r resp o n d in g  spin  p op u la tion s d eterm in ed  by a b  ini tio  
m c t h o d v p J U  -  0 .4 9 w i i h p j l )  -  0  1 J * * a n d p t(( l )  -  0  S3 
w ith  p , , ( 2 )  — 0  1 2 ."  using L S D  an d  S C F -J fo  m eth o d s, re­
sp ectiv e ly . F or all three sets o f d a t a , |  l) /p ] ,(2 J  is very  c lo se  
to  th e  4 : 1 ratio pred icted  by a s im p le  H u c k e i m o d e l N eith er  
th eory  nor e t  p en  m en I g ive an  a d eq u a te  a cc o u n t o f  th e an iso ­
trop ic sp in  p op u lation s in A g ) H o w ev e r , it c a n  be inferred  
from  Ihe E S R  data that th e w ave fu n c tio n  for th e  unpaired  
electron  is d om m *r„iy  5r in ch aracter  at th e  a p ica l nucleu s, 
bui has an ap p ro* im ately  equal a d m ix tu re  o f  5 j and  ip  char  
i c ie r  at each  o f  the tw o  basal n uclei

A C K N O W L E D G M E N T S

W e i h a n k D r  P H K asai. D r J L M artin s, an d  Dr S 
M M a u sr  for h elp fu l d iscu ssion*  T h is  re search  w as sup  
ported  m part b> the City U n iv ers ity  o f  N ew  Y ork  PSC  
B H E  F a c u ln  R esearch  A w ard  P rogram  an d  b y  th e N a lion  
a! S cien ce  F ou n d ation  under gram  num ber C H E  g j-O ' IM  
and R1J *3 05241

D  M l.m d vs' D  K H rnrN tucK . in d  A I  M ol H hw 3J

G A T hom pson  and D M Lim its* J O ie m  P h t*  74. 9 59  (19 1 11 

'J  A H o » i r d  K F  P rn io tv  and B Male. J A m  C h e m  Soc 101 6?76  
ilS U k

*D A G arland  arvdD  M L im lw r J  C hem  Ph n  79 2 J l 3 | l 9 l } r  
'Thr t S R i p t f ' r i o / L . i  in adam antine i f f  rharacis.-ri*nr or a p seu d o n n n  
m |iU )* n fr  The magheii„ p aram rirn  arc tu r p n tin g h  u m iljr  lo  th u v  of 
R e r I Set / \  H om g'J  R Sutcliffe, and It M ile C h em  P h)*  L eu  112 
I* ; l9 i* j

‘G A T hom pson  P h D  ihrtit, C u t rn n rr> n >  or “Ye* Y ork. 196 ' 
tk v h  A |  and '" A [  h j*c n r | i i n r  nuclear ittometK* For iiitip ji,.i*  
h n w r ic f » r  L ontturn 'ls denote hf ro n tia rm  related  parantcictx i \  
being p o m isc  if th r u  correspond lo p o t ii iv c  t p r  population*

*P H K i t i i t i f d D  M c L e o d .J r .I  C hem  Fhy* S5, I5 A 6 4 I9 7 I |
T  J A drian . E L C o c h n n . and V A B o w e n , A dv C h em  M , J G il9 6 li  
”'D A G arland and D  M L m ds#). I C hrm  Ph>t # 0 . 4761 (J9M |
" D  M L in d a a ts n d G  A T hom pson . J C bcm  Phy* 77. 1 1 14 ( )9 I 2 | 
1JF ora com p r ch en tite  re»te* oTESR p ow dtr line th sr « t ftfe  P  C  Taylor J 

F B aughtr, and If M K m . C hem  Re> 7S. 2 € J ( l9 7 i j  
" T h u  program  » n  » m tr n  by Dr P H K asai and  m o d 'fa d  lo run on 

n ih e r  in  IBM  CS600Q or a VAX 1 1 /7 6 0  com puter  
H K u a i, J A m  C hrm  Sqe 94 . 5 * 5 0 i1 9 7 J l  

"W  M r im e r  Jr . M rf*rnr Arami an d  M t* h ru iti  (Van Nnairafvd. N r*  
York, H | i |

'*A ll h f  con iJan if are exp en sed  »n G a u it  using thr con version  factor  
I .  0 ,  e r g s C  ' i 0 .  m electron B ohr m agn etonl Som e author* use g„
S«  R«r 15

