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. Line widths for cupric ion in water were measured from -40 ° to 
~ . . . ~' . 

The line widths were '' .. ". 

corrected for unresolvedhyperfine structure. _-Two co~tributions to the- . 
. ... . ' 

line width were distinguishecl. One contribution :increases with increasing_ 

temperature and_ is the s~e for<t?.il four hyperfine components. The 

second increases with decreasing temperature and varies with the hyper- - .-\ 

•. -

-· •' 
.•·· 

fine component. A trarisitioh- regipri was observed for cupric ion in 

ammonia between -80° an(). ·.;;.J,Q0°C, In~_ this region. the sample was frozen 

., •• '1 •• ~:.· ~ • •• 

but an- isotropic- spectru:m wa:s ob-tained. These results are discussed with. 

regard· to' several theories of electron spin-relaxation. 
. ' . - : 

. ·.·' ' ~ 

Glass spectra for ;ferric chloride in concentrated HCl and-concen-

trated HC104 have· been examined._. A sharp resonance at g · =. 4. 24 was 
. . . :.·· 

. . ~ ::;. .· ; ,. . ~·- .. ; ' . . . '. 
The _theory for high g-value: . . , .. 

' . . . . . 

observed ,and assigned :to -~he species FeC]_I>. 
. .'.• ... ":,:, ~\ 

. ) ·. . ', ·. 

resonances in fer:dc complexes is reviewed and applied to FeC14. 

-Glass spectra for the' chromic ·.cs>Inplexes CrCl(B2o);
2

, cis- ~nd 

trans-CrC1
2 
(~ 0 )~ we.re _ e~~miiled a~d compared with the spectrum 

· -- Cr(~o )~3. 
. . . ... \• 

The spectra for tJ:le chJ.oro complexes extend from g = 6 to·_ 

g = 2.· The results are disc').lssed :i.n terms- of- zero field energies 
.,._~ 

symmetries_ bf the complexes. 
·l~ .. : . -~~ ~- .. 

:;-.;,:_ -.· .. 
·-,. ' .. · 

'• .. ;;·' 
,_. ; : ~' ._, .. ···:: .. _,. 
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I. INTRODUCTION 

The field of Electron Spin Resonance (ESR) of transition metal ions 

has sho,.,rn considerable development. During the past 15 years a large 

body of information has been collected for transition metal ions in 

single crystals: 1' 2'3 More recently' there has been a growing interest 

in the solution spectra of complexes of these ions. Several books have ·· 

appeared in the last fewyearsdealing with single crystal studies
4 · 

and paramagnetic res9nance .·in generaL 5, 6' 7 The advances in ligand 

field theory have paralleled those in E$R, which is expected since the 
. . . .• . 8 9 

two fields are so closely interrelated. ' . · 

It is customary to discuss paramagnetic resonance for transition• 

metal ions in terms of a spin Hamiltonian.10 The usual form of· the - ·· 

spin Hamiltonian for iron group metal ions is 
.. ....... 

..:. •,. 

where s, Sx' Sy' and Sz are electron spin operators, Y is ·the nuclear . 

spin operator, H is the external magnetic field, g is the spectroscopic 

... ·'. 

splitting factor and is. a second rank tensor, A is t~e hyperfine coupling .· 

constant and is also a second rank tensor, f3 is the Bohr'magneton, and 
'.• , .. 

' 
D and E are s~alars derived from the three principal values of the 

spin-spin interaction tensor.. : Interacti'd~s. of highbr .order in the spin 
• ' ,. •·· l 

variables het~e been omitted. since they ·are unimport~pt for the studies . 
-~ . 

considered in this thesis. 
' . ·, . ,. ·~ 

In the most general case, the g- 'and A-tensors will have three 

principal values. When.the ligand field is.tUCial, the\number.of 
0 0 

independent components is reduced and the spin Hamiltonian takes the· 

particularly convenient form.· 

~ ~ ' ·, 
} 
:>;.: . 
. . -' ' ~ .. 

'· .. •; 
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' 
,:~~ ~ _gJJt)H;sz(~'·~.r(H~Sx :+; HYSY) + ~[S.;· ~1/3S(;+l)] 

,. ~ .. 

.. _. ... 

•.' \:' 

:··, __ . 
.• 8 ';' 

If./'. ' 

'It should _be .. e,mphasized.~hat the a?CiS system for the three interactions· 
._,. 

may not 'be ·the same'. ·•· when one 't~r.m ;is. particularly large,. it may be 

·possible .to treat the otb,er ;terms as perturbations. In. less favorable' .• ·' .· 

.-1·.·· 

situations, it. may be· nec~ssary to diagonalize the ~ntire Hamiltonian. ;.·· 
. . ' . :. - . . . . . . . . . ' .: ' --~ 

. ; : , ..... · . :,. . .• ~-

This. Hamiltonian--has symmetry prope~ties which are useful for the 
. ' ' '• - . ' . .. -.; 

·· .. consideration of 'variq~~:~ ·~o~lexes.. -For'. cubic symmetr~; all three:-::' 

.. · . 
.... : ·. crystal axes are .equivalent :ap.d the .. spin. Hamiltonian reduces to 

' " , ', o', ',, ,' ", ',,' ' ', > ,·, ·~ "' , '< 1' '\ ' '•,' ' ' '> , • ' ' 

·: .. •. 
' ~ ,' , .. · ' .... 

/.'. <> .... . <: ~ ..... ·"i 

.• 
·· .. · . 

. .. where. g and A ar~ 'isotropic· and the ·z-axis i~ defined by the 
-~~ ·.· . . ·.~ ... ·.' ·.. . . ..· . ' ...... ·, ' . ' . . . 

. . of the external magnetj,c field. -'J!:Qr. ~ert~in symmetries ~f-the ligand .. ~">.'.,, ·. ·. 
• • • • • • " •• ' J . ', . .' -__ , 

·- . .·.. . '· ' .. ·.. . . ·'' . . · ... - . . . . - . _:; \~- :' '':/ ·~·: • .. 

field the X and y axes wilJ,. .be. equivalent arid .the value ·.for:·E will be . ·::· .... '· , 
... .· . . :·. :-··::·:.·::-~:-:._' .' .... \·:,: .-----.-_.··._-_-. __ ! .... >.-- _:.'. ·. __ :·.:-· :. ;"···: ....... -~-. .-~<;J:_~:~;t~--~-~-·.-. 

·exactly zero .. When S .• ~ 1/2,, D and E. (w~:i.ch give ~ise .t·6 the so_ calleq. .. (::·.::' 
. . ._k · --·F_-·! .. _:_:~ · . ... :-....... ~~ ...... -~~~-

:"zero field spli tting'1 Y)o-t;~ .. v~~ish, , . ' , ., . .. _.,. ··.. . . · ;i.-u ·,: , ... , ··· .. • · · 
.·:· __ .: ·;. 

'.. . -~·-, ·;:.: ·. ·. t': .. : . ' 

·' .... . . . . -~ ·. 

-.~.one' sees only, the avera~e:·val~e.s' of. ~he.· sp:l.~ ·lie.m~itonian c_omponents •. · .. .. . . . . . 
··· . .:··· 

. ~· ... :-. ·•i ' ' ' 
. · Thus, one has an effective spin Hamiltonian like}that for cubic 

• •• • ' ' ·' :, : • • • 1 • • • • : • ' • • • '~ :· • • •• 
.. ;... >·. . 

... · 

. ·i. 

~··.symmetry, bht' its g a~d A ;alues.are ay~rages· of ~he' principal values 
,:: '. . .. _: . ') ·,. . ', . ·• ; :· ·" .. ' . . . ·: ' . ' ; .... ", ~~ . . .. 

·.for the no,~-r6tating_ comp{~i, ····.:~-~_._: ,·:_ .. :··.~ · . '.\ ·· 
·; .,. .,. . t' 

. AJj +2Al. ·(::: .. :~·:~<.·_(.;> · .. '':gil;/.2gJ_j·::: ·. ·'' .· .. . :·· ,f\ 
A=·· 3 ·. ·.·,:.:·\ ..... ·;.:,::..~. g ,;,.';· 3 . . .. · .. · .. ,.~: .. (.: .. :_::/.··? .. ·.~-· : .. · 

··· .· •. ·.•·••···· '. whi~e .the ze~: t:ield te~ ~§~~l~;~~;~i,.~:.'?Lomple~1'•rote.:~~h~i . 'SjK~;·"~'!{/ .. 
. ·,. .. ··:::._.;· . .):·.';:. '····(:.. ·.· ':! '. ·.·· -.,. :'· ... ::~i'.i\<~~·; .. ~::,~:··>·<·.·· 
·· .. ·. .· .. ·averaging··: is on~. so~rce qf line· width· for complex ions in solution. and··:.:·: .. :.~:, .. 

. ' . · will depend on th; ~gnitude of tl\e ~n~tic aniSOtroP~es. to be •• ·. ~t~~::>:i,j' :/ 
. , ... ·· averaged,~ the frequency of rot~t.iori. .qf t~~- complex ·and th~ Larmor '-- ·· ~ ... , :>'' ;. 

~·. ,· •• " J·~. .. • • ••. · •• ' .. . '·: ·~ 

. . ~ ' . 

. ·. ;-_ ·. ·~. 

·,· 
....... -;·. 

'; 
f-',.· 

.... · .. 
·~ :l· .. . . , 

. ~ 
. .. : . 

. . ~ . 
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precision·~ frequency for the electron spin. 

There is a second. type of averaging that can occur, but it is a 

spatial rather than a temporal average. Such an average is observed for 

polycrystalline or glass samples or for solutions with high viscosity. 

In this case one observes resonances simultaneously from complexes lvith 

all'possible relative orientations of the magnetic field and.the ligand 

field. ~~is. Such spatially averaged spectra can give· detailed g and A 

value information in favorable conditions, especially for ions with · 

S = 1/2. For spins greater than 1/2, there is still.information about 

the zero field terms and the symmetry of the complex which can be obtained. 

For an ion with S = 1/2 in an axial field, the resonance condition 

' 
and its angular dependence can. be .expresse<i by 

, hv = g~m+.~· 

where 

2 2 2'. 2 1/2 . 
(gllcos e + ~1s:mB) .. ··. · .... g = . . -:·.<·· 

• .. 

A= (A~g0cos2e + Al+in2
e)

1 1% ·, ; ••·····. · ... · · 
' .. 

The angle between the ligand field axis and the magnetic field . is e, 
.. . / 

the resonance frequencyi~. v,. and ~ is the .nuclea~ spin quantum number. · 
·' . . 

For a sample with randomly oriented complex ions, the number of complexes 

. . 11 
having a. val;e of e .between e and de i'Till be proport~onal to sineie. 

l 

One can theA introduce a shape function for the resori.ance. of a single 

ion. Most simply, this is taken to .be, a delta functi~n, b·u.t. other 

shape functions maybe used .. The result ,is the intensity of.the resonance 

absorption .as a function of the :magnetic field and the angle . e. 
The explicit .evaluation .of .the total intensity as ·a function of · 

~~gneti~ fi~ld is usually .carried out numerically with the aid of a,· 
. i 

'\ ·'·' 

',': 

.·.· .. ,- ... 
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computer. 12".,l3 There are two·extremes for thespectrum. One is for 

·. ·. cose = 1 which· corresponds to an abrupt onset of .absorptionand is 

termed the parallel spectrum since it_ occurs for those complexes with · : .:: ... 
. . 

. . ·-·:·.· . A· 
.the magnetic field and ligand field axis parallel. As cose approaches; ' 

._.·,. 

zero, the intensity becomes large (infinite for a delta function) and .then.·· ;/ 

drops rapidly to zero at cos e = 0. .. This comprises the perpendicular . ... __ ... , 

····spectrum. In addition, it is found that .there may be intermediate 
> ~ I ... '' 

val-ues of cose for which the intensity isalso large. Approximate 

expressions for the po~ition of such "extra11 absorptions have been 

.·:·-; . -.. ;· ., .. · ;_ 

·. -~ .. < ·._.~- .. : 
-: . 

. ,_ .... ' ~ " ... 

. ' 12 1) 
derived. ' Hyperfine·· interactions .with the ligand nuclei. may b.e 

' .. 
',• 

: :--. 

. included in this treatment and have been resolved in some cases. 
...:. · .. 

·• 
For spins greater than 1/2, most of the interest in rarido~ly prienteci. . .• 

.. \ 

samples has been directed toward organic .triplet state molecules and!.· ; . 

their specti-a. 

. . . 

. . \ . . 14:' 
Line shape analysis in these system,s is well advanced. · ·· 

. '.:'' 

In principlb, the theory could be appliedto transi~ion metal ions with · · .· 

S = 1 with a few modifications. Such ions· are known to have .short 

spin lattice relaxation times so· that their spectra could be observed 

only at verj low temperatures. 

Only a limited amount of work has been done bn randomly oriented 

' species witl:i spins greater than 1. Examples of *o different. spin 

states, S :i 3/2 and 5/2, will be 'considered later in this paper. 
•' .. ·' : ,• 

:~ ·-· ~· 

'•.,'' .·, 

The studies discussed in this thesis were dir~cted toward developing ··' ·• 
! 

and. applying ESR.techniq,'l,l.es appropriate :f'or id.enti:f'Ying transition. 
'· 

... metal ion complexes iri solution and in glasses, and to elucidate some ·· 
>_:\ " f , :':;,,.:·~· >~""rl~ ' I ' ,,, I J .·. \ 

aspects of their structure, bonding, reactions, and interactions with 
·.,. 

· the solvent. 
\. . 

. • . l 

I. 
.-:-

' ,·· .- .. 

':"" ··- ' 

' . . .-.. ' 
. :'· • • , f . '~ 

. .. •;. 
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II. SURVEY OF PREVIOUS WORK 

A. -IJCr(CN) 5No 

T.~e syn~hesis_of the compound IJCr(CN) 5No was first. reported by 

Griffith, Lewis and Wilkinson in 1959. 15 They measured the magnetic 

susceptibility of the compound and found it to be consistent with a 

single unpaired electron. On the basis of the susceptibility, the infra 

red spectrum and the properties of other similar compounds they . 

characterized the complex as containing Cr+ (spin-paired 3d5 electronic 

configuration)and NO+. 

The optical and ESR spectra of this complex ion in aqueous 

solution were first assigned b~ Bernal and Harrison. 16 . They found that 

the complex had narrow ESR lines in solution·. ( 1-2 gauss wide) ~nd 

assigned the observed hyperfine splittings to interaction of the un:P'd.ired 

14 . ' .. '+ ' 53 
electron with the N . nucleus in the NO group and with Cr . A ligand 

· fie.ld bonding scheme and an assignment of the optical transitions were 

also proposed by them. . . 17 18 Several more recent papers ' have offered 

different interpretations· of the optical spectrum. 

Hayes19 also investigated the ESR spectrum of the complex. He 
~ ~ . . ' 

corrected Ber;nal and Harrison's value for the Cr hyperfine.coupling 

constant and re-assigned one set of lines in.the spectrum to hyperfine 

interaction{ with c 1~ in the cyanide ligands •. Hayes also considered 

the ESR li:fle width and its temperature dependence i~ some detail. 
113 : 

The C assignment was discussed further in twJ Comments published 
·. . . ' . ' . . . .·. . 20\21 
··.simultaneously in the Journal of .Chemical Physics. '\ These two ... :. 

i. 
communications w~re Ia~gely cor;.cerned with the fact that only a sirigle 

hyperfine coupling constant wa~ observed for .c13 although one would 

expect the
1 

interaction of the unpaired ·electron with the axial and the · 

four equatorial cyanides to be different. They established that the 

~ . '\ ..... 
,,: '. 
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. . ' 

.. four equatorial cya.nides wereresponsible for the observ~d c
1
3 ~plitti~g. 

The· question remained whether :.the axial coupling constant was significantly-
.' • . ' . ·. ..· .. 16 2i .- ..•. ·.· . . ' . . . ' . '. ·,' 

smaller. Bernal and Harrison. ' . stressed_ the strength of the Cr-N · ·• .· .. 
• 0 ! : " . : '~ ·, . .. : . : 

bond and the co~sequ~nt weakening of the axial er-e bond. in comparison 
.. -~ 

. with the equatorial Cr-C bonds.' For this reason they expected the a.Xial 
i .· 

-: ·_ .. . cyanide to· excb,ange more rapialy than the equatorial. cyanides .. ·' They 

.··.could not, ;however, detect any cyanide exchange between the complex and· 
'. ~- . .. :--.. ; 

c13N;.7 in solution over a period of 41 hours ~t room temperature. 

The. work on this c6mpound to be considered in this thesis was 

dix-ected toward resolving the questions. of the. axial c13 hyperfine 

.. ··. ---· 
·.·_.:: ·--

coupling· constant and the relative rates of ligand exchange at the axial:; . ·· ... ,.·. 
... 

· .... -;_· 
,. 

-_., .. 

-: r ·, 
-: .. _ .. 

.\ 

•-. ·and equatorial positions Y. One· approach was to synthesize directly a , '' :-,· ··' 

. sample of the complex enriched with 'dJ\:.(· A second m~thod was to. . . . -j>":, ',··· . 

.. . . enrich the complex thro~gh exc~ange with c13N.., in solution.<,. _The . . __ J\:·.: ... >·- ·i_' • 

" . . . . . 
method of. exchange ·has ·-bee~:used previously--by .Weissni~ri. arid· C~hn22,~i~_':·~.::-,._:·~:-.-. : .. ·~::<· 

:~ assigning the ESR spectrum .of the c?IDplex~;(CN}g3. in _solution. The -~·-· .. · .. · · 

· rates of cyanide exchange for otper. transitio'n metal cyanide complex~s :;: · .. > · · 
.. · ' . . •. ' . • . . 27. 24 25 . . . ' . .. :. 

' ,·. · ... , . 
have been studied using:radioact~ve tracer techniques. :;, : ·. Thus,<.· 

. · .. '. 

it was also o'r interest to test the :Usefulness of ESR fqr studying-·· 
... 

the kinetics of such isotrcpic ligand ,exchange reactions •. : .· 

It has ,bee~ found that the rate of ~xial_· exchange in C~(CN.) 5No .. 3 : >::,, ·: 
. . . 26 . ' 

. is accelerated in SO!lle non-aqueOUS SOlVents. , This methoo.for 

..... 
·' . :. ·:~ ... ~·: . 

