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Chapter One

1

INTRODUCTION
i

The main topic of this thesis is the electron spin 

resonance (ESR) study of bare Lithium metal clusters 

isolated in rare gas matrices. An additional project 

involved the production and examination of the superoxide 

adduct of Lithium. The ESR technique was used, obviously 

because that was the instrumentation available, and, more 

significantly, because it provides a subtle yet 

potentially decisive probe of the molecular geometry and 

electronic wave function through minimally perturbing low 

energy magnetic interactions with the species of interest. 

The obvious disadvantage is the paramagnetic requirement. 

Alkali atoms have single valence s-orbital electron so 

that only the atoms and the odd numbered neutral 

aggregates have transitions that are ESR visible. Lithium 

superoxide forms a charge transfer pair, Li+ 0 2 ‘ , where 

Lithium, although it now lacks an unpaired electron, can 

still interact with the transferred electron through its 

nuclear spin magnetic moment.

Small, neutral, ligand free (or "bare") metal 

clusters of less than 25-30 atoms have become the recent 

focus of interest, especially as models for elucidating 

such phenomena as chemiabsorption processes, catalytic
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activity, and phase transitions from molecular to bulk 

metal properties (1-5). Research was stimulated in the 

mid 1970's by the development and improvement of molecular 

beam and matrix isolation techniques which allowed more 

efficient production and observation of metal clusters 

(6 ). Molecular beam studies have the advantage that the 

clusters are in the gas phase and are not, therefore, 

perturbed by any interactions with a matrix. The 

cryogenic conditions of matrix isolation, however, insure 

that the clusters are in their lowest electronic and 

vibrational energy states. In molecular beam work, 

vibrationally excited and low lying metastable states are 

often produced (7). In matrix isolation work, while 

molecular rotations are not unknown for small molecules 

such as H 2 O , HC1, NH 2 , NH 3 , and CH 3 , no evidence of 

rotationally excited states were observed for the Lithium 

species reported here.

Matrix isolation allows the study of unstable, short 

lived or highly reactive species in a leisurely manner 

since, once trapped, they can be isolated for as long as 

the matrix is maintained (8 ). A major disadvantage arises 

from the unavoidable guest-host interactions between the 

trapped species and the matrix. These interactions can be 

minimized by using inert gases for the matrices. However, 

matrix perturbations may still be large enough to 

significantly distort the ground state geometry (9). By
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studying the species of interest in several matrices 

and/or over a range of temperatures, ft is sometimes 

possible to determine the degree of guest-host interaction 

(1 0 ), including variations in symmetry and coordination 

associated with multiple trapping sites. On one hand,

, invariance of molecular parameters to changes in matrix 

conditions offers strong support that they represent 

fundamental molecular properties rather than matrix 

induced effects. On the other hand, a current goal of 

cluster research is to develop a scale of guest-host 

interactions and use this to evaluate and ultimately 

predict the role of metal-support effects in various 

phenomena (11-13).

There are several recent comprehensive reviews of 

metal cluster spectroscopy (14-18) that reflect the growth 

in this field. However, at the beginning of this project 

experimental information was limited to several 

dissociation energies studies (19), UV-Visible absorption 

experiments (2 0 ), vibrational frequencies from 2 -photon 

ionizations (2 1 ) and ionization potential values from 

single-photon photoionizations studies of Sodium and 

Potassium cluster (22). ESR spectra of matrix isolated 

Na 3 and K 3 obtained by Lindsay et al (23-27) augered well 

for a similar synthesis and study of the Lithium trimer.

Li 3 is the simplest triatomic molecule capable of 

being chemically bonded (28) since both H 3 and He 3 do not
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have formal bonds. By the early 1980's a number of 

theoretical calculations had been done for the LI 3 system, 

but there was no consensus as to the ground state geometry 

(29-31). The isolation of 1.1 3 , even in a matrix could 

assist in solving the controversy. Almost concurrently 

with the ESR studies of alkali trimers appeared more 

sophisticated ab initio calculations on the potential 

energy surfaces of the Lithium and Sodium trimers. These 

predicted that the surfaces were relatively flat, 

consisting of three shallow wells separated by low energy 

saddle points ("100-300 cm’ -̂) and that the trimer should 

be able to pseudorotate among the wells (32,33). 

Pseudorotation was observed in the ESR studies of the 

alkali timers. Indeed, experimentally, Li 3 was found to 

be a totally fluxional molecule with its ground vibronic 

level lying above the saddle point barrier energy between 

the wells. The Li 3 work was complemented on either side 

by the study of a larger cluster, hly and the observation 

of Lithium atoms in multiple trapping sites.

A second project involved the examination of the 

triatomic Li0 2  molecule. The alkali superoxides have been 

extensively studied and a great deal is known about their 

ground state geometry (34). ESR data is available on the 

heavier alkali superoxides, but the values for LIO 2 were 

only tentative because of low intensity signals and poor 

resolution of transitions (35,36). Of main interest was
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deducing the crystal field splitting parameter, S, for 

Li (>2 and comparing it with those of the other alkali 

superoxides.
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Chanter Two

TH.EORI

I I .1 Introduction

The power of any experiment is the theory behind it 

and through which a cohesive explanation of the data can 

be provided. ESR has been around since 1944 when Zavoisky 

first experimented with CuC^'l^O, and, as expected, there 

is a wealth of texts that do an excellent job of 

presenting the theory in various degrees of rigor and 

detail (16,36-45). Therefore, only a rudimentary summary 

is attempted here.

Like all spectroscopy, ESR monitors net absorptions 

of energy from a radiation field when atoms or molecules 

change their energy state. A rigorous description of ESR 

theory must come from quantum theory, however, useful 

analogies can be drawn from classical physics. The basic 

logic is that a paramagnetic atom or molecule behaves as 

if it were a small bar magnet and when placed in a strong 

applied static magnetic field will align itself so that 

its field is either parallel or anti-parallel to that of 

the applied field. The difference in energy, AE, between 

the two alignments is a function of the strength of the 

applied field. If an oscillating magnetic field is 

applied in a direction perpendicular to that of the static
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field, and if its energy matches AE through the 

relationship

AE — hi/ [2 .1 ]

it will interact with the paramagnet and induce a 

transition between the two alignment states. The energy 

required to cause this transition, or spin flip, can be 

modified by any additional local fields such as those 

arising from nuclei with magnetic moments, or neighboring 

unpaired electrons, as well as being a function of the 

applied static field.

In quantum mechanics, the energy operator, or 

Hamiltonian, H, is the sum of the potential and kinetic 

energy of the system. For eigenfunctions, the

Hamiltonian is

If the Hamiltonian describes several independent, 

noninteracting systems, such as the electronic structure 

due to the motion of the electron and its attraction to 

the nucleus, and the spin energy in an applied magnetic 

field, then the total energy is the sum of the individual 

energies expressed by the HamiItonian and the total wave

" Ek^k [2 .2 ]
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function is the product of the wave functions of the 

individual parts of the system.

*tot “ H 1 + * 2  (H1 ,H2) " 0 [2.3]

The Hamiltonians, H  ̂ and H 2 commute with each other and 

with the total Hamiltonian and, therefore, have 

simultaneous eigenvalues.

~ En\^n H 2$m " Em^m
and

^tot^tot “ Etot^tot “ ^En+Em ^ t o t  

where ^ tot - .

The total wave function, ^t 0 t> *-s the product of the

individual wave functions, and the total energy, Etot, is 

the sum of the individual energies.

If there is an interaction between the two components 

of the Hamiltonian, a third component, *-s introduced

so that

"tot “ H1 + H2 + *12 E2 -6 ]

Hi 2 produces off-diagonal elements in the Hamiltonian 

energy matrix. $tot t*ie noninteracting system is no

[2.4]

[2.5]



longer an eigenfunction of the Hamiltonian and the matrix 

must be diagonalized in order to find the correct 

e igenvalues.

The total HamiItonlan for a molecule can be divided 

into two parts. One part represents the energy arising

from the interaction with a magnetic field, ffmag, and the

other part represents the energy the system would have in

the absence of the field, H Q .

'tot - »o + 'mag [2.7]

The pertinent interactions of H tot, collected in ffma g , 

form the Spin Hamiltonian, Hs .

'mag “ h LS + H Z + #hf + NQ + ffZN [2.8]
where

H ls is the spin-orbit term, Z f (r^)1 i ■s£, and has a
i

value of ’It)2 - 10^ cm"^.

H g is the Zeeman term which contains the orbital as

well as the electronic component,

/3eH*E(l^ + ges^) and has a value of 1 cm"1 , 
i

is the nuclear hyperfine term which is a sum of
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three components and has a value of “1 0 "^ - 

1 0 " cm"l.

Se^eSn^n ^ {^i'* + si' (3r* • ri - 1 ) • I

fia.si' xi ' & (*±) ). 
3

Hq is the quadrupole term, I*Q*I , and has a value

of ~10^cm"^,

■+ -+
^ZN *-s t îe nuclear Zeeman term, gn/?nH*I, and has a 

value of "1 0 "^ cm-*-.

II.2 Spin Hamiltonian

The Spin Hamiltonian can be written as

HS ~ 0e« -8*S + S-A’I + I ' Q ' I + gnJ0nH ‘I [2.9]

where the first term combines matrix elements of the spin- 

-orbit, orbital and electronic Zeeman terms of Jfmag into a 

single term. The electron's spin is not quantized along 

the magnetic field vector H, but is coupled to it through 

the molecular framework as represented by the g tensor.
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The second term Is the nuclear hyperflne interaction,

The third and fourth terms are the same as in E q . [2.8 ] .

The simplest description of the interaction between a

magnetic dipole moment vector, /i, and an external magnetic 
—►

field vector, H, is given by the Hamiltonian

H - - /* * H [2 . 10]

For the case of an electron, p has two possible 

components. The first arises from the intrinsic angular 

momentum, S, of the electron

PS - 2(- )S [2.11]
2 mc

The second occurs if the electron also has an orbital 

angular momentum, L

------ -—  L [2.12
2 mc

where S - S s ^ , L - Sl^, e is the charge of the electron, m 

its mass, and c the speed of light. Classically, the 

electron can have any energy described by

E - -/jH c o s  6 [2.13]



12
where $ is the angle between the vectors. Quantum 

mechanically, however, 0 is space quantized so that only 

certain energies are allowed. A quantum system with total 

angular momentum vector J can be described by the total 

angular quantum number, J. All that can be measured with 

certainty with respect to the vector, is its square, J ^ ( 

and one component, arbitrarilly labeled J z . As a 

consequence of the Uncertainty Principle, it is impossible 

to have complete knowledge of the direction of the angular 

momentum vector. For a particular system, the magnitude 

of Jz can have any of 2J+1 values given by the quantum 

number M j , where

Mj - JJrf, (J-l)Jrf...... -JJrf [2.14]

The magnitude of is J(J + 1)J<^. ]rf - h/2jr.

The magnetic moments in Eqs.[2.11] and [2.12] can be 

represented quantum mechanically by replacing the 

coefficients with ge£e/Jrf and BL&e/W respectively. The 

Bohr magneton, /3e - e)(/2mc - 9.2470 x lO'^l erg Gauss‘S.

For a free electron, gj, 1 and ge - 2.00232. The 

deviation of ge from the classical value of 2 is due to a 

relativistic correction.

Angular momentum vectors are individually quantized. 

Thus, the allowed projections of the orbital angular
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-¥

momentum vector L are given by the 2L+1 values of the 

orbital angular quantum number K^, and those of the spin 

vector, S, by Mg. For a single electron, the spin quantum 

number is S - 1/2 and Sz has the two possible values, Mg - 

+ 1/2 yt. and -1/2 J4. The magnitude of is 3/4 >£̂  and the 

magnitude of the vector S is (/3/2)#. In the absence of 

orbital angular momentum, the two energy levels for the 

electron In a magnetic field with component Hz , along an 

arbitrary direction z, are given by the electronic Zeeman 

term

» ~ ge0e»SH z - EM C [2.15]u

and the energy difference between the two levels is

AE - Em - Em - ge0eHz " h* [2.16]S-+1/2 S--1/2

where v is the microwave frequency at which transitions 

between the two levels occurs. Typically, v Is fixed for 

a given spectrometer and the field, Hz , is varied until 

the resonance condition is satisfied.

Orbital angular momentum is rarely completely missing 

or quenched. The deviation of the experimental g value 

from ge is a measure of the extent of the orbital 

interaction. In the conventional description for the 

magnetic interactions of a "free atom” , such as a gas
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phase atom, not subject to external fields from a

molecular or crystalline environment, the spin and orbital

angular momenta couple to give a resultant which is a

constant of the motion. For orbitally degenerate atomic
"► -► —►

states, (Ly*0) , with Russell - Saunders coupling, J - L + S. 

The Wigner-Eckart Theorm allows the spin orbit 

interaction, > to ^e rewritten as

where A is the spin-orbit coupling constant, and allows 

the orbital and spin Zeeman terms to be rewritten as

[2.17]

L + 6es " SJJ [2.18]

The first term of Eq. [2 . 9 ] is represented by the

Ha m i 1 Conian

H " [2.19]

with energy levels given by

eM j “ 6j0eMJHz [2 .2 0 ]

where the Land£ g factor
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gj - 1 + S(S + n + JfJ+ 1 ) + LI L+l) [2 .2 1 ]
2 J (J+l)

gives the
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the nuclei. The orbital angular momentum operator does 

not commute with the total Hamiltonian and, therefore, 

can't form simultaneous eigenstates with the energy of the 

system. That is, the orbital motion is not in a 

stationary state and is not an eigenvalue of the system.

The orbital motion is affected by it's orientation 

relative to the x, y, and z axes of the molecule. In 

molecules with cubic or tetrahedral symmetry, the orbital 

motion is affected isotropically by the nuclear fields.

In systems with axial symmetry, two of the directions, 

arbitrarily x and y, are equivalent and the third, z, is 

different. Finally, in systems with no symmetry, the 

electron's orbit is quenched to different extents about 

each molecular axis. The transition field position 

depends on the competition between the effect which 

tends to quench the orbital angular momentum, and the 

effect that tends to generate it. The dynamics of these 

effects are buried in the details of the g tensor given by 

the first term of Eq.[2.9].

If the orbital angular momentum is completely 

quenched, the electron possesses only spin angular 

momentum and the g tensor is isotropic and has the the 

free electron value ge - 2.00232. Therefore, if g is 

anisotropic, then S can not represent the true electron 

spin, but reflects a "fictitous" spin that includes the 

contributions from the orbital motion (39). Indeed,
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magnetic interactions that involve the orbital angular 

momentum of the electron are the sole source of deviation 

of g from ge ; and since the orbital angular momentum 

depends on the chemical environment of the atom, molecule 

or crystal, the g value(s) reflect the paramagnet's 

environment. There are two magnetic interactions 

involving the orbital angular momentum. The first is the 

spin-orbit coupling interaction

H so - f L S  [2.22]

which arises because the electron "sees" a magnetic field

due to the nuclear orbital motion. The second interaction

is with the external magnetic field

»Z0 “ 0eL ‘H [2.23]

where the larger the expectation value of the orbital 

angular momentum L, the greater the shift in g. The 

direction of the shift depends on the sign of the spin- 

orbit coupling constant, f . If f is positive, then g is 

generally less than ge .

The coupling of the electronic and nuclear spins is 

represented by the second term in E q . [2 . 9 ] , S'A‘I.

The hyperfine interaction actually has two components, an 

isotropic or Fermi contact term, A^s o , and an anisotopic



or dipolar term, A^ip contained in the tensor A. The 

hyperfine HamiItonian can be expressed as

*hf “ IA i so + A dip]S •I [2.24]

The structure due to the Fermi term arises from the 

interaction of the nuclear magnetic moment with the 

magnetic field produced at the nucleus by the electric 

current of the electron cloud. The Hamiltonian for this 

interaction is

where a is the isotropic hyperfine coupling constant and 

is proportional to the square of the amplitude of the 

electronic wave function at the nucleus

The sign of a depends on the sign of gn and on the sign of 

the spin density. The expression is integrated over the 

coordinates of the electron, therefore, the contact term 

has a nonzero value only when the electron has a finite

[2.25]

a " A iso “ |ige^egn^nl^<°)I 2 [2.26]
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probability density at the nucleus, i.e. has s-orbital 

character.

The dipole interaction term is analogous to the 

classical interaction energy between two magnetic moments, 

fie and

E - Me'Mn * 3 (/ie * r )(^n 'r ) [2.27]

where r is the radius vector from to fin , and r is its
■ +  ■+

magnitude. The quantum mechanical version has |»e - -ge/3eS
-f -+

and /in - gnj8 nI so that

^dip “ " Be^eSn^n I * ' S - 3 ( W ) ( S ^ ) >  [2.28]

where

AdiP “ ge^egn^n<3cos2^-1> [2.29]
2 r-

This is averaged over the entire probability distribution,
-*• j|lKr)| , of the unpaired electron and averages to zero 

whenever the electron cloud has spherical symmetry.

E q . [2.24] can be rewritten in tensor form

tfh f “ I* <Ai s o I + T)-S [2.30]
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where

A - A iso 0 0 Tx 0 0

0 A is o 0 + 0 Ty 0

r
o o A i s o 0 0 t z

Each diagonal element in the traceless tensor T is

^i “ 'Se^eSn^n <r  ̂ ' 3i^> [2.31]

r 5
where i - x ,y , or z .

For nuclei with nonzero nuclear spins, the energy 

levels can be further perturbed by the interaction between 

the nucleus and the external field. This nuclear Zeeman 

interaction is given by the last term in E q . [2 . 9 ] and is 

analogous to the electronic Zeeman term but is typically 

'3 orders of magnitude less. For the Lithium systems 

reported in this thesis the nuclear Zeeman, as well as the 

quadrupole term, are neglected.

I I .3 Resonance Conditions and Transition Field Positions 

As previously noted, the magnetic field value at 

which transition occurs depends on the frequency pf the 

spectrometer. Line positions must be independent of the 

spectrometer used. However, different spectrometers
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operate at different frequencies. Even for a given 

instrument, the frequency may vary with cavity conditions 

and temperatures. Consequently, neither the field value 

H, nor the frequency v , can be used separately to give the 

line position. Instead, the g value is used, which is 

essentially the ratio of the frequency to the field at 

resonance.

ESR spectra can be taken under three conditions of 

the external magnetic field, the weak field, the strong 

field, and the Intermediate field strength cases.

(i) Weak Field: The splitting due to the external
-+

field, H, is small with respect to the splitting due to 

the field independent hyperfine term. That is, for some 

general angular momentum vector, J,

a I 'J > [2.32]

In this case, I and J couple to give a resultant vector,

- I + J. F is the good quantum number and its 2F+1 

projections are given by Mp - F, F-l,...,-F.

(ii) Strong Field: Here the splitting due to H is

greater than the hyperfine splitting, i.e.

gj/3eH • J > al • J [2.33]

■+
This decouples I and J making them good quantum numbers, 

and replacing Mp with Mj and Mj to give (21+1)(2J+1)
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levels. That is, each Mj value has a complement of Mj 

leve 1 s .

(iii) Intermediate Field: The Zeeman and hyperfine

splittings are the same order of magnitude. In the 

limiting cases, it approaches either the Mp or the Mj + Mj 

re gime.

All spectra presented here were obtained under strong 

field conditions. This is also called the high field 

approximation. Fig.I I . 1 shows the effect of the magnetic 

field strength on the energy levels of a atom such as 

^Li where I - 1 and S - 1/2. The states are labeled in 

both the weak field basis, |F,Mp>, and the high filed 

basis, |S,Mg,I,Mj>.

The general solution for the magnetic energy levels 

for a two spin system using the Hamiltonian in E q .[2.9] 

and ignoring the quadrupole term, can be evaluated in the 

JS ,Mg ,I,Mj> basis (46). For the hyperfine interaction, 

the IZ S Z terms of the expansions in Eqs.[2.25] and [2.26] 

act to perturbe the zero order wave functions and give the 

first order hyperfine energies. The remaining terms, IX SX 

and IySy, mix wave functions to produce the second order 

changes in the energies. By appropriately ordering the 

basis functions, the Hamiltonian can be block dlagonalized 

into a set of pure states represented by lxl matrices, and 

a seies of mixed states represented by 2x2 matrices. The 

diagonal elements are given by
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< S ,M S ,I ,M x | HS |S,M',I,M'> -

ge0eHMS*M M' + Sn^nHMI5M M'S S I I

+ (Ai so 2Adlp)MsM I5M „,SM M t [2.34]
S I  I S

The off-diagonal elements are given by

<S > M s ,I ,M ! | HS |SPM S -1,I,MI + 1> -

1/2 I(S+Ms)(S-Ms+l)(I-MI)(I+MI+l)) 1 / 2 x(Also + Adip)

[2.35]

and

< S PMS ,I,MI | HS |S,M s+ 1 ,I ,M j -1> -

1/2 {(S-MS )(S+Ms+1)(I+Mj)(I-Mj+1)) 1 / 2 x(Aiso + A dip)

[2.36]

When the external field is very large, the off-diagonal 

elements, which are field independent, can be neglected. 

Using this approximation the eigenvalues can be read off 

of the diagonal of the matrix.
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The ESR selection rules AMj-0 and AMS-±1, are evident 

from examining the above three equations and understanding 

the probability of transition. In the ESR experiment, the 

slowly swept static field lifts the magnetic degeneracy of 

the states and produces the Zeeman levels. Transitions 

between these levels are accomplished by a second, 

oscillating field, Hosc , provided by the standing 

microwaves produced in the cavity by the klystron. The 

transition probability is given by

p - le/3e<M S>M ll S-Hosc |MS ,MI>|2 {2.37]

where g is assumed to be isotropic, and the basis 

functions are abbreviated since S and I are constant for a 

given molecular state. If Hosc is parallel to the static

field, Hext, say along the z-axis, it can only interact

with the Sz spin component. Since

Sz |Ms> ~ Mg|Mg>, P is nonzero only if Mg - Mg and Mj -
-►

M j . That is, no transition occurs and Hosc only serves to
-k

modulate the Zeeman levels. However, if Hosc is 

perpendicular to Hext, say along the x-axis, it will 

interact with the Sx spin component. Since Sx - 1/2(S+ + 

S.), Sx |Mg> - 1/2(|Mg -1> + |Mg +1>) and P is nonzero only 

when Mg - M g ± l .

For the Lithium atom, the dipolar term of the 

hyperfine interaction in zero. Further, the nuclear
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Zeeman term can be neglected. The six energy levels 

associated with ^Li are represented in Fig.II,2, The 

field positions for the corresponding transitions, given 

to second order, are

H (I ,M) - ge (He - a 0 M) + {geao) 2 (I(I+l)-M2)

So So 2H (I , M)
[2.38]

where H(I,M) is the observed line position, in Gauss. For 

molecules, relace I with J, the sum of the nuclear spins 

of each set of j equivalent nuclei, and aM with the sum 

Sajmj, taken over the set of j magnetic nuclei.
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Figure II.1 Zeeman energy level diagram for a 2 S, 1-1 

atom such as ®Li .

hv = H  + aM,+ i{I(I + 1) -  Mj} — +
(M +  h)

+ £  —  /(/ +  1)}

I
li»

Energy

h.'l>



Fteure II.2 Diagram of the energy levels and 

corresponding Spin Hamiltonian matrix elements for a ^S, 

1 - 1  atom such as ^Li,
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Chapter Three 

EXPERIMENTAL

III.l Introduction

Lithium species of interest were formed by 

conventional matrix isolation methods. Metallic Lithium 

was vaporized from a Knudsen type effusion source and 

codeposited with an excess amount of some nonreactive gas. 

The two beams intersect on a liquid helium (LHe) cooled 

target surface mounted within an ESR cavity. At the 

cryogenic surface, the vapors rapidly condense and 

individual atoms and molecules of Lithium are "trapped" in 

the frozen matrix. Solidification is not instantaneous 

and reactive atoms may aggregate into small clusters via 

.diffusion. The high dilution provided by the matrix, 

however, effectively prevents aggregation into the bulk 

metal. Diffusive aggregation during deposition can be 

increased by having the modulation power on during 

deposition, or by maintaining the target surface at a 

temperature above 4.2®K, Once deposition is completed, 

aggregation can sometimes be facilitated by annealing 

and/or photolyzing the matrix sample. For example, the 

Lithium trimer is not generally evident in samples prior 

to photolysis. Also, LiO^ signals are frequently observed 

after annealing samples containing LiO£•
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Annealing is accomplished by gradually warming the 

matrix to approximately 1/3 of the matrix gas' melting 

point. During the resulting "softening" the matrix atoms 

tend to orient themselves to form the regular lattice 

structure (hcc for noble gas solids) associated with the 

pure solid. This forces the trapped species into a 

smaller number of preferred lattice positions and their 

transition signals generally become narrower and easier to 

observe.

The matrix gases used most often were Argon, Krypton, 

and Nitrogen. A small number of experiments were done 

using Neon and Xenon. These two were more difficult to 

work with. Neon, because of its low heat capacity and 

high scattering ratio (9) tended not to stick to the 

target. Since the ra.p. of Neon is only about 25°K, 

annealing above 9 or 10°K produced serious boil off.

Those matrices that did form were easily degraded by minor 

changes in cavity temperature. The problem with Xenon is 

that natural abundance samples contain 26.4% of ^ ^ X e  w ith 

1-1/2 and 21.1% of ■'•^Xe with 1-3/2. Signals from trapped 

species were greatly attenuated by the resulting dipolar 

broadening.

Natural abundance Lithium contains two isotopes:

92.58% of 7Li with 1-3/2 and 7.42% of 6Li with 1-1.



Table III.l Lithium Properties.

Isotope Natural
Abundance

%

Nuclear 
Spin, I

Magnet ic 
8 n

Moment
^n

Quadrupole

(1 0 -2 1 cm2)

Gas Phase
hf, Gauss

7Li 92 . 58 3/2 2.1707 3.2560 -3xl0- 2 143.4

®Li 7 .42 1 0.82192 0 . 82192 +6.9xl0 ' 4 54. 3

gn is in units of n ; -gl (scalar). 

Note: The ratio of 7 gn/®gn 7 a/®a * 2.64

o
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Table III.2 Materials Used.

Material Supplier Purity, %

natLi Alfa Chemicals 99 . 9

?Li 0RNL<a > 99 . 9

 ̂Li ORNL 98

Argon Airco 99.998

Krypton Air co 99.995

Nitrogen (N2 ) Airco 99.9995

Xenon Airco 99 .995

Neon Matheson 99 . 99

Oxygen (02) Matheson 99.997

Oak Ridge National Laboratories.
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Figure III.1 Schematic of experimental apparatus.
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III.2 Experimental Apparatus

A schematic of the operating system is shown in 

Fig.III.1. Only a brief description of the major 

commercial components is given here since details are 

readily available from the manufacturers' manuals. More 

detail is supplied for those components that were modified 

to better suit the experimental requirements.