" F o r  " A g ,  thr m axim um  incqu tvak fici it  ft t ita a ie d  to  b e  3 -4  G . a rclj 
l o r f j  am ah value com pared 10 ifce L S I  lincwgdth ot  3 -4  G  In addition  
ih i i  r f a c i  >1 (sfofaW ) U f f t u  fo* ilkdac o n m ia iio n t  n h eft lharc U hit kr 
ESR iiu n tu i)  F or •  d i t f u n iw  o f  ihv ron d iitoru  under w h»ch i « o  nucfn  
are com  p in  r h  c^w nakn* are R rf II 

l4lP k a ic h  and \  ^  H u p h n . NtndbtrcM  4 * t  rd iird  bj $. F 1 u |fr
iS p n n fer , B n lin  I954i 

' ' H * i f  P h r ttr t  9 * 4  C k tm itir y ,  ed ited  b> K C  W c u i  (C hem xal 
Rudher, L ie>eland. I97jj 

:AJ he p o r ilk l f r a iu fn  are le u  w ell m o l i c d  and in m any m ila n cr*  Qvrr 
Lapped bv ihe m uch u r o p |tr  perpendtcular ir a n m ic m  H om ever, ihr |m i  
0faer>«d parallel feature* d o  occur at t fa ir  p r* d * ie d  fa ld  p e tit io n )

>kH K opferm aw i, N u t k i r Mtmrnts 1 Academic, N e w  Y e r t .  1951k 
: ‘A Abeafamaad B Bkeney, E k ttn *  o f T w in

imm / a u  tOiford Uni«er>ii]r, L ond on . I9T0|
“ F 3 A drian  ]  C b tm  P h y i  M . J 6 9 7 u H J l F  H  K a sa i,W  W r lif ir r .J r ,  

and I  B  W R.ppIt, i b i d  42 . U J O ( l% 5 i.O  H M y tr t. W  C  EaiJcy, and  
B A  Z i l k a . * d  My D lH t f T O i  

JiF of thr KlrueiuraJ param eiara o f  K ef 37. the ro t iu o n * ! con a ia n ti Tor 
14 A | , i f r A  ■  0 0 3 0  cm  - , , B  — 0  0 3 3 c m ' 1, and  C  — 0  0 3 0  cm  '  ’ where 
A # ,  n»d C  w m p o n d  (m  F i (  1) 10 a a n y ,  1 , and  a , rm pu n ivr ly  .F o r  N O ,, 
A *  1 0  cm  ~ 1 a ilh  l u O t l c m - ' and C  m  0  4 1 cm  ~ 1 |ie e  T ahir D -4  o f  
R tf l 3 ) t o i h n  a rotation  about ih e  a a i i i  aeem t m oal likely  |Kef JJi I n *  
m a im , tKeaai* o f rotaiton  Med not cortaapond ca o c ily  to a  principal am i 
ofin crlta  Set F J A drian , J B ohan d ) and B F  K im , J C h rm  P h yt I I ,  
3603 |19I4|

’ A lih o u |h  both A  f I] and A , |1 | have c ip r n m e m a l u n c c n a m ik i  com  para 
ble 10 (heir difference. 1 he tw o error* are corrrla led  M r a iu tr m r n it m ade  
Q.n ie*eraf ind ep tn d cn lf) cahbraied  ipecir*  aM pa^e I f > A , < I

further eenmbuttori to the dipolar irntor it the interaeiion of an uo 
iropecapih popwLalio*i 00 one nucku t * iihihe rrva|m(K momemii^f »d|* 
u m  nuclei For ihe m anm gm  intcraciion ito iim aicd  10 be 0 03 G 
3pm popwlsiKXU derived in thii manner do not lake imo accogni matru 
in irracitont or the rffects of orbital contracnon or cipantion on molecuk 
formal >00 A nhow n bjr ihr uom  data of Table III ihe forrnrt can to n irr 
buLr error* of teveral percent For aome radical*, ortHial overlap tffecis 
imroduct appiKv«bUco*«orhttalcontnbuiiont to ihe hf conitanw See ]
B Kntghi Ji A Lipon, R W Vt nodvij/d D  F rlln , and t  A 
VFft J Ain Chrm S<x (in p rru j 