.·:- -~- '"" ,_._ . •' ~- . .. ~ ' , . . . . ·. . ~ 

preparing the axially substituted. c1
3N- complex· in. ~,N-dimethyl_; . .:~~-· ... ;~ :: ~:_<::--._.~· 

_fox-mamide (DMF) solution was used by us. Our results inpMF solution::.·~{-::>;,~--:·· ... :<;~c··· 
·. : . : ~ . . ···. .. ' ' ·: :. . . . . ·. ,. ;~ ·<:-.: /·:~~~-,~-~ ~-~\···:~·-.' :..:~--<.':. \ ~' 

include values for the isotropic hyperfine ·coupling .c~nstants,. . · .. , ·.·~;:·:,<; ::;: <), :.: 
•, ·. . . ·,_: :. . .._, ·'. . .'~. ; · .. ··. ·_ . ·:.. . ---~- .. -. .::.~·:· .... ~~~·-:\~y·:~--~~ .. -~_·:" 

A variation of line. width ~ong _th~ ·_ cr53 hyperfiri~ components _in··::·:.,(-:~~,··:·{.:: .• (~-:_~·.-> . 
solutio-n not 'treated by ~~y~~l9 was co~~ddered in the :~~esent work.··: r .. ~.~:·>':·:.·. ·:·· .>~.': 

j ·.;... • •• ~ •• : 

.1'.', 

'· .. 

i. '· 

. ~ , __ . 

I , . • ·, ~':- ·-

Anisotropic h.yperfine information was ob~ained from ESR spectr~ of the· :~·,,,_ :· :·> :.',· · 
• 1., •••• 

~ •• ~ ·• :: • =~ ••.• 
. . . ·- i .. . 

:''. 
. ·,: · .. ~ 

. / ·. 
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complex in frozen glasses at liquid nitrogen temperature and was used 

to interpret the variation in.line width. 

The results of our exchange studies and isbtropic.hyperfine assign

ment. have been reported briefly in the lit-erature. 27 An independent 

13 . 28 
determination of the axial C coupling constant has been reported 

and is in essential agreement with our value . 

. ( ' )+2 ( )+2 B. Cu H20 6 and Cu NH
3

_6,_ 

. 2 
.. ' ,' Cupric ion has a 3d9 ( D) electronic configuration .... In an. . ' . ·'. ' 

octahedral ligand field the 2
D level is split to· give a 2E grou~d .·.· 

g 
. . 

state and a 
2

T2g excited state. One would expect such an·orbitallY 

degenerate ground state. to. be f'urther distorted in compliance with the 

Jahn-Teller theorem. In fact, most.six-coordinated cupric.complexes 

are found to be tetragonally distorted so that· they have effective D4h 

symmetry. The axial. bonds . may be shorter· than those lying. in the · 

.. ··,' 

_.· .. 

. . '·, .. -· ~- ~- ' : ' ;· . 
equatorial plane as is foUnd in KCuF

3 
and K2cP!4·. The more usual· 

configuration is that of an elongated octahedron in which there are 

,.·.· .. · · .. 
• ·• t 

.. '. 

four equatorial ligands in a.square planar arrangement with the two 

axi~l ligands ,;:at a greater distance. : In the l~:Lt of very long axial ·; . .' ·. '-
} .... ; ·. ,: 

bonds the structure.goes over to square planar. .·For .the elongated .: · · · :.~ .· · 

.. ··,·, 

._, ·.-'. '. . . . > . .,_: • . 2 \: :' 
octahedron (he ground. electronic state is · expected,;_to be the Alg · ~ . · : · : .. 

··~· . ; .· 

state.' An ·excellent survey .of the th~ory and experr-ental 

cupric c:ontf>lexes is give~ i~ . Ball~ause.n' s book, 9 
! . . 

results for · 

. The· tp.eory for paramagnetic resonance in such cdmplexes has been 

. ' . ''. 

·.: . 

given by Abragam a~d ~~yce29, 30 ~nd others.3l;32 .·.A c~mp~ehe~s:i.ve ·' .. <; .. ·>· .. ·. 
listing of results from crystal studies is available in the references'< · 1 

'· ;.' ·~ 

given earlier. 2,3, 4 . Th~ result~ of such studies and a~sociate.d optical . <: 
I • I ''"\ 

spectra are generally in satisfactory agreement with the theory if a 

.;·. 
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; -.··: 

value for the. spirt-orbit coupling _parameter;·. x,_. 'is used which. is ·._ , .. 

corisiderabl~ reduced ·in magnitude fron{ the ;alue of. -828 c711-l for the , . · 
-, -

~ •. 

' " :: 

··•· 

free cu+2 
:Lon .. This apparent reduction .in. spin o;rbit coupling was ? '_: ·. ". , _.,, 

:.·attributed to signif~·ca~t covalent. bo~ding with the li~ands. 33' 3 4;'3~· ·;·> ·..,.<:-· .. :>· ... -.· 
:_ ' .. Vrud and McGarve; 5 and Kiveison a~d Neiman12 have developed relat~on~····:;\,< '_.:_.;, ; :-~,-

. . . . . . . . .. t. . . ~ • :~·: • . . 

ships between the ligand fi~ld parameters and the Zeeman, Cu-ion hyper.:.:· 

· ·. ·. :- :< .. -.• · -· · · fine and .ligand hyperfine. values' obtained from paramagnetic resonance 

' · .. .. ~ .. ,. ~ .· . 

. :·_ ·:. 

. ·--. 

- ·' ,· 

--experiments ... 
::·-·. 

; ' ···. ·.-
l -·::;:.-.;>· ·. 

... 

The optical spectrum· of. cupric.- ion in aqueoU:s' solution· has been 
. .-· ' ... ·._-. ·- _· .. ·. '36 

·reporte-d by _Bjerrum, BalThausen 'and 'Jorge~s~n. It consists of a 
.:; . . . 

single unsymriletrical band wnich can qe resolved· into at least two __ 

. "' ·, . . -~: ... : . 
·. ' - ;;·, ' .-_ l' ·, ' .. ·. .. '1 . '' l . ··. ', •..... 

- -· transitioni betw~en-9000 cin-. ·and 13,000 em- with the possibility of. 
. . . 37 1 :·' ' . . . -i - . ' - . . - . . . '' -',' ; .· . ,,~ 

thJ.rd transJ.tJ.on ·. abound·l4, 000 em As the water ligands were ~ · : .·-. '·. -: . 

. replaced successively ~it~· ~~ni~, 36 ~l1e transftion: shifted t~ ~igh~r ,:; _, 

';p·_-·· 

. > 

energy. Thus, for . CUJ?ric. ion in _liquid rurnnonia, the .transitions were .-
. .,_ • : .... 1_.-_-. -. : -._,,: .· 
shifted to higher energy by 4,ooo.cm- while maintaining the ratio of 

' ~ ·. : . ' ... • 

energies for the transitions.·. These sp~ctra were: interpreted as being._ .. • < ,. " . __ :_,,, .. ,}'', 

.·consistent wi;th the existence, of elongated octahedral complexes in 
X 
.· . {· 

solution, as.found in crystals, with the nitrogen -ligands giving rise 
. . . . . . . : . : ~ 

' -
•·•. of•' 

,.•'· 

.· ···.:. : .. _: ';_'' 

·-. 
to a stronger ligand field than_the oxygen ligands. 

• _:.-.,:. __ -,-... - < •• ·_ .:';"· 

Kozyr~~8 studied· the par~gnet:i.c ·;esonance of aqueous cupric . 
·~ -. . r .. :..: . ..; .... 

.. . . . .... ~ 
solutions 'under varying conditions of concentration and· microwave .· -... >.;· ·: ;,, __ ,·· ·· 

~-; ' ' ... · ·~. '-t.:·. ·', - :·:::.' 1 

frequency, but could O,etect neither. hyperfine structurJ'nor changes in )-,,_>-;. _,-' · •Li · . 
. . ·. . . \ ' ' . : ,: .. >. .. --' \ :: : ~·- . .-

. line width. He did observe an increase i:trl:ine Width as the temperature · :·' ··· , 
. I ·::.' . \... ~ . 

of the solution was increased from room temperature·to.l00°C. Various:: ,.::·-: : · ':.~ ·- · 
,. 

:· , •• • .·.': # • 

interpretations ·qf the line width and i~s temperature dependence have ·. ;_ .:<, ·"' ·_ 

been put forward. 
' 

Al'tshuler and Valie~9 proposed that vibrational·· 
' ... - ......... , .. 

!. . ' . , . --~ " . . 
.,·"·/-

.. ··; '· 

i 
1 
' 
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modulation of the ligand field was responsible for relaxation of the 

electron spin. 
lO 

Hayes 7 has discussed this mechanism in detail. Its 

pr~~ary usefuL~ess has been for complexes with small magnetic aniso-

tropies which are effectively averaged out by tumbling of the complex 

in solution. Since there are three axes for such a complex which can · 

serve as the elongated symmetry axis, it. is possible that there is a 

rapid "inversion" of the complex which. leads to a reorientation of the 

symmetry axis. Avvakumov
40 

explicitly treated the dynamic character of 

this structural inversion process and applied his theory to the variation 

of line width for cupric ion in solution from 30-130°c. 41 
Hayes

19 was 

able to observe some hyperfine ~tructure· for Cu(H2o)f in solution ·by · 

lowering the temperature. From this he concluded 'that the line w.idth 

previously reported38, 40 did not represent the relaxation time for tL;e 

complex and should.be corrected for unresolved hyperfine structure 

contributions. His partially resolved spectrum also showed a definite 

variation of the line width among the hyperfine components. 

All the discussions of electron spin relaxation for Cu(H2b)t in 

solution mentioned above.have assumed that the chemical lifetime of the 

complex ion is long .in comparison with the rate of electron spin 

relaxation. Recent studies of the rate of exchange of H2o17 with 

cupric ions, in solution indicate that the rate of !J.igand exchange is 
' ' 

·. ' . \42: 
comparable to the rate of ele.ctron spin relaxat~on. 

In the work reported here, we .have obtained values for the iso

tropic and anisotropic .terms in the. spin Hamiltonian for Cu(H2o)t .. 
Using this information .we have been able to correct the obs.erved 

paramagnetic resonance.line width in s~lution for the unresolved 

. ~-.' . 

hyperfine structure and obtain values for the re~axation time,.T2, as 

a function of temperature. i Knowing this i'nformation, one can then 

:"··' 
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't •'' 

_:·,,·' .. · 

·estimate possible· cont;ib~tion~ to the relaxation from several :of the 
:,_ ' '. ';" ·: ' _;: ·~ ! 

,, *, ,mech8.nisms mentioned above ':•; The studie~ .of .Cu(NII
3
)62 

in liquid_ ~onia 
. . ' . . ~. . ' . ·. . . . 

. were undertaken for comparison with the aqueous. system because the 
·_-; 

character of the complex should be. similar; :· Liquid ammonia is a 

.... ' .convenient solvent. for sudl .. studies since it. is less viscous than water 

• and has a :rmich lower freezing point.· 

- -~-

. ~ .. 

·J ,• 

·J .... 

·' i •. ·'' '""· 

. ~. . . 

i 

! 
l 

I 

· · · c.·. Fecl7 
·-4 

. . - ·, -. ' .. -~ . ~-. . . . . :} ':. . ' . -~ '. ,.· .. 

. .·' . . ··. . . ~ · .. ·. ".:: .. I "'•.:' 

The. characterization and. stability_ of chloro· c·omplex~s ~f ferrid.:· ·, .. 

ion, particularly the higher complexes',· ha~e been· of. ~ontiriuing intere~f: :· , 

··_f 
·i 

.. ) 

·~ .. 
. . . 

''·. 

.. :!. ·. 

-~. -

.In order to avoid complications from·hydroxide formation, most of the.·. 

.more recent studies have been carried out in solutions with mod~rate to .. , .. 

high concentrations ··~f acid., :-Rabinowi~ch. an~ Stockmaye~ 43 sug~ested the··~~:.·~·-··,·: ' 
. _,,. 

'~- . . ! '' •. 

. ,•' 

.:, '.'· 

··;. 

._.;. 

I 

existence 6f. a tetrachloroferrate species ·of some sort on the basis of 

their studies of th~ chlox-ide·aridhydroxide equilibria~ In a series ot 

papers Myers, Metzler and Swift 
44 

investigated. the distribution of ferric 
. .f;•.' 

.. · ion between hydrochloric ad.d and. _isopropyl' ether •. :·: They found that the: ··, 

tetrachloroferrate. ion,, FeC!4',· was the predominant species in concentrated;,:'. 

45 
HCl and also extracted it into the ether phase. · .Friedman prepared 

compounds o~ ;~he type I<Fec14 and found that thei;~\,optical spectra were 

. . '- 44 l 
, . the. same as. that· reported for FeC14. . From: these(,and. other spectral 

' .• ! 
. ' ' 
. 'i 

I 
·.··I 

... :; ... :. studies
46 ~nd so~ution ~-~ay, work~ 47' 48 it·. has beeri~ generally concluded 

,.··· 
•, .. >' ... · .\ 

that the highest chloro complex. and predominant spe~ies in dilute ' .:/' .. .. 

solutions of ferric ion in concentrat~d HCl is FeC14\ There is also .. · · 1' . 
.. ' . . . . ' .<.~:;:{ .. ~:,) )>. '': 

evidence for. stabilization of -~he :chlo~o .. co~le~es :ir{· .. perchl~rate <. ::~'{._:)~ :)'· .: :_.i· ... 

•,.:.:' ·. ~ -.. < sdlutions· .• 49, 5° For. example,· the· stability constant. for .the monochloro ··, :: /' \ <· 
. .. . : ':':, ' ,' ...... ::: ...... 

··: . complex increases. by :a factor of. several thousand ·upon
1 

going. from 2 ! to 8.'5 ~·:,.·' ~ .. ~~ 
. ,. HC104. 49 1 This effect has been attributed to the lowering of the water .. . ·, . :· 

· ... j' 
.. 

:. .'~ •. f.· 

. . ~ 

. '. 
.. 

' .~.~ .-:' · . 
·. . ~ 

·:, 
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activity and possible dehydration of ferric ion and chloride ion in 

49 solution. There is also some evidence for the formation of perchlorate · 

complexes of fer;ic ion inperchloric acid media, 51 but the stability 

4q 50 
.of the corresponding chloride comJ?lexes is taken to be much greater. · ' 

Several salts of the tetrahaloferrate ion have been isolated. 

Zaslow and Rundle52 have·determined the· crystal struct~e of tetra

. phenylarsonium tetrachloroferrate (III) . They found that the FeC14. 

unit was a flattened tetrahedron with an Fe-Cl bond distance of 2.19 
0· 

± 0.03A and twoCl.;.Fe-Clbond angles, 114.5° and 107.0°. The structure 

of NaFeC14 has also bee:q.. determined102 and is also found to contain . 

distorted Fec14 tetrahedra. The Fe-Cl bond lengths were .found to be 
o · ·o . o '. · . 

2 .18A for two bonds and 2 .20A and. 2 .22A for the other two. The Cl-Fe-Cl · . 

bond angles range. from 104.9 ° to 112.7 o. The tetraethylammonium sal"l?s 

of FeC14·and FeBr4 have been prepared. 53 The magnetic susceptibility, 

optical and Mossbauer spectra 5
4 

of ( c2H
5

) 4NFeC14, ( crs) 4NFeCl4, .• . . 

(FYH)
3

Fe2cl
9
, and (PyH)

3
Fe2Br

9
, where Py = pyridine,· have all been 

interpreted in term~ of .discrete. Fec14 ?r FeBr4 tetrahedra. The infra 

red spectra of such complexes 55 are con~istent with th~ tetrahedral ;)' 

. 103 
structure. Raman spectra of ether extracts containing Fec14 have 

indicated that the structure of the complex in such solvents is 
. . 

tetrahedral~ Solution ESR spectra for :F"ecl
3 

disso1ved in non-aqueous :: · 
104 . 

solvents · have been interpreted in·terms of equilibria which give 

·.: .. : 

.. •.-.: 

. FeCli;:. In fact, it is 
·,. 

that the higher chloro 

only under special circumstances and with difficulty 

complexes of ferric. ion can be,. formed. 56 

. . . ' . . . 

. Much., of the paramagnetic \esonance work on ferric ion in single ·,. 

· crystals has been for ferric coordinated with. six oxygens in an 

approximately octahedral arrangement •. , This includes environments where 
l 

'\ 

· .. · ·: 

·.·. 
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·,' ,, ··.there are six coordiriat~d· water molecules, 57, 5.S, 59 ,octahedral oxide .... ', 

'~-.-

:,_, 

·,·.·, 

. ~ :~. 

' . ~--. 

:; 

. ~,_ ' 

.. sites,60
, 61 orchelate oxygens.62 ·In ~11 these c~ses the g values are 

.·found to be isotropic and quite, close to t~t of the. free electron.• 

The zero field splittings are often fairly large, on the order of 0.2''./ 

' .. · -1 ·em 
:·". 

.. , 
. .. ·-· ,'· ·, 

. ,. ··.•' 

; : .. . ·" 

, ·. :< ·' r 
•;.;;.,',. 

· .. Of particular interest_for··us has been the spectrum of ferric i6n:·,·::·:·-~_:.,. __ ' 

. in polycrystals. or glasses./ ±he' resonance of hemoglobin 63 in a paste ··;, ·:.: • :· .... 

64 
consists of a single peak at g = '6~ This was explained . in ·terms of. :· ~ . ' .. 

·;· ·., .• _ 

-_..,' 

g = 4.27. 
( . . ~ 

They showed how both of these situations could arise for various·. 
··- .. 
· ...... , .. 

. .. , 
relationships between .the zero field parameters D. and E when these terms 

:·.were much greater than the inteiaction with the magnetic :field. ·Wickman·.,. ~-
~- -'' .. 

. and Shirley66, 67 }1ave -gene,ralized ·the treatment-by Slichter65 and · ::·: · 

·.''.applied it to the f~rric. ion in ferri~hr~meA. ·Griffith
68 

has given a·. 

>· theoretical discussion o:f the source of this ·isotropic resonance· at 

g = 4. 27 and has indicated some ·of the ligand field symmetries 

· -vrhich it ·may .'bccur. 
: · .. ~ ' ' ' . . . 