III.2.1 Spectrometer and Magnet

Two commercial ESR spectrometers were used during the 

course of these experiments. Most of the spectra 

presented in this thesis were obtained using a JEOLCO-ME- 

3X Spectrometer (47). In September 1983, it was replaced 

with an IBM-Bruker ER 2000 ESR Spectrometer (48). Most of 

the Li 0 2  data was obtained with this latter system. The 

IBM-Bruker was substantially less temperamental than the 

older JE0LC0. Not only was tuning easier to accomplish 

and maintain, but there was an approximately three fold 

Increase in sensitivity.

Both spectrometers were standard x-band instruments 

with the klystron locked to the sample cavity by either a 

hybrid-T bridge or a three port circulator with 

directional coupler. The AFC stabilized klystron supplied 

monochromatic radiation at a frequency of "9.2 GHz with a 

maximum power output of ”200 mW. Typically 0.5-1.0 mW of 

microwave power was incident on the cavity. The
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microwaves pass through a mica window and into the 

resonance cavity via a length of evacuated rectangular 

wave guide. The guide and cavity are both enclosed in the 

cryostat. An iris is present between the end of the wave 

guide and the cavity.

The reference arm of the spectrometer was tuned at 

~4.2°K to the resonance frequency of the unloaded cavity 

(i.e. before deposition). The ability of the cavity to 

respond to an absorption of energy is represented by the 

quality, Q, of the cavity. The larger the value of Q, the 

more sensitive the cavity is to small changes in the 

energy absorbed. The customized cavity used had an 

estimated Q of 3500-4500 (36). After deposition, Q has 

changed and the cavity is no longer balanced to the 

reference arm. At resonance the misbalance in output 

between the microwaves reflected back from the cavity and 

the unattenuated value in the reference arm is detected by 

a semiconducting diode.

Unless the sample has a very high concentration of 

paramagnets, the signal can be weak and easily masked by 

noise. To overcome this, an oscillating magnetic field at 

a known frequency is superposed on the static field. When 

the static field passes through a resonance, the 

modulating frequency is superposed on the ESR absorption 

signal. A 100 kHz modulation is supplied by customized 

low impedance modulation coils mounted on the cavity (36).
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This field has a peak-to-peak amplitude range of 0.25-5.0 

Gauss. Vhen the static field sweeps through a resonance 

value absorption occurs and a signal is generated at 1 0 0  

kHz with an amplitude proportional to the first derivative 

of the absorption signal. The signal now goes through a 

lock-in-araplifier that acts as a phase sensitive detector 

to give a dc output. The detector is only sensitive to an 

input frequency at or near the modulation frequency.

Since only a small fraction of random noise is expected to 

have this frequency the signal-to-noise ratio, S/N, 

increases and weaker intensity transitions can be 

resolved. The final signal is either plotted directly on 

an XY recorder or stored digitally on a signal averager 

(Tracor-Northern model 1710-4K). The recorder and the 

signal averager are interfaced to an IBM-9000 minicomputer 

so that spectra can be further processed.

The static magnetic field source for both 

spectrometers was a JEOLCO magnet and power supply. This 

is a water cooled low impedance electromagnet with a field 

range of 0 to 10 k G . The homogeneity of the field depends 

on the pole diameters and and gap width. The flat 

polecaps are 300mm in diameter. The original air gap of 

60mm was widened to 90mm to accommodate the tail of the 

dewar. The field was relatively stable and linear over 

the range 3.5 kG ± 1 kG used in these experiments, 

although transient "jitter" as well as field drift
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occurred with the JEOLCO spectrometer. This reduced the 

efficiency of signal averaging in some experiments.

However, since all spectra were individually calibrated
1

using a proton magnetometer (Micronow, model 515), any 

transient field instabilities were not expected to 

compromise the accuracy of field positions assigned to 

transitions. The resonance frequency of the cavity plus 

sample was monitored using a microwave frequency counter 

(Hewlett-Packard, model 5245L plus HP5255A plug-in).

Relative and absolute field positions were judged accurate 

to ±0.5% and ±1.0G respectively for the JEOLCO 

spectrometer and to ±0.2% and ±0.5G for the Bruker 

spectrome ter.

III.2.2 The Dewar

The liquid Helium cryostat used for these experiments 

is a customized modular variant of an Andonian 3-litre 

Dewar (Adonian Associates Inc., Waltham, Mass.). An 

exhaustive description of the engineering and construction 

details is given in Ref. 36. A schematic of the dewar is 

shown in Fig.III.2. The dewar has an upper section that 

is essentially a reservoir and temperature sink. Below 

this is a smaller "working tail" where the resonance 

cavity and vaporization source are located. The dewar 

consists of five concentrically nested modules. From the 

outside in, first, of course, is an outer vacuum jacket.



This is followed by a liquid Nitrogen (LN2 ) reservoir and 

a second vacuum jacket. Next is a two stage liquid Helium 

(LHe) chamber. The upper reservoir has an "2 1/2 litre 

capacity and is the reservoir proper. Below it is a 

smaller LHe "tail" with a capacity of "1/2 litre. The two 

are connected by a variable position valve that allows the 

tail reservoir to be evacuated of LHe so that variable 

temperature experiments can be performed on the matrix 

sample. Finally, running down the center of the apparatus 

is a length of evacuated waveguide to which the resonance 

cavity is attached.

Variable temperature work was monitored by several 

different systems over the course of these experiments. 

Initially, a Carbon resistor, calibrated at three fixed 

points (4.2“K, 77*K, 300°K) and rated accurate to ±5%, was 

used. The calibration scheme is given in Ref. 36. This 

was later replaced by a factory calibrated Germanium 

resistance thermocouple (Cryocal Inc., St. Paul, Minn.) 

with a rated precision of ±0.0005°K. The final system 

consisted of a Gallium-Arsenide diode, with a precision of 

±0.2DK, interfaced to s Series 5500 Microprocessor Based 

Temperature Indicator/Controller (Scientific Instruments, 

Inc., West Palm Beach, F l .). This system gives the 

easiest and most comprehensive dewar tail temperature



MICA WINDOW

TO MICROWAVE 
BRIDGE

LH« FILL /V E N T  TUBES

TO H IU U M  PUMP

—  VALVE DRIVER

o m n i s e a l

RADIATION SHlELOS

. -WAVEGUIDE

VAC J- <

RISER

HELIUM VALVE

VAC

VAC N2 SHIELD

HEATER/SENSORS

HEAT EXCHANGER

SAPPHIRE PLATE

w COUPLING FLANGE ( IR IS  I
FROM LAMP

-  CAVITY

MIRROR MOUNT
A L K A L I OVEN

TO PUMPS

EX TE1N ALLY MOUNTED 
CARTRIDGE HEATERS AND 
THERMOCOUPLES

FROM GAS LINE

Figure III.2 The Liquid Helium Dewar.



39
control, providing for maintenance of selected 

temperatures as well as for small step-wise changes in 

temperature. All the temperature transducers were mounted 

on a heat exchanger connected to the cavity and not at the 

target surface itself. Because of this, reported 

temperatures are really "nominal" values although there is 

not expected to be more than a 1 or 2 °K difference 

between the two points. Temperature gradients as well as 

significant heat loads to the cavity arise from the 

elevated temperatures of the incoming gases, the current 

in the modulation coils surmounting the cavity, and the 

microwave power from the klystron that is dissipated in 

the cavity walls.

III.2.3 Resonance Cavity and Target

The resonance cavity used is a custom built TE^o2 

type. The cavity designation gives the type and pattern 

of the internal field set up in the cavity. This 

rectangular model provides a transverse electric field 

mode (i.e. having no z-component of the electric field).

The subscripts give the number of 1/2 period variations of

the electric field along the x,y, and z axes,

respectively, of the cavity. The cavity is constructed of 

brass and Gold plated to increase the reflectivity. The

cavity quality factor is in the range Q ~ 3500-4500 (36).

The value is temperature dependent and increases as T
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decreases. The cavity is mounted to a heat exchanger at 

the end of the microwave guide. The target plate on which 

the sample is deposited sits within the cavity between the 

modulation coils. Two types of target plates were used.

The first was a sapphire plate 0.021" thick. A sample of 

the spectrum for this target is given in Fig.III.3. The 

transitions observed are due to impurities and the pattern 

is unique to each sapphire crystal. The patterns for all 

targets used were accurately recorded at 4.2°K prior to 

deposition so that transitions due to sapphire impurities 

were easily distinguished from those of the matrix sample. 

The particular plate shown in Fig.III.3 was used 

extensively. Most of the experimental data, including all 

the bare cluster work as well as the Initial L 1 0 2  data 

were taken using this plate. The strong downfield pair of 

peaks was used to optimized the tuning of the 

spectrometers. The actual positions and intensities of 

the impurity signals changed slightly whenever the plate 

was remounted after removal from the cavity for repairs or 

cleaning. This is because a slight variability is 

possible in the mounting position of the target in the 

cavity. This plate was relatively clear in the g - 2 

region as seen in the smaller region scanned in Fig.III.4. 

The resonance field of the free electron, He , in the 

cavity had a steady value of 3312.3 G when the sapphire



Figure III.3 Sapphire plate background spectrum taken at 

4.2°K. This is a 6000 G scan centered at 3000 G. The 

scan time was 200 sec. with a 100msec time constant, 2 G

modulation, and *lraW microwave power.
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Figure III.4 Sapphire place background spectrum taken at 

4.2°K. This is a 500 G scan centered at 3300 G (~g—2). 

The scan time was 200 sec. with a 100msec time constant,

2 G modulation, and "lmW microwave power.
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Figure III.5 Copper plate backgound spectrum taken at 

"4.2°K. This is a 6000 G scan centered at 3000 G. The 

scan time was 10 sin. with a 500msec time constant, 2 G 

modulation, and 'lmW microwave power.
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target was used. This value varied by less than ±0.5G 

over the 4-77°K range and did not change significantly 

upon deposition.

The second target was a Copper plate, 0.031" thick.

This target had a counterbored hole in its center to 

accommodate a 0.094" diameter quartz window. This allowed 

the target to be used by other experimenters doing optical 

absorption studies. This target was introduced in an 

attempt to improve the thermal contact between the plate 

and cavity to facilitate the growing of Neon matrices. A 

typical 4.2°K background spectrum for the Cu target is 

shown in Fig.Ill,5. The free electron field value had a 

value of 3320.4 G ± 0.5 G.

III.2.4 The Effusion Source

Lithium is evaporated from a Knudsen effusion source. 

This source is the same one originally described in detail 

in Ref.36, but with several modifications added. The 

stainless steel source consists of a block containing a 

tubular hole in which metal to be vaporized is placed. 

Vaporization occurs by resistive heating of this block (65 

W resisitor, Hottwatt, Inc.). The metal vapor is 

collimated into a beam by passing through a slit block 

that fits atop the oven block. The slit is independently 

heated using a second 65W resistor to prevent it from 

clogging during deposition. An input tube carries the
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matrix (and any additional reactive) gases into the source 

chamber. This tube ends in a slit that directs the matrix 

gas so that its beam crosses that of the metal vapor's at 

the surface of the target plate in the cavity. For Argon, 

this effusion slit allows ”1 0 ^^ molecs/sec into the 

cavity.

During the experiments an intermittent "thermal 

short" developed, but when the source was removed from the 

dewar and examined nothing appeared to be wrong. The 

problem was eventually traced to a hard solder joint in 

the oven block. The source is a "low temperature" furnace 

originally designed to vaporize the higher weight alkali 

metals (Na-*Cs). Lithium has the highest m.p. of the 

alkali series and suitable vapor fluxes required that the 

source be heated to temperatures of >500'C. At the higher 

temperatures needed to get suitable Li vapor pressures, 

the solder softened and the oven block "bowed" and made 

thermal contact with part of the LN 2 shield. This problem 

was eliminated by adding a water cooled shield around the 

source. Schematics of the source are given in Fig.III . 6 

and 7. A second problem was the production of a black, 

laminar, "sooty" appearing deposit on the oven block and 

inside the water cooled shield during Lithium 

vaporization. This deposit clogged the slit block and 

seriously attenuated the Li beam reaching the target.
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Figure III . 6 The effusion source. Front view of slit 

block. Side view of oven block.
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Figure III■7 Side view of source showing the water cooled 

shield and quartz microbalance.
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Since Lithium is capable of leaching Carbon out of steel, 

these deposits may have been graphite. The problem was 

eliminated by placing Li into a low Carbon steel liner (SS 

303, 4% Carbon) before placing it in the oven block.

The final modification to the source was the addition 

of a quartz microbalance to directly monitor the Lithium 

vapor fluxes.

III.2.5 Monitoring Fluxes

Two fluxes were involved In these experiments, that 

of the matrix gas and that of the Lithium vapor. The 

details of the gas line input are given in Ref.36, and the 

matrix gas flux is expressed by

Fmat " 6.14xl017 P [3.1]

( M T ) V 2

where P is the pressure, in Torrs, behind the input slit. 

This pressure was monitored with a capacitance manometer 

(MKS Series 200, MKS Industries, Burlington, Mass.) that 

had a 10 Torr head and a 0.001 Torr precision rating. M 

is the gram molecular weight of the matrix gas, and T is 

the temperature in °K, assumed to be room temperature, of 

the input gas. A typical value for Argon where P ~ 0.96 

Torr, M - 40 g mole"^, and T - 300°K is
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F^r — 5.38x10^ molecs sec'^ [ 3 3 ]

The Lithium vapor fluxes were originally estimated 

from the Nesmeyanov Tables (49) that plot vapor pressure 

of metal vs temperature. A more accurate measure was 

obtained when a commercial quartz crystal microbalance 

(Veeco QM 301, Veeco Instruments, Inc., Plainview, N.Y.) 

was retractably mounted on the source flange. The 

microbalance was modified by water cooling the head. This 

was done to stabilize the readings and reduce the crystal 

failure rate by reducing the thermal shock to the crystal 

when it was raised to intercept the hot Lithium beam.

The flux, in A/sec, is read directly off of the 

microbalance unit. However, this reading has to be 

manipulated to get the actual flux of Li at the target 

plate. First, as shown in Fig.III.7, the quartz crystal 

is parallel to the actual Li beam. A pinhole in the slit 

spacer that sits between the oven and slit blocks allows 

some Li vapor to hit the crystal. This sampling, however, 

is perpendicular to the direction in which the Li beam is 

directed, so there is a geometric factor involved. The 

flux of Li at the cavity equals the geometric factor times 

the Li flux at the crystal. In addition, the microbalance 

is calibrated for Aluminum atoms (presumably because A1 

has " the same density as quartz), and must be adjusted 

for the difference between the densities of A1 and Li. A 

sample calculation follows:
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Pp̂ l - 2.645 kg/1 at 20*C 

pLi - 0.533 kg/1 at 20'C 

MWAX - 26.98 

MWLi - 6.941

Diameter of microbalance crystal - 0.762 cm 

Area of crystal - 0.46 cm^

Volume/hour - (Flux)x(Area)

A flux of 2A/sec gives:

-1(Flux)(Area)(^A ^)(MWa ^) - 3.2 mole/hr of Lithium

after appropriate unit conversions.
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BARE LITHIUM CLOSTERS

I V .1 Spectra and Analysis

ESR spectra were obtained for the Lithium atom, 

trimer and septemer species in Argon matrices. The atom 

and septemer signal intensities could be followed during 

the deposition. The timer signal was generally not 

evident prior to photolyzing the sample after deposition 

was completed. The relative intensities of the atom and 

septemer signals were used to find optimized conditions 

for producing both the trimer and septemer clusters. A 

summary of optimum deposition conditions is given in Table 

I V .1. A typical growth curve as a function of deposition 

time is .presented in Fig. IV.1. The curve is for a ^Li 

doped sample and follows the Mj - + 3/2 transition for the 

atom and an arbitrary superhyperfine (shf) feature of the 

septemer. The graph is only qualitative because at the 

low resolution used for deposition time scans, the 

identity of the shf feature is not well established.

Also, the relative intensities were not exactly the same 

for any two experiments or "runs". The growth curves were 

useful, however, in finding the point at which the growth 

rates tended to "plateau". Continued deposition .ifter



Tabl e IV.1 Lithium Cluster Deposition Conditions.

Cluster Target T Source T Li v . p . L i flux <b > Dep.Time Ar : Li
° K ®K A/sec mol/hr hrs

Li 3 4 . 2 450-500 1.0 0.5-1.5 0 . 1 5-7 75 : 1

Li? 4 . 2-8 . 0 500-530 5.0 2.0-5.0 0.3 5-7 30:1

(a) Trimer conditions include 2-5 hr photolysis after deposition. 

<b > Eq.[3.4].

U1
N3
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Fl_gure IV. 1 Growth curve for the Mj-+3/2 transition of 

7 Li, a shf transition of 7 Li7 , and the bulk metal signal 

at g' 2 .
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this point didn't produce significant increases in cluster 

intensities, but could be roughly correlated to increases 

in a broad feature at g ~ 2  probably associated with the 

formation of bulk Li metal.

All spectra were fit to the second order Breit-Rabi 

formula. For convenience and consistency with the 

published results (23-27,50-52), the notation used in 

applying the equation to each species is reviewed below:

(i) For atomic spectra the equation is used as 

written in Eq.[2.38].

(ii) For the trimer the first-order hf line 

positions are expressed by

3
H( M ,m) - ge (He - E ajmi) [4.1]

—  i— 1

So

For the static trimer case, this becomes

H(M,m) - ge (He - a0M -a3 m 3) [4.2]
So

where M is the sum of the magnetic quantum numbers of the 

equivalent nuclei, M-m^+m 2 , and a^-a 2 -a0 . The parameters 

for the nonequivalent third nucleus are m 3 and a3 . For 

the pseudorotating trimer,
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H(M) - ge<He * aM) [4.3]
So

where M-mi-m 2 -m 3 , the spin projection quantum number of 

the three equivalent nuclei, and the hf constant is 

expressed as the average

a — (1/3)(a^+a 2 +a 3 ) [4,4]

(iii) For the septemer, E q , [4.1] can be extended to

include the second order hf interaction

HCJi.Mi) - ge(He - aiMx) - (1 / 2 )(ge/g 0 )2 ai( < J 1 + 1 ) - M t)
go H

[4.5]

where the subscript 1 refers to the set of nuclei 

producing the hf pattern. J is the total nuclear spin 

angular momentum for the equivalent nuclei, LIj^J. Since 

M is the projection of J onto the magnetic field, J>|M|.

Each transition with a given M is split into components

with J ranging from |M| to in integer steps.

Superimposed on each hf transition is a

superhyperfine (shf) pattern described by

H(M2) - *(ge/g 0 )a2M 2 [4.6]
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where the subscript 2 refers to a second set of equivalent 

nuclei with a 2 « a ^ .

The observed ESR transitions are fit to the 

appropriate form of Eq. 2.38 to provide the best fit 

values of the parameters g and a. The hfs constant is 

proportional to the spin density of the unpaired electron 

at a given nucleus (Eq. 2.23), and, therefore, can provide 

a description of its relative distribution over the 

molecular framework. This, in turn, can provide 

information on the geometry and bonding patterns of the 

species. To facilitate comparison of hf information for 

different species, the hf constant is expressed as the 

dimensionless spin population, p. This gives the 

probability of having the unpaired electron in the 

orbitals assigned to a given nucleus. This is done by 

taking the ratio of the experimental isotropic hfs 

constant to that of the gas phase atomic value. the gas 

phase isotropic hfs constants are a(®Li)- 54.29G and 

a(^Li) - 143.36G (53). There is some ambiguity in 

evaluating spin populations because of complications such 

as contraction of the atomic wave function on formation of 

the molecule, or matrix interaction effects. The 

assumption that these effects are either insignificant or 

consistent for different species is not necessarily true.

Additional information is contained in the line 

shapes and intensity distribution patterns. For the
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species reported in this section all transitions had clean 

first-derivative lineshapes characteristic of paramagnetic 

species with isotropic g tensors (g - gl) and hf tensors 

(A - al) .

IV.1.1 Lithium Atoms

The atomic ground state of Li is The four ESR

transitions of ^Li and the three of ®Li have the strong 

first-derivative line shapes expected. The atoms were 

isolated in Argon in multiple matrix sites. Tables I V .2 

and IV.3 present comparisons between the observed and 

calculated field positions for the major matrix site (Site 

I) of each isotope at 4.2®K. In Argon as many as 6 - 8  

sites could be observed in some samples prior to 

annealing. Annealing reduced the number of sites to 1 or 

2 major sites, where the second site, at 4 , 2 " K , was 

generally 75-50% the intensity of the primary site, and 1 

or 2 minor sites with intensities of less than 1 0 % that of 

Site 1. Once the sample was annealed the number of sites 

became invariant under further temperature changes.

However, the g and a values as well as the relative 

intensities of the sites varied with temperature even 

after annealing. Table IV.4 summarizes the magnetic 

parameters for Site I of both isotopes at 4.2 and 30°K. 

Equally unpredictable were the changes in relative 

intensity between sites as a function of temperature.
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Table I V ,2 Comparison between the experimental and 

calculated line positions for ^Li (Site I) in Argon at 

4.2’K.

Mj Experimental Calculated Difference
H(M), Gauss H(M), Gauss

+3/2 3088.2

+1/2 3231.1

-1/2 3378,7

-3/2 3533.5

3088.2 0.0

3230.8 +0.3

3378.6 +0.1

3534.2 -0.6
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Table IV.3 Comparison between the experimental and

calculated 

4.2°K.

line positions for 6Li (Site I) in Argon at

Mi Experimental Calculated Difference
H(M), Gaus 8 H(M), Gauss

+ 1 3259.6 3258 . 8 + 0 . 8

0 3315.1 3315 . 5 -0.4

- 1 3371.9 3371 . 2 +0.7
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Only the values for Site I are reported since they were 

the only ones consistently reproducible from one run to 

another. In all cases, however, the transition line width 

increased with increasing T. Shifts in intensity were 

revers ible.

The multiple sites showed a variation in intensity 

as a function of photolysis time. Photolysis decreased 

the relative intensities of all sites. The changes were 

irreversible, in contrast to the case of thermal 

variation. The results were not quantitatively 

predictable. In some samples 4 hours of photolysis using 

a 150 W or 450 W Xenon arc lamp reduced major site 

intensity by less than 50% while in others the atom 

signals were "bleached" away to less than 5% of their 

prephotolysis intensities.

IV.1.2 Lithium Trlmer

ESR spectra assigned to the pseudorotating trimer, 

p-^Lij, were obtained after photolyzing samples produce by 

codepositing either atomic ^Li or ^Li with Argon for ”5-7 

hours at 4,2°. The Knudsen effusion source was run at 

”450-500°C and produced a Lithium flux of "0.1/imol/hr 

incident on the target sapphire plate. The average Ar:Li 

ratio was 75:1. Samples were annealed at "31°K and then 

photolyzed at ”30“K for up to 4 hours. Although weak 

timer signals were observed in a few samples prior to.



Table I?.4 Magnetic parameters of ^Li (Site I) and ^Li (Site I) in Argon at 

4 . 2 ° K and 30°K.

Temp. ,° K g A g ( a >

(-1 0 *)

a, Gauss P

6Li 4.2 2 .0 0 0 1 1 (1 ) 2 . 7 56 . 06(3) 1.03

6Li 30 .0 2 .00038(7) 55 .95(3) 1.03

?Li 4 . 2 2.00019(2) 2 . 6 147.96(1) 1.03

?Li 30.0 2.00045(4) 149.42(4) 1. 04

^a^Ag - g(4.2*K)-g(30.,0 *K),
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photolysis, generally, the signal was absent and grew in 

monotonically with photolysis time. Also present in the 

sample was the spectrum of a larger Li cluster, Liy. Its 

intensity decreased with photolysis as the trimer signal 

grew in. Figure IV. 2 shows typical changes in these two 

signals as a function of photolysis time.

Figure I V .3 shows the spectrum assigned to p-^Li 3 >

It consists of seven equally spaced hyperfine transitions 

centered around g~2. The spacing and line shapes indicate 

that the g and A tensors are essentially isotropic in 

character (38-42). The observed intensity distribution of 

1 .1 :3.3:6 .2 :7.0 :5.7:3.0 :1 . 1  is in excellent agreement with 

the 1:3: 6 :7:6 :3:1 ratio expected for three equivalent I— 1 

nuclei. Careful examination of the downfield region 

showed no zero-field transitions or AMg transitions 

greater than ± 1 , and supports the assignment of a doublet 

ground state to the trimer. The trimer occurred in three 

matrix sites, but the intensity pattern and line shapes of 

the minor sites were poorly resolved due to overlap with 

each other as well as with the more intense primary site 

and septemer signals. Table IV.5 lists the observed 

transition fields for the seven components along with 

their calculated positions.

Argon matrices doped with ^Li produced a comparable 

spectrum of 1 0  equally spaced first-derivative transitions 

with intensities again in excellent agreement with the
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expected ratio of 1:3:6:10:12:12:10:6:3:1 for three 

equivalent 1-3/2 nuclei. Table IV . 6 compares the observed 

and calculated field positions of p-^Lij. Two of the 

trimer transitions were overlapped by the very intense ^Li 

atom signals. The estimated field positions of these two 

transitions are given in parenthesis. The trimer again 

occurred in three matrix sites but resolution of the two 

weaker sites was even poorer than in the p-^Lij case.

For both isotopes, the g and a values for the sites 

were invariant with temperature. However, the linewidths 

decreased monotonically and reversibly with increasing 

temperature. At temperatures above ~32®K the trimer 

intensity abruptly and irreversibly decreased by half. 

Typical values for these trends are listed on Table IV.7 

for the M-+1 and M-0 components of p-®Li 3 . Tpp is the 

peak-to-peak linewidth, in Gauss, of the first derivative 

signal. The height is the the crest to trough value, in 

arbitrary units. The intensity is calculated as the 

square of the linewidth times the height and represents 

the area under the derivative. A graphical representation 

of the linewidth is given in Figure IV.4. The solid line 

is a least squares fit to the values. Figure IV.5 plots 

the intensity, as height, vs temperature. The intensity 

increased steadily for both components with a maximum at 

"17±2°K, and then decreased.
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Table I V .5 Comparison between the experimental and 

calculated field positions of p-^Li 3 (Site I) in Argon at 

4 . 2 ° K .

M Experimental Calculated Difference
H(M), Gauss H(M), Gauss

+ 3 3274.9 3274.8 + 0 . 1

+ 2 3287 . 1 3287 . 2 1—1

01

+ 1 3299 . 3 3299 . 2 + 0 . 1

0 3311.5 3311. 5 0 . 0

- 1 3323.7 3323 . 8 -0 . 1

- 2 3335.8 3335 . 8 0 . 0

-3 3348.1 3348.0 + 0 . 0
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Table I V . 6 Comparison between the experimental and 

calculated field positions of p-^Li 3 (Site I) in Argon at 

4 . 2 ° K .