•4T>if inixHropir parametrr ■» proportional 10 ihr mean ith c rx  cube 
uJiuv (f ' ') ot 1 iklxer *>p ortHral (Rrf I '1 Frnm the fine ilruciurr if* 
t^ iirm i of ihe ftni ejtciird Hate or n jm i*  nfkri one find* (r . » ? *0 
a _ AHrrnaiioe '*Joe> irin be obramed b> tn  appropriate acaJen; cif 
1 ■ J f o r  |roultd uaie Ci * G *m | hoih fi and hf iph innfi. the * *fiie-5 
Dh’imed for nU rr are (r f  v -  2 91 and 3 30 * y . reaperi^fIt, Accord 
trjl* ihe fv rra |e  of theie kaiuet (one Hindard den ih o n  in parrm hneii 
5*41 adopted tf ’, ,f m 2 4t,-ii 1 g , iv -m j f i ,0 -  9 Q| |J |  G A iim iln 
■hjUh* hat been made for ihe 01 her Group 10 element* and * ill he d<i 
lotted in 1 tep jrue  a rn d r Sec □  M I.indu) and f1 h  K au i J 
Kcv'ft nubmm ed1

yH Bjsch J Am Chcm SfK 103 4 6 5 7 il9 ||i
H B M  Gintan Ua/eruG ' S t m r f u r s  B i n d i n g  lAcadcmK New 'i ’tL

" I 1 i t  \ i k i i n i r J  \1  C R S> n»o»>*. T h f  i i t n r r u 'e  o f  ftit> rj*/nc H e e  : j h  
ft v?*«er Nf* "ictfi. 1967,
H C lo f i ju f  M t | |m t  and A J Sione M ol f’h j i  5. 4 17  M9621 A J 
S r r r  P rn r  Tti v v S o t L o n d o n  S ec 1 A 2 7 j 4 ? 4 j l9 6 1 |

1 C E M oore, f i ^ m s r i e t r / i ,  N a t l S u n d  K ef D a ia S e r  N a il Bu' 
S tand  35 |L  S G K O , W a*h m (ion , D C  1 9711 

*JA d r'iafhjn  frrtrr la ia l lypnm etry com parab le 10th e E SR  Im ewid h ^-6  
G vo u td  be 4»Wcm1i to  d etect THu correvpondt to  *n o n horhom bn . 1 

ttn tor w ith  1 w o e le m r n ii  dilTrnng n o m ore ihan -  Q GOTO or ib o u i “ ^  
o f  J f  -  -  0 0 * 6 5  

*'H c*ry#r 16, i* m am  I) 1 in rh a ra d rr and ihr c o n in b u n o n  10 A f . ,  from  

ihe la .  orbiial o f the p  m anifold  m ay  nor be n eflig ib le  By c o n tr a il boih  
IF, and 16 , b r k n | 10 ihe f  m anrfokj m d  n I* probably the form er ih ii  

d rifrm in e i  

**R Lefrb'kfe, M ol ?h>* 13. 4 l 7 ( l % 7 |
J,S C R ich tim e ie i R A Lade* D  A  D u o n . and J L G o lf , Am  Chem 

Soc S>mp Set 174, 17 7 j |9 I J |,  S C  A ich u m eirr . D  A  D uon. and J L 
D o le  J  P h yi C hrm  M  1 9 3 7(1912)

“ J F lid  G  I je lM a n n , H P re u u . And H Si o il C h em  P h y i 9 0  157 
(l96Ji

**W A ndreom  and /  L M artin i, SutT Sci j t n p e m l Th* ralauve i ia b i ln m  
Of th t *, and :ff: *tate* and the ca lcu la ted  »pm population* w ere pro­
vided M D r J L M an rn i

P Barred, R G G raham , and R G n m e r C h e m  Phy* 94 , 199(191*  
VrliniianLKhrr W  fah roeder. H H Rorcrm und, and  D  M K olh  

C hem  Phy* Leii 199. 7 ( |9 l 4 j  
‘ 'For r u m p le  (he im ertaon  apJtiiini o t  (h e  ffrti t  tc iied  v ibraiional u a ie  of 

N H . 1* o te r  an order o f  m agn iiu d c sm a ller  in N ; than in c ilh cr  a rare fa*  
main.c o t  in th e |a *  phase S e t  C . G w ardet L A b o u a f Marguirk B 
G a u ih ie r R o y , and D  M ai I Lard, C h a m  P h > i t 9 .  4 } |  ( |9 I 4 |

*̂ S M Planar and G  A O un, f Am Cham Soc (in peat»g. The cakuJaird 
spin population* were providad by Dr S 61 M illar