The present study' is direc~edto~ard th!:; use:of par~gnetic> -.. · . . '_::: .:_ : .. -~~ 
. . .:~ ·. . :-.. .... . ·' . . . ·.' ~' .. ·.·· . ' ., ·. . . . . ·. ·.<·~~:·· >: .-.... ·.·.· ·:' 

·resonance g;Lass spectra for obtaining, information .~bout· ,species present ;._ .. ·:\·: :;·, 
' ~~ • ' •• •I ' '• ' •' ,.;,;: ! '' ·t ' •. ' . < -~-~· • • :~~ .> ~ ··~ •<~-,.'~ • ~ · .. 
in solutiqh. The prese!lce or abs_e~ce .. _ _of,.J:'esonances\,atj; =, 2,. 4.'27 and 6:··:·.;;:,.; ·· . .':· ~ 

' ·~ •. 

in the glass spectrum-has:definite impl:i.cations for 'the ferric complexes. .' · .v 
. .. ~- ' . I .. , . . ... 

~ • ~ ' . ' •. , ··: t • .. ~. .... ·~ '. • • . 

present iri the soiution .from,which,the.'giass was made') . -~· ., ' ' -;· .. 

-_ :_. i. 

. . . . . . . . > . . . '· ' ;;;;,~:·;;;:. '/ 
D. c;(~g}~·a~l ,crC~~i·;:· :- . . .;;,t' · 

The stability of 'chromic complexes in solution mak~~-:th~ ~artie~i~:rl;;·· 

' -·~ ...... 
...... ', . ·' ·-

' · . . -... ; 

, useful fqr ~hemical studies. in which a .well defined complex ,is. desired. 
' 

... 
' . I 

'. · . 

'' 
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Thus, hydrated chromic ion has been used for stud.ies of second coordina

tion sphere effects in H2o17 NMR exchange work69 and chromic complexes· 

have been used to investigate the mechanism~ of oxidation-reduction : ... 

reactions in solution. 70 The chemistry of the chromic chloride compl~xes 

has been worked out71, 72,?3, 74 with the dichloro and monochloro complexes 

being the major species in most aqueous solutions. 

The theory for theparamagnetic resonance of chromic ion (3a? with 

S = 3/2) has been fully worked out and fs presented in several places 4,9,75 · 

along with experimental results for the ion in a varietyof.erivironments. 

The g values obs.erved are isotropic and slightly lower than that of 

the free electron. The .zero field.splittings for this ion range from 

quite small for sites of nearly cubic symmetry to quite large under 

some conditions of. symmetry and bonding. Hyperfine'from the 9.54% ·. 

abundant cr53 (I = 3/2) ·isotope has been ob.served in some instances· 

where the line width is not too great. Several authors76,77 have 

measured the ESR line width of the hydrated chromic ion and the dichloro 

complex in solution. The greater line width for the dichloro complex 

has been attributed to its presumably greater zero field splitting. 

The present experiments with chromic complexes were undertaken to 

study the u~e of glass spectra in characterizing domplex ions with 

' spins greater than 1/2, but for complexes with a definite chemical 
t 
I 

structure) It was hoped that the monochloro and tw~ possible dichloro 

complexes might be distinguished and compared with the hexaaquo complex/ 

.. 

:: ... ':,· 

. '·. 

i ... 
·' .· 

I . 
I 

\'!' 

·, :· 

\' . 
.. ·, 

. . ' . . . . ., 

_;! 
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Til. · EXPERJNENTAL TECHNIQUES . 

. ·.·• 

, ...... ;._ 

.. , . ~--.. >.·::. :.: ·· :A· :_~Cr(CN)~ . . .. .· .. _' .. :" 

-··.The original •method of synthesis of th~. comple~l5.was :foiiowed-- ·' · ·' 
_·;., 

. ...... ., .; 
'. ;_. 

. ,· ·. ··~ . .····.; .. : ' . 

. ' ,. 
,Af 

. using reagent grade chemicals throughout. ' The product was recrystallized .. ' 
. . . 

. several times from H20-EtOH, dried at 80.°C .in a vacuuni oven, pulv~~ize~; .•. 
... . ::.; 

.'·· . 

· then dried again for several· days. · . This· final-product was assumed to 

be a:rihydrous .. · A direct synthesis of the. c13 enriched complex was . ~-: . . ·r. ·:~· 

,.,·,.· ,., 

carried out using the same procedure scaled down to 0.5 niillimoles of · · 

the labeled Nac13N. • The product was recrystallized one~ ... from H
2 

0-Et.OH;. 
{ . . .-~ .. 

dried, then dissolved i!{enough.water to give a solu:tion approximately :>;::: ., ~<-.· ,· .. ~ 
·, 
~· ~· .. · .. 

. ,· . . ·~~ ·. 0.01 F in complex .. ·. ,._ .. ' 

A sample of NaCN enrich~d -t~ approximately 5o% :c13 was purc~~sed, . 
. ···' 

. •I· 

. . ~. ,f ~- .• ' 

from Merck, Sharp an('Dohme _~f :Canada_. :In order·_ to .dete'rmine the . , , .:· ~ ~··_._ 
-:.. • . ~~. •... ~. ,• • ;. -~ .. t . '. - ·, : 

'isotropic.compositio!l:more acc~rately,: a,_mass. spectrographic analysis' of~;. . . :: 
._,·, .. : • ... 

.'':• 

' .. ~ 
· the sample was made. -~:Two-depressions w:ere made in a section of Pyrex" , .·,~< .. " <:. :': :· 

.~ ; ,'. -~ ' 

.. ' .. ·. 

tube which could be attached both to a gas;· Sa:ffipl~ ~ul1:) for .the mass 
. ~- ;. 

spectrograph and· a vacuum_ system .•. Several drops of solution 0._2 !:, in_ 

the labeled NaCN were placed in ~ne depression and phosphoric acid in··.· 
. . 

the other . This was then attach~d to the va~ui..un system in order to 

evaporate. the solution and .de-gas the phosphoric 4eid. · After the 

. evacuation 1:\v-as completed -the syst~ was closed off)· tilted. to mix the·· :. 
·.:• 

' .~,( • I . . ' •. . ' . . . \_.- : • • • • .. • 

. acid and dyanide by rota~ing a ball and .socket join~:,. a~d then HCN ga~ ~::.·,,, 

., ·.· 
'· 

·, .. _._ 

k·~.· •• ;. 

... · .. ·· ..... . •· ·. . . ;, :::::.e:a: ·::::b~; ~t~ b:e(:~~~~::;i~l :~::.o:f t:~ ::; ~S~~o:,:;·:,: ~y 
has been used in our: ·e:X:p~rim~nts ;;· .. -'·. ' ·, '':'; '.' . '' ;:: i: 

. ' ';· . 

·, :•·-'' 

- . ~- ,. . . 
t ~ .... ' • •• .• 

..... · .. · .-,1 .> . -~ . 

";"·· ,_J ..• 
. ··, . . ~. . ~ . 

. ;; ~ :· 

The author wishes. to thank Professor B.· B:·. Mahan for the U:se of 

. " .. ... . · '· 

·< . ,. 

• ! .· ,, . 
. ~- ' . . . 

· his mass spectrograph •. 

..· .. 
'. ,'•' 

. ·.:· ' .. 
' ~- ~ 
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A stock solution of the complex was prepared from a known weight 

of K3Cr(CN)
5

No and a stock solution of the NaCN in the same way. Fresh 

solutions were prepared for subsequent ·work in order to avoid possible 

complications from deterioration of the samples over periods of more 

than a week. Appropriate proportions of the solutions were mixed to 

obtain samples approximately 0.015 to 0.035 ! in complex and 0.1 to 

0.2 F in labeled NaCN. For the experiments to determine the effect of 

added acid, sufficient HCl was addedto convert approximately half of the 

cyanide in solution to HCN. Solutions to investigate the effects of 

surface and light were prepared in the same way. The DMF. used as a 

solvent in some studies was of commercial purity. The solutions in DMF 

were saturated in complex and NaCN, and were less than 0.05 ! in each. 

All ESR spectra of the complex in solution were taken with an 

X-band balanced bridge spectrometer described elsewhere. 78 The only 

modification was the replacement of the low frequency modulation components · 

with a Varian Model V-4560 100 kc.Field .. Modulation and Control Unit and 

a Model V-4531 rectangular cavity. All measurements were made at power 

levels such that there was no detectable power saturation of the resonance. 

The amplitude of the 100 kc magnetic field modulation was approximately 

1 gauss except for measurements of line widths when a modulation 

amplitude equal to 1% of the line width was used . 

Samples for measuring hyperfine coupling const~nts were sealed 

in 5-i~ch lengths of Pyrex melting point capillary tubi~~ and position~d 

' 
in the center of the microwave cavity by a sample hoLder attached to 

one of the "stacks" of the Varian cavity. In the search for very wea..~ 

lines in the wings of the 55% c13 spectrum a quartz Varian Aqueot'\s 

Solution Sample Cell was used to provide more sensitivity. All of 

these spectra were taken at room temperature. 
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~ ., " -. 

: ... ,_ . ._._ __ . :_~·-" .. . A first derivative presentation. of the. absorption spectrum was; 
. ... 

.· .. ·. ,. 
-1 ·.· . ' 

' .. ~ .. 

. . ... used .. For a. parti6ular ·abs~rption line .the points of. maximum slope were .... 

measured by. ?bse~ving the deriva~i,;.e signal on a voltrnete~ while sweep

... ·.•. ing the magnetic field. slowly by hand.: . 'V-7he~ one such point of maximum 

slope was' located by progressively .increasing the gain of the amplifier 

· and maximizing the derivative· signal by slight adjustments in the 
. . 

. magnetic field,' the value for· the magnetic field was measured; . This ·.,: 

was done by. adjusting the frequency of a proton NMR until the proton'· .. 

. _,.. 

\ ',•, 

. '· .. '; 

,, 

. ,. .. -signal was observed. · This frequency wa's then measured with a .Hewlett

. ·. Packard 524:.:::c Electronic~Counter. and p~inted out.· This procedure was. 
· .. · ... " , . . ... , .. ·.·-

~I • '; 

repeated five or six times for both· peaks of each derivative line; · -s.·•,. 

' . 

· ·. The average !!1.agnetic: iield, for the :two points of ma.Ximum slope ·._:was· .takert;': ,· ·.'. 
. .. . . ... •' · .. -

.·to be the center of the absorption· line. while the difference in magn~tic .. : ·· ::::; 
. . . .. '... ' ·:-: -~ : -. 

field is the .full line .. width at points of maximum slope. •· Line positions , 
. . . ~ .. ;· 

-e:;::-. 
-~ :'' .: ;'· -. 

. ' . ·. ~ 

:' ,._..r._. 
. . ~··-:. :., 

.,, :-

··.:. 

.the wea...'k::est lines. ·; · .·:•: .· .. .. . . . ., . • · 
:· '_/ \ -;;_ .. - :· ·'-•: ~:-. ,. '::.: 

~- .: ' -~~- ~-

:, •' . " . ·.<:~<:(( . 
. For the, exchange studies, the srunpie.~. w~re, also sealed in melting.···. · \' . 

. ··-·-. · .... -·-,_ ... . ; 

point capi_:Llaries and suspended.· in the ,microwave ·cavity:_ .. · .An uns:i.lvered ·' / 
• ,.l~- : : .... - ' 

··quartz dewar.rextended thr~u~h the c~vity. and ·carried heated ~ir past 
·:'r ·' ' -· . '"· ' • . " . . • 

'. 

_; ·,·-

_the sample.: A fine copper..;constantan thermocoupl~ was glued .to the sa'.mp~e..·· . , 
. •' ' . . '.·. '." 

··tube just ~t the edge of. the microwave cavity, do~stream in::_the air ·· ·.-':,. -:~: 
,..~ • '<.; .. • •• ':;· ' ' ,. .. '··~ • 

flow and ,fell within the quartz: dewar:. Gluing_ t~e\thermocouple to the : ... ; · 
' " . ~ , . ! . 

. . i . . . . ·. . . 

. sample tube provided .better thermal contact and red~ced noise due to : :::r: > .. ; . il 
i ', ~ . . '' ·. ' . . '• . ~ ' .. , 

·. ·, • . . ' ' :::r:::O::s::n::e s:::::;~:er:o:::P::r~::::~ w::~: ::::::e: :: , , :~%)~"lE.' .. 
~-':·: ~.. ., • ; ' .. . ' . ·i ·:·-·:· . • : ·;!·t .·.. .. ;~··· 

a Leeds and North;;.up K-3 potentiometer; ... · ;Because :of. temperature· fluctua-. :· . -·;- · · 
·· . :·~ : '., .' . · · ' · ·. • , . I ' • ~ , r. "' •• • ' 

~:· <· ; 
j •• •• -~ ., 

tions at ~he thermocouple and the possibility of thermal gradients 

. i 

. •. ::. 
I ..... ' 
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between the thermocouple and the portion of. the sample in the cavity, 

the uncertainty in the temperature was estimated as 2°C.at the highest 

temperature (100°C). 

The concentration of the unsubstituted complex, Cr(c12N) 5No~3 , · 

was followed by observing the intensity of the line at lowest field for 

the unsubstituted complex containing cr53 and N
14 

Immediately below 

this line for Cr(c12N)
5
No-3 is a line assigned to the complex containing 

an equatorial c13N-. Ynis equatorial c13N- line appears 6.3 gauss 

below the line assigned to the unsubstituted complex and this pattern 

is shown in Fig. 2 (in Sec. IV A.l). Relative intensities of these 

two lines w~re obtained from the recorder chart whose time base supplied 

the referemt!e for times of reaction. A response time of 0.3 second was 

used and t!i~ sweep rate adjusted so that there was no noticeable dis~ortion 

of the line shape. 

These two lines were chosen because they are adj:acent, which 
i 
' 

facilitates sweeping through both of them in a reasonable length of 

time. This provides a direct comparison of their intensities. In 
•' 

addition, these lines are relatively free of interference from other 

lines during the early part of the exchange. The other lines which 
. 13 

could be followed, the C lines near the center of the spectrum, are 

distorted by overlapping cr53 hyperfine structure. The lines at the 

low field en.d of the spectrum were used because they are slightly 

narrower than the corresponding lines at the high field end of the 

spectrum. This difference of several tenths of a gauss in line width 

provides better resolution of the c13 line and a more easily detected. 

·signal. 

For a particular kinetic run, the temperature of the heated air 

was adjusted and the dewar allowed to reach a constant temperature. 



,-
' ........ 

'. \ 

-18-

·.' '·. . :' . .. ,. . ,, .. 

.. . _ Asample wi-t;h .the ,thermoco~ple attached was then placed in the cavity 
' . . . 

and this was taken as time t = 0. · This assumes that there had been 

. ~ :· . . 
neg~igible reaction at room temperature. · This assumption was sub.:. ~ .. . • ·-·~ . .!·_.,;~ . 

1_',: .... 

· stantiated by the fact that<~o change 'in the spectrum was found for 

such samples kept at room·_temperature for several days. 

··" . -::. 

. ·. ;· ·. ~ 

. .! .: , .• 

·The intensities of the lines for the unsubstituted complex and the · ·••

. complex with a single -~quatorial c13N~ were followed until appreciable .. >. : 
;. ; 

,- .,·. 

. ··' ·~ 

The extent:- of exchange was indicated oy ;the . 

•: · ... ·. 
,. ' t.--· 

, . .;·· .,_·,'. 

' :-. 

'•. ,· 

· ..... · 

·:-·. 

·appearance of additional hyperfine structure at lower f'i~lds as well - .. ~ .. 

as by the change in intensities· of the lines being followed. The initial.-----

intensities of the two lines being followed were obtained by· extrap-..;; 

olatiiig.·:; back to time t = 0. The corresponding initial concentrations 
,. ' ,• . . . '· 

·/ 

·, ... ·' 

·; ..... _ 

. . 
. . 

-·_of the two species were:.ealculated from- the total concentration of 

complex present anci the ,natU:X.al abundance of c13 which ~s 1.108%. . . . ; . :_ .,.· ··.~ '· 

. . \ . ' . . . 

The solutions use~.for 'making glasses were: H20-Me0H .mixtures ., . · .. 
:'· •. 

J..XlO ~3 F in complex. Samples were placed in Varian quartz sample < 
,. ;f. • ,, ' ••.. , •, ~ 

';::"···: .··; 
. ·.· . . : .. \ ' -.~ 

. ,tubes (3 mm'I.D. thin-wall)~ and "q~ick frozen'' by rapid. immersion' i~· . '; - _-,,. 

liquid nitrog~n. _ The. sample tube wasth~npla~ed in the cavity and .·:; ... ,· 

;. 

kept cold by ~as sing ?old nitrogen gas through the quartz dewar in the' .-' ' " · -· 
,· ' : I ·.'. :~. ~-~~'' 

'.· cavity~ The cold gas was obtained by boiling liquid nitrogen_ in a· , .. ·· .. : .·· 
., . . . ..... , .~ 

storage dewir, the rate of boiling.be:i.ng controlled by.the power 
. . . . . ( ·: . i . :, ~ 

dissipateai:in a resis-t;or suspend~d..,,in the liquid ni\roge!l. At the 
i 

· · highest g~s flow rates the temperature of .the samplei_in the cavity was·_·. 
'( 

. .. ·. -: . . ·r . 
:·.within 10 °tJ of the boiling point of liquid nitrogen .. _, -

' .. , :~ ·, ·, -. ... 
-~ -: .... ... - . .,. . 

... • ~I .. • -~ .. ~ ·. . 

• 

- 'I 
A' 

.. : ·-.. . } . . . . . . . • ' . '. . .. ~ '. . ,.' i~ . . ' . . . . >.- : ~~- -~t-; . <.., -

The glass spectra were taken with a Varian.V-4500 X-band spectra-· '>;-:'7·:_,· .. 
I,. . . . • . ' - ·• .•• ·.· 

·' 

m~ter using 100 kc fieid modulation a:nd ·a v-4531 rectangular cavity. ,. 
·'l_· :- . . ' . ·.. • . . • '. . 

The magnet~c field .was supplied by- a Va~ian 9..:~nch magnet with· .. 