H Experimental Calculated Difference
H(M), Gauss H(H), Gauss

+ 9/2 3166.3 3166.9 - 0  . 6

+ 7/2 3199.1 3199 . 0 + 0 . 1

+ 5/2 (3230.8) 3231. 2 -0.4

+ 3/2 3263 . 2 3263 .4 - 0  . 2

+ 1 / 2 3295.7 3295 . 6 + 0 . 1

-1 / 2 3327 . 7 3327 . 8 -0 . 1

-3/2 3360.0 3360 . 0 0 . 0

-5/2 3392 . 3 3392 . 2 + 0  . 1

-7/2 3424.3 3424 .4 -0 . 1

-9/2 (3456.3) 3456 . 6 -0.3



66

Table I V .7 Intensity changes in the M-+1 and M-0 

components of p-®Li 3 as a function of temperature.

Temp. 
* K

M-0 M-+1

rpp,G Hgt. Area rpP'G Hgt. Area

28 . 7 0 . 49 2.16 0.52 0 .49 1 .97 0 .47

25.3 0. 56 2.35 0.73 0 . 56 2 . 1 2 0 . 6 6

2 2  . 1 0 . 70 3 . 60 1. 76 0.56 2 . 72 0.85

19 . 4 0 . 70 3 . 03 1 . 49 0.56 2 . 72 0.85

16 . 3 0. 70 2 . 8 6 1.40 0 . 56 2.73 0 . 8 6

14 . 8 0 .77 2 . 6 8 1. 59 0. 70 2 .78 1.36

13 . 9 0 . 77 2 . 43 1 .44 0 .83 2 .45 1 .69

1 1  . 2 0 . 90 1 . 76 1.43 0  . 80 1 . 87 1 . 2 0

9 . 0 1 . 06 1 . 03 1.16 0 .87 1 . 1 0 0 . 83

6 . 5 0.93 0.48 0 . 42



Figure I V .2 Relative intensities of the M--1 and M--2 

components of ^Li^ and the - 1  group of shf components 

of ^Li^ as a function of photolysis time.
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Figure IV.3 ESR spectrum of p-^Li 3 in Argon at 28.5'K. Roman numerals 

designate matrix sites. M is the nuclear spin projection for three 

magnetically equivalent ®Li nuclei. Also shown are atomis Lithium, ^Li7 , 

and an unidentified radical designated ®LiX.
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FIgure IV.4 Comparison of trimer linewidths for the M-0 

and M-+1 components of 6 Li 3 as a function of temperature.
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Figure I V .5 Comparison of the trimer intensity {height 

in arbitrary units) of the M-0 and M-+1 components of 6 

as a function of temperature.
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Unlike the cases reported for Na 3 (23,24) and K 3

(26,27), no evidence of a static Lithium trimer was

observed despite a careful search over a 3.2 - 32aK
»

temperature range. However, in one run using ^Li, several 

transitions that might have been associated with s-^Lig 

were observed. The signals formed a septet of quartets 

expected for a hf pattern arising from two magnetically 

eqivalent nuclei and a shf pattern due to a single 

nonequivalent nucleus. The pattern agreed with the 

ground state of the static Sodium and Potassium trimers.

The spectrum, tentatively assigned to s-^Li 3 was obscurred 

by overlap with other signals from other carriers. Its 

intensity decreased as the sample was annealed and 

disappeared entirely at ~14°K. The change in intensity 

was not reversible and the transitions were not observed 

again. Also in contrast to Na 3 and K 3 , there was no 

evidences of,p-Li 3 developing as the static signal 

decayed. The s-Li 3 signal had been observed in an 

unphotolyzed sample.

Table IV . 8 gives a summary of the magnetic parameters 

of the Lithium trimers.
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Table IV . 8 Magnetic parameters for the Lithium trimers.

Site Temp . 
°K 80 a , G a u s s ( a ) p(b)

p- 6 Li 3 I 4.2 2 . 0028(2) 1 2 .2 1 (1 ) 0.225
n XI M 2.0035(2) 1 2 .2 1 (2 ) 0 . 223
11 III 11 2.0040(5) 12.09(3) 0 . 223
tl I 30 . 0 2.0028(2) 1 2 .2 1 (1 ) 0.225
11 II rr 2 .0035(0) 12.11(3) 0 . 223

p- 7 Li 3 I 4 . 2 2 . 0026(2) 32.19(8) 0 . 225
II I 30 . 0 2.0044(4) 32.60(1) 0 .227

s- 7 Li 3 4 . 2 2.0047(4) 33.0(1)<a ) 0.230<b >

(a) a - (l/3)(2a0  + 8 3 ); where a 0  - 46.1(2)6, a 3 - 

±6.8(3)G; value above assumes a 3 <0.

(b) p - (1/3)(2p0 + p3); where pQ - 0.320, p 3 - 0.047.
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IV.1.3 Lithium Septemer

A polyatomic Li cluster was initially observed in 

Argon samples during trimer studies. Modification of the 

deposition conditions increased the cluster's overall 

intensity and resolution and permitted the tentative 

assignment of the spectrum to the septemer. The cluster 

occured in multiple matrix sites with transition fields 

that show a small but distinct temperature dependence.

The optimum conditions for forming Li^ were different 

from those for trimer production. Lithium was vaporized 

at ~500-550°K to produce a flux of “0.3pmol/hr incident on 

the sapphire plate. This is a three fold increase over 

the fluxes that gave optimum trimer production.

Deposition times were still “5-7 hours. At high Argon 

dilution, i.e. Ar:Li ~ 400:1, and at deposition 

temperatures for the plate of close to 4.2°K, the septemer 

intensity was weak. In fact, the main spectral feature 

was atomic Lithium in a single matrix site. By running 

the modulation coils at “0.25G peak-to-peak amplitude, the 

cavity was warmed by Joule heating to "5.8°K. This "warm" 

deposition technique (50) resulted in a two fold increase 

in septemer intensity at the original Ar:Li ratio. The 

atom signal showed a corresponding four fold decrease in 

intensity. By decreasing the A r :Li ratio to “30:1 a 

further 2-3 fold increase in septemer intensity was 

produced. All experiments were run at approximately the
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same Argon flux of ”950 Torr. Annealing the samples to 

30®K Improved the resolution of the signals but didn't 

change the overall intensities. This is in contrast to 

the thermally induced changes observed in trimer samples. 

When those postphotolyzed samples were warmed above ”32<>K, 

the trimer intensity decreased by ”50% (as noted 

previously). Concurrently, the septemer intensity 

increased threefold and remained approximately constant as 

the temperature was further increased to ”38°K where 

degradation of the matrix became significant.

Figure IV . 6 shows the ESR spectrum at 4.2°K of an 

Argon matrix doped with ^Li and annealed to "30“K. It 

consists of seven approximately evenly spaced groups of 

first derivative transitions centered near g~2. The 

lineshape and spacing indicate predominantly isotrpic g 

and A tensors. The absence of any downfield transitions 

corresponding to a zero-field splitting or to a change in 

the electron spin projection value, A M g , greater than 

unity, support assigning a doublet ground state. The hf 

pattern arises from the interaction of the unpaired 

electron with two magnetically equivalent 1-3/2 nuclei. 

Each hf transition has superimposed on it at least 16 shf 

components produced by the electron's much weaker 

interaction with a second set of at least five equivalent
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Figure IV . 6 ESR spectrum of in Argon at 4.2°K. is the nuclear spin

projection for two equivalent ^Li atoms. Also shown are the m«±l/2 ^Li 

transitions. Isotopically enriched ^Li was used.
Ln
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1-3/2 nuclei. Table IV.9 gives a comparison of the 

observed transition fields of the hf pattern with their 

calculated positions. Second order effects have lifted 

the J degeneracy of each transition. The last column 

lists the average shf splitting, <&2> , associated with 

each (J i ,M ^ ) .

While it is clear that the hf interaction involves 

only two nuclei, there is some uncertainty as to the 

number of nuclei responsible for the shf pattern. Figure

IV.7 is a high signal-to-noise (S/N) spectrum obtained but 

signal averaging the M^--3 hf component for 3 hours.

There are clearly at least 16 shf transitions, labelled M 2 

- +15/2 to -15/2. The high resolution detail of the 

region centered at M2“ -15/2 was obtained by signal 

averaging over a 4 hour period. Because the relative 

intensities fall off rapidly for large M 2 , it is difficult 

to set an unambiguous upper bound to |M 2 I based on the 

scans obtained. For a cluster larger than the septemer, 

M2~±17/2 components with intensities of about a third 

those of the ±15/2 signals are expected. In the M 2 region 

detailed in the figure, the S/N ratio is ~3:1, therefore, 

if the -17/2 transition were present its intensity would 

be comparable to the noise and it would not be readily 

discernable. Instabilities in the magnetic field scan 

circuitry made longer signal averaging periods 

impractical.
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Tablji^IVjJ^ Comparison of the experimental and calculated 

transition fields, H(J^,Mi) for ^Liy (Site I) in Argon at 

4.2®K. Experimental <a 2 > are average shf constants for
f

individual (Jj_,M]_). Units are in Gauss.

Mi J 1 Experimental Calculated Difference <a2>
±30 . 0

+ 3 3 3205.4 3205 . 6 -0 . 2 2 . 19

+ 2 2 3242.3 3242.2 + 0  . 1 2 . 19

3 3241.1 3241.0 + 0 . 1 2 . 19

+ 1 1 3279.0 3278 . 8 + 0 . 2 2 . 18

2 3278 . 1 3278 . 0 + 0 . 1 2 . 19

3 3276.9 3276 . 8 + 0 . 1 2 . 18

0 0 3315.4 3315 . 4 0.0 2 . 2 2

1 3315 . 2 3315 . 0 + 0 . 2 2 . 2 2

2 3314.2 3314.1 + 0  . 1 2 . 2 0

3 3313.0 3313 . 0 0.0 2 . 2 2

- 1 1 3351.9 3351.6 +0.3 2 .18

2 3350.9 3350.8 +0.1 2 . 18

3 3349.7 3349 . 6 + 0 . 1 2 . 18

-2 2 3387 . 9 3387 . 8 + 0 . 1 2 . 18

3 3386 . 8 3386 . 6 + 0  . 2 2 . 18

- 3 3 3423 . 6 3324 . 0 -0.4 2 . 16
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Figure IV.7 High S/N spectrum of the - -3 transition of ^Li7 in Argon at

4.2°K. The overall spectrum and the high field detail were obtained by 

signal averaging for 3 and 4 hrs respectively. Isotopically enriched ^Li was 

used to prepare the sample.

00
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The corresponding spectrum for ^Li 7 consists of a 

quintet of hf transition groups arising from the set of 

two equivalent 1-1 nuclei and labelled My-+2 to -2. Each 

hf transition has at least 1 1  shf components produced by 

the second set of at least five equivalent 1 - 1  nuclei and 

labelled M 2 " +5 to -5. As in the case of ̂ Li 7 , the

spectra also do not completely rule out a cluster larger

than the septemer as the carrier. ®Li 7 spectra were less 

well resolved and more obscured by overlap with other 

carriers' signals than were the ^Li^ spectra. For this 

reason relative intensity measurements of the shf

components were less reliable than for ̂Liy . Table IV.10

compares the observed and calculated hf positions of ®Liy. 

The splittings between transition of the same My but 

different Jy was not resolved (except for (2,0)) because 

of the small value of ay, This is reflected in the small 

differences between observed values and the calculated 

values where the the second order lifting of the J 

degeneracies were included. The last column gives the 

average shf splitting <a 2 >, associated with each My group. 

The shf line widths for both isotopes were the same, "300- 

400 mG. These widths are considered remarkably narrow for 

polycrystalline samples (45),

Table IV.11 lists the best fit parameters for the 

isotopic septemers. While the sign of a splitting 

constant cannot be determined by ESR, the values of ay are
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Table I V .10 Comparison of the experimental and calculated 

transition fields, for ^Liy (Site I) in Argon at

4.2®K. Experimental <&2> are average shf constants for 

individual Units are in Gauss.

Mi J 1 Experimental Calculated Difference <ao> 
±<0 . 0

+ 2 2 3288 . 1 3288 . 0 +0 . 1 0 .82

+ 1 1 3301.9 3301 . 9 0.0 0.82

2 3301. 9 3301 . 8 + 0 . 1

0 0 3315.8 3315.8 0.0 0 .83

1 3315 . 8 3315 . 8 0.0

2 3315.8 3315.6 +0 . 2

-1 1 3329.6 3329 . 6 0 . 0 0.83

2 3329.6 3329 . 5 + 0  . 1

- 2 2 3343.3 3343.2 + 0.1 0 . 80
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Tab_le-_IV_:_11_ Magnetic parameters for the Lithium 

septemers.

So al ±a 2 „!<*) ±p 2 (fl)

‘Li 7 2 .0 0 0 1 1 (1 ) 13.78(3) 0.83(1) 0 .254 0. 015

r̂ 2.00045(6) 36.39(5) 2.19(2) 0 . 254 0. 015

' ' Isotropic spin populations p  ̂ and p 2 are ratios of a^ 

and & 2  to hf constants of the free atom a (®Li)-54.29G and 

a (7Li)— 143.36G.
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assumed to be positive because of their magnitudes. The 

sign of the smaller a 2 constant, however, is not known.

The shf value is 6 % that of the hf constant and probably 

arises from spin polarization effects. The ratios of the 

hf and shf constants, ^a^/^a^ - 2.641(3), and ^&2/ ^ “ 

2.639(15) respectively, are in excellent agreement with 

the ratio of the nuclear g factors ^g/®g - 2.641. There 

is a small discrepancy of "0.7G between the g values of 

the two septemers in their major site. It probably arises 

from calibration uncertainties. The last two columns give 

the isotropic spin populations deduced from the splitting 

cons tants.

Since the actual number of shf interaction could not 

be conclusively deduced from the spectra, an alternative 

technique of comparing the observed intensity distribution 

among the shf components to the predicted ratios for 

several clusters was attempted. The results discussed here 

are for the ^Liy studies. ' Results for ^Liy were not 

useful because of the poor resolution already mentioned.

This was further complicated by the fact that the a£ value 

is comparable in magnitude to the shf linewidths. For the 

^Li isotope, the five nuclei responsible for the shf 

structure in Liy have a predicted intensity distribution 

of 1:5:15:35:65:101:135:155: etc. The seven nuclei of Lig 

give 2 2  shf transitions in the ratio of

1:7:28:84:202:413:728:1128:1554:1918:2128: etc. Table
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Table IV.12 Comparison of calculated intensities of 7Liy 

and 7 Li 9 to the observed intensities of the M^-±3^a  ̂ shf 

components at 31.1°K.

Int e n s i t  ie s 

Observed^**) C a l c u l a t e d

| M 2 | M 1=*+ 3 M x = -3 Li 7 ̂ c ̂ Lig<d >

15/2 2 (2 ) 3(2) 1 6

13/2 5(2) 6 (2 ) 5 15

1 1 / 2 15(2) 18(4) 15 30

9/2 26(5) 43(5) 35 53

7/2 59(20) 73(7) 65 82

5/2 82(7) 109(3) 1 0 1 113

3/2 116(6) 138(7) 135 140

1 / 2 157(2) 155(1) 155 155

Values taken from signal averaged scans: ±25G

centered at M^=+3 or -3, 300 scans at 50 sec/scan, 

(k) Average ±M 2 .

Scaling factor: x33.19.

Scaling factor: x0.073.
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IV.12 presents a comparison of these intensities with the 

observed values for the M^-±3 hf transitions. These were 

selected because they have only a single J level and were 

not overlapped by any other signals. The values were 

scaled so that the M 2 *-±l/ 2  components of each had the 

predicted septemer intensity of 155. The results were not 

conclusive but tended towards the septemer values.

Comparisons of other Mĵ  groups were less rewarding. The

observed intensity ratios of the shf transitions vary with 

(Jl,Ml) and usually are not quite symmetrical about the

origin. A contributing factor to this distortion is the

partial overlap of J levels for a given M]_. A second 

factor is the partial, and apparently, temperature 

dependent overlap of spectra for the cluster in different 

matrix sites. Comparison of the M^-±3 intensities with 

the expected values of Li^i clearly ruled it out as the 

carrier.

The septemer of both isotopes were isolated in 

multiple matrix sites. At least four sites were observed 

for ^Liy samples. Of the two most prominant, Site II had 

”2/3 the Intensity of Site I. The others were 

considerably weaker and difficult to follow as the 

temperatire was varied. The sites for ^Liy were poorly 

resolved and their temperature dependence too small to 

analyze accurately.



JFjLjjurê ĵnrj  ̂ ESR spectra comparing the 1-3 transition o

^Liy in Argon at (a)31.2#K and (b)4.2°K. Roman numerals 

denote principal matrix sites.

(a) 31.2 K SITE II M, * + 3
M, ■ ]+% f+% |+% 1^4 \̂7i pVz

SITE n
M, - |*Vt \+Vz |+% \ + '/i |-»/2 |-Vz |-Vz j-% |-»/2

I M, - + 3

(b) 4.2 K SITE I + E| M, « +3
M, * |+% F %  p/i F/i p %  p»/2

3 2 0 5 |320013195 G| 3210 3215 G1
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Figure IV . 8 shows the spectrum for the M^-+3 

component of ^Li 7 at 4.2°K and 31.2°K with the two sites 

as labelled. At the higher temperature the two sites are 

well resolved, but at 4.2°K they almost completely 

overlap. The temperature dependent field position can be 

expressed as

Hi(Mx ,T) - H 0 ^T) - ax (T)Mi [4.7]

where H 0 (T) - geHe/BoCn> the transition field origin, and

a(T), the hf constant are both functions of temperature,

and i indicates the site label. Changes in the relative 

line positions for the origins of the two sites are given 

by

AH 0  - H I (M1 ,T) - HntMi.T) [4.8]

Although the "absolute" field position of each site 

changed by less than 0.02G/oK, the relative values were 

quite well determined (because calibration errors tend to 

cancel). Figure IV.9 shows the measured temperature 

dependence of the relative origins (Hj -Hj j ) of the M x-±3 

transitions. The graph suggests that H j -Hjj varies 

linearly over the range lOSTSSS^K, although it does not 

preclude higher order interactions.
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Figure IV.9 Temperature dependence of the relative 

origins (Hj-Hjj) of Mj^-±3 transitions for matrix sites 1 

and 11 of ^Liy in Argon.
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All the transitions showed similar behavior, 

although the actual analyses were less complete and 

reliable due to spectral congestion. Experimental values 

for ±3 were used to estimate AH 0 (T) and Aa^(T) for each

site from the relationships

AHq (T) - 1/2{AH( + 3) + A H (-3)}

[4.9]

Aax (T) - 1/6(A H (+3) + AH<-3)}

These values were then used to predict the line shifts for

the M^-±2 components. Resolution of these transitions was

poor because of significant overlap of the J levels for 

the two sites. Table IV.13 lists the values of a^(T),

Hq (T) and g 0 (T) for the two sites at 4.2 and 31.2°K. Over 

this temperature range a^(T) for Site II remained constant 

(within experimental error), while the value for Site, I 

changed by Aa/a"l/2%. These trends can be attributed to a 

small temperature dependence in the a^ hf constants and 

the g values for the two sites. Any temperature 

dependency in was too small to observe.

Values for H 0 (Eq.[4.8j) were fit to a quadratic and 

to a linear least squares equation in T and gave the 

following:

Quadtrat ic:

AH 0 - 0.19 - 3.5xlO*3T - 1.3xlO' 5 T 2



T=abLe= IV!isl=3̂ Comparison of the temperature dependence of the magnetic 

parameters for ^Li7 Sites I and II at 4.2 and 31.2*K.

al Ho go(8)

Temp.,“K Site I Site II Site I Site II Site I Site II

31. 2 

4 . 2

36.59(3) 

36 . 39 (5)

36 .95(5) 

36 .99(5)

3315.26(5) 

3315 . 39(9)

3315.12(10) 

3315.23(9)

2.00047(3)

2.00039(6)

2.00056

2.00049

31.2-4.2 + 0 .2 0 (6 ) -0.04(7) -0.13(10) -0.11(13) + 8 (7)xlO‘5 +7(8 )xl

gD assumes He - 3312.20 G.

00
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Aa - -0.77 + 2.17x10 * 2T - 2.7xlO‘4 T 2

Linear:

AH 0  - 0.172 - 3,2x10'3T 

Aa - 0.640 + 9.7x10‘3T 

All values are in Gauss.

The best fit to the data was provided by the linear

equation. Although these results were based on the

observed M^-±3 transitions, they predicted quite well the 

observed temperature behavior of Hj-Hjj for M^-± 2 .

IV . 2 Int^erjire^tatJLoii 

IV.2.1 Lithium Atom

Multiple trapping site are common in matrix isolation 

and well documented for the alkali atoms (54,55), although

the exact nature of the sites is generally not known. The

rare gases form face centered cubic (fee) solids providing 

three possible types of trapping sites. These are 

substitutional, octahedral and tetrahedral, where the 

guest atom or molecule is surrounded, respectively, by 1 2 ,

6 , and 4 nearest neighbor matrix atoms (56). In Argon, a 

metastable hexagonal closest packing (hep) lattice can 

coexist with the fee form even at low temperatures (9). 

Surface and microcrystal interfaces are also potential 

trapping sites. The variability of their occurrence may 

explain the weaker variable preanneal and nonreproducible 

postanneal sites. They are ignored here because of the
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reproducibility of the reported parameters and the general 

narrowness of the atom signals (which is not expected for 

the unsymmetric fields of surface sites). The sites 

associated with fee and hep lattices are idealized 

pictures. The actual packing around a guest atom depends 

on its size relative to that of the matrix atoms.

Assuming that all atoms involved are uncharged and 

spherically symmetric, only two interactions are 

impor tant:

(i) van der Waals force: The attraction between the

guest and matrix atoms produces a small expansion of both 

charge clouds and decreases the guest atoms hfs constant. 

This effect is generally associated with sites that are 

large relative to the guest's volume.

(ii) Pauli exclusion force: Here the electron cloud

of the guest penetrates the closed shell of the matrix 

atoms. This produces an effect opposite to (i), and 

increases the guest's hfs value. It is associated with 

sites that are cramped relative to the guest's volume. In 

addition, the overlap mixes matrix atom properties into 

the guest atom wave function by transferring a small 

amount of the charge density from the unpaired electron 

onto the matrix atoms. The spin orbit interaction with 

the matrix produces negative shifts in the g values of the 

guest regardless of the nature of the site (57).
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Because these two competing interactions are 

associated with different sites, it is sometimes possible 

to assign the probably type of site occupied based on the 

difference, A a , between the observed hf constant and the 

gas phase value. The Li atom site parameters most 

frequently referred to are the values of Jen et al 

(54,55). In Argon, Li was isolated in two major sites 

with the following parameters:

Site I Site II

a, Gauss 141.07 147.80

P 0 . 98 1.03

(Aa/a)xl 0 0 % -0 . 6 + 3 . 1

Agx(-100) 0.05 0 . 13

where Aa/a - {(a -a*)/ a )xl00% and Ag - g-g*, where the * 

denotes the gas phase atomic value.

The values reported in section IV.1.1 agree with the Jen 

values for Site II, but there was no evidence of a site 

corresponding to Jen Site I. This is not unexpected since 

calculations on the overlap values of the alkali atoms 

indicate they are all too large to fit in substitutional 

sites in Argon (58). Site I may occur in the Jen matrices
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because of the techniques used to generate the atoms and 

anneal the samples. As expected, the g shifts are 

negative. Indeed, calculations predict that this shift is 

always negative for Li atoms in Argon or Krypton matrices 

(59) .

IV.2.2 Lithium Trlmer

Lithium trimer spectra are consistent with a molecule 

that has three magnetically equivalent nuclei. The 

absence of any additional finer structure within the seven 

transitions of ^Lij or the ten of ^Li3 Implies that no 

other magnetic nuclei are present. The observed hf 

constants indicate that the unpaired electron spin in the 

trimer has been significantly redistributed from that of 

the probable precursors: 3 non-interacting atoms or a

dimer + an atom. Thus, Li^ is chemically bound and not a 

van der Waals adduct. Describing the actual distribution 

of the spin on the individual nuclei presents a bit of a 

challenge.

Figure IV.10 shows a simple Huckel molecular orbital 

scheme for a timer along with a Walsh type correlation 

diagram for the bending coordinates. It is analogous to 

the bonding scheme in the allyl radical but with the 

Carbon 2p basis functions replaced by the valance s- 

orbitals of the alkali atoms. The symmetry of the ground 

state depends on the value of the central angle. If it is
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"obtuse" or "acute" relative to 60', the molecule will 

have C 2 V symmetry and a or ground state,

respectively. For the state the unpaired electron

density is divided between the two terminal nuclei to 

produce the hf interaction. The central nucleus lies in a 

nodal plane. In the alkali trimers this atom is only 

approximately nodal. There is some spin density induced 

there by spin polarization effects. This will produce a 

weak shf interaction. For the ^ s t a t e  the hf splitting 

comes from 50% of the electron density concentrated on 

the central atom. The terminal atoms each carry ”25% of 

the density and will produce a relatively large shf 

interaction. Difficulty arises at an apical angle of 60'

where the b 2 and a^ energy levels become degenerate. The

molecule now has the 0 3 ^ symmetry implied by the Li 3

spectra, but it's doubly degenerate ^E' ground state

should cause it to undergo.a Jahn-Teller distortion (60- 

62) down to one of the C 2 V structures.

The basic theory of the dynamic Jahn-Teller effect 

applies the Born-Oppenheimer approximation to systems 

where two electronsic states, represented by the 

orthonormal wave functions and are strongly

coupled through the nuclear kinetic energy terms of the 

full Hamiltonian. To a first approximation, the overall 

wave function can be represented by
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t f (q.Q) -  l&e jfQ) + 2<(l . Q) ^ n  2<Q)

where q and Q are the electronic and nuclear coordinates, 

respectively, and is the nuclear wave function. tf>(q,Q) 

represents the total vibronic coupled wave function. The 

3N-6 vibrational inodes of the trimer can be represented by 

the three normal coordinates Qa , Qx and Q y . Under 

symmetry the two electronic wave functions are degenerate. 

This degeneracy is unaltered by the totally symmetric 

vibration, Qa , and it can be considered as separate, 

uncoupled from the remaining vibrational and electronic 

motions of the molecule. The degenerate coordinates, Qx 

and Qy form a basis for the e' representation in the 

point group. Because of the vibronic coupling, the 

electronic degeneracy is lifted by the vibrational 

distortion along these coordinates. Vibronic coupling 

produces the dynamic Jahn-Teller effect.

The normal coordinates can be used to describe the 

geometry of a timer with D 3 h symmetry most readily by 

rewriting them in polar coordinate for (63).