C n p ir . P h y s  v o 1 6 2  N o 1 . jd #



130

V. REFERENCES

1. J. Jortner, Phys. Chem. 88,188 (1984).

2. J. J. Win, H.V. Nguyen, and R.C. Flanagan, Langmuir 3, 2, 266 (1987).

3. R. Uyeda and N. Wada, Japan. J. Appl. Phys., 4, 10, 707 (1965), 7,10 ,1287 
(1968);

R. Uyeda and M. Kato, Japan. J. Appl. Phys., 15, 5, 757 (1976).

4. N. Wada, Japan. J. Appl. Phys., 8, 5, 551, (1969).

5. S. Iwana, E. Shichi and T, Sahashi, Japan. J. Appl. Phys., 12,10, 1531 
(1973).

6. K. Kimoto, Y. Kamiya, M. Nonoiya and R. Uyeda, Japan J. App 
Appl. Phys, 2, 11,702(1963).

7. M, Moskovits and G. A. Ozin, editors, " Cryochemistry ", Wiley 
interscience, N.Y. 1976.

8. K. J. Klabunde, " Chemistry of Free Atoms and Particles ", Academic 
Press, N.Y. ,1980.

9. W. Weltner Jr. and R. J. Van Zee, Ann. Rev. Phys. Chem , 35, 291 (1974).

10. R. P. Messmer, " Cluster Model Theory ", in T. N Rhodin : The Nature 
of the Surface Chemical Bond, North Holland Amsterdam, 1979, p. 51.

11. L. R. Gillens, W. J. Morterer, R. Lissilow, and A. Le Beize, J. Phys.
Chem. 86,13, 2509 (1986), L. R. Gillens, W.J. Morterer and J. B. 
Yetterhoeven, Zeolites, 7, 11 (1981), J. Michalik and L. Kevan, J. Am. 
Chem. Soc. 108, 15, 4247 (1986).

12. S. C. Davis and K. J. Klabunde, Chem. Rev, 82,153 (1982).

13. L. Brewer and B. King, J. Chem. Phys, 53, 10, 3981 (1970).

14. J. A. Howard, R. Sutcliffe and B. Milles, J. Phys. Chem , 87,13, 2268 
(1983).

15. R. A. Zhitnikov, N. V. Kolesnikov and V. I. Kosyakov, Sov. Phys, 
JETP, 16, 4, 839 (1963); R. A. Zhitnikov and N. V. Kolesnikov, Sov.



1 3 1

Phys., JETP, 19,1,65 (1964).

16. P. H. Kasai and P. M. Jones, J. Am. Chem. Soc, 106,11,3069 (1984), 107,
22, 6385 (1985).

17. D. M. Lindsay , D. R. Herschbach and A. L. Kwiram, Mol. Phys, 32, 1199
(1976), 39, 529 (1980), G. A. Thompson D. M. Lindsay, J. Chem. Phys., 74,
959 (1981), G. A. Thompson, F. Tischler, D. A. Garland, D. M. Lindsay,
Surf. Sci., 106, 408 (1981), D. M. Lindsay and G. Thompson, J. Chem.
Phys., 77, 3,1114 (1982), D. M. Lindsay, Am. Soc. Symp. Ser., 179, Chap. 7 
(1982), D. A. Garland and D. M. Lindsay, J. Chem. Phys, 78, 2813 (1983),
80,4761 (1984).

18. P. J. Foster, R. E. Leckneby P. Willis, Adv. Phys, 16, 769 (1967).

19. P.W. Davies and G. Del Conde, Faraday Disscuss., 55, 369 (1973),
Chem., Phys.,12, 45 (1967).

20. J. C. Whitehead and R. Grace, Faraday Disscuss., Chem. Soc. 55, 320 
(1973).

21. A. Gelb, K. D. Jordan and R, Silbey, Chem. Phys. 9,175 (1975).

22. R. C. Baetzold and R. E. Mack, Inorg. Chem. 14, 686 (1975).

23. B. T. Pickup and W. Byers.Brown, Mol. Phys., 23, 1189 (1972).

24. K. H. Benneman and J. Koutecky, ed. " Small Particles and Inorganic 
Clusters ", 3rd. Int. meeting, Berlin West, North Holland, Pub.
Amsterdam, 1984.

25. Proc. 2nd. Int. meeting , Small Particles and Inorganic Clusters, Surf.
Sci., 106, (1981).

26. Int. meeting, Small Particles and Inorganic Clusters, J. Phys., Paris, 38, 
1977. c.2.

27. G. A. Ozin and S. Mitchell, Angew. Chem., Int. Ed. Engl., 22, 674 (1983).

28. C. & E. News, 20,12.23.1985.

29. C. & E. News, 9,3.2. 1987.

30. T. G Duety, M. A. Duncan, D. E. Powers, R. E. Smalley, J. Chem. Phys.,



132

74.6511 (1981), J. Am. Chem. Soc., 107,1729 (1985).