. . ·; ... ·. .· ·'·. 
;_,•'.._ .. -

~. . .. • ; I ~ .:--·: 
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'•\ 

nFieldial" regulation. · Spectra were recorded with an EAI x-y recorder 

so that measurements of differences in magnetic field could. be made 

directly from the.recorder graph paper. Absolute magnetic field could 

be read directly from settings of the.Fieldial to within 10 gauss, but 

more exact measurements were made using a DPPH reference sample attached 

to the sample in the cavity. The frequency of the Klystron was measured 

.with a Hewlett-Packard 540B Transfer Oscillator and 524C Electronic 

Counter. Using that frequency and a g value for DPPH of 2.0036, one 

could then calculate the magnetic field at which the DPPH signal would 

occur. Typical spectra.taken in this :manner employed calibrated sweeps 

of 250 gauss and provided field measurements estimated to be accurate 

to within 0.5 gauss. 

. . . )+2 . ( ~-:2 B. Cu(~2L6 and Cu NH3.L6 

The source of cupric ion for all experiments was G. Fredrick 

Smith Cu(Clo4)2 ·6H2o which was used without drying or further purifica- · 

tion. Perchloric acid solutions were prepared by diluting Baker and 

Ada.mson reagent gra'de 70% HClo4, . lot No. W282. Standardization of other-

samples from this same lot gave a concentration ofl1.73.:± 0.03 !_HCl04 . 

Stock solutions were prepared from known weights of the hydrated cupric 

perchlorate and known volumes ofthe 7o%·HCl04 . 

The heavy water used for some experiments was obtained from Stuart 
. ' 

Oxygen. Company and was sp:ecified as containing :99.4% n2o. Solutions 
' .· . . 

were prepared in the same way as those in regular water. . Some isotropic 

dilution was introduced from the hydrated cupric perchlorate and the 
•:.'. . ' . ' 

7Cf/o HClo4, but all samples contained at least 96% n2o. 

Water-dioxane mixtures were prepared by adding known volumes of 

Eastman white Labie p-dioxane to solutions of cupric ion· in water. 

.. 
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.. Samples .of cupric ion,in l:-~quid _ammo:nia were prepared in 3 mrn O.D. 
. . . . . 

PyreX tubing:. An aqueous· solution of cupric perchlorate containing the 

·'desired amount of cupric i~n was placed in a 6-inch length of the 3 min . 

tubing. The sample tube was then attached to a vacuum line and all the · ·. ·· 

solvent removed. Ammonia was then distilled into the sample tube and ·. . . ·-~ .· ,. ' . 

frozen with liquid nitrogen. When the desired amount had been collected, 

, _ .the sa."TT.ple tube was sealed with a torch and allowed to warm to. room 

temperature. A sample: of cupric ion in a mixture of ammonia and tetra-

hydrofuran ( THF) was p;epared in a similar way. A solution_ of cupric . 

perchlorate in THF. was placed in a 2 mrn Pyrex sample tube and attached 

to a vacuum line. The· solutionwas frozen with. liquid nitrogen and 

ammonia distilled oyer· on top .of,. it. ·.·.The .tube was then sealed off 
:.f·:: .· 
:- ' 

with' a torch and the sample allowed. ifo warm to .room temperature. ·All 

the sample tubes withstood the pressure ·of ammonia at room temperature. 
' ... ' . ~\:, 

The solvents used were .Matheson reagent grade ammonia and Matheson, 

Cole:rnan and .Bell .Chromatoquality tetrahydrofurari. 
\ . -: 

., . 

'' 
Ali measurements were made with the Varian X-band spectrometer arid: :· 

. . . . ' ·~ . 

,.·, 

>, 

i•'. 

.··. • ... · 

~. ; .. 

Fieldial magnet as described ea;lier ... Spectra were recorded using the · \· <·· 
·._, ··_;·, •.' 

x-y plotter ~nd the calibrated Fieldial sweep rai).ges. Differences in 

. (. 

magnetic fi~ld were determined direc~ly f;om the '~.~y 'plots for mea~ur~ • .:';~-~.. . ~ ·· . ' 

ment of line widths. and hyperfine coupli~ constarl'ts·. 
. . . . . ~ 

The g value 
' ;. I! 

measuremen;ts were made relative to the signal from\a DPPH sample in 
. ~- . 

t.. 

the cavity as described earlier. Temperature contr61 and measurement 
_ .... _; .,.;- . 

.were accomplished as·before. 
,., .. ¥ 

Par.ticular care was taken to balance the· 1: :. ;; : · 
-~~ . ,: ": ~; ;~: .. -; ;· ... '. ::-' >'-' . 

bridge and keep· the Klystron frequency ~djusted to the res'oriant .frequencyi::::·:·.:.,: -··/. 
( - ~ '·. ~ 

of the cavity for measurement of. line widths. , No pow~r saturation was· .·: ·: ·. 
- . . . . . : . 

·, / 

detected at·the power·levelsused. 

I.·. 

. .. 

~ ·. ', 

'· 

· ... ·:. 

........... 
~- · .. 

.: .· 
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~f.t 
Preliminary spectre;.\"were recorded displaying the entire spectrum. 

Line widths were measured by recording only the single line of interest. 

on an appropriately expanded scale. Each line was swept through and 

recorded at least once in each direction. Line widths measured in this 

way were reproducible to within 1% for all but the weakest lines. 

Measurements of field separations for determining hyperfine and g values 

were carried out in the same way. Each value reported is the average 

of several determinations. 

Varian quartz sample tubes were used for studies of aqueous 

soiution glasses. Some difficulty was encountered from sample tubes 

bre~~ing, both during quick-freezing to liquid nitrogen temperature 

and while the s&~ple warmed Up after an experiment. Aqueous solution 

sa~ples used above room temperature were sealed in Pyrex melting point 

capillary tubes. Allowance of sufficient space for expansion of the 

solution at elevated temperatures and careful sealing of the sample 

tubes result~d in samples which could be heated above'200°C without 

failing. 

Samples of cupric ion in 5.26 ~ HC104 solution were found to be 

unsatisfact6Jty for line width measurements at elevated temperatures. 

Signal-to-noise ratios were poor and the lines noticeably asymmetric. 

This was presumably due to the high conductivity 16ss of these solutions • 

Solutions 0.1 ~in Cu(Cl0~)2 ·6H2o and 0.1 ~in HCl04 were found to be 

satisfactory over the temperature range. s.tudied (up .to 200 °C). 

Preliminary glass sp~ctra were taken for. aqueous solutions 0.001 

to 0.1 ~ in cupric ion and ranging from no added acid to 70~ HCl04. 

Tnere were marked differences in the sharpness of the spectra. With no 

added acid only a single, broad, asymmetric resonance could.be observed. 



. . .. 
• .. 

.. ·:~. . . 

I 
:.;~ 

-< ..... 

. ; ...... 
: ·~ '\. , . 

~- •\ 

'.· ... 

." ,.-·_ 

· .... '_·,,. 

-:.· 

. '. ~ ..... 

· .. ·. 

- ·.·-

.. : 

-22-

With the .solution 0. 5 !: in HC~o4, one could start to resolve the · 
'. ' . 

. >:parallel hyperfine band edges; ... Good, resolution was obtained ,with a 
_,.· 

; ·.: :.·· .. 

solution 5;26 !_ in HClO~. aD:d no.: improV"ement was .foUnd with 70% HClo·4. · · . ._, ·: · .. , 

. ... The sharpness of the spectrum· was· r~latively insensitiveto the c(mcentra.:.: .. i· .• ~' 

tion of cupric ion )'l'ithin thec~ncentrationrange mentioned above~ · The· 
', ~ . 

'. . '· ' . 

g and A values. were the same for the spe¢tra where spectra could be 

.·•, resolved, i.e.' . for acid concentrations greater than 0. 5 !.· The solution ' 

, chosen for the aqueous.gl~ss- studies .~as· 0.0052 !_in Cu(Clo4 )2 ·6H~6and. · 

· 5.26 !_ in HCl04· This particular solution. is· a water-perchloric acid 

eutectic which fre~zes; at· -5·6 °C_, 79 making it useful for; solution studies 
··-r . . . . . . -.. ,,. 

,., · ... ·:···· 

: · at· lower temperatures .. 
.·. 

· Gl~ss spectra in J?u:r'e ·ammonia were:poorly resolved; · The spectrum 
.·, 

·of cupric ion in an ammonia-THF glass .showed more detail·, and was used 
. . 

. ·for determining the a~isotropic g ~n(A yalues_~ ·The · spec:trum of cupric ·.· 

.·ion iri ammonia-.THF was· in· good agreement with, the ·features of. ,the· 

. .. spectrum in pur;e • ~o.nia whic~ .could .be resoloved in th.e glass> In' 
•':.. ·.. . . .. . ' ·. -~ ··. __ ;:..:·; ..... 

. addition, the isotropic: g···and .!~:·values m~a:sured in~ solution were the 
' '. ~- ·. :;! .. . . . . ,. 

same for both the pure and mixecl .. solvents: 
·,, .· ,_,.· 

At the h!gher t~peratu~es __ where ~nly a sing-~e. line was 
'•; . . . . . : . 1 . "'· . 

in solution,: it was necessary to ·correct the appa:rlent line width for -'>. 
. . ~ ..... ~- . - .. ' ·. . ., ' . . . . . 

.' '· 

.•·. 

~· ; 

, .. 
·, 

the unreso1~ed hyperfine structure in order _to .get'\the. true line width_· ·· .. . ·.'····· ... 
. . .··. · .. '. -~- ·: - . . 

.. and relaxation time for the complex. • In :the .temperttture .range where 
~ - . 

.· -• 
... 

hyperfine structure was discernable~ it was necessary to correct the 
'">'- .·' ' 

·~ . . 
. :. ~ .:: .' .. . \v. 

~. 

apparent. line widths for .,contributions from partially\ overlapping line's ~ ... 
. . . . .. . ' ~;-

These corrections were made with the .aid of simulated\pectra computed . " ,!·':,'· · 
'80·* 

and plotted using D.H. _Levy's. EPR. rv.· computer program. 1. Simulated 

~*:.The autnor .. wishes .to ·thank Dr· .. Levi for. the us·e of his program and 

computer deck. 

,_· ,'· .. •,•, 

... : .. ,. '.'• )·. ·. 

· .... 
,· . ·, 
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first derivative spectra of four equally intense Lorentzian lines spaced 

a distance A apart were computed and plotted for different values of 

the component iine width, ~. For values of the ratio 6H/A greater 

than 1.5 the spectrum consists of a single line whose overall width 

could be measured. In this way one can correct the overall line width 

observed to obtain the true linewidth if the A value is known. 

Similarly, for values of ~/A less than 1.0 the partially overlapping 

lines can be corrected to give the true line width. This method is 

less accurate than comparing experimental and computed spectra and 

adjusting the input parameters until agreement is obtained. Since the 

present method depends only on the ratio of the line width to A value 

and need be computed only once, its use is much less time consuming 

when many spectra must be analyzed. 

C. FeC14 
:: :. . ·. . ·. . . ; 

Solutions were prepared using weighed amounts of ferric perchlorate 

or hydrate ferric chloride and known volumes of concentrated HCl or 

HClo4. The fEtrric chloride was Baker and Adamson reagent grade 
i 

Merbk reagent HCl, specified as 37.0-38.0% HCl, was used 

and was assuilied to be 12 F in HCl. The ferric petchlorate was 

:G. Fredrick Smith reagent grade, non-yellow, ferria perchlorate in 

excess HCld4 . It was found that this sample of fer±-ic perchlorate 
>; 

contained;hoticeable amounts of :manganous ion •. A solution 0.;1. F in 

. ferric ion and 1!, in HCl04 gave a room temperature i?R spectrum which . 

consi~tedof a single broadresonance some 1000-gauss wide with a 

six-line spectrum superposed. The A value, line width and line width 
. 1 

variation with hyperfine component were characteristic of aqueous 

Mn +
2

. Appro);Cimate intensity comparisons indicated that the Mn +2 was 
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: ... 
; ·. 

,-·;::-::_:· .. -:;· :.,: ... -;.·_ ·· ... ,· pr'esent as·a.•;level.i~:r·.~~uro~imately. 5 .. parts in 105. relati;e to _the· ' .. 
' .· ·~· .... ; ,_·,~·· .-·~~ -.~. ,,· .. ··<·:··~N".·•': ., ~--. :;..:-:~;: .. <• :,, ... : '',; .,·' ,'>; ':• ,, . ..:·. 

. ·.;, 
' 

' '· ' ... Fe~ 3 . '< No_ int~~fere~c; fr~;n~ th~ Mn ~2. was . noted . in the glass spectra. . . . . 
~. :. 

·: -~. 

' .. 

.... : :' 

. ' .. ' 

·' .;· 

_,_,·· 

; 9ain:Pies for the glass ~pectra_wereplaced in Varian quartz sample . 

"· tubes as in the earlier glass experiments . Spectra and field measure-· 
. l ·.-~ 

.· ' ' . . . 

· ·. · ·. ments; were taken as before. Apparent g values . were estimated to have _ .. 
·:.' 

an accuracy of i%. ·.· .. 

,' 

. _ ·D .• cr(!lgo)63, ··c~cl(H2~;2 
and crcl2LH2~4 . _ 

it has: be·~~ foun~70, ~l that commercial hydrated ch~omic chloride~:·\ 
; . . -· .·. : . ' . .. . ' ::: 

. ·· · . .::. . . ~. 
·.;;-·. 

·-' 
-~ 

·. ·• .IV 

.-.. ,:,: .. 

: ~.- .•: . 
·, . ~ . . 

" . ; .. 

CrC~.'6H2o,. is' p~edo~in~ritly a mixture of the cis. and trans .isomers of' '· ,:'· '.::". 

:·:. ·:the dichloro c~mpl~~'::·crcl2 (H2o)4·. -The·. o~iginal·m~thod ~:f ·purification!1·:~:-·:. _>': .. 
.. ·.•. ·, ;:_.: -~~~ 

,·, ._, .. ·· 

. ,: . ~·· . 
''·'· 
.•' .·. 

was to. dissolve the complex in 3- !:_ HCl, .saturate ·the solution with. 

addi tionalHCl, ~nd. '~oilect the precipitated green crystals. · This was 
· ... ._ . . ';; . : ·., ···; . . .. · . . . . ' . ' . 73, ,. 

-.found to give a single complex characterized as the trans isomer. · _.· ·._· 
. . ." '·. ', ' . . . ,. .; ~.;: . . . . . ' . . 

·. \ ,,--·· ·: 

., ·;~ 

-.l-'.: 

·, .· 
'· 

. The solution from which: the trans isomer .was precipitated yielded the 
. ~ ' . .~. ''; .·.·· .. · 

:.:-- .. 
,' ... ··.·: ·.,. . _·.cis isomer upon.further~t~e~tm.ent. 73 .. Both isomers were found to be .. ,' . ~· :~~~> · .. ~;~ .. ·. :;, 

. . ' ; ··,·_stable over long period~· of t~e in strong. acid. 74 . Both isomers. were . :·;c.· .. · · ·- · · · . 
... '.·.· ~ .·· ' . . . . . ·... . . .: . <.:.·"' t_.:·:·~ ·.·.:~·\,.' \: ~~ '' 

· prepared iri this way from reagent grade chromic chloride,· washed with~·.; ·i~ • . . . ~· 
--·.:. 

· dry acetone a.bd ether; then dried and stored in a destcc:a'tor. 
. I . . . 

. . Solutions prepared. from the. compounds were in 5~1:2 !:_ HC104 • 
"' 

. '-.•. · .. ·~ ' 

..... ·< .. ; . 
~· '· .. - ' ~: 

The mohochloro complex was prepare(!.·by
1 

allowi:ttg a solution. of th.e 
~ . . . . 

'•' 
.. . ' . . I ' . . . : ,~_. •: :.; ... :- I .. ;_·.: .. ·' ·: 

dichloro complex in· 0.1 !:_ HC104 to stand. at room temperature. for· 24 hours~ ... < .-. ·· ~ 

This has been found to. give primarily the. monochloro .. complex. 72,74 · The ·· · . 
. '. .jl 

·complex was then re-precipitated, washed with 'd.ry acetone and ether, and.,_· ....... 
. ... ' •.. .' .. 

. stored in a descicator. Solutions of·_ this complex were also in .. ·: • 1·.: .. 
"' 

''· .. 
. · . . ' ~ . : · .. 

. ,5-12 !:_ HCl04 .. :. ,. . .. , ,. . ,. · · ·.,;:; . . . 

The cr(H
2

b)(s3 s~lutio~s,.: w~~e: pr~~~r~~· ~ith, G; .. F~e~;ick 
.:J' . 
' ','.. 'r 

·. .. ''·. ...... . . . . . -~ . ·, ' 

Smith · ·· · ·· , . ._.. :-·: 
•• r, . ~ .. 

.. ; •·' .· ,._ 
~ ... 

. reagent grade hydrated chr9mium perchlorate in· 5~12 !:_ JIClo4 . · 
··· .. · .. ·• · .. ~. 

~ ~ . 
. ·. '•·. ·~ .. ; . . .. •·.· 

:.-. ;,_._ . 

. :.- .. ; 
.. ~ ·: 
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Glass measurements were mad.e as before and the apparent g values 

determined relative to a DPPH reference signal. 

the 
. -2 

complexes used were 10 

. '·; 
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~·· 
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. :' ·;' 
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' '' . I 

-3 10. F. 
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-' IV •. RESULTS AND DISCUSSION 

. _.' 
. . ., ~ ., ' . ··. ; ·' ~. 

. ·:,.,. 
. ' ~~ .... ~-

.. ........ . ,:'.: ~ .. .. -~ . 

1. -. Isotr~pic Hyperfi~e'As~ignment 

. ~"'· . 

. ·-·. ; . ,···' 

',:.'·· :.·.' 
. ' . :.~· . ' - / 

. '·~ ~·. 
, : r .. '· .. 

; ... 
. ' ... 

·-.. ~. -~ , The assignment ·of the hY,Perfine structure in the ESR spectrum of :- . 
.. ~ . . . . . . . ' . . . . ' . ' ' ·. . 

. ; \,/'' 

· .. '.; :: .. 

- ·-.,_., 
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. ~-... ·. •: 

./, .. c:r:(cN)
5

No-3_ in sol~t:L~-n .;ithout isotropic en~icbment is now well estab~ -·· 

".; , _' li~hed. 20 ' 21 There remains signi-ficant variation a.mong the co~pling .·.-·. 