P - (Q2 + Q 2 ) 1 / 2  x y

$ - cos_1 {Qx/(Q 2 + Q 2 )} x y
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Holding p fixed at any arbitrary value and varying $ by 

(2/3)ir or (4/3)jt produces symmetrically equivalent 

molecules. Therefore, the potential energy surface for 

the two electronic wave functions has a three fold 

degeneracy with respect to rotation about an axis 

perpendicular to the molecular plane. The addition of 

other symmetry operations such as the replacements:

$-*■(2/3)*-$, «-»(4/3)jt-«,

generates a group isomorphic with C 2 V - Figure IV.11 

represents the symmetry as a function of $. Figure IV.12 

is a schematic of the trimer potential energy surface.

Each circle represents an energy contour. In the center 

is a high energy peak corresponding to the 0 3 ^ geometry.

It is surrounded by a trough in which there are three 

wells separated by three saddle points and enclosed by a 

high energy wall. The general appearance is that of a 

"Mexican" hat. Starting with the equilateral triangular 

geometry, distortions down to the lower C 2 V symmetry can 

occur by "opening up" any one of the three internuclear 

bonds. This leads to three equivalent energy wells that 

differ from each other only in the original arbitrary 

labelling of the three nuclei. If the barrier between the 

wells is high enough, the trimer will be "frozen" out with 

"1 / 3  of the population isolated in each well, and the
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Figure I V .12 Trimer potential energy surface. (a) gives 

the normal coordinate and real space description of 

pseudorotating Li 3 with circles representing energy 

contours. (b) gives the surface initially calculated by 

Gerber and Schumacher (Ref.32).
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static trimer spectrum will be observed. If, however, the 

trimer can hop over or tunnel through the barrier or if 

the lowest vibronic level lies above the saddle point 

energy, then the molecule is free to move among the three 

wells spending ”1/3 of its time in each. This results in 

an averaged value of the three orientations. Therefore, 

the three nuclei appear to be equivalent without the 

molecule having to assume the electronically unstable D 3 ^ 

geometry.

For the trimers of Na (23,24) and K (25,26), both 

static and pseudorotating spectra were observed, depending 

on the temperature of the Argon matrix. This indicates 

that their ground vibronic state is bound within the 

wells. For Li 3 even at temperatures slightly below 4.2°K 

only the pseudorotating trimer was observed, suggesting 

that the molecule is completely fluxional. This confirms 

the most recent ab initio calculations on Lig which 

predict the Lij surface to be fairly flat. Gerber and 

Schumacher (32) were the first to produce the adiabatic 

Born-Oppenheimer energy hypersurface of Li 3 as a function 

of the normal coordinates in a realistic nonharmonic 

approximation. Their method used the coupled electron 

pair approximation (CEPA) to calculate the adiabatic 

potential and then applied the B-0 approximation for 

degenerate electronic states to the coupled vibronic 

states. The calculation predicted Li 3 to be bound by
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“3000 crn'̂ - relative to the LI 3 -* Li 2 + Li dissociation and 

with the 0 3 ^ intersection and the saddle points at 350 and 

250 cm“l respectively above the well minima. A 

recalculation using improved wave functions (63) later 

predicted the saddle points to be absent. Both 

calculations^predicted that Li 3 was free to pseudorotate.

Ab initio calculations on Na 3 (33) gave similar results 

although the dynamical behavior was expected to be less 

pronounced since the surface was predicted to have 

distinct though shallow wells.

The Li trimer is a common molecule for computational 

studies because of its simple electronic configuration 

(51,64-67). Table IV.14 summarizes the isotroic spin 

populations predicted by several sophisticated 

computational methods and compares them with the ESR 

experimental results. pQ gives the isotropic spin 

population on each terminal atom, p$ that on the central 

nucleus and 3~p represents the sum, where

p ~  (1/3)(2 Po + p3)

While the spin distribution of and ^ 2  are very

different, they both average to approximately the same 

total isotropic spin population value. A similar total 

was calculated for the linear geometry with ground

state not listed in the table (30). For this reason,
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Table IV.14 Comparison of the experimentally estimated 

isotropic spin populations of the Lithium trimer M 0 -M3 -M0  

with several calculated values.

Method 2 B 2

P 0 P 3 3 p P 0 P 3 3 p

Li 3 (RHF) 0 . 15 0. 13 0 . 43

Li 3 (CEPA) 0 . 19 0 . 2 2 0.60 0 . 35 0 . 0 2 0.72

Li 3 (Cl) 0 . 14 0 .31 0.59 0 . 28 0.05 0 . 61

p - Li 3 (ESR) 0 . 6 8

s - Li 3 (ESR) 0.32 0 . 05 0 . 69

R F H : Restricted Hartree-Fock. Ref.29.

CEFA: Coupled Electron-Fair Approximation. Ref.32. 

Cl: Configuration Interaction. Ref.30.

ESR: Experimental ESR values.

Note: 3p - (2pQ + p 3 ).
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there was no strong consensus on the ground state 

geometry. Isolation of s-Na 3 (23) gave the first spectral 

support for a 8 round state for the alkali trimers.

For Li 3 CEPA values of ^ 2  give results closest to the 

experimental values. This ambiguity is understandable in 

light of the evidence that Li 3 is a fluxional molecule 

with the ^1*2 and states of comparable energy.

Inadequacies in some methods arose from ignoring the 

vibrations of the nuclei and/or the nuclear - electronic 

motional interactions essential to understanding a dynamic 

Jahn-Teller effect.

The signs of the isotropic hf and shf interactions 

are not explicitly determined by ESR. The hf values are 

assumed to be positive because of their magnitude, but the 

sign of 3 3  is in doubt because it arises from spin 

polarization effects. Since the pseudorotatlng trimer 

gives an average hf value

a - 3( 2 aQ ± a3)

the sign of 3 3 , and consequently of P 3 , can be determined 

if both the static and pseudorotating trimers have been 

observed. Table IV.15 compares the experimental p values 

for the alkali trimer. The static values agree with the 

pseudorotating average for Na 3 and K 3 if the sign of 3 3  

(p3 ) is negative. In contrast, the Li 3 values indicate 3 3



105
Table^^IV^j^lS^ Comparison of the experimentally deduced 

isotropic spin populations for the alkali timers.

P\ P 3 p(a)

s-Li 3 0 . 32 0 . 05 0 .23 0.69

P " Li 3 0 . 23 0 . 6 8

s - K 3 0.47 0 . 06 0. 30 0 . 89

p-k 3 0 . 30 0 . 89

s -Na3 0.47 0 . 07 0.29 0 .87

p - Na 3 0.30 0 . 8 8

<a > p - (1/3)(2 pi + p3)
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is positive. The last column lists the total isotropic 

spin population of each species. Lij has '30% p-character 

in its valence bonding compared to only '1 0 % for Naj and

k 3 .

I V .2.3 Lithium Septemer

The analysis of the ESR data does not rule out the 

nanomer as the signal carrier, however, recent theoretical 

calculations support assignment to the septemer. Simple 

Huckel calculations were performed on a number of sodium 

cluster geometries including Nay, Nag and N a ^  (6 8 ), The 

molecular orbitals (MOs) for the bipyramid geometries 

agreed well with the observed spectra. The calculations, 

while clearly not computationally sophisticated, 

qualitatively paralleled the relative energies predicted 

by more sophisticated (and more expensive) methods.

Several geometries are consistent with the ESR picture of 

the distribution of the unpaired electron density. Three 

of the more likely septemer geometries are illustrated in 

Figure IV.13. The energies, given in arbitrary units, are 

too close to make any one more likely than the others. 

Diatomics-in-Molecules (DIM) calculations on clusters up 

to the heximer suggest several trends(69,70):

(i) There are two competing effects, the bond length 

increases with increasing coordination number so that 

individual bonds become weaker, however, the total number



4 —|

2 -  

Energy

0 -

-4 -

-6 - 1

4+

a)  D 5h

e ’

b ) D , h O  O h

■H-

+ +

€

+

1 tu
x 3

-H-

F^gu^e^IV^jJL^ Schematic showing relative energies of several septemer 

geometries. The energies were based on simple Huckel calculations. 107



108
of bonds Increases so that generally, cluster stability 

increases with increasing size.

(ii) Compact, highly symmetric structures are 

energetically favored, and, because of their high 

symmetry, Jahn-Teller effects are expected to be 

important.

(iii) There are always at least two most stable 

compact structures of comparable energy with respect to 

dissociation to smaller cluster sizes.

(iv) As the number of atoms in the cluster 

increases, the difference in energy between the two 

structures decreases.

Ab initio calculations suggest that Jahn-Teller 

effects and the tendency towards more compact geometries 

may be crucial factors in determining cluster structures.

The square bipyramid, 0^ and the ^ 3 ^, geometries represent 

three fold and two fold electronically degenerate ground 

states, respectively, and would be subject to Jahn-Teller 

distortions.

The pentagonal bipyramid, 0 5 ^, however, has the 

aesthetic appeal of being compact without being 

electronically degenerate. All degenerate one electron 

levels in the leading configuration of the Cl ground state 

wave function, a^e^aJJ^, are fully occupied and there is 

no Jahn-Teller distortion expected. Also, the ground 

state has minimal spin multiplicity. In addition, the
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Importance of pentagonal symmetry is well recognized in 

the nucleation and growth sequence of small clusters and 

microcrystals (71-73). Despite the cubic structure of 

most solids, the preferred packing of seven atoms is the 

pentagonal bipyramid.

Ab Lnitio calculations predict comparable binding 

energies for the pentagonal bipyramid and a second 

septemer of C s symmetry. This second septemer, Liy(2.4.1) 

has it 2, 4 and 1 centers in the 1st, 2nd and 3rd planes 

of the fee lattice. The binding energies are 14.1 and 

14.8 kcal/mol for the C s and D 3 jj molecules respectively, 

giving the pentagonal bipyramid a slightly greater 

stability (74). ESR spectra reported for Liy (52), Nay 

(6 8 ) and Ky (25) closely match recent ab initio 

calculations on the pentagonal bipyramid (75). There is 

complete agreement between theory and experiment on the 

importance of the participation of p-orbitals with 

increasing cluster size, the similarity between the alkali 

clusters in their bonding and especially the high degree 

of sp-hybridization for the Li clusters.

The temperature dependence of the relative site 

positions follows the arguments outlined in Section

I V .2.1. The symmetry associated with each of the several 

possible lattice structures (fee and hep), the relative 

positions of nearest neighbors and the symmetry of the 

vacancies that the metal cluster might occupy are quite
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different and can reasonably be expected to show different 

temperature dependencies. For the fee vacancies studied 

at temperatures up to 60,K, there is an oscillating 

displacement field that pushes the nearest neighbors 

toward the vacancies while the second row of nearest 

neighbors is displaced away from the vacancies. The net 

result is a decrease in the volume of the vacancy 

corresponding to the Pauli exclusion force mentioned 

elsewhere. Several other mechanisms are often used to 

describe the temperature dependence of the hf parameter 

(78-80). As the temperature increases, higher 

vibrational levels may become populated so that a^ becomes 

dependent on the vibrational energy. Vibrational 

distortions of the ground state symmetry may also promote 

admixture of higher energy unoccupied orbital components 

into the ground state wave function. In addition to the 

interaction of the hf parameter with the intramolecular 

vibrational mode(s) of the cluster, it can also interact 

with the matrix. Through the orbital-lattice coupling, 

the hf term can interact with the phonon continuum of the 

lattice, although generally, the increase in amplitude of 

the phonon vibration with increasing temperature produces 

a decrease in the value of a^(T). Both the intramolecular 

and the phonon interactions are explicit functions of 

temperature. Finally, there is an implicit effect 

possible through the thermal expansion of the lattice
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which is expected to increase the value of a^(T) with 

increasing temperature. However, because of the scatter 

in the data points for the shifts in H j -Hjj and a^ it was 

not possible to show quantitatively which of the several 

interactions possible were producing the observed shifts 

for the two sites.

IV.2.4 Com£arjL££n_of_^lka>lii_Clus£e£Si

Table IV.16 summarizes the s-character of the bonding 

in Li, Na and K as a function of cluster size. For the 

alkali metals, neither experiment nor theory give total 

isotropic spin populations, £, close to unity. This 

deficit provides a measure of the average degree of 

hybridization in each cluster. For the atom, is 

constrained to be unity because the alkali valence 

electron is in an s-orbital. All cases where the 

parameter Is less than unity are assumed to indicate p- 

orbital involvement in the bond. £ 2  not actually a 

spin population. It is the average s-character for an 

electron in the doubly occupied U valence bond of the 

dimer. The values were deduced by Linus Pauling in 1949 

(81). £ 2  “ 1-ftactional p-character. For the timer, £ 3

is the sum of the spin populations, 3 />3 , for the three 

nuclei. Similarly, for the septemer, I 7 is the sum of the 

measured spin populations 2 p-± + 5^2 > assuming that the 

polarization effects induce a negative spin popular ion on
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Table<_IiVi^ £  Orbital composition (average s-character) for 

the "Fermi" electron of alkali atom clusters, Mn .

»

* 1 £ 2 f 3 *7 £co

Li 1 . 0 0 0 . 8 6 0 . 6 8 0.45 0.42(2)

Na 1 . 0 0 0 . 93 0 .87 0 . 64 0.66(4)

K 1 . 0 0 0. 94 0.89 0 .63 0.66(4)



113
the five nuclei responsible for the shf interaction. In 

the last column, is the bulk metal parameter (41) given

by

€«, “ I I 2/ I I 2

where |^F (0 ) | 2 is the square of the wave function at the 

nucleus for an electron on the Fermi surface of the metal, 

given by

| V>F C0> I 2 - 1.277xl023 KTf cm” 3

Xp/x o

where K is the experimental Knight shift arising from the 

magnetic field of the electron at the nucleus and Tp is 

the Fermi temperature (82). Xp/xQ is the ratio of the 

Pauli spin susceptibility of the metal to the paramagnetic 

susceptibility of the metal to the paramagnetic 

susceptibility of a Fermi gas of conduction electrons.

The assumed ratios were 2.8(1), 1.6(1) and 1,7(1) for 2 Li, 

23Na and 3^K respectively, and represent averages from 

several tabulated values (83). I ^ a ^ ^ I 2 is the square of

the wave function at the nucleus of the free atom.

The ESR values fit very nicely between the 

independently deduced dimer and bulk metal values. 

Examination of Table IV.16 suggest several trends:
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(i) For each alkali metal, the s-character of the 

bonding decreases monotonically as the cluster size 

Increases,

(ii) For any given cluster size, the s-character of 

the Fermi electron in Nan and Kn are almost identical

wh i1 e ,

(iii) The corresponding Lin values are consistently 

lower implying a greater proportion of p-character in the 

bonding. This trend in orbital composition does not 

follow the order of ns -» sp promotion energies of 1.85,

2.10 and 1.61 eV of for LI, Na and K respectively (84).

The discrepancy probably reflects the relative ease of 

overlap between adjacent p-orbitals and suggests that the 

overlap is most favorable for the smaller Li atom.

(iv) By at least the septeraer stage, the orbital 

composition is comparable to that of the bulk metal.
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LITHIUM SPPEROXIDES

V .1 IntroductIon

The alkali superoxides have been studied extensively 

as prototypes for general metal atom-oxygen molecule 

interactions (85,94). The bonding of O 2 to metals has 

significant consequences in technology and nature in a 

number of areas including corrosive and catalytic 

processes and the physiological importance of hemoglobin. 

More recently, interest was further stimulated by the 

discovery that the color centers produced when O 2 " 

replaces X" in the alkali halide crystals play a role in 

lasing that has potential applications for tunable solid 

state lasers that radiate in the visible (85,86),.

The impetus for the current experiments was 

threefold:

(i) First, accurate measurements of the ESR 

parameters for Li 0 2  and an examination of their dependence 

on the matrix involved had not been established. A 

complete ESR study of the alkali superoxides was presented 

by Lindsay (35,36), but the spectrum of Li 0 2  was not 

conclusively assigned. And except for that tentative 

identification, no ESR spectra of Li 0 2  have been 

previously reported.



116
(ii) Second, the possible inversion of the ground 

state symmetry from to ^ B 1 f°r heavier alkali

superoxides, RbC>2 and Cs 0 2 , was suggested by the Lindsay 

work and there was interest in finding out how LiC>2 would 

fit into the estimated crystal field splitting trend of 

the alkali superoxide series.

(iii) Third, was the need for a careful search for 

any evidence of Li + C>2 ‘ geometries other than the C 2 V 

already observed for the alkali superoxides. The 

pioneering IR and Raman studies of Andrews et al (34) on 

matrix isolated alkali superoxides strongly supported 

their being bound triatomic charge transfer species,

Li+C>2 ' of C 2 V symmetry. This was confirmed by ESR 

experiments where the small hfs values support the 

conclusions of virtually complete electron transfer.

While the IR, Raman, and ESR data are only consistent with 

an isosceles triangular geometry, theoretical calculations 

raised some question as to the true ground state geometry. 

There are three geometries for which a successful approach 

of a Li atom to an O 2 molecule can be expected. These 

give product geometries belonging to the Ccov, Cs and C 2 V 

point groups,

Li+ [- 0- 0]' Li+ Li +
\ / \
[0 -0 ]- [0 —  0 ]-

respectively. The lowest energy states and corresponding
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electron configurations for the charge transfer species 

Li+ 0 2 * under those three geometries are:

l o 2 2c72 3 a 2 4 o 2 5<72 l i r ^ 6 o 2 2jr^ 2 ? T

Cs : la' 2 2a' 2 3a,2 4a' 2 5a'

CMsHCM

6 a' 2 7a' 2 2a" 2 8a' 2 a-

2 A"

where these lowest states <CM and 2 A " , of Cs are the

degenerate components of the 2 state for

C 2 V : la ^ 2 lb 2 2 2 a 2 3 aj_2 2b 2  ̂ 4a^ 2 lb ]_2 5 aj_2 la2 2 3b 2 ^®2

..................................... Ia23b2  ̂ ^A 2

The potential energy surfaces of the reactants, Li( 2 Sg) + 

0 2 (^Sg') correlate to the following states of each product 

geometry. For C# v , the proper states are ^2' and 2 2 ” : for

Cs , the states are ^A' and 2 A ': and for C 2 V the states are 

and 2 B^. That is, the reactants do not correlate with 

any of the electronic states of L 1 0 2  with CBV and C 2 V 

geometries. Instead, essentially all successful 

collisions will occur for Cs geometries giving 2 A" as

either the ground or first excited state of the ion pair 

(87,90) .

Starting at the simplistic level of a Walsh diagram 

for AB 2 tiatomics (93), the predicted geometry for Li 0 2



(with 13 valence electrons) is linear with symmetry.

Constraining it to a C 2 V geometry predicts to be

slightly below the ^^2 state. Modifying the description
f

to the HAB form of the Walsh diagram (and neglecting Li 

core Is orbital electrons) gives a predicted Cs geometry 

with an angle of ”105° and a ^A" ground state analogous to 

the geometry of HO 2 (88,94). Apparently BO 2 is the 

simplest dioxide molecule for which Walsh diagrams are 

applicable (90). Moving on to the more sophisticated ab 

initio calculations, the pioneering work on Li 0 2  of 

Billingsley and Trindle (87) predicted the true ground 

state to have the Cs geometry. When the molecule was 

constrained to the C 2 V geometry, their calculations 

predicted ^ 2  to be the ground state. A more complete ab 

initio SCF calculation carried out by O'Neill (90) 

predicted that for C 2 V , the ^A 2 state was 14kcal/mol below 

the ^B 2 state and gave ground state geometry values that 

were in good qualitative agreement with those estimated 

from the experimental data of Andrews et a l . O'Neill, 

however, tempered his results with several observations:

1) The energy difference between the Â-2 and ^ 2  

states and the great similarity in their equilibrium 

geometries is analogous to ab initio predictions for HO 2 

(95). This is suspicious since Li0 2  is expected to be 

much more ionic than HO 2 and, therefore, should have a 

less analogous electronic structure.
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2) Similar calculations on the C 2 V and Cg,v forms 

predict little or no energy barrier between the two 

geome tries.

3) The ^A 2 ground state wave function correlates with 

the ^A" wave function which is a wave function of both the 

Cs form and one of the degenerate members of the ^fT state 

of the Cjoy form. The ^TT state is predicted to lie only 

1.2 kcal/mole above the ^ 2  state. This very small energy 

difference is interpreted as suggesting that the true 

equilibrium geometry is, again, Cs , in analogy with HO 2 .

V .2 Spectra and Analysis

The ESR spectra of Li 0 2 , in agreement with those of 

the other alkali superoxides, consists of three 

transitions corresponding to the principle values of an 

orthorhombic g tensor. The downfield transition, gz 

coincides with the 0-0 axis. The first derivative gx 

transition corresponds to the C 2 symmetry axis and the 

transition gy corresponds to an axis perpendicular to the 

molecular plane. This labelling corresponds to g2 Z , gXx> 

gyy and to g 3 , g 2 and g^ (34) in the ESR references

cited previously.

For Li 0 2  there is no significant quadrupole 

interaction, and the field position of transitions, to 

first order, is given by
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1^(1,n^) - (ge/gi)(He - A^raj) [5.1]

where - a + Tj_, 1 - x, y or z .

For spectra where the hf detail is resolved, the

parameters and A^ can be measured directly. For the

1-3/2 case

(geH e>/Si - d / 4 ) {[H1 (+3/2)+Hi(-l/2)] +

[H1 (-3/2)+Hi(+l/2)]) [5.2]

and

<geA i)/gi “ (1/2){[H1 (+l/2)-H1 (+3/2)J +

[Hi (-3/2)-Hi (-l/2)]} [5.3]

and for the 1 - 1  case

(geHe>/gi " (1/4)[[Hi (+1)+Hi (0)] +

[H1 (0)+Hi(-1)]) [5.4]

(geA i>/gi " (1/2)I[H1 (+1)-Hi (0)] +

[Hi (0)-Hi (-1)]) [5.5]

Where the hf detail is not resolved

Si “ (l/2)(Hmax + Hm in ) [5.6]

where Hmax and Hm £n are the maximum and minimum field 

positions of the unresolved first derivative signal or the

full width at half maximum height (FWHM) of the absorption

or emission like signals.



1 2 1

There was greater variability in the depositions for 

producing good spectra than was found for bare Lithium 

clusters. Table V.l summarizes the conditions that 

produced the most useful spectra. Although those samples 

grown at lower Pf^+matrix Pressures ("750 mtorr) gave the 

best results, the quality of the spectra were not 

predictable. For example, while the g values for a given 

matrix were invariant, hf details present in the spectra 

of one run might be absent in a second sample produced 

under the same nominal conditions. Generally photolysis 

produced an increase in the intensity of the gx transition 

but had little effect on the intensity or resolution of gz 

or g y . Photolysis also did not cause production of LiO^ 

which did appear occasionally as a post-anneal contaminant 

although its occurrence was not consistent. A similar 

unpredictability was found for the-number of matrix sites, 

as well as their intensities and stabilities with respect 

to temperature changes or photolysis time, for Li atom 

signals. In some Krypton matrices, for example, up to 18 

prephotolysis, preannealed atom sites were observed. In 

some samples 1 or 2 sites remained intense after 

photolysis and/or annealing. In others, photolysis caused 

the complete irreversible disappearance of the signals.

Details of spectra in various matrices are outlined 

below:
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Table V . 1 Summary of deposition conditions for LiC>2 

production.

Matrix Total Dep. 
hrs .

Li flux 
A/sec p ° 2

mtorr
p0 2 +Hatrix(a)

mtorr

n 2 5-6 0 .1 -1 .A 5-19 730-740/955

Ar 6-7 0 . 5-3 . 0 4-20 750-760/960

Kr 7-8 0.5-1.5 2-23 750-760/
930-950

Ne 2-5 0.5-0.75 15 450-550

(a) The two sets of values are for two sets of deposition

pressures.
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(i) Nitrogen matrices: Figure V.l shows the

spectrum of ^Li0 2  at 4.2°K. The gz value at 2.067 has a 

well resolved hf quartet, AZ-2.3G. The derivative signal 

of gx shows no hf detail. The gy region is overlapped by 

the strong triplet N atom signal. Generally the Nitrogen 

atom signals were very intense. In one sample, however, 

annealing bleached them out. The process is shown in 

Figure V.2. In spectrum (a), taken at 20.5°K, the signal 

at 2.10123 is the g 2 value associated with LiO^.

Increasing the temperature to 23.5°K brings out the g^ 

transition of Li 0 4  at 2.0413, There was a corresponding 

increase in the g 2 signal and a decrease in the N atom 

intensities. Curiously, dropping the temperature back to

5.7”K produced spectrum (c) where the gz and gx 

transitions of Li 0 2  show up at 2.068 and 2.008 

respectively. The signals had full widths at half max of 

13.7 and 9.4 G respectively, but showed no hf detail. The

N atom signals have vanished but no strong feature for gy

is observed suggesting that it lies too close to gx to be 

resolved. In contrast to typical postannealed spectra no 

evidence of the Li 0 4  signal remained. ®Li0 2  samples gave 

gz and gx without any hf detail. The gy regions were 

consistently obscured by the Nitrogen atom transitions.

(ii) Krypton matrices: The gz , gx and gy 

values were 2.0570, 2.0094 and 2.0027 respectively.

Figure V.3 shows the ESR spectrum of ®Li0 2  at 4.2°K.



Figure V .1 ESR spectrum of in a Nitrogen matrix at

4 . 2°K.

3200 3250
N

3300



Figure V ■2 ESR spectra for ^LiC^ in N 2 at several 

temperatures, (a) taken at 20.5°K shows the gx transition 

of LiC>2 between the g 2 transition of Li0 4  and the strong 

triplet signal from N atoms in the matrix, (b) taken at 

25.5°K shows an increase in the g 2 as well as the 

appearance of the g^ transition of LiO^, and a decrease in 

the N signal intensity. (c)is the postanneal spectrum 

taken at 4 . 2 ® K . The signals associated with LiO^ and N 

are no longer evident. The g2 signal of Li0 2  is observed 

and there is a noticable increase in the intensity of the 

gx signal. There is no sharp indication of the gy 

transition.



(a) 20.5° K

(b) 25.5° K

(c) 4.2° K
»■ t

40 G



127
Figures V.4 and 5 show the hf detail of the transition of 

g 2 transition of ®Li(>2 , and the gy transition of ^L 1 0 2  .

The splittings were 0.97G and 2.65G respectively. The 

extra lowfield peak in Figure V.4 probably arises from the 

overlap of two closely spaced site signals. No hf detail 

was observed for gx ,

(iii) Argon matrices: These matrices gave

values of gz-2.069, gx-2.008 and gy-2.004. Figure V . 6  

shows the spectrum of ^Li0 2 . The spectrum was recorded at 

10°K after a 155 min photolysis. The Li atom transitions 

show an unusual intensity distribution. Figure V.7 shows 

the hf quartet of the gz transition of ^Li(>2 • Again, as

in other matrices, no hf detail is observed for the gy

trans ition.