31. D. E. Powers, J. Phys. Chem., 86,2566 (1982).

32. J. B. Hopkins, P. R Langridge.Smith, M. D. Morse, R. E. Smalley, J.
Chem. Phys., 78, 1627 (1983).

33. H. W. Krote, J. R. Heath, S. C. O’brien, R. F. Curl , R. E. Smalley,
Nature, 318,162 (1985).

34. S. C. Rithsmeir, M. C. Henderwerk, D. A. Dixon, J. L. Gole, J. Phys.
Chem., 86, 20, 3932 (1982).

35. P. H. Kasai and D. Me Leod jr., J. Phys. Chem., 79, 2334 (1975), 82,13,
1554 (1978).

36. K. P. Flibsen and D. R. Huffman, Surf. Sci., 156, 793 (1985).

37. L. B. Knight Jr. and W. Weltner Jr., J. Chem. Phys., 54, 9, 3875 (1971), 
56,3,1152 (1972), L. B. Knight Jr., W. C. Easley, W. Weltner Jr., M.
Wilson, J. Chem. Phys., 54, 7, 332 (1971).

38. G. A. Ozin and H. Huber, Inorg. Chem., 17, 155 (1978).

39. W. E. Klotzbucher and G. A. Ozin, J. Am. Chem. Soc , 100, 2262 (1978), 
Inorg. Chem., 18, 2101 0  979).

40. G. A. Ozin and A, J. Harlan, Inorg. Chem. 18,1781 (1979).

41. M. Moskovits and J. E. Hulse, J. Chem. Phys., 67, 4271 (1977).

42. T. G. Dietz, M. A. Duncan, D. E. Powers, R.E. Smalley, J. Chem. Phys.,
74.6511 (1981).

43. M. M. Kappes, R. W. Kuntz, and E. Schumacher, Chem. Phys. Lett., 91,
413 (1982).

44. H. Basch, J. Am. Chem. Soc., 103, 4657 (1981).

45. B. M. Gimarc, " Molecular Structure and Bonding ", Academic ,
New York, 1979.

46. S. C. Richtmeir, R A. Eade, D. A. Dixon, J. L. Gole, Am. Chem. Soc.
Symp. Ser. 179, 177(1982).



133

47.G. A. Thompson, 1985, Ph. D. Thesis, CCNY.

48- P. H. Kasai and D. McLeod Jr., J. Chem. Phys., 55,1566 (1971).

49. ESR Series User's Manual (1982), IBM Instrument Inc., Danbury Ct.

50. JES.ME.3X Electron Spin Resonance Instruments Instruction Manual, 
Japan Electron Optics Laboratory Co., Ltd., Tokyo, Japan.

51. C. P. Poole Jr. " Electron Spin Resonance ", 2nd. Ed., Wiley New York 
1983.

52. D. M. Lindsay, 1974, Ph. D. Thesis, Harvard University.

53. A. N. Nesmeyanov, " Vapour Pressure of the Chemicals Elements ", 
Elsevier, New York 1963.

54. W. E, Forsythe, " Smithsonian Tables ", 9th. Rev. Ed., Smithsonian 
Institution, Washington 1956.

55. J. E. Wertz and J. R. Bolton, " Electron Spin Resonance ", McGraw.Hill, 
New York 1972.

56. A. Abragam and B. Bleaney, " Elects en Paramagnetic Resonance of 
Transitions Metal Ions, Oxford , New York 1970.

57. A. Carrington and A.D. Me Lachlan, " Introduction to Magnetic 
Resonance ", Harper and Row , New York 1967.

58. P. B. Ayscough, " Electron Spin Resonance Chemistry ", Metheun, 
London 1967.

59. N. M. Atherton, " Electron Spin Resonance ", Wiley, New York 1973.

60. W. Weltner Jr., " Magnetic Atoms and Molecules ", Scientific and 
Academic Editions, New York 1983.

61. C. P. Poole, Jr., and H. A. Farach, " The Theory of Magnetic Resonance 
", Wiley.Intersdsnce, New York 1972.

62. G. Breit and L. I. Rabi, Phys. Rev., 38, 2082 (1931).

63. P. H. Kasai and D. MCLeod, Jr., J. Chem. Phys., 55,1566 (1971).



134

64. C. P. Slichter, " Principles of Magnetic Resonance ", Springer Verlag, 
Berlin 1980.

65. To be Published.

66. D. M. Lindsay, G. A. Thompson and Y. Wang, J. Phys. Chem., 91, 10 
(1987).

67.G. A. Ozin, H. Huber and S. A. Mitchell, Inorg. Chem., 18,10 (1979).