:.-· 

constants reported prev:i..ous1~, 16 ,l9-21 as well ·~s between those yalue~ and 
. . .. 

the ones obtained in the present study. -.. Since some determinations of 
. . ..~ 

' the .. axial c13 coupling constant depend· on values for the other coupling_/ . ;:_ : . .' 
• d ,. . - .- - : : . .' · .. · ·, ... - • > 4 . '• '. 

·. consta~ts, it was necessary to check the. values for ~ , c13 and Cr53. ··-.. ;. : .... 
e . 

. ~ : . 
. ' 

The existence of sizeable second order shifts in. the positions of some .. ,.< 
. ,·< lines, as pointed out ,by. Hayes,l9. req_uires· particular care in :determirii·~~ · 

·.· . ' ; . . ' ' • " . . ·, ., I ' • . ' : '• 

:· coupling. constants. · To facilitate the labeling of ·lines in the spectra,··-

-: '.;we will employ the us,;ai coriyenti~n for solution: spectra :which 'treats all:: ; 

- ::hyperfine ·coupling :constMts ~-:;: po~itive in sign; 
J • • : • • • ·:··;:.?. . 

:rhe dominant. c-entr~l tri~let in .the solution, spec~~; Fig. 1, . is • , . 

assigned to the interactionof th~ ~4 (I =1, 99~6% abun~ant)nucleus· ,\·-~-
~ ' - . -~. . . , .. . + ' . . • ·. .· •. .• ·. . . . ' 

·of the NO ligand with the. unpaired electron in the com.Plexes containing . '' 
' ~ ·, 

chromium isotopes of zero. nuclear spin. ·.The- symmetrically c'risposed lines·. 

of lower int~nsity are assi~ed to th~ s~e ~4 splitting .in complexes .. 

·also co.ntaihing cr53 '(I = 3/2, 9·54% abundant). The.·lines indicated by 

..... · 
• !,·. :· 

. . . . . . . 

-a;rows. in Fig. 1,' howeve;,: were firsta'ssigned by Hay~s19 to interaction . . . . . 

·;· : "Ttrith c13 in the .·cyanide ligands in complexes with ze~o spin chromium 

! 
jl t ·. -:. I 

~ ;..- _... I 
":'A, o •, o ,<. 

. :-: .~.· .'· .. ·.·. . 

·isotopes. This assignment. is s~pported by our. observation of the corre-::":·· ···:·.: :·· j 

·- .·· sponding lines. expected f~r the. naturally abundant c13Nt i~ complexes ·.:: .. · <' 
1 

containing ,cr53·as indicated by the arrows in Fig. 2. Further confirmation 

.·.·. 
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of this assignment was obtained by exchanging cyanide in the complex with 

c13N- in solution. The result of partial exchange in a solution 0.02 F 

13. 
in complex and 0.1 F in 55% C NaCN is shown in Fig. 3. The only altera-

tion in the spectrum compared with that in Fig. 1 is an increase in the 

intensity of the lines assigned to the c13 interaction as· indicated by the 

arrows. Similarly, the spectrum in Fig. 4 shows the increase in intensity 

of the c13 line for complexes containing Cr53 as compared with the spectrum 

before exchange shown in Fig. 2. · . In the spectra for naturally- abundant 

c13 (I= 1/2, 1.108% abundant) onewould expect the intensities ofthe 

lines due to c13 relative to those for c1~ to be different tlepending on .... 
the number of equivalent positions for the c13N-. If one were observing 

only c13 in the axial position,. that line -should have 0. 56% of the inten- · 

sity o~ the c12 line next to it. ·If only the four equivalent equatorial 

positions are being observed, the intensity should be 2.2%. If the axial 

and equatorial positions .have the same c13 coupling constant, then the. 

intensity would be 2.8%. Although it is possible to rule out the first 
' . 

alternative on the basis of ·the observed relative intensities, ·it was 

impossible to choose between the .latter ·two situations because the inten-

sities could not be measured that accurately. 

Table I lists the positions of the lines in Figs .. 1 and 2 as the 

. proton r~sohance frequencies observed for the corre
1
sponding magnetic 

(',' 

field. The lines are identified by the .MI values for the particular 

isotopes present in the complex, assuming positive vaJ.ues for A iri every · 

case. Line widths are given for 'the principal lines.' The average 

uncertainty in the line positions was estimated to be 0.2 kc. (0.05 g~uss). 
' ' . ' 

. I 

Within the experimental uncertainty of ±0.4 kc. (0,1 gauss) in the 

measured line widths, it i~ apparent that the low field cr53. lines and 
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the central triplethave the same line width of 5·9 kc. or 1.4 gauss. The 

cr53 triplet at h~gh field is composed of lines whose average width is 

6.9 kc. or 1.6 gauss. This variation in line width can be observed in 

the spectrum in Fig. 1. It appears as a difference in. derivative amplitude 

for the high and low field triplets. Since, for a constant concentration, 

the amplitude of the derivative of a Lorentz:lan line varies inversely with 

the sq_uare of the line width, small var:Lations in line width are easily· 
. . . 

detected by observing the variation in der~vative peak heights. ·The 
. . 

probable source of this line width variation will be discussed later~. 

From the line positions listed in Table I, it is now possible to · 

calculate values for the isotropic hyperfine. coupling constants A(~4 );·. 
A( cr53) and A( c;3). . The separation betwe~n the ¥4 ~ ±1 compo-nents for · ... 

. 4 . . . 
each of the three res~lved triplets. is. exactly 2A(rr ) since the second.:~. 

•' . ',' 

order terms cancel. . All three sets of lines give a value tor .A(r?-4 ) oi 

5.27 gauss while tJ:le. estimated uncertainty in each is 0.05 gauss. In a: 

similar manner, the d:lfference ·.between the positi~~ of the V.4. = +1 line_ 

in the low and high field triplets for Mer =·±3/2 is·exactly 3A(Cr53) 

since the second order. terms again canGel. .. The difference for the · · 
_. ... , 

.'' . .. :, . .. 

V4 = o,. -1 components was also_ checked.- The .three values obtained for. -;< 

A(cr53) were 18.39, 18.~8:andl8.·3~ gauss/so ~e riave taken an average .. 

-value of 18'.39 gauss with an estimated uncertainty of"0.05 gauss. Two 

methods fo~ calculating A(c13) were used. The difference between the 
. . .e. 

. . 

positions of the first and last lines listed in Table I is exactly 

- 3A( Cr53) +' 2A( r?-4) + A(c13) •. i Using the values for A( cr53 ) . and A( rr4
), . - . . . . . .. e -., . . . . . ..-

one the-n .calculates a v~ue for A(c13) of 12.66gauss with an estimated 
. . , .. . e . 

uncertainty of o. 2 gauss. The ·second method. of calculation is to use 

· the extreme. lines of the spectrwn and those 'immediately adjacent whic_h 
1: 

·· .. ;'' .·. 

·.: .' 'l, 

,•.,'. 1 • ~·· 

. { 



........ ·, 

·~· . 

. are not spiit ~Y c13. This splitting is 'close to (l/2)A(c!3h.but must be 
. . 

·corrected slightly for the second order. shifts in line positions. The · . ·' ' . . ' 

·· .. · ·. corrected Vqlues for A( c13) obtained from the low and high field ends . I 

. . .. . · .. : ::. -·~¥t~.: . . e - ·. ·. . . 
. of the spectrum are 12; 61. and 12.66 gauss, each with an estimated uncer-

tainty of 0.2 gauss. We have taken an average of all three values for 

·.··. A(c!3 ) and gotten a final result of A(c!3) = 12.64 ± 0~2 gauss. 

·The first method used to distinguish between the axial and eq_uatorial 

c
1

3_co'\lpling constants was to record the solution spectrum of Cr(CN)
5

No-3 :' 

· which had been synthesized using 55% c13 enriched NaCN. The central port:i..'on : •· 
. . 

. of this spectrum is shown in Fig. 5. The high and low field ends of the 

spectrum were ·observed with very high sensitivity and the positions of.the 

first and last ·lines in the spectrum measured. These lines were found to be :;.:_' 

124.8 ± 0.2 gauss apa;rt. These lines would be for the spec:i.es 

.. Cr53(c!3N)(c!3N)
4

No-3 and their separation should be exactly 

3A(cr53) + 2A(~4 ) + 4A(c!3) + A(c!3). Using the coupling constants 

determined previousl;, 'one calculates that .A(c~3) = 8.55 ± 0.4 gaus~ .. :· 

.· •.. 

.. Moving ·in from the outermost lines one wou?-d expect to find next a line';.·· ....•.. , 

due .to the species with four .. c!3located 4.3gauss iii from the outermost.:-·:_·' 

. line and with ·an i!ltensity 1~ 6. tilnes that of the outermost line. Two 
... · .. ,·. \ . 

. gauss' furt~er in should be:• .a line:· fo·r,:the specie~~~ with three c!3 and one ·, .' . 

. ·. c!3 havinf.: an intensity 6.'4 .times. that ~f the outeFost line. Just such·· 

a patter:rf was observed at both ends of the spectrum. ' The measured inten.:. ,;, ··, 

'sities relative to the out~;mo~t'line for the lines' due to three c!3 and · .. : 

.. one c~3 were. 5· 6 a·t. t~~ low field e~d ~f the spectru:m and 7. 2. at the ·' · ..... 

high field end. This is in .. satisfacto~y agreem~nt with the. ratio of 6. 4 .... 
. . 

predicted for 55% c13 ~ ~ ' ' 

As ..J.ill be discussed in Sec •. Dl.A.3., exchange experiments in 
L· 
'' 

. I 

... •' 
! . ., ... 

i) 

' ·.· ~ .. 

/ ;y 
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:~ ' 

·solutions with ~dded acid-exhibited accelerated rates of exchange for 

the ax:Lal cyanide position .. A spectrum of the .complex resulting from 

par-t;ial ·exchange in such a solution is shown in Fig. 6. This is the low·. 

< field par~ of the spectrum showing .the hyperfin:e structure for co!l:!Plexes . 

. containing both Cr53 and c~3 as is shown in Figs. 2 and 4. -The line due 

to c13 in the ~ial position. (line no. 3 ·in Fig. 6) is now q_uite prominent 

and can be used to obtain a. value for A( c13) directly. Using the position . . ·. . a 

. ·.of this line and the one for the uilsub.stituted complex (line no. 4 in 

Fig. 6), one can again calculate the corrected value for A( c13 ) as was . . . a 

done for the complex with a single c~3 ::. In this way a value .of 

8.93 ± 0.2 gauss was-obtained for A(c!3). Comb.ining 'this value with the 

value-of .9.55 .± 0.4 gauss obtained from the resolution of the' fully sub-. 

stituted complex,. we have !3,ssigned the axial. coupling co:r;1stant a 'value 

of 8.80 ± O; 3 gauss~ 
. ' ' 

A summary of our coupling constants >and those ·reported previously 

is given in ~able II, as well as the recently published. values of Kuska · _,. 
. . 28 

·and Rogers. 
. . . 

Early in ,our atte!l:!Pts to obtain predominantly axial substitution we 

26 j: 
learned that axial exchange is more rapid in some. non-.aq_ueous sol vents 

Since some difficulties had been ehcountered in dimethyl-. · than in water • . 
. 2£ 

sulfoxide, " we carried out the . exchange in N, N -dinfrthylformamide ( DMF) 

. l 
and found ~lmost complete axial exchange 

I 

tenrperatute. · The hyperfine coupling consti:!Dts f~r the complex in DMF we're . . . . . 

measw;ed and found .to be within a few percent of thos~ obtained in water •. ·· 

It was found that upori diluting the DMF solution 5CY'/o with water, the 
! . . . 

coupling constants were again the same as in aqueous solution.· It was 

also observed in DMF that the widths .of the low field .lines and those 

I 
· .. :J .. 

; . ., 

:·-'. 

:~ .·f·:~~-. . 
'',, 
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·.-.··Table :r~; ... : J:~9tropiq · Hyp:~;rf~ri~'.qou:Pling 

.· _ ·· -. :' 'A~o¥·.qrlc~);No-3;~~- ~() _ 

Constants 
_ .. ; 

.. ···:,' 

' •• • ·d •. -,-

" -~ .. - .. ·-

··- .. · • -Q~antity ·. ·. --~is. work~T · 
·' '(gag~sr · .-_ .. -.• -

.· . . : . _·_.· 28 
Ku~ka & Rogers · ·Previous work 

(gaus~). 

.. •·. 
,: .. __ ,-

_";i._ 

·_·,· A(~4)• 

· .A(cr53) 

· - A(c!3J · 

A(c1:?) < 
a 

. -. 
. ·- .·- : .+;~•·::?9iQ:.-C)5i ;1 ;;:-}, .. 

• (gauss) 

.-.-- 5. ~ 6±o .05 

iS. 4~±0.05 

5· 4
20

' 5· 45
21 

18.520,21 

. .. . . :~:~::;\,~"~k~j;j~~··r.:::~:: ::0:5 ·· ... · ... · ···1.·::~:::,
21 

·-. ·'.-':_;< .... ~--· :· ·. : .'}~.;--(· .. -. 

·in the central triplet·:we,~e-'th~. same. (L3_gauss) while the widths··of the · 
.· · .. ~-- ·---'-i."'·-' .. ·:. _,._._._\~ ..... -~ :: . . ·.- ·• .... ,.•.··-~ -.:;~- .. ·.-:_;,.'- , ...... ·. ·-· .• 

.. -~-: '." . '.•,": ' 

high field lines. were g~ea::ter,{1.9 gau,s~) ~s had peen the case in aqueous 
. . .. " ' .. " ' ·- ., . · .... ,:·" . .~ ·, ;. ':::·)-. ' ·.. . :• 

solution. . The. coupl~ng const~t:s< iii:.·pw, ~;re giv;en in Table III • 

. _..; _ . .-: 
' . : ---~: . : ~. -

; ... . _,,:··_. _;, 

TabJ,.e J:IL Isot;rop:i,c Hyperfi!le Qoupling Constants for 

. ~-" . 

' .. · ___ ·, ' ' ... 3 . ' ·-·. ·._ 
· .,_Cr( G,N)

5
Np _ • ~p _·pMF. - ·,' 

. . . . . . 

A.(rfl4J_': 

A(cr53_) 

A(cl3y 
.. e 

A(c13r a . 

.. : '·: '. 

.· ·•.·" 

''· ......... . 

; . . 

5.54±0.05 gauss 

:L8.69±0~.05 

12.73±0.~ 

·_ 8. 93±0. 2 .\ 
.,.f)~:;' -\--

The general featur~s of. the ·;m~R-pare.meters for the Cr(CN)
5

No-3 

''' 

.·. _, ... 

. ::. 

. . . · .. · . . . . . 18 81 
·.' . · .. complex ion are consistent "'~~h tJ;le proposed bonding schemes. ' These.· . '. 
·,·-: I 

place the .. four spin-paired .eiectrons. in the e( d · ·)·.orbital, while· the 
.· . ·· .. __ , . . xz,yz .· . . . 

single. unpaired electron bcc~p~es the nort-bcmding b2(d ) orbital which is . 
. _- ... ·- •. -.· ·_ .. ··•·. ::- , , .. . ·. xy . . . . 

directed in the equatorial plan~ •.. If' the axial ana, equatorial metal~carbon . 

. .. ·., . 

l_.:: 

' ....... 

. '. 
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b. t t ( ) -2 82 ond leng hs are vir uallythe same as in the related Fe CN 
5

No complex, 

one would expect the directional characteristics of the orbital for the 
. ' . . 

W."lpaired electron to be reflect.ed in the axial and equatorial coupling 
. . .. · . 28 . . . . 

constants. As Kuska and, Rogers po~nt out, however, there is also the 

effect of the mixing of ligarl(iorbitals with the b
1 

(dx
2

-y
2

) and a
1 

(dz
2

) 

excited states. The bl. state. can mix with. orbitals on the equatorial 

ligands whilethe a.
1 

state miXes with orbitals on axial ligands. If the 

b1 e:x;cited state lies lower as p~edict~d, then this could also contribute 
. . . 

to the larger equatorial ligand hyperfine interaction. Thus, from the 
' . . . - . . . . . . . . 

hyperfine and b.ond length information at hand, it is not possible to decide 

whether the axial Cr~C bo!ld is necessarily weaker than the ·.equato~ial Cr-C 
. ·. . . .. ' 16 21 

. bonds as suggested by Bern:al a:nd Harr~son. ' · ·· 

2. Anisotropic Assi€mment .. 
. . 

In order to exp;L~j_n the varie.tion of line width for different hyper-

fine components in the solutionspectrum of.Cr(CN)
5

No-3, it ~as necessary 
. . 

·to obtain estimates for the anisotropies in.the hyperfine interaction and 

g value. Although sin,gle c;ystal studies are more accurate and can 

potentially yleld moreinformation and resolution, spectra of randomly 
. . . . . . '\ 

i 

oriented species are much more readily obtained. :The theory for such 

spectra in .~he . case of S = 1/2 w.as discussed in thle Introduction. · When 
. ~ 

applied to;o the present case,· ther,treatment will give a parallel spectrum l . . . . t 

at higher1field than the perpendicular spectrum. AJsumi;n..g axial symmetry · 
~ 

for the complex, we ca~ describe the spectrum in te~s ·of parallel and 

perpendicular componer1ts for each quantity whOse isotropic value is given · 

in Table II. 
., . ·:: .. . 

The spectrum of Cr(¢N)
5

No..:.3 .in a frozen E20-~eOH glass is shown in 
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Fig. 7 .. The positive band' edges at ·the .low field end of th;r spectrum . 
' ·;~~~;~ :~~~:~ 

are assigned to. the ons~t 9f absorption for ·complexes w:hbs'e.principal ' 

axis is aligned perpendicular to.the external magnetic fielq and comprise 

·· . the perpendicular spectrun:;. The dominant three .l'ine spectrum is assigned 

to the ·interaction· of the {mpaire.d electron with Wl-4 of the NO+ ligand. 

· .. T'ne spacing between these lines gives a value for A_L (~4 ) and the three 

lines are centered. about. the magnetic 'field corresponding to gl" 

of lesser intensityappearing at lower field are assigned to Cr53. 