(iv) Neon matrices: These matrices were

difficult to produce and maintain and generally had very 

poor S/N character. Figure V . 8 shows a spectrum of ®Li0 2 . 

The gz transition occurs at 2.061. gx at 2.0097 is

partly overlapped by the mj-0 atom transition. No gy

signal is apparent in this sample.

Table V.2 summarizes the observed magnetic parameters 

of Li 0 2  in the various matrices.

V .3 Discus sIon

ESR data on L 1 0 2  are consistent with ionic model 

Li+ 0 2 * of C 2 v geometry and ^ 2  ground state. Spectra



Table V .2 Magnetic parametes of L 1 0 2  in various matrices.

Matrix 8 z 8 x gy az
in r 3y Gaus s

7 Li0 2 n 2 2 . 0667(3) 2.0080(2) - 2.33(8) -

6 Li02 ■i 2.0677(1) 2 .0083(3) - - -

7 Li0 2 Ar 2 .0697(1) 2.0082(2) 2.0034(7) 2.19(4) 3 .25

6 Li0 2 n 2 .0690(3) 2.0082(8) 2 . 0035(1) -

7 Li0 2 Kr 2.0570(1) 2.0095(1) 2 .0026(13) 3.01(5) 2.65

6 Li0 2 Tl 2.0573(1) 2 . 0093(2) 2.0028(1) 0.97(3) 0.82

6 Li02 Ne 2.0606(12) 2.00965(8) - - -

No hf details were observed for any gx transition.



Figure V . 3 ESR spectrum of ®LiC>2 in a Krypton matrix at 4.2K. The gz , gx 

and gy transitions are labeled. The additional signals are unreacted ^Li 

atoms.

40 G
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Figure V.4 Detail of the g 2 region of **LiC>2 in a Krypton matrix at 4.2K. 

The hf splitting is 0.97G. The quartet of hf signals is due to the overlap 

of signals from two sites.

r h
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Figure V . 5 Detail of g~2 region of 7 LiC>2 in a Krypton 

matrix. The gy transition has a hf splitting of 2.65G.

The gx signal shows no hf detail.



Figure V . 6 ESR spectrum of 6 Li0 2  in Argon at 10K after 155 min of 

photolysis. The gz , gy and gx transitions are clearly visible. No hf 

details are present in this sample. Me denotes methyl radical transitions. 

The Li atom transitions show an unusual intensity distribution.

Me Me

40 G
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Fleure V .7 Detail of the gz transition of ^Li0 2  in Argon.

Sz
_  . I . .
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Flgure V . 8 ESR spectrum of ^Li0 2  in a Neon matrix, 

denotes unreacted ®Li atom signals.

50G
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showed a triplet structure arising from the three 

principle axes of the orthorhombic g tensor. Hf detail 

occurs because the electron tansfer is not entirely
i

complete and some spin density is left on the Li cation.

The resolution of the hf components was not consistent 

from experiment to experiment in a given matrix {as noted 

previously). The gx transition was always narrow (5-8G) 

and showed no hf detail in any of the matrices. The gz and 

gy transitions were broader (10-20G) and hf details, 

{generally weak), were sometimes observed. Tortional 

motion along an axis will cause broadening of the lines 

associated with the other two axes by modulating their 

orientations with respect to the external magnetic field. 

Tortional motion about the z axis is favored because of 

the low moment of inertia, and also because motion along 

this axis doesn't alter the electrostatic interaction 

between the M+ and Q 2 ' ions. This qualitatively explains 

the broadening of gz and g y . Slight differences in the 

matrix gas :(>2 gas mixture can affect the lattice 

structure, modifying the dimensions of trapping sites, 

which in turn effects the degree of tortional motion.

This may explain the variable occurrence of hf detail for 

a given matrix. Estimates of the dimensions of trapping 

cages have been made for the tetrahedral (4 atom 

substitutions) and octahedral ( 6  atom substitutions) sites 

of several pure noble gas matrices.
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A ---

N e (96) 

A r (97) 

K r (98)

L

1 . 5 6 A 

9 . 07A 

9 . 65A

B

6 . 26A

7 . 52A

8 . OOA

Using an averaged Li-0 distance of 1. 8 A and O-Li-O angle 

of “44° from values summarized by Grow and Pinter (91) 

give an estimated 0-0 distance of 1.25A. Doubling this to 

allow for extension of the p orbitals indicates that Li 0 2  

fits easily within the cages and, indeed, has a 

significant amount of room to "rattle" about in.

Where hf was observed, the anisotropic character was 

negligable compared to that of the corresponding 

electronic Zeeman. Therefore, the hf corresponds to the 

principle axes of g, which are not necessarily the same as 

those of A. In that case, the average,even if the signs 

of the individual a's were known, would not equal the
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isotropic hf constant. Detailed analysis done on the Na 0 2  

and NaSO^ systems by Adrian showed that the two sets of 

axes were coincident. By analogy, the axes are considered 

coincident for LiC>2 as well.

Figure V.9. shows a schematic of the molecular 

orbitals of the alkali superoside system. The presence of 

the alkali cation lifts the degeneracy of the HOMO of the 

O 2 ’ anion into an in-plane component, xx , of b^ symmetry, 

and an out-of-plane member, x y* , of a 2 symmetry. Next to 

each of the six MOs constructed by mixing the O 2 " valence 

orbitals with the symmetry allowed combinations of alkali 

p and d orbitals are the coefficients relevant to the 

covalent mixing. Only xx* can mix with the pz orbital of
JLthe cation, lowering its energy relative to Xy and 

thereby lifting the degeneracy. The unpaired electron 

occupies the out-of-plane orbital and gives the system a 

A 2 ground state. The crystal field splitting parameter,

S,  measures the extent to which the cation lifts the 

degeneracy of the x antibonding pair. The g values 

summarized on Table V.2 are sensitive to the matrix 

involved, the gz transitions more so than the gx and gy 

values which remain close to the free electron value. The 

principle components of the g tensor can be described by 

(100,101)

Agz " +2AQ/S [5.1]
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Figure V . 9 Schematic of the molecular orbitals of M+C>2 

(Ref.36).
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Agy * -Ao2/S2 [5.2]

Agx " +(2A 0 /A) - (A02/S2 ) [5.3]

where Ag^ “ gi * ge g^ves the shift away from the free 

electron value; Ao ~ 150 cm'* (84), is the spin orbit 

coupling constant of O 2 ; 6 is the split between the in and
a.out of plane components of n ; and A is the seperation of

JLthe o(a^) and the jr (a2 ) orbitals. Although values of 5 

can be estimated from both [5.1] and [5.2] only [5.1] is 

used in the following discussion. Eq.[5.2] gives larger 

values of 6, and due to the presence of the square factor, 

smallcalibration errors in evaluating gy will cause large 

errors in the estimated value of S. Using Eqs.[5.1] and 

[5.3], the value of A can be estimated for Li 0 2 • In the 

various matrices this value falls within the range of 40- 

45,000 cm'l which agrees well with the values of 0 2 " in 

other systems (1 0 0 ,1 0 1 ) including the heavier alkali 

superoxides (36). Variations in 6 with matrix reflects 

matrix effects on the alkali-oxygen distance. Table V.3 

summarizes the estimated S values for Li 0 2  in the various 

matrices.
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Table V.3 Experimental crystal field splittings for Li 0 2  

in various matrices.

Matrix gz Agz S, cm'l

N 2 2.0667 0.0644 4660

Ar 2.0697 0.0677 4430

Kr 2.0570 0.0547 5490

Ne 2.0590 0.0577 5200
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Finally,as noted in section, the near ab initio SCF-

LCAO-STO-MO computations predicted two stable forms of
1

Li02 of comparable energy (87). The isosceles triangle, 

C 2 V , observed in matrix work and a Cs species analogous to 

HO 2 where Li is bound at an angle of 135 to one of the 

oxygen atoms (88). The low force constant for motion of 

the Li atom parallel to the 0-0 axis implied by the IR 

data prompted Andrews to propose the possible 

photoisomerization of the C 2 V to the Cs species (89). SCF 

calculations (90-92) suggested that the C 2 V form might 

represent a matrix mediated equilibrium geometry, but that 

the true energy minimum is the Cs geometry. Proposed 

explanations for why the C 2 V geometry is the only one 

observed even though the Cs form is expected to be more 

stable, include the possible dependence of the product 

geometry on the method of preparation; that the Cs form's 

signals are swamped by the greater intensity of IR 

transitions in systems with largely ionic bonding (C2 V ) 

relative to systems with predominantly covalent bonding 

(Cs ); or that the C 2 V form is kineticly more stable 

because, unlike the Cs form which has a channel back to 

the reactants, the C2V form must change its electronic 

state from a ground state to ^ 2  in order to

dissociate or isomerize. This last argument comes from the 

Billingsly calculations (87) which predict as the
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ground state. That experiment and other computational 

methods support the 2A 2 ground state does not invalidate 

the rest of their argument.

In an ionic molecule, M+02_ , the largest g shift is 

predicted to be associated with the oxygen internuclear 

axis (99,100), regardless of the angle of approach of M+ 

to O 2 '. Eq.[5.1] can be rewritten in the more general

form

Agz - 2A0 [A02 + 52 ]-1/ 2 [5.4]

where 5 «  A.

From this, it is predicted that

lim.Agz - 2 
<5-0

where by symmetry, this limit should be found when 

C2V-CS-C00V- If an alternative geometry did occur, there 

should be a substantially larger shift in the gz value. 

However, a careful search of the spectra in the various 

matrices under varying conditions of temperature and 

exposure to photolysis failed to provide evidence of a 

second geometry. This supports C 2 V as being the true 

ground state geometry.
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V .4 Comparison of S for the Alkali Superoxldes

The simple Ionic model predicts a monotonic decrease 

in S with an increase in R, the distance from the cation 

to the 0-0 bond. Tables V.4 and 5 compare the values of 6 

for the alkali superoxides in Argon and Krypton 

respectively. The absolute value of S decreases from 

L.i0 2 **Rb0 2  and then increases for Cs 0 2  in contradiction to 

the simple ionic model. The ionic model can be improved 

by allowing for polarization of the ionic orbitals and/or 

by including covalent bonding. Lindsay (36) has presented 

a detailed description of two models which can account for 

this nonmonotonic trend in 6, the reversal case and the 

inversion case.

(i) Reversal case: The value of S remains positive

down the alkali series but additional interactions, either 

ionic or covalent in nature, decrease its magnitude.

Covalent interactions involve the mixing in of d-orbitals 

from the cation with x* pair of 02*- In the alkali series 

the energy of the d-orbltals admixture will decrease the 

energy of both members of the x* pair since both can mix 

with the d-orbitals. An ionic interaction can arise from 

the partial quenching of the polarizabi11ty of the pair.

As the in-plane orbital, xx*(a 2 ) expands toward M+ , it is 

counteracted by repulsive short range forces between the 

ionic cores of M+ and O 2 '. No such restriction applies to 

the out-of-plane orbital, Xy*(b^). In reality, however,
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Table V ■4 Experimental crystal field splittings for the 

alkali superoxides in Argon matrices.

R<b \
A Sz A 6z 1

"•o 
6ow

7 Li0 2 1 . 64 2.0697 0 . 674 +4450

23Na02 1 . 96 2.1136 0.1113 + 2700

3 9 ko 2 2 . 18 2 . 1181 0.1158 + 2590

87Rb02 2.48 2.1196 0.1173 ±2560

1 3 3 C s 0 2 2 .59 2.1090 0.1067 ±2810

All values except L102 are from Ref.36.

Cb > Distance from M+ to midpoint of 02_ bond from Ref.34.
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Table V .5 Experimental crystal field splittings for the 

alkali superoxides in Krypton matrices.

Bz A Sz S
(cm-1)

7Li02 2.0570 0 . 547 + 5485

23Na02 2.1106 0.1083 + 2770

39K02 2.1184 0.1161 + 2585

87Rb02 2.1227 0.1204 ±2490

133C s 02 2.1069 0.1069 ±2870

All values except Li02 are from Ref.36.
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since the electron cloud is not a point charge, this 

orbital too may be partially quenched by the charge cloud 

of the cation. This effect will increase with increasing 

cation size.

(ii) Inversion case: The value of S is

positive down to Rb 0 2  and /or Cs 0 2  where the in-plane 

orbital becomes less stable than the out-of-plane orbital 

and the ground state changes from 2 and This can

arise from fairly weak covalent mixing of the anion 

valence orbitals with the inner shell p-orbitals of the 

cation. For the heavier alkalis the energy of the p- 

orbitals are above that of the pair so that admixture will 

increase their energy. Since the bl member is the only 

one allowed by symmetry to interact with the pz orbitals 

of the metal, this MO will increase in energy while the 

value of the a 2 member remains constant. The net effect 

is that the value of S decreases. If the interaction is 

large enough the energy of the b^ orbital will be pushed 

above that of the 3 2  orbital and the ground state will 

have inverted.

As just described qualitaively, the ionic model can 

be improved by including the polarizabilities of M+ and 

O 2 ". Assuming that the in-plane jrx*(b^) is quenched, its 

energy remains the same as in the simple ionic model. 

However, the out-of-plane ity*(a 2 ) can be polarized, so 

that its energy decreases. This can account for the
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inversion case. If the model is further modified so that

the out-of-plane component can also be partially quenched,

the reversal case will be expected, since the quenching 
¥

will increase with increasing M+ size. Therefore, 

introducing the polarizability does not make one model 

less likely than the other.

In terms of covalent mixing, the inversion case is 

slightly favored. In the inversion case, covalent mixing 

of the »r* orbitals with the alkali inner shell p orbitals 

increases the energy of the in-plane component because by 

symmetry it is the only member that can interact with pz 

of the cation. The mixing increases as you go down the 

alkali series. In the reversal case, covalent mixing 

involves the cation p, d, and f orbitals, and requires 

about a 20% admixture of d-character (36). This is rather 

high in view of the vibrational spectra data (34).

Depending on the interpretation of the sign of 6, the 

data of Table V.4 (or V.5) can be arranged in two patterns 

corresponding to the two models. This is illustrated in 

Fig. V.10. Ignoring the Li 0 2  value, for the reversal 

case, the values are grouped together in a plateau 1 0 0 0  

cm"^ wide, as represented by the solid line. In the 

inversion case, the values between Na 0 2  and Cs0 2  cover a 

large jump of '6000 cm*-*-. Including the Li 0 2  value, for 

the reversal case, it is isolated from the plateau of the 

other 6 values. However, for the inversion case, the gap
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Figure V.10 Qualitative representations of the 5 values 

of the alkali superoxides in terms of an inversion model 

(---), and a reversal model (--- ). (Ref.36.)
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between L 1 0 2  and NaC>2 Is comparable to the gap between 

Na 0 2  and Cs 0 2 . THe LIO 2 value suggests that the inversion 

case is more the likely. Taken together with the 

arguments that inner shell bonding analogous to the alkali 

monoxides is plausible (36) and that the degree of 

/ covalency required to account for the observed hf in Cs0 2  

seems unreasonably high, there is strong support for the 

inversion of states model in explaining the trend in 6 for 

the heavier alkali superoxides.
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Appendix A.l Reprint: J. Chen. Phys. 8 0 . 4761 (1984)
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ESR spectra assigned to  “L i, and ’L i, hare been produced by co-depoaiting atomic lith iu m  w ith  
excess argon m a liqu id  helium  cooled cryoatat. The spectra are characterized by an isotropic g  
value. g „ -  2.0004J(6) fo r ’ L i„  and h f coupling Constantsa, =  36.39(3) G  fo r tw o equivalent 7L i 
nuclei plus a , =  2.19(2) G  fo r (most like ly) five equivalent ’ L i nuclei. B othg0 and a , show a smell 
temperature dependence in  the range 4.1-30 K , but the mechanism fo r th is effect remains open. 
As in  the case o f N a, and K „  the ESR spectra may be interpreted as arising from  a pentagonal 
b i pyram idal molecule w ith  ground state symmetry ‘A ; .  The average p character fo r L i, is much 
greater than in the corresponding sodium and potassium septemers and, i f  a, < 0, is comparable in 
magnitude to  the hybridization o f the bulk metal.

I. INTRODUCTION
Previous electron spin resonance (ESR) studies have 

demonstrated that co-depoaition o f sodium o r potassium 
w ith  argon gives rise to an a lka li trim er molecule1'1 plus an 
additional cluster believed to  be the a lka li septemer.1 The 
hyperflne (hf) sp litting  pattern o f Ibe septemer was charac­
teristic o f a single upaired electron o f dom inant s character, 
largely confined to tw o equivalent nuclei but having a small 
spin population on a second set o f (most like ly) five equiva­
lent nuclei. I t  was deduced from  extensive simple H iickc l 
calculations that a like ly structure fo r N a, and K , was a 
pentagonal bipyram idal geometry w ith  ground state symme­
try  ‘A J.

In  th is paper we report ESR spectra fo r the analogous 
‘ L i and ’ L i clusters and note tha t these results confirm  the 
o rig inal assignment o f the stoichiom etry, structure, and 
bonding o f the sodium and potassium septemers. We further 
note that recent ab Initio calculations4 predict not only an 
exceptional stab ility fo r the pentagonal bipyram idal geome­
try  but also h f coupling constants in  reasonable agreement 
w ith those observed. In  th is context i t  is interesting to  add 
that, despite the cubic structure o f most solids, the preferred 
packing arrangement fo r seven atom clusters is pentagonal 
bipyram idal. Indeed, the general im portance o f pentagonal 
symmetry in the nucleation and growth sequence o f small 
clusters and m icroparticles has been recognized fo r some 
tim e.5*’  A  prevalance o f polyicoaabedral structures has been 
observed by electron microscopy on large supported aggre- 
gales4-10 and by electron d iffraction studies on gas-phase ar­
gon dusters in  the range o f 20—30 atoms.11,11 However, 
u n til quite recently the experimental evidence fo r a preferen­
tia l form ation o f “ magic number”  cluster sizea ha t been ab­
sent. In  fact, fo r neutral aggregates, then aside from  the w ork 
presented here and in  Ref. 3, we know only o f the mass spec­
tra l results o f Settler and co-workers on Jte”  and Pb14 clus­
ters. the seeded beam study o f K appa er a /.11 cm sodium 
clusters and the tentative iden tificat ion o f an icoeahedral 
S c„ cluster trapped in  a neon m atrix.1*

II. EXPERIMENTAL
Lith ium  septemers were formed by co-depcaiting atom­

ic  lith ium , either natura lly abundant (A lfa , 99.9%) or isoto- 
p ically enriched (Oak Ridge N ational Laboratory, 98% ‘ L i

and 99.9% ’ U ) w ith  exoeas argon (A irco, 99.9998%! on a 
sapphire plate mounted inside a TE l(a X-band ESR cavity. 
The cavity was attached to  a variable temperature cryoatat 
whose design has been d rs rribed elsewhere.IJ L ith ium  was 
evaporated a t approxim ately 300 “C  from  a water shielded 
Knudsen eflhaioo source, metal fluxes being monitored by a 
quartz microbalance (Veeco, QM-301). For the spectra pre­
sented here, the A riL i ratios were approxim ately 30:1 w ith 
0.3 ytm o l/h  o f L i incident on the sapphire plate and total 
deposition times o f 3-7 h. A t low  L i fluxes (A r:L i ra tio 
-400 :1 ) and deposition temperatures close to  4.2 K , sep- 
tem cr intensities were weak and the dominant spectral fea­
ture was atom ic lith iu m 1’  in  a ting le  m atrix site. The same 
ra tio  o f A r to  L i, but now deposited at temperatures some­
what in  excess o f 4.2 K  (“ warm deposition”  conditions, as 
described in  Ref. 1) resulted in  a fourfo ld  decrease in the 
atom signal and an approximate doubling o f the septemer 
intensity. The 30:1 ra tio  o f A r L i gave a fu rther enhance­
ment o f 2-3 in  the septemer intensity, w ithout introducing 
any noticeable spectral perturbations. A ll ex penmen is  were 
run at approxim ately the same A r flux. Annealing by warm­
ing the m atrix to 30 K  gave a m ajor improvement in  spectral 
resolution but had little  effect on L i, intensities. No further 
irreversible changes occurred provided the m atrix tempera­
ture Imeasured w ith  a carton resistance thermometer accu­
rate to  ±  3% | ‘d id  not exceed 30-33 K . As discussed pre­
v io u s ly ," no L i, spectrum v u  observed w ithout photolysis 
except, possibly, a transient spectrum o f the static trim er 
w hich disappears oo annealing.

A ll spectra were recorded on a m od ified" JEOL ME- 
3X  ESR spectrometer (microwave power 0.3-1 mW) using 
100 kH z magnetic Held m odulation (pcak-topcak am plitude 
0.23-1.3 G | and phase sensitive detection. The signal from  
the JEOL lock-in am plifier was ftirth e r processed either w ith 
an active filte r I typ ica lly a Is  tim e constant fo r a scan rate o f 
2 G nun ~ l ) d r by averaging repetitive scans on a m ultichan­
nel analyzer [Tracer Northern, T N  1710). The resonance 
frequency o f the cavity plus sapphire plate and m atrix sam­
ple, 9.2823 (2) G H z over the temperature range 4.2-30 K , 
was measured periodically w ith  a microwave frequency 
counter I HP 3243L plus HP 3233 A plug in). Ind ividual 
spectra were calibrated w ith  a proton magnetometer [ M i­
cron ow, model 313). Relative and absolute field positions are 
judged accurate to  0.3%  and ±  1 G . respectively.

J. O w n . Ptiys. (0 (10). 1$ May 1M4 0021-MOS/14/104701-0(009.10 3) 1904 Amarteanlnemiteotpriyaia 4701
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III. SPECTRA AND ANALYSIS
Figure I shows the ESR spectrum assigned to L i„  This 

consists o f seven groups o f firs t dcrivstive transitions (iso­
tropic h f sp litting  centered near the resonance field U , 
=  3312.3 |l)C fora free  electron. No features corresponding 

to a zero-field sp litting  o r to  changes o f greater than un ity in 
the electron spin projection were observed. '*  The septemer 
exists in  two principal m atrix sites whose spectra are nearly 
overlapped at 4.2 K . As disrussed in more detail below, the 
magnetic parameters show a noticeable temperature depen­
dence so that fo r T — 30 K  two comparably intense sets o f 
transitions are resolved. In  addition to  atomic lith iu m 1'  and 
’ L i„  several other relatively weak sell o f transitions were 
observed in both the ‘ L i and rL i experiments, but these have 
not been assigned to a paticular carrier As discussed in  Ref. 
18, some o f these spectra may arise from  adduct form ation 
between lith ium  and im purity molecules, e.g., H ]0 . In  one 
experimental run w ith  ‘ L i, what appears to be a very large 
cluster was observed. The ESR spectrum consisted o f over 
450approxim ately equally spaced (but poorly resolved! tran­
sitions w ith  a h f sp litting  o f ~ 0 .1 G.

A. Hyperfln* structure
Since, qualitatively. Fig. 1 is remarkably sim ilar to the 

spectra attributed to  both N a, and K „  the assignment o f 
transitions closely follow s that disrnswd elsewhere.1 The 
septet structure arises from  tw o magnetically equivalent 
/  =» 3 /2  nuclei, whose to ta l nuclear spin angular momentum 
has magnitude 7, and projection M t. Including terms up to 
second order in  a ,/ / / ,  the transition fields o f each onginsn''-‘«

*o

HIM,) = -ZlaM., 
go

(21

(II
where g, =  2.002 32 and g0 arc. respectively, the free elec­
tron g value and the (isotropic) g  value o r the cluster and H  is 
the magnetic fie ld at a pa rticu lar transition.

As shown in  Fig. 1, the firs t order and second order h f 
interactions cause a sp litting  in to , respectively, seven groups
M i =  +  3 — 3 each w ith  a substructure 3>J,>  |A f,|, fo r
a to ta l o f 16 components. Superimposed on each U ,M ,)  o ri­
gin is a superbyperfine (shf) pattern o f (most like ly) 16 equal­
ly  spaced transitions described by adding to  Eq. (1) a term

where a, <u, is the shf sp litting  constant and M ,  =  ± 1 /2 . 
±  3 /2 ,... is the nuclear spin projection quantum number for 

this second set o f magnetically equivalent TL i nuclei.11
Figure 2 shows in more detail the M , =  — 3 region fo r 

TL i, in  argon. The linew idth o f these transitions d / f , ,  ~ 3 0 0 - 
400 tnG  is rem arkably small fo r a polycrystalline sample11 
and may, in fact, be lim ited by magnet inhomogeneities. 
C learly visible are 16 transitions labeled M ,  =  +  15/
2.....— 15/2. A  16 line sh f structure was also observed fo r
M , a  -I- 3. However, because o f the relative weakness o f the 
outer transitions it  is d ifficu lt to assign unambiguously an 
upper bound to  Thus, as shown fo r the high field wing 
o f M , — — 3, tite  signal-to-noise (S/AO ra tio  for 
M ,  =  — IS /2 is approxim ately 3:1 and the S /N  ratio o f a 
hypothetical M , =  — 17/2 transition m ight be as low as 
l ; l . 1U4 A  sim ilar problem pertains to  the ESR spectrum o f 
N a,.1 However, the intensity data fo r the lith ium  experi­
ments is considerably better than that fo r the corresponding 
sodium cluster. The shf arising from  five equivalent ’ L i nu­
clei should have relative intensities 
1:5:15:35:65:101:135:155:155:.. .:1. corresponding to
A f, at +■ 15/2.....— 15/2. For most components,
measured intensities are in  quite good agreement w ith  those 
expected fo r 'L i,. For example, the relative peak-lo-pcak 
heights (normalized to M . =  ^  12) fo r M , =  — 3 are 
I55|1):138(7):109(3):73|7):43|S|:18|4):6I2|:3|2). where Ihese 
data represent an average o f the 4- M , and — W , intensities 
w ith  one standard deviation uncertainty in parentheses.'1 
However, the ra tio  o f sh f intensities varies w ith  (7, M , I and is 
usually not quite symmetric about the ongm. These distor­
tions arise, apparently, from  a partia l overlap o f the spectra 
o f clusters in  different m atrix sites, the effect o f which is 
accentuated at large M ,. Accordingly, the intensity data 
alone cannot rule out a nine atom cluster w ith  seven equiva­
lent I  =  3/2 nuclei, but do make s till larger clusters seems 
unlikely.

Table I  compares the observed fo r 'L i,  w ith
those computed from  Eq. (II and the best fit parameters gD 
and a, given in  Table II. Estimated errors (in  parentheses) 
are one standard deviation uncertainty in  the fit to  the ex­
perimental data. However, the calibration errors noted ear­
lie r are larger. Table I  includes average (o,> values deter­
mined fo r each |/,.A f,) component: the mean istandard 
deviation in parenthcsxsl o f these values is given in  Table II.