68. S. A. Mitchell, G. A. Kenney.Wallace, G. A. Ozin, J. Am. Chem. Soc., 
103, 20 (1981).

69. G. A. Ozin, H. Huber, D. Me Intosh, S. Mitchell, J. G. Norman, L. 
Noodlemam, J. Am. Chem. Soc. 101, 13, 3504 (1979).

70. M. Moskovits and J. E. Hulse, J. Chem. Soc. Faraday Trans. II., 73, 471
(1977).

71. F. J. Adrian, E. L. Cochran and V. A. Bowers, Adv. Chem., 36, 50 (1962).

72. Reprint of 107Ag3 in Appendix I.

73. ]. A. Howard, K. F, Preston and B. Mile, J. Am. Chem. Soc., 103, 6226 
(1981).

74. H. Kopperman, " Nuclear Moments ", Academic Press, New York 
1958.

75. C. P. Barret, R. C. Graham and R. Gruiter, Phys. 86, 199 (1984).

76. W. Schuhenlachler, W. Schroeder, H. H. Rotesmund, D. M. Kolb, 
Chem. Phys. Lett., 109, 7, 1 (1984).

77. J. Flad, G. Igel.Manm, H. Preuss, H. Stoll, Chem. Phys., 90, 257 (1984).

78. P Kusch and V. W. H ughes," Handbuch der Physik ", edited by S. 
Flugge, Springer, Berlin 1959.

79. S. M. Mattar and G. A. Ozin, J. Am. Chem. Soc. (in Press).

80. W. Andreoni and J. L. Martins, Surf. Sci. ( in Press).



135

81. D M. Lindsay and P.H. Kasai., J. Mag. Reson., 64,100 (1983).

82. F.J. Adrian, J. Bohandy and B.F. Kimv J.Chem. Phys., 81, 3805 (1984)

83. P.W. Atkins and M. C. Symmons, " The Structure of Inorganic Radicals ", 
Elsevier, New York 1967, D. M. Gruen, in " Cryochemistry ", eds. M. 
Moskovits and G. A. Ozin, Wiley, New York 1976, p. 441, D. M. Gruen 
and J. K. Bates, Inorg. Chem.., 16, 10,2450 (1977).

84. H. Abe, W. Schulze and D. M. Kolb., Chem. Phys. Lett., 60,2,208 (1979).

85. L.B. Knight and M. A. Ebner, J. Mol. Spec., 61, 412 (1976).

86. Hamada, Nature, 127, 55 (1931).

87. J.R. Sonheim, P. Sthapitandra and J.L. Margrave, J. Phys. Chem., 59, 132 
(1955).

88. Hamada, Philos. Mag. G. B., 12, 5067 (1931).

89. A. S. King, Publ. Astron. Soc. Pacific., 52, 325 (1940); 54, 6 (1942).

90. S. Barat, Proc. Roy. Soc. A 109,194 (1925).

91. D. J. Benard and S.W. Slafer, Chem. Phys. Lett., 56, 3, 438 (1978).

92. D. J. Benard and S.W. Slafer, Chem. Phys. Lett., 48, 321 (1977).

93. M. M. Kappes, P. Radi, M. Schar, E. Schumacher., Chem. Phys. Lett., 113,
3,243 (1985).

94. A. C. Chan and E. R. Davidson, J. Chem. Phys., 52, 8, 4108 (1969).

95. C. Shing-Piaw, W. Loong-Seng and L. Yoke-Seng, Nature, 209, 1300 (1966).

96. R. A. Chiles, C. E. Dysktra, and K. D. Jordan., J. Chem. Phys., 75, 2,1044 
(1981).

97. C. W. Bauschlicher, jr., P.S. Bagus, and B. N. Cox., J. Chem. Phys., 77, 8, 
4032(1982).

98. P. Y. Cheng, and M. A. Duncan., Chem. Phys. Lett., 152, 341 (1988).



136
99. P.S. Bechthold, U. Kettler, H. R. Schobeer, and W. Krasser., Z. Phys. D- 

Atoms, Molecules and Clusters., 3, 263-270 (1986).