The lines 

Since 

no lines are observed below these in the spectrum, this group of lines is 

·.assigned to the. Mer = +3/2 component. The spacing between the. line 

appearing at 1dwest field and the low field component of the i:q.te!).se trip.:. 

let is then eg_u~l to {3j2)A(Cr53). ·It will be convenie.nt for later 

discussion if .we convert these coupling constants from gauss to. em -l ·, 

using the e,ppropriate g value. In these terms the values obtained thus far 

are 
. 4 · -4 -1 · c· 53) . 6 -4 -1 

gl = 2.006, Al(r) = 6.)XLO . em , an~ Al cr = 11. no ·em .. 

T'ne singlenegative derivative at higher field is the parallel spectrum .. 

Its position corresponds to a .value of g = ·1. 973 .. If the isotropic and· 

anisotropic hyperfine for Cr53 are both positive as expected, the~ one 

vroUld predict from the values for A( Cr53) and A_L ( Cr53) that All ( cr53 ). is 

approximately )OXlO ~4 em -l Und~; higher· gain a,s shown in Fig. 7,; an 1 

additional.::peak is observed at higher field. This ·is assigned to .the 

M
0
r53 = -3/2 splittingof the parallel peak and yields a value for 

~~ ( Cr53) = 30. 9XLO - 4 em -;L. .The width of these peaks: and the fact that .. 
. 4 

· no triplet structure is·.observed. indicate that All (r ;J is no greater than 

approximately 2XL0-4. cm-1 .; · ' · ' 

; I' 13' ' 
W'nen a sa11:rple of the complex synthesized with 55%. C · NaCN was dissolved 

in an ~0-MeOH solution and frozen) the· spectrum in Fig. 8 was obtained. 

. .,. 
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This, spectrum shows ex:tensive splitt~ng :.of the perpendicular structure 

and a broadening .of the parallel peak. 
. 14 

Since the value for Al(N ). had 

already been determined, it was possible to fit the 11:...1ine perpendicular 

. . ( 13) -4 -J: · hyperfine structure with a value for Al Ce of approximately 13Xl0 em . 

A more exact assignment was made by comparing solution and glass spectra 

for samples in which varying amounts of c13N- exchange had taken place. 

The same procedure was carried out for solutions to which acid had been 

added in order to assign the axial c13 coupling. In both cases partially 

resolved perpendicular h;Yperfine structure was obtained while the parallel 

. ofA·{cl3) -4 -1 peak was only broadened and not split. Values .1 e . = 11. OXJ..O em 

( 13) -4 -1 . 
and Al C a = 9. 2XJ..O em . were obtained. 

Even though the parallel hyperfine structure was not observed,: it was 

·.possible to estimate the values for the remaining coupling constants.' If· 

one assumes that the magnetic. 'interactions for the complex in solution and 
. . 

in a glass are· approximately the same; then the' isotropic g and A values 

measured in solution should be average£ of the anisotropic values in the 

glass as discussed in the Introduction.· Using the values for gll and gl 

given above, ~me ·calculates that the isotropic. g value in solution should· 

be 1. 995, while the observed value . of 1. :19~54 is in good agreement. Such 

a calculati~n for the isotropic ·cr53 coupling constant in solution yields a .. 

value of lfJ.'ono-4 em -1, while the value observed ~s 17.1Xl0_-
4 

cm-1 . 

Although W:~ .ce.n only measure the absolute magnitude ';of the coupling constants 
i . . 

and cannot determine their sign,. it is necessary to 4-istinguish between 

two cases. In the first, the isotropic and both anisotropic coupling 

constants·· are all of the same sign. This was , assumed for the cr53 coupling 
i 

constants and was seen to give. reasonable results. The second case is 

when All and Al are of opposit,e signs. . When using values for A' and. Al . 
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.·_ .. 

to estimate ~II', we_must_ keep these two possibilities 

all· :three c~upling constants fo~ Nl4 
are of the same 

in mind. Thus, ·if · 

sign, one would 

~ ,: p~Odict ~hat ~~ (~4 ) = 2Xl0-
4 

em -l. If the signs of All and Al are opposite,> , 

. ·.the value predicted is· 27XL0-4 cm-1 . The smaller value is consistent with· · ... 

theobservation that there is no resolved triplet splitting of the parallel 

peak. . Applying the same argument to ·.the c13 couplin'g constants, one 

·.concludes that A,. All' and Al are all of the same sign both for the axial .. · .. 

and equatorial positions (although this in no way implies that the.axial 

. ·, coupling constants• are of the same sign as the equatorial coupling constants);·. 

The vaiUes obtained are All (c!3) =l}Xlo-
4 em-land All(c~) =6Xlo-

4 
em-\. 

> These results are summarized in Tabie IV with the values obtained using· 

', :·'isotropic coupling constants from the solution spectra enclosed in paren- :< 
. . . . -

the'ses. The· indicated uncertainties were estimated by comparing val\les ·.· 
, .. 

· .. , 

·•. · . obtained· frpm. several·spectra and are due primarily to the .uncertainty 
:-- .. . . . . 

,.· 
., : in locating line centers.. A detailed analysis of the magnetic anisotropiee 

. I • 
~ .. 

f_·- ···: .. ·' 

. •·.·. 

·.:. . ': ~ . 
'·. ';·· 

·' 
. . and bonding _for this complex on. the b·asis of sirigle crystal ESR spectra ·· ., . . . . . . ·· ... ·· · .. : . . . . .. ·. ; .. '26 ··. .. . . , .. 

is the subject of a forthcoming publ_ication by Hayes · ·and will not be 

· · discussed here. 

3~~~~- . . :: 
..... -

It is a~parent f'rom the· results, _in Table IV that the la~gest magnetic.'.:>··'. •·~ 

anisotropie~ are to .be 'e~e~~ed for ~he Cr53 hype~fine .comp~nents. In the ,.. ·.. . . 
. . . . · 

f 

~· ' • ' ' • • ~ ' • ;K o, 

~'- ; ! ·:i. : ' .; ·~-· ~: ' . ~ ' 
. aqueous soJution ,spectrum we. found 1:;hat. the widths\ of the .lines due to '· :.·· : 

~ ' :. l·'· 

• • • •:{ ' • ,' 0 "0 0 ' • ·~ • 0 ", \ w<\•:'_' : • 
· complexes /containing ·chromium isotopes of zero nuclear spin and the , ·. :: ~- / 
. .. . . . ·;: . . . . ,· . . . ·. ' . ' : . ·. -.. . . . . . '. ~.· _. .. ·: :. : '. . 

widths of the Cr53 hyperfine components with ~ 5~ ~ +3/'2 'were identical .. :·;:; ,·,· _:,._ ·, · 
..... • . . . ·. ·. . .. >·. :: ·.· .·. ·.· . r \ .·.. . .· '.<:-··>;'. ::· .. ~-.; 

·., · · ::-< ·.· . within ex:perimentai error.·· .This is t'a.ken as an indication .that the. ro- :.~:~·:$~··.'·<,. ·:. 

·>:.u~,:·;",·~:.-:-.. ~_tational.,aveJ;aging of tl_le magn~ti~ ·a~isotropy.for the .. Mcr53 >= +3i2 ': _:_ .. ':.:·/.~;\:{·_:_ .. :_;._:._ 
~ ~: : . ' : ~ . . ~ • ~. ': •' .~: - .: • • / '· • '- • .. • • ' :: ' • . • : ~- : .. \~ "t _ .. ~ t- : ~ .j .~ -. 

·' ( ~. 

.. :. ; •. hyperfine component is sufficientiy. complete that. ther~ is no measurable,'.,-.:~:.:·!.:.:..: ; '• .. ··· ' . ' " . . . . . . ·.· ; .. ·. ; .::.' . . . . . . ~. : '. ··: ·. . . . . . . . : ·.,.'.;~;'f:: .. i/.:~: 
· ·· .. contribut~on to the .observed line width from this·.mechanism ..... , • · · 

·. ·, 

\ ' .. ' .. 
. , . ... 
. . ' ., .. ' ~ -:. 

' ;_.). .. 
! . . . . . . . . ~~- ·, ~ >: ·,. 
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Table IV. · Ari.~.~q:f;;~op~c .~~erfirie Coupling. Constants 

+,or p~~C~}5No73. J~ri~.a~ ~0-MeOH G~ass. 
·' .. : ,· ·., . 

Coupling .constants ~-~ ·U,rlits c>i.''lo~4 cm-1 

.Al(r?-4) = ··9:3±q,~ • . , . : .. 

. A l ( cr5_3) ;, }L .6±*.: 

A (c13 ) ·. ::;.li. O:t+~ . 1 e · ... · . 

. Al(c;3) : =~;_.?·?ff·,_ 

gl '·,, ... ,·, 
., 

', ' ,: ... :~· . 

' •. 4 
. ,.._,A.,,(wl ')' = (2±1) 

,.··.·.····· .. 53 . ·. ~ 

- A
1
j(c:r ) = 30.9.±1 

. ·.;Ali (c;3) = (13±1) 

:A(j_(:~~3) · . ( 6±1) 

:g,,..... . .= 1. 973~0~ 002 

,., 

The theory o:t: ro~~tiQ~!:\:L ~V:~J~ag~ng in ESJ{ as a source of line width 
' : ... , r•. ,; .. ' ' ·• . ' ' . . 

was first presented.:l?:Y M9Co!m.~J;l.· It.has been ~further developed by Kivel

. son84 and applied 't~ v.a~~~Y:i :c~:rrwle?C~~-·AA·SOlution by Rogers and Pak~. 85 

A discussion :of this tb,-~ory will'be t.a.ken up in Sec. IV.B. For o:ur 
. . :' ,, ' .·. ' '' . 4 

present pu;rposes.we.~ii+·t;~ethe.theory ~s derived byKivelson. 8 Values 

· for the appropriate anisotropies ·c~·b¢ obtained from Table IV. They are 
. . · ... ,· '• ' 

6g = gil'- gl ···= -Q. ?33 

b_ I :;: 2(AII-Al)/3 ' ' ' .. : 
' -4 ·. -1 53 = J2. 9Xl.O em .. for Cr ( 

. I; , . . ·. . ' 
. The recip:tfbcal of th~ relax;ation til'!le, .1/T2 .; is tli~n given in terms o:f 

li 

these an~sotropies, __ ·the yal'lle of MI· and, the co.:rrel~tio:n time for t~ling 
< 

of the complex. Tr~ating the complei. as a 1'igid sp~ere of radius ao 
. '" .' ·." ' ' .. ·' . ,. ' ''' . .:. . ... .' ' ' '84 ' ~' ' 

rotating in a medium ot viscosity T),. K.ivelson ·uses\ the usual approxima.:. .. '· 

tion for the tumbling~cor;relation.t:tffie; -rt' .... 

. ' 4Tia3~ .· · .. 
.. 0 

. .. ~ ' 

;· .. -rt ··?.kT·· ... 

'.··.!. 

': 

-·:·· ··.··· 
:•. 



·' j 

,' .. ; .·. :··· 

·.. . .. 
:._;"·' 

·.: .·· .. ·· . ·. :.~·~.. : .. ::.. .,·; ' .. <"<-.-·~: _;" ;,:-· .;:?~·~·.:, 
' 0 ·,1 ·,· • • < :: I .~ .... :··:..:' ~- : ~ it 0• ~ ::. t:-~_i>-~:;:_. • :• T '5:-.\ ' ' 

..... •• ·. ; :: .;':\ .· ... ~ ·:',•:' · ..• :·:- ..... -:.'~. -~.--/;·_.· .',1; ·.- • ··' :·-~;;' ... ~: -~-.-.. ···':·:~,.: ~--. ·. ' :' 

Ass1iming ·a-'radius:o~ 3.7.A :fs>~~.tb:~··,coniplex.·o~ the basis. of the. structu;re·· 

: of .. sim~l~·:i~m~lexe·~·,a?.·:o!le eit~~i~s.~c~:;~~~~ion ~ime of .5XlO~li s~c ·_: , . 

. :.; f~~ aqueo~~: s~iuti~~~o:r·c~(c~)·5ws~3 .• :~~·.55.~c. · .. ··. The peak to peak derivative 
;.-: . . .. 

··;·-.. 
:··line .:,idth. for a Lorentzian:line· is ~~i~te.cl to l/T2 ' by.·. 

·.' · . . ~ 

... . .•. · ~.~·~ ~t~. ~2 ° . • .. 

'. Usi~g·K~~eiso~ Is th~¢~y·wi ?-;r~. now:_in'.~.P~siti~n to' ~aJ,ctilate the. tumbling ' ..•. 

. ;::t:~:~:j;~i~~~!~r~~~~I~~tL;~~~2;}~~~9~:i:J::·~:::mt::::•.· ··.·.· ;: .. 
. . .--. ' -._ ... , .-:: ... -:r:. ~: ··. ' · .. ~: ~ ' .... ·' . 

contribut~ 0. 08 , ga1.1s s; '-to; t~e,. #£:~t~)q~F~~~.: !la~ro:we ~t lirie . and 6 ~ 80' gauss ·.. ·. . :. 

·. ::.t::~:::::.·.::: 'f~::~~:t::~!~~::~:•t::~::::i::·:::·::i~:::ha~ •...•.. ·•. 
·of mechani~m. ~hii~·. t~~··. W:id.~:~{.bf.¢~: :J.in~:· ~~d.-~. co!ltributio~ of 0. 2 gaus's .: · · ·. 

_.,-. 

, .·If the correlation.,~ i!Ae ~ere ~~;rt~!l~cl· to ~)Q.Q.;ll· s~c .• , ho~e~er, the . . ~ '. ::. 

·-·.-., · .. _.. 

· ·.·· contribution to the line widtJ:;\ predicted. for the tunibJ_ing mechanism would 
..... ' . -:' 

. ,_· 
·.. '. . . ·.··· .. ··;· , .. ··· .. · .. 4 . . . . 

be 0.2 gauss a·s found .. · A sii,Jltl~~ calcul~tio'n fo~ the ~ . components of . . • .. ; 

: •·· ... 

·.less than 0. Oli) gauss as ·is ohs(;!rved· experimemtally., 
.... 

The lin~ width vari~tion :t~. in. fa;i.r ae;r~emen~ with that p;t'edicted 
·,. "' . . . . . .. .i ' ' ' . 

.. ~-
-. -:. 

. 1- l-

. for rotatio~al averaging. Exact ae;reeiYJ.ellt ·is lack:~ng a·s has· been the 

. · .. · ;: __ ·. > . 

result of J~evious work. 76, 85 J:f one assumes: that \the theory for tunibling' 
. !; ' . · ... · .· .. · .. ·.. •• ' . . :. . . ' . . .. ; 'r ' . . . .. ·. -'-r..:· . 

··. and the roqdel for tl:le tum'bling correlation time are ';correct, there still· 

· · · remain two sourc;:es of' difficulty~· .~ or4er· to calcuiate a tumbling 
' .. i 

._· .... · 
·. -~· 

_ .• -
~-. :. . .. 

~ -~ · .. ·. 

. '.' 

. ; '" '. 

, ... ·' : 

. . . ." ~. . ', .. : •·. 

:";' 

,; 

correlation time it is ·n~ce~sary· :to e~t·i~ate: t;Ln "effe'ctive ionic radius''·'.::.:~ ;. 
.-.~~-- · .... · •' ' .'·· 

for the. complex. ·' Since this radi~.s e'nters· the expression for the 
'' ' 

correlation time as· a3. the tim~s calculated are quite 
1
· sensitive to the o' .. ··.·· .. ·· .. · . . . . 

choice df 'radiu~. Th~ s.e~~!ld d~ff~pl,lltY. is in the use of crystal or 
.. l 

· .. _ _..-

. . , . 
'·-· 

. ~~· l 

, ... ~ .. 

.· . 

·-~,. . . ('" ... 
' •, 

.. 
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ci: glass g and A anisotropies. It is possible that the distortions of the 

complex in a crys_ta.l or glass ca~~e significant changes in the magnetic 

anisotropies. In this particular case, a smaller anisotropy in the g 

value for the complex in solution would give better agreement between 

predicted and observed line widths. 

3. Kinetic .. Studies 

The exchange reaction~ .under consideration are 

Cr( c12N)
5
No-3 + 13 -

k, 
Cr(c12N)4 (c13Na)No~3 cl2N-· a ·+ C N --+ (i) 

Cr( c12N) N0-3 + c13N-
4k 

Cr( c12N) ( c13N )N0-3 + cl2N~ e 
--+ 

5 4 e . 
(2) 

where a and e refer to axial' and equatorial positions. · There are, of course, 

exchange reactions subsequent to these, but·they.involve the same tw<;> 

rate constants anQ. neither these.nor the back reactions contribute appre

ciably to changes in concentrations of any of the. species in Eqs. (1) · 

and (2) during the early part of the exchange. It is also necessary to 

follow only the early part of the exchange because overlapping hyperfine 

·lines make it diff~cult to follow the reaction for more than c:me half

life for a s-~ngle ekchange. 

For the general class of ligand exchange.or\replacement reactions, 

' technique~ have been developed to fit data with t~o rate laws, both of 

which aref
1 
first order in the concentration o; the ';~omplex. They differ 

t 

only in ~hether the rate of exchange is independen~ of the concentration 
. . ~ 

¥, 

of the free ligand or depends upon that· concentration to the first 
. . ~ 

Power. 86,_87 ' Attempts to distinguish between these two situations were 

made in this case by vrorking with both the initial ra~es of reaction and 

·the integrated rate equa,tions. On the basis of our data no definite 
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diiferentiJ.ti,ori could b'e ma·cie since'·· the variation 'in .concentration of 
. : . •. ~ . .. . . f':.. .r. ' • .. : : • • ~ ~·-:: •• •• ; •••·• • ,. • ·:-... • • 

·.··~ •' ;, ,, the:.reactants w8.~ small artd., the-'imcert~inties in 'the data too great; 
··-.·,. ·' 

. s·inc·e information frpm o~h~r 'studie~?P ~hc:>'fed tha~ the rates of cyanide 

··,•_.,. 

_.·, ·.. : 
~··· /" .. · ' : .: ~-.. . . . . ' '·-' 

J' exchange are independent of the free cyanide concentration for the 
t·' 

complexes t4Fe{CN)6, ~Cr(C.N):6~ .JSC()(CN)6 ~nd JSMn(CN) 6, the same Conditio~ 
.. - '-. ·: . '·- '''"' -.·.·· . ·. ','· . 