M, * 8+2 "IF ifo F  F* b
FIO. I. ESR ipactnun of ’Li« in an argon 
nutria sc 4.2 K. JV, ts t he nuclear iptn pro­
jection for two equiveknt 'L i nuclei- Abo 
shown arc m — ±  I /2  for *Li. The n * o  
unce Acid for a free electron u  H, 
-  3 3 1 2 .I) G (sotopictlly mnched "Li 

war wed.

132000 I325QG______ I330P P  J33500  13400G 13*500

J C f*m  P fry t. Vol. 90, No. 10,15 M iy  1994



153

0. A. Garland m l 0 M. lavisar Meets nolatad u , dusters

1—3
*»i i ii i i r i i i i i i i i i-f

R G lO m v U trftk M , -  -  Itru u -
tWBl Of l j , IS ATfOD M  4 2 K. I V  OVcOlU
«p«ciru« and tu|fa Add detail ve rt 06- 
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shown in  Table I I  are isotropic spin populations/>, a n d p „ 
obtained by d ivid ing a , and a , by the h f sp litting  constant o f 
the gss-phase atom .11 Because o f the tt large magnitude, both 
a , and p , may be assumed positive. However, the ESR spec­
tra  da not determ ine the sign o f the much sm aller a, con­
stant.

Experiments using isotopically enriched ‘ L i gave ESR 
spectra w ith  a q u in ta  h f pattern (Af, => 4-2, +  1, 0, — 1, 
— 2) characteristic o f two equivalent /  =  1 nuclei and a shf 

structure o f up to 11 firs t derivative transitions 
I M j =  -i- 5,.... -  JI which im plies a second set o f five equiva­
lent nuclei. The ESR spectrum o f‘ L i, is shown in  Fig. I o f 
Ref. 18. Before photolysis, however, the septemer spectrum 
was 3-4 lim a  more intense than shown in th is figure. As in  
the case o f ’ L i,, the ESR spectra do not completely rule out a 
cluster larger than the septemer. For several M t compo-

TA RLE I Cortiptntcn of meuuredKnatnjifitc I) *™J calculated tfxnution 
fields. defined m Eq. (I), for ’ L ivin Argon at 4 2 K, Experiment*)
< j,) ire  she riff shf cof»uat* for individual U iuu ire  Gsuas-

<Ji>

M, A Mew. C*lc- t  * o o i

+ 3 3 3203* 32036 - 0.2 2.19

+  2 2 3242.3 3242.2 + 0.1 2.19
3 3241.) 3241 0 +  0.1 2.19

+ 1 i 3279.0 3271.1 +  0.2 2.11
2 3271 1 3271.0 +  0.1 119
J 3276.9 3276.1 +  0.1 2.18

0 0 33134 3313.4 00 2.22
I 3313.2 3313.0 +  0.2 2.22
2 3314.2 3314.2 + 0.1 2 20
3 3313.0 3313.0 0.0 2 22

-  1 1 3331 4 3331.6 + 0.3 2 18
2 33309 3330.1 + 0 1 2.18
3 3349.7 33496 +  01 2.11

- 1 2 33179 3317.1 + 0 1 218
3 33461 33*6-6 +  0.2 2.18

-  3 3 3423.6 3424.0 - 0 4 2.16

ncnts, the relatively weak transitions in the region 
A f, =  -£ 3 arc obscured by overlap w ith  features arising 
from  the other carriers noted above. In  cases where this over­
lap is apparently absent, the spectral resolution is poor. Thus 
the sh f sp litting  fo r *L i, is « j—0.8 G , comparable in  magni­
tude to  the linew idths o f these transitions d / f „  -0 .4  G 
Since relative intensities fa ll o f  rapid ly at large 4 /„  the outer 
transitions are not h illy  resolved and any hypothetical 
A f, =  ± 6  transition would be d ifficu lt to  detect even w ith 
the quite good S /N  ra tio  realized in  these experiments. A l­
though incomplete resolution makes relative intensity mea­
surements lest reliable than those discussed fo r 'L i„  these 
data are most consistent w ith  the presence o f a seven atom 
cluster.

Table I I  g iva  the b a t fit parameters gv  a „ and a, for 
‘ L i,. Because o f the sm all value o f <r„ the sp litting  between 
transitions having the same A f, quantum number but a d if­
ferent J i v u  not resolved. However, a small average shift 
was deduced from  the last term  o f Eq. I and is included in  the 
g value given in  Table II. The sm all (approximately 0.7 G) 
discrepancy between theg va lua  fo r ‘ L i, and ’ L i, probably 
irises from  the calibration uncerta in tia  noted earlier. The 
ratios o f experimental h f constants, 7a,/*a, — 2.641(3) and 
’n iA r , =  2.639( 1 J) are m excellent agreement w ith the rsuo 
o f nuclear g factors gT/ f ,  =  2.641.“

B. TamperaturwdaptMsncs
Both *L i, and ’ L i, occur in  m ultip le trapping sites 

whose line positions show a sm all, but noticeable, sh ift w ith  
temperature. Figure 3 contrasts the ESR spectra o f the

TADLE 11. M lp w tk  p a n o tu n  for atomic lithium awl lithium Kptamere 
Imairn ute I) ui aigcn at 4.1 K. Emmalad lm * t  Iwe Uw I n l l  a «  in paren- 
ihiaia U n iu a fa l,a1 ireOmuaa

Co 4, ± * i P f ±Px

4U 2.000 11(1) 36.06(7) 1.03
4U , 2.00013)2) 13.74(3) 0.83(1) 0.234 0.0(5
’Li 2.000 19(2) 147.96(9) 1 03
'Li* 200043(61 36.39|3k 2.19(2) 02)4 0015

* laouepK ipw  populauooap, and p, are racioa of a , and 0, to h f noaua t of 
freaatom 0t*Li| *  54.29G aadat’ Li) — 143.34 0  t o o  Raf 24.

J. Cham. Phys., vol. eo, No. to . IS May 1*04
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A f, =  +■ 3 transitions fo r 'L i,  in  argon » tr = . 11.2 end 4.2 
K . A t higher temperatures [F ig. 3|ai] the tw o dom inant n u ­
tria  sites (labeled I  and 11) are w ell resolved, but. as shown in 
Fig 3|b), there is a near complete overlap o f these features at 
4.2 K .

Figure 4 shows the measured temperature dependence 
o f the relative origins [H , - H  „  | o f the A f, =  +  3 transitions 
fo r m atrix sites I  and II. A lthough the absolute Held position 
\H , o r H n ) changes by no more than 0.02 O K " 1, relative 
values are quite w ell determined since calibration uncertain­
ties lend to  cancel. A  sim ilar, but less complete, analysis was 
made fo r both J  — 1 and 3 o f A f, =  ± 2 . The same behavior 
was observed fo r a ll A f, components, but spectral congestion 
in  the A f, =  0. ± 1  regions precludes a reliable analysis. Be­
cause o f its  relatively small h f constant, an analogous d iffi­
cu lty pertains to  *L i,.

T h e re su ll*a how n in F ig .4 sugge sttha t£ r,-£ f„ varies 
linearly w ith  temperature in  the range 10S TS 33 K .:< 
These trends may be attributed to  a small temperature de­
pendence in  the a, constant and g value fo r the two m atrix 
sites o f ’ L i,.”  From  Eq. I l l  (ignoring the second order cor­
rection term ) and the data o f Fig. 4, a reasonably accurate 
estimate can be made fo r the temperature dependence in  the 
relative Zeeman and h f interactions o f the tw o m atrix sites 
d /f„« ffo < I> - tfo lII) . where H 0 ~ g ,H , /g a and 
d o , — a ,(I) — 4 ,(11), respectively. In  units o f Cauas, this 
analysis gives (estimated errors in  parentheses)

d H 0 =  0.172(34) -  0.002211J)T  

and (3)
J a ,=  -  0.640(1 l|  +  0.0097(J)r.

Although these results pertain to  measurements made on 
A fi =  ±  3, they predict quite w ell the observed temperature 
behavior o f H  i - H  H fo r A f, =■ ± 2 .

T IK I

T IK I
FlO .4 Tefnpenturedcpcadanceinre lilivean|iju ltf,-/r„lor.tf| -  r  1 
In jw tw tn  for m alm  w e t t and I I  oT 'L i, in arson.

Temperature dependent b f constants have been report­
ed fo r transition metal ions,*0"’ 2 color centers,”  and small 
organic’4-** and inorganic” -"  radicals isolated in a variety 
o f solid hosts. The orig in o f these phenomena has been a ttri­
buted to (11 the direct expansion o f the surrounding la ttice .10 
(21 a m odulation o f the b f constant by a single, lattice, or 
radical, vibration,’ 2-”  and (3) the coupling o f the radical to 
the continuous phooon spectrum o f the host via the orb it- 
la ttice interaction. *0"’ 1 In  several instances it  has been possi­
ble to  distinguish between the last tw o mechanisms by mea­
suring the functional form  fo r the temperature dependence 
o f the radical h f constant. !1-4° A  sim ilar analysis fo r 'L i,  in 
argon is leas straightforw ard since (1) our data pertain to  the 
change in  the relative h f constants fo r tw o m atrix sites and (2) 
the temperature range over which measurements can be 
made is re latively restricted. Thus, although low  frequency 
modes m ight be expected to  be im portant fo r a radical such 
as L i,, we are unable at present to assign a particular mecha­
nism fo r the observed temperature dependence.41

IV. DISCUSSION

The ESR spectra reveal a distinctive symmetry fo r the 
wave function o f the unpaired electron. Spin population re­
sides on tw o sets o f completely equivalent ‘ L i o r ’ L i nuclei: 
one set composed o f two nuclei plus a second set o f (most

J. Cham. Pbys., Vol. SO. No. 10, IS May i*as
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like ly l five equivalent nuclei. The isotropic spin papulation 
on the tw o equivalent nucle i\ p t ~  +  25%| is large, whereas 
that on the remaining five nuclei | /», -  ±  I.I% | i t  much 
smaller. This d istribution i t  qualitatively identical to  that 
observed fo r m atrix isolated N a, and K - 1 In  Ref. 3 it  wax 
inferred from  extensive simple H iicke l calculations that a 
pentagonal bipyram idal geometry (point group f> ,a) was 
most like ly  fo r the sodium and potassium septemer. Conse­
quently, a sim ilar structure would be expected fo r L i,. The 
simple Huckel calculations predict an electron configura­
tion—a l2r','a~ giving rise to a *A S’ ground state fo r which 
p  | =  50% on each o f the tw o apical atoms and p} *• Don the 
five ring atoms. I t  was fu rther argued that any realistic cal­
culation, including both a more extensive basis set (r and p  
orbitals) and spin polarization effects, should give rise to ( II 
isottopic spin populations^, < 50% and (2) a small spin den­
sity at each o f the ring nuclei.1 A  pentagonal bipyram idal 
geometry would, therefore, have an ESR spectrum in close 
correspondence to  that observed fo r L i„  Na,, and K ,,

In contrast to  the situation fo r Af, —M t , there have been 
few ab initio  calculations on a lka li septemer molecules.*141 
A notable exception is the recent study by Fantucci tt at.,4 
which predicts a pa rticu lar stab ility fo r pentagonal bipyra- 
m idai clusters. Em ploying M R D  C l methods,** a ll electron 
fo r L i, but w ith a pseudopotential approxim ation fo r N a, 
and K „  the authon o f Ref. a find a ground slate configura­
tion—o ;'e ;*o j w ith  p , -  35% fo r L i, andp, ~ *J%  fo r N a, 
and K , The remaining spin population is predicted to  reside 
in valencep  orbitals and is largely concentrated on the ring 
atoms, as m ight be expected fo r an orb ita l o f a f symmetry.

Since even a relative large adm ixture o fp chancier wtU 
have only a m inor influence on the ESR spectra,' '  our results 
do not give a direct measurement o f anisotropic spin popula­
tions. However, as in the case o f a ll previously studied 

v/,* clusters, the to ta l isotropic spin popula­
tion for L i, does not sum to  un ity and th is deficit provides a 
measure o f the average degree o f hybridization in the cluster. 
W hile no calculation to date has predicted either the magni­
tude or sign o f p ,, the analogous parameter fo r Na, and K , is 
negative and spin polarization effects m ight also be expected 
to induce a negative spin density on the ring atoms o f Af,.** 
Thus, the to ta l isotropic spin population fo r the lith ium  sep­
temer ,| is 2 p , +  5 p , -  0.43, im plying a p  character o f 
nearly 60%. Table H I. an expanded version o f Table I t  in 
Ref. 18. compares £ , fo r L i,, N a „ and K ,. A lso given in  
Table I I I  are to ta l isotropic spin populations fo r the atom

TABLE III.  Averse s ehancttr tor the "Fermi deacon" of e llu li m cul 
dusters in Argon maincca.
a n a B a K a n a B B a H a M a B U B B M n a s

S, ft' f.‘ t,4
L i 1.00 016 Q M  0 43 0.42(21
Si 1.00 0.93 017 064 0.644)
K  100 0.94 0 67 0.63 0644}

•From: L, Pauling,Proc R. Soc. London Set A 196.343(1949}. 
’ Li. Ret 11; Na. Reft. I and 43; K . Ref 2.
*L i,, th it *ork, Na, anrfK-. Ref 3- assumes ; i;< 0  (seethe text:.
J Bulk met*!. >et Ref. 18

(£,, constrained to  be unity) and the trim er (£,). As explained 
in more detail in  Ref. 18, £ , and £ m are the fractional s 
character for, reapectivdy, an electron in  the valence <r ortri* 
ta l o f the dim er and an electron at the Fermi surface o f the 
bu lk metal. Viewed aa a whole, the data o f Table 111 reveal 
several intereating treads in  the chemical bonding o f the al­
ka li metal clusters. Thus, fo r a given size, the s character o f 
the “ Ferm i electron" in  sodium is almost identical to  that o f 
potaMium, but the corresponding lith iu m  cluster always has 
a much greater proportion o f p  character. For a ll three met­
als :here is a monotonic decrease in i character w ith  increas­
ing cluster size and this culminates in  a close approach to  the 
bulk hybridization fo r the three-dimensional alkali septemer 
molecules.
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ESR fpectrt ampied to patudoroutuii 'L i, and ’ U i molecule* hive been produced by arc lamp pbotdyauof 
argon mamce* doped with taotopvcally enriched *L* or ’L i The ipeetrum of ‘ Li, coftutt* of tcvcn equally 
spaced Rm derivative uaautioai with relative inienstttee ui good agreement with the expected values Tor 
three equivalent /  *  I nuclei- The me H ired h f contain end g value are S ■ 12-21111G aadf, ■» 2.002 82111. 
The ebeence o f a stationary turner ipeetrum suggests that the ground vibfonk uate of L it b rdabvely 
nonkicalixcd. The average notropK ipui populadon of the trimer £  *  0.225 u in excellent agreement with the 
prediction* o f eh t/utio calculation*. The total uotropic spin population MacO.M luggesta an approximaidy 
10% p-character for the unpaired electron wave hincLoo. A companion o f the orbital compoeitioa of M, M „ 
M,. M . (M m Li. Na. K i ihow i It) a djauuahing r-character with increasing cluster sue, (ill a remarkable 
similarity between Ne and K  for all cluster u in ,  and util a «m IU* j character (greater hybridization) for Li 
d iu im .

I. INTRODUCTION

As a  consequence o f the  J a h n -T e lte r  th e o re m , the 
e q u ila te ra l t r ia n g le  (p o in t g ro u p  £>u ) is  not a s ta b le  
g e o m e try  f o r  the  g ro u n d  e le c tro n ic  s ta te  o f an a lk a li 
t r im e r  m o le c u le . T he  o r b i t a l ly  degenera te  * £ ' s ta te  
(equa l ap in  p o p u la tio n s  on a l l  a tom s) w i l t  be s p l i t  in to  a 
*4 ,  and ' f l ,  s ta te  by a d is to r t io n  to  C „  s y m m e try . Both 
e le c tro n  sp in  resonance (ESR ) s p e c tra  o f  m a tr ix  is o la te d  
N a / ’ '  and I f , 1'*  and nb in it io  c a lc u la t io n s  on L ia 1 and 
N a ,1 show th a t th e  JBa p a r tn e r  (a p ic a l ang le  > 6 0 e) lie s  
lo w es t in  ene rgy- T h is  g ive s  r is e  to  a nondegenera te  
g ro u n d  sta te  and an unequal sp in  d is tr ib u t io n  fo r  th e  
t r im e r .  As re ve a le d  by  th e  ESR s p e c tra . *~4 the  sp in  
pop u la tion  on the tw o  base a tom s <p^ on each) is  la rg e  
and p o s it iv e  w h ile  th a t o f th e  th ir d  atom  (p ,) is  s m a ll 
and, f o r  N a , and K ,, neg a tive .

The d is to r t io n  o f  an e q u ila te ra l t r im e r  takes  p lace  
th ro ugh  a p p ro p r ia te 1' 1* '  l in e a r  co m b in a tio n s  of the d e ­
g e n e ra te  e r v ib ra t io n a l m ode and p ro d u ce s  th re e  e q u iva ­
le n t p o te n t ia l ene rgy  w e lls ,  each w ith  a *B , e le c tro n ic  
s y m m e try . The  th re e  m in im a  a re  s e p a ra te d  fro m  th e ir  
ne ig h b o rs  by an ene rgy  b a r r ie r  and i f  th is  is  s u f f ic ie n t ly  
la rg e  they w i l l  s u p p o rt lo c a liz e d  n u c le a r  wave (u n c tio n s . 
F o r  a  r e a l is t ic  p o te n t ia l, '* *  how ever, the  v ib ra t io n a l 
wave fu n c tio n s  o f ad jacen t m in im a  o v e r la p  and the t r im e r  
is  aga in  doub ly  deg ene ra te . F o r  th is  s itu a t io n , the  
g ro u n d  s ta te  is  a v ib ro n ic  ( £ ' * * * )  d ou b le t w ith  s y m m e try

On the  ESR t im e  sca le , th e  t r im e r  m ig h t e ith e r  appear 
tra p p e d  in  th e  th re e  " s ta t io n a r y "  9 By c o n f ig u ra tio n s  o r  
i t  m ig h t exchange ("p s e u d o ro ta te ” ) by, f o r  in s tan ce , 
tu n n e lin g  betw een ad jacen t w e lts .  In  th e  ta t te r  case the 
th re e  a lk a l i  a to m s  becom e, on average , e q u iv a le n t. F o r  
m a tr ix  Is o la te d  N a , and K , bo th  s ta tio n a ry  and pseudo­
ro t  aU ng s p e c tra  a re  o b se rve d . }~* I f  the  g ro u n d  v ib ro n ic  
s ta te  is  v e ry  c lo se  to , o r  even above, th e  b a r r ie r  to  
p se u d o ro ta tio n , then  th e re  e x is ts  th e  p o s s ib il ity  o f  a 
f lu x lo n a l m o le c u le  w h ich  can n e v e r be d e s c r ib e d  as lo ­
c a liz e d  In a p a r t ic u la r  g e o m e try .

In  th is  p a p e r w e r e p o r t  on th e  ESR s p e c tra  o f pseudo- 
r o u t in g  * L i |  and 'L i ,  in  a rg o n  m a tr ic e s .  S ince , de sp ite

a c a re fu l se a rch , no s ta tio n a ry  s p e c tra  w e re  o bse rved  
th is  suggests tha t the  li th iu m  t r tm e r  c o rre sp o n d s  m o re  
c lo s e ly  to  a c o m p le te ly  f lu x lo n a l m o le cu le  than do e ith e r  
N a , o r  K ,. T h is  t re n d  is  c o n s is te n t w ith  the  ab in it to  
c a lc u la tio n s  w h ich  p re d ic t  a p se u d o ro ta tio n  b a r r ie r  of 
a p p ro x im a te ly  100 cm ’ 1 fo r  N a , , '  bu t sh a llo w  m in im a , 
in s u ff ic ie n t ly  deep to  s u p p o rt a v ib ra t io n a l le v e l,  f o r  
L i , . '  The  ESR s p e c tra  o f ' L i ,  show  a p a tte rn  o f seven 
e q u a lly  spaced h y p e rfln e  (h f) t ra n s it io n s  w ith  re la t iv e  
in te n s it ie s  c lo se  to  th e  expected va lu e s  f o r  th re e  e q u iva ­
le n t /  = 1 n u c te i. The ave ra g e  is o tro p ic  sp in  p op u la tion  
o  = 0 ,2 2 5  on each a tom  is  s ig n if ic a n t ly  s m a lle r  than the 
co rre s p o n d in g  p a ra m e te r  f o r  Na, o r  K ,.  T h is  re s u lt  is  
in te rp re te d  In  te rm s  of a la rg e r  s -p  h y b r id iz a t io n  in the 
l i th iu m  t r im e r .  T he  o rb ita l c h a ra c te r  o f U „  N a ,, and 
K , is  re v ie w e d  in  the c o n te x t o f the  bonding in  the a lk a li 
d im e r  m o le cu le s  and the  b u lk  m e ta l phase.

II. EXPERIMENTAL
L ith iu m  c lu s te rs  w e re  fo rm e d  by co -d e p o s lt in g  a to m ic  

l i th iu m ,  e ith e r  n a tu ra lly  o c c u r r in g  (A lfa ,  99.9% ) o r  
is o to p ic a lly  e n r ic h e d  (O ak R idge  N a tio n a l L a b o ra to ry , 
98% * L l and 99.9%  TL i)  w ith  excess  a rgon  i A irc o ,  
99.9998% ) on a s a p p h ire  p la te  bonded to  the  in s id e  o f a 
T E io i -T-band ESR c a v ity .  T h e  c a v ity  w as a ttached  to  a 
v a r ia b le  te m p e ra tu re  c ry o a ta t,  whose c o n s tru c tio n  has 
been d e s c r ib e d  e l s e w h e r e . L i t h i u m  w a s  e vap o ra ted  
a t a p p ro x im a te ly  469 *C  f ro m  a w a te r  sh ie ld e d  Knudsen 
e ffu s io n  s o u rce  re c e n t ly  m o d if ie d  to  in c lu d e  a s lid in g  
q u a rtz  m ic ro b a la n c e  (V eeco , Q M -3 0 1 ). F o r  the  re s u lts  
p re se n te d  h e re , th e  A r : L i  r a t io  w aa 7 5 :1  w ith  0 .1  
u tn o l /h  o f l i th iu m  tn e ld e n t on the s a p p h ire  p la te  and a 
to ta l d e p o s itio n  t im e  o f 7 h. M a tr ic e s  w e re  g ro w n  a t o r  
s lig h t ly  above 4 .2  K , subsequen tly  annealed by w a rm in g  
to  31 K  and then p h o to lyzed  f o r  up to  4 h at 30 K w ith  a 
150 W  Xe a rc  la m p  (S choe ffe l, LPS 251). M a tr ix  te m ­
p e ra tu re s  w a re  m e a su re d  w ith  a c a lib ra te d  ca rb o n  r e ­
s is to r  and a re  a c c u ra te  ta  ± 5%.

S p e c tra  w e re  re c o rd e d  on a J E O L  M E -3 X  ESR sp e c­
t ro m e te r  (m ic ro w a v e  p o w e r in c id e n t oo c a v ity  ' 0 . 5  rnW) 
u s in g  100 kH z m a g n e tic  f ie ld  m o d u la tio n  (p e a k -to -p e a k  
a m p litu d e  0 ,2 5  G) and phase s e n s itiv e  d e te c tio n . The
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FIG. L. ESR spectrum  of pseudorotating *L l, In an argon m a tr ix  at 29.3 K . Roman numerals designate m a trix  s ites, AUu 
shown ara atom ic lith iu m , 'L I ,  and a rad ica l designated 'L IX  (aea lha tex t). He«33t2 .27 G ia iha raaonanca Held of a frea  e lec­
tron  at a cav ity  frequency of 9.292 59 GHa.

m ic ro w a v e  b r id g e  o f th e  s p e c tro m e te r  w an m o d if ie d  to 
In c lu d e  a th re e  p o r t  c ir c u la to r  (E 8M , X 104 L T )  and d i ­
re c tio n a l c o u p le r .  Scan t im e s  fo r  th e  s p e c tra  p re se n te d  
h e re  w e re  29 m in  w ith  a  t im e  cons tan t o f  0. S s . T he  
resonance  fre q u e n cy  o f the  c a v ity  p lu s  e a p p h ire  p la te  
and m a tr ix  sa m p le  was m e a su re d  w ith  a m ic ro w a v e  
fre q u e n cy  c o u n te r  (H F  324 3L  p lu s  H P  92S3A p lu g  in ).  
In d iv id u a l s p e c tra  w a re  c a lib ra te d  w ith  a p ro to n  m ag­
n e to m e te r (M ic ro n o w , m o d e l 313). R e la t iv e  and ab­
s o lu te  m a g n e tic  f ie ld  p o s itio n s  a re  Judged a c c u ra te  to  
0 .5%  and a I  G, reap  a c t iv e ly .

III. SPECTRA AND ANALYSIS
F ig u re  1 show a th e  ESR s p e c tru m  o b se rve d  when a r ­

gon m a tr ic e s  doped w ith  ta d to p ic a lly  e n r ic h e d  *L1  w e re  
annealed to  a p p ro x im a te ly  30 K  and then  pho to lyxe d  fo r  
4 h . S e ve ra l s p e c tra  a re  ass igned: a to m ic  l i th iu m ,  the  
p sa u d o ro ta tin g  t r im e r ,  th e  l i th iu m  s e p te m e r, and a 
ra d ic a l d es igna ted  *L1X . T r im e r  fe a tu re s  w e re  e n t ire ly  
absent p r io r  to  p h o to ly s is .  T h e  t r im e r  s p e c tru m  g re w  
m o n o to o lc a lly  w ith  p h o to ly s is  t im e , w h ile  the  in te n s it ie s  
o f the  re m a in in g  ra d ic a ls  (p re s e n t b o th  b e fo re  and a f te r  
p h o to ly s is )  d e c re a se d . T r im e r  s p e c tra  w e re  o bse rved  
In  s e v e ra l e x p e r im e n ta l ru n s , bu t r e la t iv e  and abso lu te  
y ie ld s  w e re  ra th e r  u n p re d ic ta b le . W hen p h o to lyxe d  m a ­
t r ic e s  w a rs  w a rm e d  above ca . 32 K , th e  t r t m e r  in te n s ity  
w as sudden ly  and i r r e v e r s ib ly  h a lve d  w h ile  th a t o f 'L I ,  
In c re a se d  a p p ro x im a te ly  th re e fo ld . S e p te m e r In te n s it ie s  
re m a in e d  r e la t iv e ly  constan t up  to  c a . 33 K . T he  t r im e r  
ltn e w id th  in c re a s e s  m o n o to o lc a lly  and re v e r s ib ly  w ith  
d e c re a s in g  te m p e ra tu re . U n lik e  m a tr ix  is o la te d  N a, 
and K , , ' * '  the  s p e c tra  of L I ,  show  no ev id e n ce  o f an a l­
te rn a tin g  U n ew id th  e ffe c t .n the range  of 3 0 -3  K . S ince 
the  a to m ic  s p e c tra  a ls o  broaden  w ith  d e c re a se  In  te m ­
p e ra tu re , th is  suggests tna t s a tu ra tio n , and no t th e  ex­
change m echan ism  po s tu la te d  fo r  N a , and K „  * '*  m ay be 
re sp o n s ib le  fo r  th e  U new id th  b e h a v io r  o f L i , .  E xce p t 
p o s s ib ly  as a tra n s ie n t  d u r in g  aoneaUng, ’  no s ta tio n a ry  
t r im e r  s p e c tra  w e re  o b se rve d  de sp ite  a  c a re fu l se a rch  
at s e v e ra l te m p e ra tu re s  betw een 4 .2  and 30 K . B o th  
the o p tim u m  co n d itio n s  fo r  t r im e r  fo rm a t io n  and its  
subsequent te m p e ra tu re  b e h a v io r  w i l l  be s tu d ie d  In  fu ­
tu re  e x p e rim e n ts .