· . is assumed :to prevail f~I ·~Cr(GN)5r{o~ · Maki~g this assumption and the 

' . . ~ further assumption m~nti~~ed. above, th13.t only reactions (1). and (2) 
. 

,:-. ,._ 

. ' 
"<:·->:.' " . •.'" 

; ... 

.. ".: 

•.-t."•_;, ,, 
;!;;'. 

-._· 
··by Eq_s .. (3-5}: In. these e9,~ations :fci3 '~s the, I:raction of the free 

.. . . ~.· •' 

. . .. ! ~- • . · • 

•. :~ . . 
;,:::!·_; .. .- ·.···: 

·_·:; 
~- ·,' .. _. . 

·.- .. -

· ~t .[cr(_c12N)
5

No-3J.:= ·~(~a:+.4k~·)(f;l3)[Cr(c12N)5No-3"] ... " . (3): ,.<. 
~ ·. ~-

•. ; ... ·::; '·:. • ~!·. • ·' ~·:· _., 

~t ' [ Cr( c12N\(cl.3Na )NO -3 ] ~ k~ ( f013)[Cr(c12~) 5No ~3 ] ,L ; :> • 
0 

: - : . . . . -~ .. ·.; 

-·.-·:_; .. 
:. ·,: 

'·'::'· 

. .. . . ' ·:- ;' ~ . '. . ·. - ' . -~ ·. ~- ' ": ..... 
• 1 ... ~;... .• ·,. • • ~ •· ' . '. 

~t .·[~r( c12N)4(c~3Ne )~o-?,\·~ :4ke (fc~3) [dr.( c12N]5~~·-3 ] 
.··. 

(5))- .: ',.,; ,· . ·, . ~ 

..... ;-. 

. :· .... 

· •. ;.,:: 

c;,nmid~ .in solution co~i~in~ d3:< 'l;iie l'ate constant k. 6orr~sponds ~o 
' .. ,:. 

. ;. y~: 

. ' ... the proc~ss in which there is. ~x~hange ~f one .of the four .. e'q_uivalent i ',,.:· . 
' .>-" •\'~;1-• . . .. ·, 

' \o 

.:·: 

'" . 

,-. . )·· ·. -' ·:::. ' :-· '4< 

;.·_-.. , 

.... 
' .. 

;·,· 

·: ~ . ·. 

· · equatorial cf:anide ligands.··. ·. 
. . . " . ''· ' ·.; . 

By foll~wing the COI',lCentrations of the unsub~tituted complex and .· ... , 

the comple~::containing· a slngle equatorial c13N- a~ described in the 
F .· 

.experimen~~l section, the·iriiti~:J. rates of reaction\:for Eq_s~. (3) and (5) 

were· obtained. 
. . •• l"'" . 

. . : ; i ·:· to estimate the 

F:rom the khown initfal. concentratioJs it is 'th~n possible 

q_uantlty (k . + 4k · ): fr()m Eq· .. · (3) ·and\~ irom Eq_ .. · (5) ~ . ' 

.... 

..· . 

. · · ·:. · . . a .. ·, e . ·· · . · . ··. · · · ·. ~. e · · · ... , .t · ·" 

· Thus, approximate values .fqrJ~~~· ke an4 the ratio ka/4ke v,rere obtained .. ··' ·.:.~ ::.: · 
= .'• 

Within the ass~tion· of d~B.ling o'nly ;ith those species appearing. 

. in reactiq'ns (1) and (2), the followiilg' q_uantities can be defined. 
· .. ,. 

·. 'i. .,.·•, 

'].,. 

-.:·. I:':· . 
. .. ,.· ' 

I .·I 
l 
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.6[Cr(c12N)5No~3.J = [C~(c12N)5No-3]0 - [Cr(c1~N)5No-3] (6a) 

.6[C;( c12N)
4
'(c13Na )N0-3] ··= [ Cr( c12N)

4 
( c13Na )N0-3] 

;;,[Cr(c12N)4(c13Na)N0-3 ]
0 

(6b) 

. .6[Cr(c12N\(c13Ne}NO-~] =. [Cr(912N)
4

(c13Ne)No-3 ] ·. 

· ( 6c) 

i;. ·:'·.· 

In addition, there arE! seyeral usef'ul relationships which are readily 

derived and are given in Eqs .. · (7a-d). . . ·. . . . 

.6[Cr(c12N) No:"3]·= .6.[C~(c12N) (c13N )No~3] ·· 
· 5 .. ·· · ... , · · · 4... a 

. ,; ... 

_: .. + .6CC;(c12N)
4

(c13Ne)No-3 J 

k: 
a 
~= 

e 

".·· '·· .- ., " . •', 
·~ ' •. i, • 

.6[Cr(C1~N)4 (c13Na)N0-3] ..•... 

.6[ Cr (c12N\ ( c13N e )No-3] , . 

.· ·~ 

· .. (7c) 

(7d) 

·. . . 

The relationships given.inEqs. (7a-c) can be .substituted into the rate 

·,' 

.expressions for the disappearance of the __ u.risub.stitued complex, Eq. (3), · ·· . . 

and the reshlt thenintegrated to give Eq .. (8). 

I 
[cr( c12N)

5
No-3] · .. ·. ·. J ·· 

log [~13N- ]0 - .6 [Cr( Cl2N)5N0~3] .· 

(ka + 4ke){[c13N-]
0 

- '[cr(c12N)5~o;.3]0} . t 
= - 2. 3 { [ c12N-] ·+ [ c13N-:-] } 

. . ' 0 . . 0 

. ' 

; . . 

[Cr(C12N)
5
No-3J

0 
+ . log . . 13 -

·. _:. . [C . N ]0 . 

{8). 

:· 
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.. Using ·the ~xperimentally determined concentration of the unsubstituted 

complex as a function of time; a plot of the-first quantity in Eq. (8} 
. . 

.·versus time (t) should give. a straight line whose slope is directly re~ · 

late d. to the sUm o. f the . axial. and. equatorial rate constants ( k . + 4k · ) . · 
. a . e 

. . 

It was observed that forapproximate~y the..first third of the reaction 

such a plot was i~n~ar, but as the reaction progressed, some curvature was 

noticeable. ·This curvature was ·iri the· d:i,rection correspondi~g to an apparent 
' ~. . 

., . ~ 

slowing down .of the re.act:ton as W()Ul<i be ~xpec:teci both from increa,sing 
. . . 

. overlap ·of hyperf:i..ne. lines and from increasing contributions from the 

back reactions~ 

The other species :folioy;ed,~,;~irig the'·reactionwas thec~;rnplex with·:'>· 
l . . " . . - . . .• 

a single labe.led cyanide in ~n equa~rial p~sition.: Again usi!ig the ··"·'. ' 
: ...... '· ··. .. . . ·.. . .· ·.; . --·,'·. . . - - . 

relationships. :i,n Eqs:·t.(7a"'d) andsubstituting into the rate equation' for . 
. . ' . .. .. ·. '. : . . . . . -~ ·,. . . ,_ . ' .... ·, ·. . .. 

·equatorial exchange and integr~ting, one obtains ·the ip.tegrated rate 

expression in Eq. (9). 

•; ;-. 

. _,., 

(ka + 4ke)([Cr(:c
12

N)5No-3JO.-
= 

2.3Uc12N-J0 + [c13N-]
0

} .. 
i 

.·. ·', 
.. · •' ·~ .. 

; . ~ ·:. -_.. " .. 
·-._, __ :·. 

-.·.'' '·-··- _·i 
(9) ·. 

~- ... 
;_. . .'·:. 

·-':····· 
. . ; ;,: . _: ·. ;,· ·: :; ·,. ·.·. ' 

' ., 

'.:.·-·- '., .. 
' ·, 

Since the que;nti ty (k~ + :4ke) has.al~eady. been ~valuated for a 

given kinetic run, . .it remains to determine the ratio k /4k which· a e 

' ;-.. ' 
·.·, . 

. ~. 

..·:,·-, .. 

, .. .. · 
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appears in the first term of Eq. (9 ). This is accomplished by first 

using the value for that ratio determined from initial rates of reaction 

in order to plot the first term in Eq. (9)·/versus time. From the slope 

of such a plot a value.for (ka + 4ke) can be calculated and compared with 

that found from the disappearance of the unsubstituted complex. Successive 

approximations for the ratio ka/4ke can then be made until the proper 

value for (k~ + 4ke) is obtaineQ.. In practice, this required two or 

three successive approximations. 

Once values for (k + 4k ) and k /4k have been obtained, the , a e a e 

separate rate constants can be calculated. The rate constants·at 

various temperatures from 60° to 100°C and the total concentrat.ions of 

complex and cyanide are listed in Table V. The concentrations quoted 

are not corrected for changes in the densities o:f the solutions at. 

different temperatures, but are the concentrations of the solutions at. 

room temperature. In a separate blank experiment with unlabeled cyanide; 

it was found that there was no apparent decomposition of the complex below :1_:_; 

100°C in the length of time typically used in these kinetic runs. It 

was·assumed that any decomposition of the cyanide in solution was much ' . . . 
I 

slowerthan ihe .reactions being studied. The extent of exchange attained 

A' 

for reactions allowed to go almost completely to e~uilibrium supports 

this assum~tion. 
/!. 

The fate ·constants given in. Table V are shown plotted as log k vs. 

103/T in Figs. 9 and 10. The straight lines were dr~wn to give a best . 

fit to the data by the method of Least Squares. ·Assuming that the first . 

order rate constants are given by Eq. (10), values for the enthalpy of 

itt · · D.s* · · t:.H*" 
kr = h exp(R)exp(- RT ) (10) 

' . 
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Table V. . Rate Constants for AXial and Equatorial Exchange 

···of. CN- with Cr(CN)
5
No-3 in ~o~ 

[Cr(CN)
5
No-3] 

F 

0.034-4 

0.0344 

0.0260 

0.0174. 

0.0344 · .. : ~ -~· .. ' 

··. o. 0260 

0.096 

0.096 

0.143 .· .· 

0.190· 

,. 

k a -1 sec 

2.0><10-5 

3.6Xlo-5 

• L5Xl0-5 . 
.. '·· -5·. 
·<; 2,0Xl0 . 

·.0.096 •. ·· .. :.·5.3><10-5 ' 
.. '<. . . .. 4 ~· 

.::; 0.143 ; :, ·1. 4XlO- ·. 

-~ ~ ' . 

.. · .... ·: 

k 
e_l 

sec 

6.9Xl0-7 

2.7Xl0-6 

. -6 
... 5.0><10 . 

2.6Xlo-6 

1.9~0-5 

. . ..5 . 
l.OXlO ·' 

.. 0.0174 .. ·· . 0.190 ... ····.,L3Xl0;.4 5 

··.' 87.6 ... ; . 0.0344 • ... ·' 0.096 · .... ·<··~·2.8Xlo_4 .· •.. 
.l.OXl0-5 

. 2.5Xl0-5 
,.:.· 

·: -4 ; :'' .••. · :..5 
0.190 . 3.0Xl0 ..•. ', 2.3Xl0 87.6 0.0174 

·' 

• _'!. • 

.. ·'. 
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,.. ·,, .· 
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. ... 

• 0.0344: 

0.0260.·. 

0.0174 
lf. 
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activation, .6H*, and the entropy of' activation, 6.S*, were calculated 

and are :listed: in Table VI. The indicated uncertainties were estimated 

by ignoring each set of' three points at a given temperature, recalculating 

the enthalpy and entropy of activation and observing the changes in the 

values of those ~uantities. The rate constants at 75°C as calculated 

from E~. (10) and the thermodynamic ~uantities are included in Table VI. 

It was observed. that the ratio k /4ki) = 3 ± 2 throughout. the temperature. a · e 

range studied. 

Table VI. Enthalpies and Entropies of Activation for Exchange 

Axial Exchange E~uatorial Exchange. 

~-6H.,. = a 
+ 68.,. = a 

ka = 

33.5±4 kcal/mole 

18±8 e.u. 

6X1o-5sec-1 at 75°C 

.6H* = 30. 5±4 kcal/mole e 

6S* = ~±8 e. u. e 

6 -6 -1 0 
ke = xlO sec at 75 C 

In an attempt to obtain primarily axial exchange for the purpose of . 

confirming the assignment of the axial coupling constant as well as to 

determine th~ effect of pH changes, a solution was prepared in which 

' sufficient acid was added to convert approximately half the free cyanide 

in solutiorl to HCN. · First a blank was run using 'linlabeled cyanide and 

sufficien~ HCl to give a solution 0. 08 F in both C~- and HCN w·ith a 
•. - I 

,i 

. conce:ritrS.tion of the complex of 0. 025 !.~. This sample was kept at 75 °C 

for several .hours and no decomposition was detecte.d ~uring this time. 

An identical sample was then prepared using 55% c13 enriched NaCN and 

·.the reaction was followed for 30 minutes at 70.2°C. ~e reaction was 

·then quen.ched by cooling the sample to room temperature and the spectrum. 
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' . ·~ 

:_,_-· .. ·. ;-.. 
As the lirie from .the. complex with an axial c13N- .was -now 

. . . . . . .. - - .... 

·, .. , g_uite pro~nent .. in comparison _with that from eg_uatorial substitution, 

>._:: .-. 

~-~- ' 

_ ... ,_ '. 

. . ... ~ : 

.· -~ ... ·,. ·. : 

:. ,. ·. ·. -.-

. ,_ 1 :··_ 

.·· 

·.a situation different from that encountered in the earlier spectra, it· 

· was apparent that the rate of axial exchange relative to eg_uatorial 

·exchange had been enchanced. The relative intensities of the two peak's 

gave. ka/4ke 7 5.1 while the rate of disappearance of the 1.1.!lsubstituted 

90mplex was also determined. These ·two quantities gave values for the 

.· ·. -4 -i ·. '. 6. ~6 '-1 
rate· constants of ka = 1.3><10 . sec ._ •. and ke .. 7xl0 · sec ... · These are 

. ·'to be compared with the rates of exchange taken fromthe graphs in . 

Figs. 9 and 10 of :k~;: i.?: 7x.l0;5se.c~:{ arid ke. = 2. 9xJ..0-6sec ~1 . · ~his 
. ~orresp~nds to increas~s:.of approximately a. factor of 5 in the axial 

rate· and 2 inthe eci.uatorial·rate. If one assumes that t~e complex 

.- .. :.;· 

- .... -·_ 

~ .. 

.. is a_ stronger acid th¥,- HCN;, the s~lutions used for the._kinetic studies ·· 

:summarized in Tabies V and, VI had. a hyd.iolysis pH of aroUnd 11 while, · 

-: for the samples with added acid, the pH 'would be around. 9 at· room .. •. 

:-· 
.. ' . 

. temperature. 
. ·;,· 

. .. ~. . 

-, ·.-... 

Another attempt to get exchange preferentially in the axial position ' .. · > · 
. . . . 

~as made by ~ar;ying .out the reaction in DMF solution. 26 A solution of 

DMF approxirliately saturated in both complex and NaCN 'was allowed to stand 

at room teJ~erature for 4o hours •. At the end of !;.~hat time the spe~trum 
1· 

~ f, 

'was takenland it was apparent that extensive exchilnge had taken place 
( 1 

·primarilf in the axial position. This is in contr~st with the situation . t . 
in ~rater where, after a week at ·room temperatUre, ohly very slight 

. . . . . . 

.. · exchange had taken place. 
. ' . . . . 

In order to check for. po~sible surface. effects a solution 0. 0145 !, .· 
' . . i . 

in complex and 0.174 E_ in labeled cyanide was prepared. Samples were 

sealed iJ Pyrex melting point capillaries as usual and in a quartz tube 

.. ,, 

·, 

; . •' 

·,·,· .. 

.. 

.... 
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of approxL~ately equal diameter. After 30 minutes at 85°C, the samples 

were cooled to room temperature and their spectra taken. The rates of 

reaction were .found to be within 20% of each oth~r and the ratios of 

axial to equatorial exchange approximately the same. This indicates 

no pronounced differences between quartz and Pyrex surfaces for the 

reactions. 

23 Other cyanide exchange studies have shown pronounced light catalysis 

in some instances. Our kinetic experiments were carried out in the semi-

darkness of the microwave cavity. Samples at room temperature in direct 

and diffuse light showed no_ exchange after several days. Another sample 

of the solution used to check the effect of glass and quartz. was. placed 

within 5 em of the front of an AH-4 lamp for a rather drastic test for 

light catalysis. After 30 minutes there had been a slight increase'in 

the relative intensity of the equatbr.d.:aJ.i c13 line, a:hd after an hour 

of irradiation the· relative intensity of that .line was about twice that 

for naturally abundan~ c13.' . Although some exchange was noted, it is not 

at all certain how much was due to the direct effect of irradiation and 

how much to ~eating of the sample. In any case, there should have been 
. . 

no light catalysis in our normal kinetic experim~nts. 
~: 

' 

The rat~ of cyanide exchange in this·· complex i,s slow, but it is 
i 

reasonabl~ in comparison both with exchange of c~ide in some other 

cyanide d~mplexes23 and with some ~ther ligand exc~ange reactions. 86 , 87 

;, 24 
Unfortunately, there has been only one temperature study in the previous 

cyanide exchange work so that it is not possible to compare! entropies 

and e:hth'alpies of activation.',· 
I 

There are' however' interesting comparisons which can be made between 

the exchange processes for the axial and equatorial positions in the 

i. 
' 

· .. .;,. 



,,. 
·' 

" .. 

i ,· 
~· ~ . 

. . .. . •.·:. ,, 

... 't' . . -::' 

·,,.-_ 

._;·. 

.·.case of Cr(C~)5N"o-3__ In light of the fact that the enthalpies of activa-· 
,. 

· .>tion: ;for the two positions are quite. siniilar; .it. is apparent 'that the 

·· di,iferenf~·entropies of activationare responsible for the more rapid .. 

. exchange at the axial posi;tion .. The apparent large positive .:entropy of· 

· .. · · activation for the axial position is consistent with the activated complex 

' ' * · foraxial exchange being a protinated species. Such a rapid equilibrium 

in shown in Eq. (11). The1 entropy change associated with the transfer 

(11)' • 

. of. a proton from HCN to a tri-anion base can be estimated by considering . 

the · analagous protination of POi? by HCN. 