T he  s p e c tru m  ass igned  to  p s e u d o ro ta tin g  ' L i ,  (F ig .  1)

c o n s is ts  o f seven e q u a lly  spaced h f  t ra n s it io n s  w ith  
m ea a u rsd  in te n s it ie s  ( in  th e  r a t io  1 . 1 : 3 .3 :  6 .2 :  7 .0  
: 3 .7 :  3 . 0 : 1 . 1 )  In  good a g re e m e n t w ith  the  expected v a l­
ues ( 1 : 3 : 8 : 7 : 3 : 3 : 1) fo r  th re e  e qu iva len t I  * 1 n u c le i. 
E x p e rim e n ta l t ra n s it io n  f ie ld s  w e re  f i t  to  the h ig h  f ie ld  
e x p re s s io n , l_ *

#<Afl - g / g *  • H . - S '/ g o  • 5 »  , (1)

w h e re  g „  H ,  a re  th e  g  va lu e  and resonance  H e ld  fo r  a 
f ra e  e le c tro n  and A f *  » 3 , . . . .  -  3 is  the  p ro je c tio n  o f the 
to ta l n u c le a r sp in  a n g u la r m om entum  o f the  th re e  I  *  1 
n u c le i.  In  E q . (1 ), g .  Is  an is o tro p ic  g  va lu e  and a is  
the  ave ra g e  h f s p l it t in g  cons tan t f o r  the p seu do ro ta tin g  
t r im e r .  T a b le  I  g iv e s  g ,  and 5  ob ta ined  by  a le a s t-  
aqu a rss  f i t  o f  the e x p e rim e n ta l da ta  to  E q . (1 ). E r r o r  
l im it s  ( In  pa ren theses) re p re s e n t one s ta n d a rd  d e v ia tio n  
u n c e rta in ty  In  th is  ( I t .  H o w eve r, the e s tim a te d  c a lib ra ­
tio n  e r r o r s  noted  e a r l ie r  *1*4  and >1 G in , re s p e c tiv e ly , 
the  r e la t iv e  and abso lu te  m agne tic  f ie ld ,  a re  m uch 
la rg e r .  A  second m a tr ix  s ite  f o r  the  t r im e r  (see F ig .
1) has 2 .003  54(2) w ith  12 .12(1 ) G.

P h o to ly s is  o f a rgon  m a tr ic e s  con ta in in g  is o to p lc a llv  
e n r ic h e d  TL1 gave r is e  to  a ten lin e  ESR sp e c tru m  (w ith  
tw o  com ponen ts o bscu red ) as w ou ld  be expected1' '  fo r  
th re e  e q u iva le n t /=■ j  n u c le i. T a b le  1 g iv e s  the  e x p e r i­
m e n ta l g  va lue  and h f constan t f o r  p seu do ro ta tin g  ’ L i , .
A  s m a ll,  averaged* second o r d e r  c o r re c t io n ,  not in  -

TABLE I. Magnetic param eters (or 
atom ic lith ium  aud pseudo rotating ' l i ,.  
*L1, In argon m atrices. Experimental 
uncertainties (see the taxi) are given in 
uareotheaea. Unite o f a are  Gauaa.

3

•Li .L>>ooiim >6.06171 1.03
’ I t 2.000 1912) 147,96191 l.lKJ
( L i, 2,00282111 12.2KD Q,22>
’Li, 2.00262(21 32,19(3) 0 .225

'Average iso trop ic spin population S
-  a /01 LI) where d i 'L l)  -  54.29 G, o(t Li)
-  143.36 G are gaa-phaae h i ccnatama 
from  Ref. 1 0 .
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eluded in  E q . (1), was app lie d  to  each h f com ponent.
The im a l l  d is c re p a n c y  between the  g  va lues  f o r  'L I ,  
and L i3 p ro b a b ly  a r is e s  f ro m  a  c o m b in a tio n  o f c a l ib r a ­
t io n  e r ro rs  and u n re s o lv e d  second o rd e r  s p l it t in g s .  
H ow ever, the  r a t io  o f e x p e rim e n ta l h i constan ts  'a /*a  
= 2 ,6 3 6 * 0 .0 0 9  Is  in  e xce lle n t*a g re e m e n t w ith  th a t p re ­
d ic te d  f ro m  the  r a t io  o f n u c le a r £  fa c to rs  g T/ j r s a 2 .6 4 1 0 .*  
Tab le  I  a lso  g iv e s  is o tro p ic  sp in  p o p u la tio n s  p  *  a fa \L i)  
w here of L i)  is  the  a to m ic  is o tro p ic  h f constant o f the 
g a s -p h a je  a to m . t0

A ls o  shown in  F ig .  I  is  the  c e n tra l h f com ponent o f 
a to m ic  l i th iu m 11 ( In  tw o  m a tr ix  s ite s )  and a m o re  co m ­
p lic a te d  s p e c tru m  te n ta tiv e ly  id e n t if ie d  as th e  s e p te m e r 
'L i , .  T h e  la t te r  show s a p r in c ip a l h f s p l it t in g  (d, *  13 .9  
G) in to  f iv e  g ro u p s  o f tra n s it io n s  as w o u ld  be  expected 
fo r  tw o  e q u iva le n t / *  1 n u c le i.  Eaeh g ro u p  c o n s is ts  o f 
a t le a s t e leven e q u a lly  spaced com ponents (h f s p l it t in g ,

«O .0  G), w h ich  in d ic a te s  a  fu r th e r  f iv e  e q u iva le n t 
n u c le i.  An ana logous sp e c tru m  is  o bse rved  fo r  7L1 in  
a rgon  and both s p e c tra  w i l l  be  the  s u b je c t o f a se p a ra te  
a r t ic le .  ’** F o r  co m p a r is o n  pu rpose s , T a b le  I  Inc lud es  
the  e x p e rim e n ta l ( to  second o rd e r  in  a / f f i g  va lu e  and 
hf constan t (one s ta n d a rd  d e v ia tio n  u n c e rta in ty  in  p a re n ­
theses) f o r  a to m ic  *L1 and *L1 in  an a rgon  m a tr ix ,

A fo u rth  ESR s p e c tru m , des igna ted  * L IX  In  F ig .  1, 
m ost p ro b a b ly  a r is e s  f ro m  adduct fo rm a t io n  betw een a 
s in g le  * L l  a tom  and an Im p u r ity  spec ies  X . T h e  p r o ­
pe n s ity  f o r  l i th iu m  a tom s to fo rm  w e a k ly  bound co m ­
p lexes has been d e m o n s tra te d  bo th  e x p e r im e n ta l ly 14 and 
c o m p u ta tio n a lly .11 T h e  s p e c tru m  c o n s is ts  o f  th re e  
g roups o f t ra n s it io n s  la be le d  m » 0 ,  * 1  w ith . In  F ig .  1, 
the  c e n tra l (wi =0 ) g ro u p  e n t ire ly  o b scu re d  by  the 
s tro n g e r  fe a tu re s  o f aL l  and ' L l r < S ince  th e  com ponents 
w ith in  each g ro u p  a re  no t e qu a lly  spaced, th is  s p l it t in g  
is  assum ed to  a r is e  fm m  m a tr ix  s ite  e ffe c ts  w ith , pos ­
s ib ly ,  a s m a ll h f In te ra c t io n  a r is in g  f ro m  th e  species 
X . F o r  som e s p e c tra  w  = 0 t ra n s it io n s  w e re  obse rved  
and (o r  fhese m ea su re d  lin e  p o s itio n s  g iv e  an e x c e lle n t 
f i t  to  the sp in  H a m ilto n ia n  lo r  a ra d ic a l co n ta in in g  a 
s in g le  4L i n u c le u s , F o r  exam p le , the  hf constan t and 
c va lue o f the  th re e  t ra n s it io n s  id e n t if ie d  in  F ig .  1 a re  
( to  second o rd e r  In  n /JD  3 5 .9 (1 ) G  w ith  1 . 9989(1). 
S ca ling  by <?T/ g ,  « 2 .6 4 1 0 , * the  p re d ic te d 11 h f constan t 
f o r  an adduct 7L iX  Is  93 0(3) G . B o th  th is  va lu e  and g t  
= 1 .6969(1 ) a re  c lo s e  to , bu t no t w ith in  e x p e r im e n ta l e r ­
r o r  o f, the  c o rre s p o n d in g  p a ra m e te rs 14 fo r  7L 1 H |0 .

IV. DISCUSSION
A p re v io u s  com parisona  o f  ESR sp in  p o p u la tio n s  w ith  

those d e r iv e d  f ro m  ab in i i :  » c a lc u la tio n s  p o in ted  out the 
a p p ro x im a te ly  q u a n tita tiv e  Agreement between th e  m ea­
s u re d 1 and 0x 1001x 106* v a L e s  fo r  N a j. I t  w as a ls o  noted 
th a t the e x p e rim e n ta l da ta  fo r  Na, w e re  q u a lita t iv e ly  
s im i la r  to  those  p re d ic te d 1,14,11 fo r  the  '£ (  s ta te  o f U s* 
T he  p re se n t m e a su re m e n ts  show th a t th is  s im i la r i t y  is  
a :so  q u a n tita tiv e . T hu s the  average sp in  p o p u la tio n  on 
the t r im e r  p  *  0 .2 2 5  f ro m  T a b le  1 is  in  n e a r e xa c t1'  
ag reem en t w ith  the  co rre s p o n d in g  ab in it io  va lu e s  p 
-  fr i2 p0 - * , )  *  0 .24J,‘* ana 0 ,2 0 , 11,17

S ince n e ith e r  e x p e rim e n t n o r  th e o ry  g iv e s  a to ta l 
is o tro p ic  sp in  p o p u la tio n  (3fT) c lo se  to  u n ity , th is  sug-

TABLE II. O rb ita l contootitkon (average 
* character* fo r the 'T e rm i electron" I 
a lka li stem clusters ,\J,4

4. V i f U e

L i 1 .00 u.sa 3 . lift 0.4212)
Na I.on 0.33 Q.BT 0.66141
K l .  00 0.94 0.60 0.4*14)

H j’  L - fra c t lo n x !c h a ra c te r ,  from  
Ref. 20.

*Total iso trop ic  spin populations, ■ 37. 
L i. th is work; Na, Refs. 1 and 2; K, 
Refs. 3 and 4.

*Bulk metal, see the text.

g e s ts ,,4*“  a bonding p a r t ic ip a tio n  by the  va lence Ip  o r ­
b i ta ls  o f U th iu m . T he  e x p e rim e n ta l r e s u lt  f o r  U ,  is  
3p = 0 .6 6 , w h ich  im p l ie s  a to ta l p  c h a ra c te r  o f a p p ro x i­
m a te ly  30% ,lc , t l A  s im i la r  d e f ic it  has been noted u r  
N a ,1 and K , , 1 bu t f o r  these m o lecu les  th e  p  c h a ra c te r  is  
s ig n if ic a n t ly  le ss  than  30%, T h is  c o m p a riso n  Is  made 
In  T a b le  Q, w h e re  ( j ^ ^ l s  the average  s c h a ra c te r  fo r  
the  u n p a ire d  e le c tro n  In  the t r im e r .

T a b le  I I  a lso  g iv e s  the  va lence  s c h a ra c te r  f o r  the 
atom  ( { t , c o n s tra in e d  to  be  u n ity )  and ana logous quan­
t i t ie s  f o r  th e  d im e r  ( t | )  and b u lk  m e ta l ( ( , ) .  The d im e r  
va lues  *  l - f r a c t io n a l p  c h a ra c te r  d e r iv e  fro m  s e m i-  
e m p in c a i a rg u m e n ts  m ade by P au ling14 and re p re se n t 
the  s c h a ra c te r  o f an e le c tro n  in  the  doubly occup ied 
va lence  <r o r b ita l o f g ro u n d  s ta te  L l t , N a ,, o r  K ,. The 
b u lk  m e ta l p a ra m e te r  ls t u u

4 . - | * r ( 0 ) | ,/ U * l 0 ) | ' ) (2>

w h e re  l< M 0 ) l '  I *  the  squa re  o f the wave fu n c tio n  a t the 
nuc leus  fo r  an e le c tro n  on the F e rm i su rfa ce  o f the m e t­
a l and i£ A( 0 ) l ' ,  d ire c t ly  re la te d  to  the a tom ic  h f ccn - 
s ta n t ,10 Is  the  co rre sp o n d in g  e n t ity  fo r  the fre e  a tom . 
T he  p ro b a b ili ty  d e n s ity  fo r  the bu lk  m e ta i w a* d e rive d  
f r o m , l l ,B

K T
| ( M 0 ) | ,  = 1 .2 7 7 x l0 “ f ^ c m ' '  . r3t■ V *0

w h e re  K  is  the  e x p e rim e n ta l K n ig h t s h if t  fo r  L i ,  Na, u r  
K  and Tr  is  the F e rm i te m p e ra tu re .11 The den om ina to r 
o f  E q . (3 ) is  the  r a t io  o f the  P a u li sp in  s u s c e p tib il ity  of 
th e  m e ta l to  th e  p a ra m a g n e tic  s u s c e p tib il ity  o f a 
F e r m i gas o l cond uction  e le c tro n s  U 0). T he  ra tio s  as­
sum ed, l . f l f t ) ,  and 1 .7 (1 ) f o r  ’ L i .  MNa.
and " K ,  re s p e c t iv e ly ,  a re  an average of s e v e ra l tabu­
la ted  v a lu e s ,14 T h e  ass igned u n ce rta in ty , a p p ro x im a te ly  
re p re s e n ta tiv e  o f  th e  sp re a d  in  the tabu la ted  \ p‘ x0 was 
used to  e s ta b lis h  a  rough  e r r o r  In the  va lues  o f $m de­
r iv e d  fro m  E q . (2 ). The g ive n  in  T a b le  Q show tha t 
Na and K have a  v e ry  s im i la r  s c h a ra c te r , bu t the  hy­
b r id is a t io n  In L I is  g re a te r .  A s im i la r  t re n d  has been 
noted by P a u lin g ,40 bu t h is  s e m le c n p ln c a l *  c h a ra c te r  
is  c o n s is te n tly  la rg e r  than th e  va lues d e r iv e d  fro m  Eq.
(2).

The d a ta  c o lle c te d  in  T a b le  H  a re  s t r ik in g  In tha t they 
suggest (1) a d im in is h in g  s c h a ra c te r  f o r  the  'T e r m !  
e le c tro n ”  w tth  In c re a s in g  c lu s te r  s iz e , (11) a re m a rk a b le
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s im i la r i t y  between Na and K fo r  a l: : tu f l te r  s iz e ) ,  and, 
; i i i>  a d is t in c t ly  s m a lle r  s c h a ra c te r  t o r  the  L I  c lu s te rs .  
W ork in  p ro g re s s  suggests th a t th- se fe a tu re s  a lso  p e r ­
ta in  to  L i? ' N a ,. and K j . 11 T he  t r  nd in  o r b ita l co m p o s i­
tio n  fo r  L i,  Na. and K does no t h . '.ow the  o r d e r  o f the 
u s - i p  p ro m o tio n  .*n e rg yJo r thes-. e le m e n ts  (1 .B 5 , 2 .10 , 
in d  1 ,61  eV fo r  L i Na, and K , re s p e c t iv e ly )11 and so 
m ust re f le c t  the  r e la t iv e  ease o f o v e r la p  between a d ja ­
cent p  o r b ita ls .  T h is  is ,  a p p a re n tly , m o s t fa v o ra b le  
lo r  the s m a lle r  L i a tom . T he  in a c c e s s ib il i ty  o f  the  2p 
o rb ita ls  o f a to m ic  nvdrogen is  p re su m a b ly  at le a s t p a r t ly  
re sp o n s ib le  to r  the  in s ta b il i ty  o f ground s ta te  H».
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7
ESR of Stationary and Pseudorotating Alkali 
Trimer Molecules

D. M. LINDSAY, DENISE GARLAND, FRANCES TISCHLER, 
and G. A. THOMPSON

City Univenity of New York, Department of Chemistry, City College. 
New York, NY 10031

The relaxation theory o f ESR llnewldths 1s spe­
c ia lized  to the case o f pseudorotating K} . Trimer 
molecules are assumed to fluctuate randomly between 
the three stable configurations which correspond to 
s ta tic  Jahn-Teller d is to rtions from D,h symmetry. A 
simulated ESR spectrum Is shown to be in  quite good 
agreement with the Unewldth a lternation observed 
fo r K, In argon at low temperatures. Measured lln e ­
wldths give approximate corre lation and transverse 
relaxation times, 10"* sec £ xc £ 10 '1# sec and 10"* 
sec £ T, £ 10~* sec, fo r the temperature range 4.2 K 
£ T £ 20 K. The temperature dependence o f tc Is 
well represented by e ithe r exponential or power law 
behavior. Possible pseudorotation mechanisms, In­
cluding a temperature dependent tunneling, are out­
lined.

Small metal clusters have received considerable attention be­
cause o f th e ir  possible Involvement as "active s ites" In a variety 
of catalyzed reactions. Although not p a rticu la rly  noted fo r th e ir  
c a ta ly tic  a c t iv ity ,  a lk a li clusters have a simple chemical compo­
s itio n  and may, therefore, model the more complicated systems In a 
manner analogous to the role played by the hydrogen atom In atomic 
structure. Less emphasized 1s the fundamental nature o f a lka li 
clusters per se. Since the ground state o f H, Is not chemically 
bound, a lk a li trlmers are the most elementary species which can 
exh ib it a Jahn-Teller Interaction.

In previous electron spin resonance (ESR) studies o f matrix 
Isolated Na, (1, 2) and K, (3, 4 ), a lka li trlmers have been shown 
to be chemlcalTy Hound and well described both by simple bonding 
Ideas (1, 3) and by the more sophisticated calculations recently 
employe? fo r L I, (5 ), Na, (6) and K, (7). For the potassium t r i ­
mer 1n argon, two d is tin c t ESR spectra are observed (3). An ob­
tuse angled Isomer corresponds to one o f three stat1c~Jahn-Te11er 
d is tortions from D,), synmetry, and 1s surpris ing ly s im ila r to the
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structure reported fo r Nas (X). A "pseudorotating" Isomer 1s both 
q u a lita tive ly  and quan tita tive ly  consistent with fast exchange be­
tween the three "stationary" trim er geometries. In a preliminary 
report on the trim er llneshape, the pseudorotating spectrum was 
shown to exh ib it an "a lternating Unewldth" e ffe c t, as would be 
expected fo r an exchanging radical (A). In th is  paper, trimer 
llnewldths are reported and discussed from the viewpoint o f a 
purely phenomenological model Involving a stochastic modulation 
o f the trim er hyperflne s p lit t in g . Unewldth expressions, derived 
fo r the pa rticu la r case o f pseudorotating K,, lead to a simulated 
ESR spectrum In quite good agreement with that observed. Approxi­
mate values fo r the trim er corre lation and transverse relaxation 
times are computed. Possible exchange mechanisms are outlined 1n 
the las t section.

Experimental

The experimental de ta ils  have been reported elsewhere (1_, 3). 
B r ie fly , matrices are formed by codeposition o f excess argon with 
atomic potassium on a sapphire plate mounted Inside an ESR cavity 
which 1s I ts e l f  attached to a variable temperature liq u id  helium 
dewar. Cluster formation occurs during deposition and Is accom­
plished by warming the sapphire surface above a nominal deposition 
temperature o f 4.2 K. For spectra shown here, temperature mea­
surements were made with a calibrated carbon res is to r and are 
judged accurate to w ith in  ± 5X.

Trimer Spectra

A lka li trim er molecules have a re la tiv e ly  f la t  potential sur­
face, whose principal features are a conical peak surrounded by a 
trough containing three potentia l wells (3, 5_, 6). Figure 1 shows 
the trim er potentia l surface plotted as a function o f Qx and Qy, 
the doubly degenerate pa ir o f normal mode coordinates fo r D.k sym­
metry (3). The central peak corresponds to a degenerate, 2EV 
ground state o f equ ila tera l triangu lar geometry. The three poten­
t ia l  minima have obtuse angled Isosceles geometry (ZBZ symnetry) 
and arise from three possible Jahn-Teller d is to rtions from 0,^ 
symnetry. Adjacent minima are separated by re la tiv e ly  low energy 
saddle points o f acute Isosceles geometry ( ZA, symmetry). As 
shown by the broken lin e  1n Figure 1 th is  s itua tion  permits the 
Intraconversion o f obtuse triangu lar forms without passing through 
the energetically remote equilateral triang le  ("pseudorotation").

In Reference 3, two d is tin c t ESR spectra were Iden tified  fo r 
potassium clusters In argon matrices. Both spectra have doublet 
ground states (S * h) and a well resolved hyperflne (h f) structure 
aris ing from the Fermi contact Interaction o f the unpaired elec­
tron spin with three I * h  nuclei. Seven groups o f four tran s i­
tions each were assigned to a potassium trim er o f l Bt symnetry 
whose apical and two equivalent terminal atoms have h f s p lit t in g
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Figure J. Normal coordinate and real space description of pseudorotating K,. 
Circles represent energy contours for the trimer potential surface (3).
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constants a, and a0, respectively. Powder spectra were f i t  to

Hi  ■ H0 - a ^  -  a,m1 (1)

1n which m, » m,, mx or m. Is the spin projection quantum number 
fo r the apical nucleus and H Is the sum o f the corresponding quan­
t i t ie s  fo r the remaining two atoms. The term H0 -  ge/gQ He , where 
Ht  and gt denote the resonance f ie ld  and g value fo r a free elec­
tron , describes the Zeeman Interaction fo r an Isotopic q tensor, g 
* gQ 1. For K, (estimated uncertainties In parentheses;, g0 ■ 
1.9985(5) with a0 ■ 39.0(3) gauss and a, -  ± 4.7(2) gauss (3).
The a0 constant originates from bonding 4s o rb ita ls  on the Termi­
nal atoms and Is pos itive ; a ,,  however, arises from spin polariza­
tion  effects and may be e ithe r positive or negative (1_, 2, 3).

Figure 1 gives magnetic f ie ld  positions, derived from Equa­
tion  (1) with 1 * 1, 2 or 3, fo r the three distorted trim er geo­
metries. Since these d if fe r  only by a numbering o f the nuclei, 
the ESR spectrum of "frozen" K, molecules w i l l  consist o f a super- 
imposition o f Indistinguishable obtuse angled trim er species. I f ,  
however, adjacent minima can exchange on a s u ffic ie n tly  fast time 
scale, then an average spectrum,

3
<H> -  4 £  H, -  H„ - ij(2a0 + a,)M' (2)

fo r which a ll three **K nuclei appear equivalent, w i l l  be ob­
served. Since M' -  m, + m2 + m3 ranges from +% to in  Integral 
steps, a ten line  h f pattern having <a> = >s(2a0 + a .) and a g 
value Identical to that fo r the "frozen" trim er would be predic­
ted. As discussed In Reference 3, the second ESR spectrum ob­
served fo r argon matrices exactly f u l f i l l s  these requirements. 
Previously denoted K-, th is  spectrum was shown to have magnetic 
parameters gQ * 1.9990(5) and h f constant a ■ 24.5(7) gauss, in 
excellent agreement w ith the predictions o f Equation (2 ), g0 «
1.9985(5) and a -  24.3(3) gauss, 1f a, Is assumed to be negative.

Figure 2 shows the pseudorotating trim er spectrum at T -  34.2 
K (4). Also shown In th is  figure Is a "s tic k  spectrum" In which com­
ponent In te ns itie s , In the ra tio  1:3:6:10:12:12:10:6:3:1, re fle c t
the M' degeneracy o f three equivalent I ■ \  nuclei 1n the high
f ie ld  l im it  (3, 4). Magnetic f ie ld  positions fo r the simulated 
spectrum were computed using Equation (2) and the experimental 
parameters o f Reference 3. A broadening o f the low f ie ld  tran s i­
tions Is observed a t a l l  temperatures and most lik e ly  arises from 
the trapping o f radicals in more than one matrix s ite . Aside from 
th is  asymmetry In the llnew ldths, the agreement between computed 
and observed In tens ity  ra tios 1s quite good. At low temperatures, 
however, component In tens ities d if fe r  markedly from the expected 
1:3:6:10:12:12:10:6:3:1 pattern. As shown fo r T 3 4.2 K In Figure 
3a the M' -  ± ± % and ± h  components show a pronounced line
broadening whereas M* ■ * *i and ± remain narrow.
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Figure 2. ESR spectrum of pseudorotating K , in an A r matrix at 34.2 K. The "stick spectrum”  
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In Reference 4, th is  “a lternating Unewldth" e ffe c t (8) was 
shown to be consistent w ith a temperature dependent pseudorotation 
in K,. A corre lation diagram, which relates tran s ition  fie lds  
fo r the three obtuse angled trim er geometries, q u a lita tive ly  pre­
d icts lin e  broadening fo r H' ■ ± ± % and ± % when pseudorota­
tion Is re la tiv e ly  slow. At high temperatures fas t exchange leads 
to the motlonally averaged spectrun shown In Figure 2.

Trimer Llnewldths

The Unewldth analysis fo r pseudorotating K. closely follows 
the more fam ilia r treatment o f relaxation mechanisms In both the 
NMR and ESR o f chemically exchanging systems (8 -  12). Physi­
c a lly , the electron spin Interacts w ith both tKe s ta tic , labora­
tory magnetic f ie ld  and a random, fluctua ting  magnetic f ie ld  a ris ­
ing from an Isotropic h f coupling with the nuclear spins o f the 
trim er. Hyperflne coupling constants are not e x p lic it ly  time de­
pendent. Rather they assime d iffe re n t values according as to pos­
s ib le  occupancies o f the three 8, minima shown 1n Figure 1. Thus 
the h f Interaction Is time dependent only I f  the trim er 1s assumed 
to "jump" randomly from one well to  another.

Two terms may contribute to the trim er Unewldth. Diagonal
elements o f the h f Interaction produce a secular modulation o f the 
magnetic levels o f both electron spin states without oauslng tran­
s itio n s . O ff diagonal elements, which cause ( life tim e  broadening)
transitions between Zeeman leve ls, give r ise  to a non-secular con­
tr ib u tio n . For e ithe r e ffe c t to be s ig n ifica n t, the h f Interac­
tion must have "s u ffic ie n t"  magnitude. Non-secular terms face the 
additional requirement that the Fourier spectrtmi o f the Interac­
tion  be rich  at the Larmor frequency, bu/2x -  9.3 GHz. For K, 1n
argon, the exchange rate fo r jumping between adjacent 2B2 minima
1s never s u ffic ie n tly  fast fo r non-secular terms to make an appre­
ciable contribution.

Several formalisms have been applied to relaxation In ex­
changing radica ls. Principal among these are modifications o f the 
classical Bloch equations (8, 12) and the more rigorous quantum 
mechanical theory o f RedfleTd e t aj_. (8 -  H ) .  When applied In 
th e ir  simplest form, as In the present case fo r K,, both ap­
proaches lead to the same resu lt. Since the theory has been ele­
gantly described by many authors (8 -  12), only those deta ils  
which pertain to the pa rticu la r example o f K, w i l l  be presented 
here. Secular terms contribute to the ESR Unewldth (r)  and 
transverse relaxation time (T2) by an amount

r  -  T '1 ■ /  G(t ) dr (3)
O

where the corre lation function G(t ) * <hjhj> Is the appropriate 
ensemble average fo r exchanging trim er species, and,

hf -  Hf -  <H> (4)



7 6 METAL BONDING AND INTERACTIONS

1s defined, through Equations (1) and (2 ), 1n order to make <h^> 
vanish. Although Equation (3) Is s t r ic t ly  applicable to absorp­
tion  spectra having Lorentzlan lineshapes, Its  use In connection 
with a powder spectrum w i l l  have only a minor e ffe c t on the con­
clusions o f th is  paper. The several approximations applied to 
deriving Equation (3) are well described In Reference 10. Host 
s ig n ifica n t Is the neglect o f perturbation terms past second or­
der. As a consequence, expressions derived In th is  section w ill 
be va lid  over most, but not a l l ,  o f the temperature range employed 
1n the ESR experiments.

Figure 4 shows the "three jump model" used 1n deriving G(t ) 
fo r oseudorotatlng K ,. Jumping between adjacent wells ( 1 * 1 , 2  
or 3) Is assumed to be a stationary, Harkov process which may be 
characterized by a single , phenomenological rate constant X. The 
three potentia l minima are assumed to  be Identical so that the 
p robab ility  o f occupying any one well at a pa rticu la r time t  I s  
given by Pj(t ) * 4. Under these circumstances

G(x) -  £  h^h .P .to jP .^T ) (5)
1 , j - l  1 J 1

where the P̂ j(t) are conditional p robab ilities  re la ting  the occu­
pancies o f wells 1 and j  a t the times t  » o and t * t, respec­
t iv e ly . The P-|j(x) may be formally derived by application o f the 
Kolmogorov equations o f p robab ility  theory (13). For the s itua­
tion  represented 1n Figure 4,

dP .,/d t -  - 2M> + 2XP..11 11 1J (6j
dPij/dt - - xPij + *p h

analogous to the more fam ilia r expressions often encountered In 
the elementary theory o f chemical reactions. For In i t ia l  condi­
tions P if(o ) * 1 and P ij(o ) ■ 0, the simultaneous Equations (6) 
have a solution

P „ ( t) -  t f l  + 2e-T/Tc]
(7)

Pj j (t) -  SCI - e”T/Tc]

where tc ■ (3X)"1 1s a characte ris tic , corre lation time for trimer 
exchange. Substitution o f 4 and 7 In the expression 5 gives

G(t) -  V a 0 -  a , ) 1̂ ’ , k)e’ T/Tc (8)

where

f (H* , k) * H'1 ■ e(m|m2 + + m ^ )  (9)

with k * m1m2m,. The function f (M \  k) 1s lis te d  In Table I .



7. LINDSAY ET AL. ESR of Alkali Metal Trimer Molecules 77

Table I .  Parameters appearing 1n Unewldth variation o f pseudoro­
ta ting  K j, Equation (10) o f tex t.

w k f(M*. k) °k
±9/2 27/8 0 1
±7/2 9/8 1 3
±5/2 3/8 1 3

-9/8 4 3
±3/2 1/8 0 1

-3/8 3 6
-27/8 9 3

±1/2 -1/8 1 3
3/8 4 3

-9/8 7 6

Also shown In th is  table are the number (0^) o f transitions (m,, 
m2, m.) which contribute to a given k. Applying Equation (3) to 
Individual h f components M' ■ gives

(M \ k) -  %(a0 - a , )2 • f(H ',  k) • tc (10)

where the la s t expression has been notated to show that exchange 
contributions to the trim er Unewldth w i l l .  In general, be a sum 
o f Lorentzlan functions k. Equation (10) also shows that ESR 
llnewldths are temperature dependent only through a corresponding 
variation 1n the corre lation time xc .

Results for K.

Table I I  shows the temperature variation 1n the peak-to-peak 

Table I I .  Measured Unewldth variation fo r pseudorotating K,.

r ( gauss) r(gauss)

T(K) M' -  -7| M' » -h T(K) M' » -7j M* -  -h

4.2 4.55 4.85 15.2 2.67 2.67
6.7 4.36 4.36 15.3 2.87 2.87
7.6 4.06 3.56 16.2 2.97 2.77
9.5 3.17 3.17 17.1 2.48 2.87

11.7 2.97 3.07 19.1 2.77 2.77
20-35 2.18 2.57

Unewldth fo r the M' ■ and M' a components fo r pseudorota­
ting  K ,. A fte r an In i t ia l  annealing o f the m atrix, measured line  
widths ( r )  are Independent o f the sample h istory and, w ith in
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experimental e rro r, depend only upon temperature. Above T -  20 K, 
ESR llnewldths remain approximately constant and are represented 
by average values, r0 , as shown In the la s t entry o f Table I I .  r0 
Is taken to be a measure o f temperature Independent contributions 
to the ESR Unewldth. Although powder spectra are most often In- 
homogeneous ly  broadened, the exchange contribution to  the trimer 
Unewldth 1s assumed to be given by r - r0. Owing to the 10-20X 
uncertainty In r, there Is considerable scatter In these d iffe ren­
ces, p a rticu la rly  at higher temperatures. However, the llnewldth 
data do give approximate values fo r t c  and T, and allow an experi­
mental tes t o f the "three jump model" Introduced 1n the preceding 
section.

Figures 3a and 3b show, respectively, observed and simulated 
spectra fo r  the pseudorotating trim er at T ■ 4.2 K. Absorption 
llnewldths fo r the "bar spectrum" were derived from Equation (10), 
with f (N ',  k) from Table I and *»(»0 -  a ,)2 •  3.4 x 101* sec-2 from 
Reference 3. The corre lation time, tc * 3.8 x 10"* sec, was cho­
sen to give the measured Unewldth fo r N1 - -4 , r  -  r0 + r (H ' .  k)
- 4.6 G from Table I I .  Relative areas In Figure 3b re fle c t the Dk 
degeneracy given In Table I .  For ESR trans itions , (m,, ma, m,) » 
(±%, ±4, and (*4 , ±4, *4 ), f(M*, k) ■ 0 and trim er exchange 1s 
not predicted to contribute to  the Unewldth. Accordingly, bar 
spectra fo r these transitions correspond to r  -  r „  -  2.2 G with 
ESR In tens ities equal to  tha.t measured fo r  M1 * -4. Aside from 
the matrix s ite  effects noted e a r lie r , the general features o f the 
observed spectrum are quite well represented In Figure 3b.

Trimer llnewldths were compared with both an exponential, tc 
■ T0e°'T, and a power law, tc = TgT » temperature dependence in 
the corre lation time t_. Figure 5 shows the least squares f i t  
fo r H* * -4. Both plots represent the experimental Unewldth 
equally well (corre la tion coe ffic ie n t, r  -  0.90) and the present 
data are not s u ffic ie n tly  accurate to distinguish between the two 
Interpretations. For reasons given below, the data point a t T * 
4.2 K was not Included 1n th is  f i t .  S im ilar results (but with r =
0.98) pertain to M' -  -4. Although, as shown in Figure 3b, two k 
components contribute to th is  tra n s itio n , I t  Is most lik e ly  that 
the broad, f(M‘ , k) ■ 4 and narrow, f(H ',  k) ■ 1, features are 
s u ffic ie n tly  well separated fo r the la tte r  to dominate the ob­
served H1 -  -4 llnewldths.

Table I I I  gives the computed parameters fo r both H' - and

Table I I I .  Least squares parameters (defined 1n tex t) fo r trimer 
corre lation times ( t c ) .  Estimated errors are given in 
parentheses.

TC - TC T-"
M' t 0  x 10l , (sec) 6(K) t0 x 10*(sec Kn) n
A 17(5) 16(3) 3.4(21) 1.5(3)
-4 5.8(11) 21(2) 18(11) 1.9(2)
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Figure 4. Three-jump model for pseudorotating Kt . See Eq. 4 for definition of h,.
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Figure S. Comparison of measured ESR linewidths ( r )  with assumed temperature 
dependence in trimer correlation times (r,) a, r, =  rt T '’ b, t c =
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M1 * -h. Estimated uncertainties, In parentheses, represent one 
standard deviation In the least squares f i t  to the experimental 
data. Table IV summarizes several parameters o f In te rest fo r

Table IV. Temperature varia tion In corre lation time ( t c ) ,  secular 
Unewldth, r(M ', k ), and transverse relaxation time 
(T,) fo r M' -  -h. The Larmor frequency vIq /2* ■ 9.3 
GHz. For an explanation, see tex t.

T
(K)

T -  x 10*' 
(sec)

r(M '. k l 
(gauss)

T, X 10' 
(sec)

(xc/T,)** “oTc

4 93 11 3.2 0.54 540
6 24 2.9 12 0.14 140
8 13 1.6 23 0.08 76

10 8.4 1.0 35 0.05 49
15 4.9 0.6 60 0.03 29
20 3.8 0.5 77 0.02 22

pseudorotating K,. These data were calculated from,Equation (10), 
w ith f(M*, k) ■ 1 and %(a0 - a ,) ■ 3.4 x 10 sec" From Refer­
ence 3, together with the least squares t 0  and 6  from Table I I I .  
These example results permit a check on several o f the approxima­
tions alluded to e a r lie r. A necessary condition fo r second order 
perturbation theory to be va lid  1s (tc/T2)*  «  1 (10). As shown 
by the data In column 5 o f Table IV, th is  approximation breaks 
down a t low temperatures and predicted linewidths become much la r ­
ger than those actually observed. The ra tio  o f the non-secular to 
the secular contribution to  the trim er Unewldth 1s o f order (1 + 

(8 - 12). As shown by the la s t entry In Table IV line  
broadening by non-secular terms Is quite neg lig ib le over the tem­
perature range T « 4-20 K.

Discussion

Contingent upon the de ta ils  o f the potentia l surface fo r K,, 
several mechanisms may give rise  to the observed temperature de­
pendence In t g . I f  the ground vlbronlc state fo r the trim er Is o f 
order kT below the energy ba rrie r to pseudorotation, then the cor­
re la tion  time (Inversely proportional to the rate constant fo r ex­
change) would be expected to show Arrhenius type behavior. A lte r­
na tive ly , the trim er ground state might He above the pseudorota­
tion  ba rr ie r, as has been suggested fo r L1, (5 ). In th is  s itua­
tion  a fas t, but temperature Independent, excKange would be pre­
dicted. However, since the trim er potentia l surface 1s markedly 
f la t ,  matrix e ffects may play a p a rticu la rly  Important ro le . Thus 
the matrix might "1ockH the trim er Into an obtuse angled geometry 
at s o m  temperatures but be s u ffic ie n tly  f lu id  to allow pseudoro­
ta tion  at others.

For Na) t  which 1s expected to  be more closely analogous to
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the potassium trim er than 11,, Martin and Davidson (6) estimate a 
zero point vibrational energy to -  85 cm"1 w ith a ba rrie r to pseu­
dorotation, 28 -  200 cm"1. P a rticu la rly  c r it ic a l fo r Jahn-Teller 
systems (14), 1s the d is to rtion  parameter pg (a In the notation o f 
(6 )). Referring to Figure 1, p0 Is the radia l distance from the 
conical peak to the average energy minimum In the trough region o f 
the trim er potentia l surface. For Na,, p0 -  0.5 A (6). I f  vibra­
tional frequencies, potentia l parameters, and bond distances scale 
according to , respectively, the force constant, bond energy, and 
Intemuclear distance o f the corresponding a lk a li dimers, then, _ 
very approximately, u -  65 cm"’ w ith 28 -  150 cm-1 and p0 -  0.6 A 
fo r K,. Consequently the ground vlbronlc level o f K, is  some 85 
cm"1 below the pseudorotation ba rrie r and, fo r 4 S T S 35 K, ex­
change can only occur by quantum mechanical tunneling. This rate 
may be approximately calculated using a WKB method s im ila r to that 
applied to the more fam ilia r case o f anmonla Inversion (15). Us­
ing the previously estimated parameters fo r K, (reduced mass, u ■

- 26 amu) and numerical Integration o f an assumed cosine poten­
t ia l  we find a tunneling frequency o f order 1 GHz.

Although temperature dependent tunneling Is not, o f course, 
to be expected fo r gas-phase molecules. I ts  occurence fo r trans i­
tion metal complexes In the so lid  phase has been well documented 
(.14, 16, 17). Even In ca re fu lly  prepared crys ta ls , random strains 
are o f s u ffic ie n t magnitude to make the previously assiMd equi­
valence o f potentia l minima no longer va lid . I f ,  fo r K, In argon, 
matrix e ffects contribute a s im ila r b lu rring  o f the trim er energy 
levels, then tunneling between adjacent wells no longer conserves 
energy. Transitions from the vlbronlc ground state o f one well to 
the corresponding level o f I ts  Inequivalent neighbor must now be 
stimulated by phonon absorption or emission. As given elsewhere 
(14, 16., 17.), the several possible mechanisms correspond to the 
d irec t Raman or Orbach processes more fa m llla r lly  applied to spin 
la tt ic e  relaxation. In a l l three cases th is  s itua tion  leads to an 
attenuation o f the gas-phase tunneling frequency and complex, ge­
nera lly hyperbolic, temperature behavior fo r tc. In certa in l i ­
m iting situations e ither an exponential or power law temperature • 
dependence Is predicted. Consequently our results fo r K, In argon 
are also consistent w ith a trim er zero point energy well below the 
pseudorotation ba rrie r.
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Two distinct ESR spectra are observed when atomic potassium and ir jo n  arc codeposited under conditions 
favorable to aggregation. A pattern o( seven equally spaced quartets may be attributed to potasiium trimer molecules 
with a symmetric linear or obtuse angled isosceles geometry. Trimer transitions show a pronounced peaking in 
intensity at T  -  17 K. A  second ESR spectrum consists o t ten equally spaced hyperflne components, whose relative 
intensities approach the predicted distribution (or three equivalent * K  nuclei at high temperatures, but show a 
noticeable “ alternating linewidth" cflect at lower temperatures. These observations are interpreted in terms of a 
temperature dependent ''p teudorouiion" between three Jahn-Teller distortions o f a D »  molecule, most likely the 
trimer.

1. Iatrodoctioa

In previous work [1,2] by two of us (G.A.T. and D.M.L.), we reported magnetic 
parameters for two matrix isolated potassium clusters; The trimer, Kj, and a radical of 
distinctly different spectral character which we designated K„. Magnetic parameters for K3 
were found to be markedly similar to those of the isovalent sodium trimer [3]. A spin 
population analysis for both Na3 [3,4] and Kj [1,2] shows that the unpaired electron re­
sides almost entirely on two equivalent alkali atoms and has predominantly s- rather than 
p-character. Polarization effects induce a small spin density on the third atom. These data 
are consistent with both simple bonding ideas [2,3] and recent ab initio calculations [S, 6], 
suggesting a linear or obtuse angled isosceles geometry of ground state symmetry ̂  or 
2B2, respectively. The ESR spectrum of K, [1,2] implies that the unpaired electron in this 
species is equally distributed over three *K nuclei. Suggested [1,2] candidates (ot the 
carrier of this spectrum were the potassium pentamer with a chain structure, for which the 
unpaired electron would be expected to reside equally on three atoms, or a “pseudorotat­
ing” isomer of Kj. In the latter case, all three atoms are made equivalent by rapid exchange 
between the three obtuse angled geometries which arise from Jahn-Teller distortions from 
Dm symmetry.
In this paper we present temperature dependent ESR intensities for potassium clusters 

in argon matrices and show evidence for an "alternating linewidth" effect [7,8] in the ESR 
spectrum of K«, This phenomenon is characteristic of dynamic processes in molecules and

0039-6028/81/0000-0000/102.30 ©  North-Holland Publishing Company
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50 provides additional evidence for a pseudorotation interpretation of K„. A correlation 
diagram, which relates transition fields for the three obtuse angled trimer molecules, 
qualitatively explains the observed linewidth alternation in K„.

2. Experimental

The experimental details have been reported elsewhere [2,3], Briefly, matrices are 
formed by codeposition of excess argon with atomic potassium on a sapphire plate 
mounted inside an ESR cavity which is itself attached to a variable temperature liquid 
helium dewar. Guster formation occurs during deposition and is accomplished by wanning 
the sapphire surface above a nominal deposition temperature of 4.2 K. For spectra shown 
here, temperature measurements were made with a calibrated carbon resistor and are 
judged accurate to within ±5%.

3. Hyperflne structure

A detailed discussion of ESR line positions is given in ref. [2], As an aid to describing 
the intensity measurements which follow, this section summarizes certain features of the 
previous analysis. Both Kj and K* have doublet ground states (S = 1/2) and a well resolved 
hyperflne (hf) structure arising from the Fermi contact interaction of the electron spin with 
several / = 3/2 nuclei. All observed transitions have a first derivative lineshape as would be 
expected for powder spectra having an isotropic g tensor (g = g j )  and an isotropic hf 
interaction {A, = aj).
Magnetic field positions for the trimer spectrum, seven groups of four transitions each, 

are described by

where mi and m2 are nuclear spin projection quantum numbers for two equivalent WK 
nuclei (ui = a2 - a0) and M  = m t + mj is their sum. Since / = 3/2, mf = ±3/2 or ± 1/2 and M 
ranges in integral steps from +3 to -3. The quantum number and hf constant as pertain 
to the third, non-equivalent nucleus. H, and ge denote, respectively, the resonance field 
and g value for a free electron. An expression similar to eq. (1), but with the added 
complication of a significant second order hf interaction, has been used to describe the 
ESR spectrum of Na3 [3]. Since aj<th, [1.2], eq. (1) gives rise to a septet of quartets as 
observed. For both K} and Na3, a0 arises from isotropic spin density on the trimer terminal 
atoms and is positive. However a3 arises from spin polarization effects at the central or 
apical position and may be positive or negative.
Component transition fields for the ten line hf pattern observed for K„ were fit to,

H ( M  m3) = (gjgo) - 2  a'm‘ = (m J8o) [Ht - OqM  - ajfflj], (1)
i-t

(2)
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Here M' = mt + m2+ m3 denotes the z-component of the total nuclear spin angular 
momentum of three magnetically equivalent *K nuclei = a? = a} = ti0) and H t, gc have 
the same meaning as in eq. (1). For / = 3/2. Af' ranges from +9/2 to -9/2 in integral steps.

4. Temperature dependence

Both Kj and K„ are present in freshly deposited matrices at 4.2 K. but their spectra are 
difficult to deconvolute prior to an initial annealing of the matrix. Subsequently, the ESR 
intensities of both species are extremely reproducible, depending only upon the matnx 
temperature. It is these intensity data that we discuss in the present article. Transitions 
from atomic potassium, also observed in our matrices, show little intensity change with 
temperature.
Fig. 1 shows a plot of (first derivative) peak heights versus temperature for the 

(Af, m,) = (+3. +1/2) component of the trimer spectrum and the Af' = -5/2 component of 
K„. Hie notation (Af, my) and Af' is the same as that introduced in connection with eqs. (1) 
and (2) of the preceding section. A marked peaking of intensity at T~ 17 K is common to 
all unobscured (Af, m 3) components of Kj and is also apparent in spectra recorded during 
annealing. Within experimental error, trimer linewidths remain unchanged (after anneal­
ing) over the temperature range 4.2-25 K. This is somewhat surprising, since most 
mechanisms [2] for the intensity behavior in fig. 1 would be expected to give a broadening 
of ESR linewidths [9]. For K„, there is a trend to smaller peak heights at lower 
temperatures, as shown for Af' = -5/2 in fig. 2. This trend is common to all component 
transitions of K„, but is reversed for Af' = ±9/2 and ±3/2 below T ~ 10 K. Peak areas, 
approximated to the square of the linewidth times the (first derivative) peak height, show a 
less pronounced trend with temperature, but these data have a large experimental scatter.

120

100

80
m ' .  - 5 /280

£ 40

20

4015 20 25

TEMPERATURE t K|

30

Fig. I. Temperature dependence of ESR intensities for potassium clusters in argon matrices. M' = - 5/2 and 
(M , ms) = (+3, +1/2) penain to one component each of, respectively, the ESR spectrum shown in fig. 2 and the ESR 
spectrum o f K i. refs. [1 .2|. Relative to M ' *  -512. trimer intensities are 1/S of those shown in the figure
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- 1/2 1-3/2

34 2 K

ji

M ■ *9 /2  [*7 /2  * 5 /2  i*3 /2  

3200G1 1 32551 3355T
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1-3/2 -3 /2  |

T455T
7 /2 -9 /2
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Fig. 2. Ten line ipectium o f* radical ” ](* in an argao matrix at 4.2 and 34.2 K. The "atickqwctTUin''show* the predicted 
intensity distribution for three equivalent *K  nuclei. Also indicated are potassium atom resonance* (m -  ±3/2, ±  1/2) (or 
several matrix sites. H , = 3312.2 G is the resonance field of a free electron for a cavity frequency of 9.2824(2) GHz.

In contrast to the trimer, however, K* spectra show striking variations in linewidth with 
temperature, individual Af components being differently affected. Fig. 2 shows spectra 
recorded at two extreme values of temperature, 4.2 and 34.2 K. A broadening of the tow 
field components, most pronounced for Af ’ = +9/2, probably arises from two different 
matrix sites and gives an asymmetric appearance to the spectra at all temperatures. The 
“stick” diagram in fig. 2 was computed from eq. (2) and the best fit parameters of refs. 
[1,2]. Component intensities, arising from the Af' degeneracy of three equivalent *K 
nuclei in the high field limit [2,10], are in the ratio 1:3:6:10:12:12:10:6:3:1. At high 
temperatures observed intensities do indeed approach the predicted ratio, but this is 
certainly not the case at T = 4.2K. At low temperatures the Af' = ±7/2, ±5/2 and ±1/2 
components show pronounced line broadening, whereas Af' = ±9/2 and ±3/2 are noticeably 
narrowed. A similar behavior in the ESR spectra of organic radicals in solution is generally 
termed the “alternating linewidth” effect [7,8).

5. Dbcuarioo

Recent ab initio calculations on Li} [8] and Nay [9] emphasize the importance of 
dynamic Jahn-Teller effects in alkali trimer molecules. The principal features of the trimer 
potential surface are a central peak surrounded by a trough containing three potential 
wells. The three minima have obtuse isosceles geometry (% symmetry) and are indis­
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tinguishable except for a numbering of the nuclei. Adjacent wells are separated by saddle 
points which provide a relatively Jow energy path for intraconverting one obtuse form into 
another (pseudorotation).
In earlier work [2] it was pointed out that sufficiently fast pseudorotation would lead to 

an averaged trimer spectrum in which all three nuclei would appear equivalent. 
Moreover, the measured hyperflne splitting constant for K„ was almost exactly equal to the 
appropriate average of the measured hf splitting constants for the trimer. when as was 
assumed to be negative.

Our observation of an alternating linewidth effect is likewise consistent with a pseu­
dorotation mechanism. Fig. 3 shows a partial correlation diagram for the transition fre­
quencies of the three obtuse angled forms of Kj. Each stick spectrum represents a dif­
ferent occupancy of the apical position as indicated at the top of the figure. Transition fre­
quencies, plotted vertically, correspond to the spectral assignment of refs. [1.2], eq. (1) with

1 m m m )

- 1 3 / 2  3/2 3 / 2 )

—  (1/2 3/2 i / 2 !
—  (3 /2  i / 2  3 /2 !

,------ ( -1/2 3 / 2 - i  21
 (1/2 i / 2 i/2i
  ( 3 / 2  - i / 2  3 / 2 )

- 1

 -----------------------------------------------------r - - ------------------------- ( - 3 / 2  - 3 / 2  - 3/ 2 t
- 3  -  £  3

Rg. 3. Partial correlation diagram (or the transition frequencies o f three obtuse angled ®K3 molecules. For an 
explanation, see test.

(-3/2 3/2 3 2 )
( -1 /2 i ■'2 - 2'
( • 2  -  i 2 2 ’
( 3-2 - 3/2 3/2 1

( -i.-2 - 1/3 - 1 '2 ■
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ai<0. Relative intensities, plotted horizontally, denote the Af-degeneracy associated with 
two equivalent / = 3/2 nuclei in the high field limit [3], On the right hand side of fig. 3 
several transitions have been labelled (m1m 2ffl3). where m, = ±1/2. ±3/2 is the magnetic 
quantum number for distinguishable nuclei i =1, 2, or 3. Adjacent columns are correlated 
by joining just those transitions which have the same m-value for all three nuclei. Most 
correlations have been omitted for clarity. It is apparent that, while several transitions are 
unaffected by exchange between adjacent 2B2 wells, in only four cases do frequencies 
remain constant when all three obtuse angled species are considered. These latter tran­
sitions have (mim2m 3) = (±3/2 ±3/2 ±3/2) and (±1/2 ±1/2 ±1/2), corresponding to Af' = 
±9/2 and ±3/2, respectively. Thus the situation for K„ may be analogous to exchange 
effects in organic radicals in solution [7.8], At high temperatures, where exchange might be 
expected to be fast, all three nuclei become equivalent, giving an averaged ten line 
spectrum, as shown for T = 34.2 K in fig. 2. At tow temperatures, however, pseudorotation 
rates may become comparable to the ESR timescale. In this regime Af' = ±9/2 and ±3/2 are 
relatively unaffected by exchange and so remain narrow, but Af' = ±7/2, ±5/2 and ±1/2 
experience large frequency shifts and become broadened.

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