.. ·._- . aqueous pho~phate-cictn.ide: system88 give an 

The thermodynamic data for the 

ent~opy change of' +46 e. u . 
:-, ' 

for such '1 P.roton:'transfer~ ·. If a subsequent reaction is the rate deter':7. 
... : ~ " 

· mining step, such as for the dissociation mechanism in Eq:. (12), then 

· · .. :Hcr.(CN);No-2 ~ Cr(CN)4No-~_+ HCN : 

' 2 ' 
Gr(CN)4NO- + CN~ .fast > c~( CN) N0-3 ·: . 

: ·. 5 '· .. ·· . (12b) . ' 
~ . . ;, . 

. ·,~. 

the entropy associated with the protination of the complex will be in-

-eluded in tle. apparent. entropy of activation for; the· rate determining 
_j·: t 
' ~4 . 

. reaction. 'In at least one case it has been suagested. that cyanide 
. -~- . -,, 

exchange $nvolves displacement by 
t• ' 

solvent water m~lecules rather than . 
~\ 

a dissoc:i,iation mechanism of the type in Eq. 
J ' 
~ ' . ' . 

of water was suggested because of the large 
. ·, 

(12a). \ The part.ic.ipation 
t 

negative entropy of activation. 
i 

(-44 e.u.) for the reaction. Judging from the large positive entropy of 

activati~n we observe for the.axial exchange, ,it is apparent that the 

solvent water molecules do not participate significantly in the rate 

.,.T'.o.e author is indebted to Prof. Robert E. Connick for suggesting this 
possibility. 

.[.'· 

'• 
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determining step! The small entropy change for equatorial exchange is 

consistent both with a dissociation mechanism for the unprotinated 

complex and with a displacement by water for th~ protinated complex. 

Acid catalysis has been observed for other cyanide complexes, 

although not in all cases.
23 Isolation of the compound H2~e(CN)5No 

indicates that such protinated species do exist. 89 The observation that 

the axial rate of exchange is increased relative to the equatorial 

rate when half the cyanide is present as HCN lends support to the 

' argument, although some acid catalysis for the equitorial exchange is 

also possible from the data. A plausible explanation for such behavior. 

is that the formal charge of +1 on the NO group favors protination of the 

axial CN-"rather than the closer equatorial position. 
I 

The rate of axial exchange is faster than that at the e~uatorial 

position as predicted byBernal and Harrison.16,21
. It is doubtful, 

however, that this is due to a relative weakening of the axial er-e 

bond as they suggest, since the enthalpies of activation are virtually 

the same for both positions. It appears more likely that the greater ,. 
I 

:' 
protinationof the axial position is responsible for the more rapid 

i-: 

rate of exchange. 

Possible mode~ of decomposition for pentacyaponitrosyl complexes 

are sugge~ted by Addison and Lewis~9 They cite e~idence for the 

· r -3 · ··~~ -4 
reactionl'of Fe(CN)

5
No with J::ydroxide ion to form,;Fe(CN)

5
No2 as well 

! ) 

as for formation of' the aquopentacyano complex. At\ least for ·th~ 
I 
•, 

The enhanced rate of exchange .and apparent specificity for axial 
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'· 
exchang~. iri, DMF_ solution is interesting, but cannot be of particUlar use 

......... ·- :· . ~ . : : . ~· -. 

in the interpretatio~ of the exchange mechanisminwaterbecause of the. ,. 
:· .. ;··· . 

.. -· dra~tic change in solvent p_roperties .. Sini.ilar behavior has been noted·: 
. . : . . ' . ' 

•" ' . for solutions of the complexindime~hylsulfoxide-with thead.ded 
·:-' 

.'.·,_.complication of' apparent reaction with the solvent to form some other,· .. 

,as yet un;haracte~i~ed, complex. 26 

.... ··.·. 

. ;_· 

B.' · Cu(~~2 
and Cu(r%2Z . .· ... , •.·. 

........ ~ . - ... -'. •: .. • . . . . ., 

The analysis of poi~crystalline ·br: glass ESR.iine ::shapes ito obt~i~- .. . .. -.,• ,; 

··> ··:·: ·• . spin Harniltoni~ par~eters.was introd~ced ~y S~~ds~l and developed furt~~;for 
... , -. ,(!Upric complexe's for which it has been used m~st successfUlly~-l2,l3 Using 

·. _,'! 

.:-- · . these metho~s one can analyze the glass spectrum .of cupric ion ·in HC104 · 

:at ·liquid nitrogen temperature shown .in Fig. 11. The four positive ·band· . · 

·: .. : ... .. ' ·-~ . 
edges in this derivative presentationcorrespond to the onset of resonance 

... -. 

·- -c 

. -: . ~ 

't:l • ;~: ·' 
. ·'" .. 

. J 

.: ' 

. for complexes with their. symmetry axis parallel to the magnetic field ',· : · . 

. and witP, the. four possible M:r values •.. Note that 'the band edge at lowest . ·. ' 
' . ' 6 : . 

field is sufficiently sharp that structure due to both Cu 3 (I = 3/2, 
··. 65 .. ' . . . . 

iJ. .= 2.2206, ~9.06% abUndi:mt) and Cu (I = 3/2, iJ. = 2.3790, 30.91% 
;: 

abundant) can be observed. The spacing bet-vreen tp.ese components and 
' 

the positi~~ of the center of the hyperfine patte~~' after· correction . 
-~- . . . . \ 

for secon~ order terms, give values forgll and AI\'\. The perpendicular 

spectrum at higher field shows only a small sp~i ttihg. :.:, These two peaks. 

could be partially resolved perpendicular 4ype:;-fine structure, but one <i ·, 
. . . ' ~ ' 

would expect to see evidence of two more hyperfine li_ne s. Also, the 

value for Al would be 1tirger than u~ual. l3 A second possibility is that' 

the compliex has lower . symmetry than tetragonal in which case there . could 

--

.. 
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. ~- ::: 

:~ . ·--
. ~{ ' 

... 
:be two slightly differe:rit g ~aiues aro~d·gf · Although the possibility '. 

, ...... ··.·· · ·... ·of lower s~etry ca:nriot be eliminated, it seems unlikely that such a 

. . · .. -~ 

. "~ . . 
··.• :·. 

.. . .. -... 

: . .t.1·· 

. · distortion would occur with sufficient regularity in the glass to give. 

two di~tip.ct gl values. rather thari .a distribution of values. A final· 

·possibility is that one. of the two :peaks in an "extra" absorption t>f the. 

type discussed in the introduction. One can calculate where the four 

:: '"extra" absorptions shoUld occur for a given set of'. spiri Hamiltoni'an 

. t. . . th . . ' t . ' ' . ·; .. 1· bl 12 ' 13 T k' th. · i · parame ers uslng .. e approx~ e expresslons aval a e.. . · a lng e . (' ,.,_ . 

'/..'::: . -/- ·. 
, _. ·pea.'k 9 at lower field to be gl(2.076), one 'calculates that·the "extra" 

... 
absorptions should be centered at '2. 0~ and 2.10' which would 'be at still 

... .· ... ; 

---;, .. -' 

Takin.g the peak at higher .field to be gl(2.057), one cal-
'.; ' 

.. '~;;, culates that the "ext~a" absorptions s)1ould '):>e cen,tered .2. o6 and 2_. 08 • 
.. 

· . . · ... :.'• ':'~ ~. 

Q}lalitatively;, ~his se~o~d alternative gives a better·fit. In orde;. tO < 
··'• · .. -::· . . . . . .. '· . ·.-·· "·' . '•:: 

..... 

. : -~. :settle the point fo:r certain :i..t would be necessary to compute the entire .. .'' 

spectrum :using a line shape function .with a finite width which was 

different for each component (see the variation in lirie width for the : 
. . ' . ' . . 

.· . ·parallel spectrum). . Within the accuracy needed for . our later discussions 

'·':·· 

we will tak~i: the average o~ the two values for gl" An. upper .limit can 

be set em tll~ value for Al f'rom the widths of. th~se two peaks. The spin 

Hamiltonia4 parameters determined in this way are,listed in Table VII 
.. . •: ~- ~; 

later in 11he ·section. · . . 
,;f, 

.),' 

The /spectrum o'£ cupric ion in frozen D2 o O.l ,! in HCl04 was con-

. . ~-- . ·. ' ~ .· . 

.··.·· 

siderably less well resolved as .·mention:ed earlier~ ;, From the po;~tio~ ,· ·._ 

··,-

·"·:~ .. ;_ ..... . . 

fieid;'·~~owe~e~, .~t was apparent that·>,· ·• ;;_; 
.. . . . . . . . 

. ··of the parallel. component at lowest 

. , 

..... · 

, . 

: the splittings were essentialiy the same as in 'regular water. ···:: ,, ... 
. ~ 

.. 
·._;. Cupric ion in aqueous solution gives a broad symmetric line whose 

. . 

g value is 2.199. As the.;temperature is lowered the line becomes 

. , 
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progressively more asymmetric until indications of hyperfine structure 

become apparent around 0 6C. Such a spectrum for cupric ion in n2o 

is shown in Fig. 12. Similar, but more asymmetric, spectra were _obtained 

for the H20-HC104 eutectic solution cooled to near its freezing point. 

For the spectra with the best resolution the apparent A value approached 
I . 

the value of 52 gauss estimated from the glass spectrum. 

Although the spectrUm of copper in an ammonia glass was poorly 

resolved, it was possible to estimate values for ~II and gil' Somewhat 

better resolution was obtained when the solution used consiste4 of equal 

volumes of ammonia and THF. That spectrum is shown. in Fig. 13. The 

parallel features of this spectrum were analyzed as for the aqueous glass 

spectrum. A value .for gl can be obtained, but the greater width of the 

perpendicular peak may be due to a poor glass as suggested by the widths 

of the_parallel band edges, to unresolved copper and ligand hyperfine 

structure, or to a combination of these effects .. 

Solution spectra were taken both for cupric ion in pure ammonia 

and in the ~onia-THF mixture over a range of temperatures. The iso-

~ . 

tropic g value was found to be the same in both solvents and independent 

of temperat\ire in the range covered from +20 6 to.-80 6C. Hyperfine 

structure ~as resolved below -20°C in both solve~ts and gave an A value· 

which was .• the same in both solvents and independerl;t of temperature. One 
f 

such solul\;ion spectrum is shown in Fig. 14. The g~and A values are 

listed i~ Table VII. In :the solution spectrum of cupric ion in liquid 
i 
i, ,, 

·ammonia shown in Fig. 14, the high field line was compared with Gaussian 
~ 

(dashes). and Lorentzia~ (dots) line shapes computed for a line of that 

width and-amplitude.· The line shape is seen to be Lorentzian to a good 

approximation. This indicates that the line does not contain significant 
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' ' " ~I· .: . ,;·· ....... .:. j ,· 

~· ' .. ' 

( 1 ••• ~ 

-~- . 

-:, .. 

·' .· .• .,.), 

·. : ~-;-. : :- . 

·:~. ·. t • ·• •. 

.,-. . 
.. , 

..... , 

. ;;_..: 

'·' 

,.. -... 1 •' 

CuL, .. 6
+2. S ' H 'lt . P t p~n am~ . on~an . arame ers 

Cu(~)t· 
~· . 

-.:- ... 

.. 
:0::. 

g ........ . :_.. 

Glass Spectra 

2.379 ± .005 
. *'· 

.2.066 ± .02 

· .. 155 ± 2 

. .·· ... ··· 
'"' ', 

· ·· Soiution Snectra 

';2.199 ± .005 
·,· ., . 

2.228 ± ;oo5 

2.055 ± .02 

192 ± 5 

•' (8) ... 

·': '2. 124 :±· .003 : 
. . 4 1 ,· 
',Axl.O. ~- ·:.·. 69_.±·.2··.···· -~-... ·, 

. ,. ;., (. 

-::----'--..,..-.,..--------------.,..---..,..--...,--------.,..----'-..-...,.---~.' 
-:f Average of two components : 2 • 0'16 and 2 • 057 .. · · • . . ~. . . 

Values enclosed in :parentheses ·are estimates as discussed in_.the 
text: 

· · ··~.contributions from unresolved hyperfine structure. · By combining the 
. . .·.. --~--- . 

, .· isotropic A .value in solution and the value of Allfrom the glass spectrum; ,· .... 

>; we have estiniated the value .for Al give~ in Table VII.. 
. 12 ' 

Neiman and Kivelson have discussed the bonding for cupric complexes.·. 

in considerab~e detail.· Although they considered primarily square. 
f 

planar comple~es, they pointed out that the additibn of two axial 

·. ligands at .af distance greater than that. ·of the equa~orial ligands should 
.>..: 

i· ~ 
have little;: effect on the spin Hamiltonian parameter,s; In particular, 

' ! - ' •. the values•; :for gll 1 All'. and. Al should be _una:ff('Joted. w~_ila ths value for 
. . . ~ . ' 

... ·. t; 
._ ...... 

• :1 

. ·• 
, gl should in~rease, sl~ghtly .. ·.Their. method :i,s to set ~P linear combina-: . .- · 

.. :- .-·.. . ',). . .·.:• <: .. 
· tions of J!fgana::.~andmetal ion orbitals of the proper symmetry, apply the _.-:: ·,- ·<· , 

";,. 

-. ·, ' . . . : . .. . : . . ' . . ~ ' ' ~~' . :. 

usual spin Hamiltonian· to these wave functions and obta~n relationships -,. · 
i 

for the observable magnetic parameters, the coefficients of the wave 

' functions used, and the energy separation between various levels. 

.... 

I 
·I 

, I 

I 
I 

1 
! 

l 
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Q.ualitativeiY.; their results indicate that increasing covalent character 

·for· the metal:..ligand bonds should be e:>q:>ected. to lead, to g values which 

. ·are closer to th~t. of the free elect~on and increases in the hyperfine · 

interaction with the .copper nucleus. Quantitative calculations of the 

•' ligand field coefficients from paramagnetic resonance data have been ' 

·.· made f,or a variety .• of cupric ' complexes. :wi'th sulfur' nitrogen and' oxygen 

·r· .... d.· t · 12, 13 Th·. It ·h· · ·f· t' t "b t' t th ~gan . a oms. ·. · ·. ese resu s s ow s~gn~ ~can con r~ u ~ons o e 
. . : . . 

··> . ·.bonding from the ligand orbitals. 
:,_ 

~ . ' . 

";".i 

The magnetic properties of hydrated. cupr;c. :i:on. in a glass can be 
·' :· : '·. 1 .. 

· .. compared with the same. ion in similar . .' ~nvironments. The· paramagnetic. 
: ~- ' . 

resonan'ce of cupric ion has. been,stud;i,ed· 'it?-· a v~r;i.~ty of single crystals·~ 

· In the case· of Tutton',s .. s.alts, copper. :ts '·c:oord:Lnated with six ~at.er 

molecules in .. the usual elongated· octapeQ.ral st~cture. The results 
·, '. ·--'• 

.-· of these studies have be~n ;tabulated. 2 . The general b~havior Of cup:dc t : ~' ·~ ........ 

. ion in such a· series of crystal lattice·~ .. i·s co:t:J.sistent, but .~th 
' . . 

definite small variations when the dimens:i;ons of the site are changed .•. · 

The g and A co~ponents listed in Table VI.I for the aquo complex are 

It is interesting to note typical of tli.ose found in single crys~als. 

t?at the ESR~esults for Cu(H20) 4so4 ·H2o, in which there is a square 

,· ..;,.__ -~ ~- - ~ 

.... 

. . . . . ' 

planar arrangement of' water ligands wi t·P. . two axial sulfate oxygens at ' . ,· 
f· . ·',,·· . 

. a greater dftstance, are the same as one'.might ~xpeh for ·complexes 

. with six ~ters of eoordi~ation. 90_ ~is i~ _in agre~ent with the 
·.; ,. 0 •• ,_. : ·,.· 

conclusiob. mentioned. earlier
12 

that t:P,e Jl.Xia.l ligan~s should have little 

effect on the spectrum. The same situ~:tion .. e~ists f6r a.mmo:t:J.ia co:mplexes .·.·· 

of cupric ion. 

.. · .. • 

Gersman and Swalen13. l.~~k~d: .. a.tcll:ql2 ~ith 'excess adde.d . 

ammonia in organic solvents, the precise. comple"x .. being,Unknown.. The 
.. ·· 

spectrum of single crystals of· Cu(NH3)4S;():~ ·H2o, ~~· which there is a 

•• _l': 

. '.'·: ·:• 
'• . 
,' ~. . 

.. '.'.' .... 
,: '. 

. ::.:: 

I . 

: ~ .. 

.:.. 



square planar arr~Dgement of ~mmonias and two axial sulfate oxygens, has 

also been assigned.90:9l In both of these cases the g and A values are 

quite close to those. listed for cupric ion in liquid ammonia in Table 

VII. This would again indicate that the equatorial ligands are 

primarily responsible for the magnetic properties of such complexes. 

In order to compare the bonding in the water and ~~onia complexes 

it is necessary to estimate the energies of the excited states. ·The 

1 opticaLtransitions for these complexes in water and liquid ammonia 
. 36 

have been reported, but the assignments of the spectra are not 

certain. It.is apparent from the spectra, however, that the transitions 

for the complex in liquid ~mmonia occur at higher energy than,the 

corresponding ones for the complex in water. Polarized crystal spectra 

for Cuso4 ·5H20 indicate37 that there may be ~t ·least three components 

for the broad spectrum observed. This broad band is centered in the 

.,.1 
region of 13,000-15,000 em for the aquo complex in aqueous solution 

v.rhile the corresponding band for the ammonia complex in liquid ammonia 
. . 1 

is centered in the region of 16,ooo-18,ooo em- • The spectrum of 

cupric ion ih liquid ammonia?6 is attributed to the complex with.four 

equatorial a4d two more distant axial ammonia ligands by comparison 

with .the spectra for . complexes containing four an~ five ammonia in 

" ; 13 
concentrat~d aqueous ammonia solutions. Gersmann ~nd Swalen place 

' ~-~ 

so!n.e excit;ed states as high 
;..,; 

-1 as 30,000 em in additton to others as low 

as 14,ooo' em -l on the basis of their optical spectr~ which were. neither 

presented nor discussed. 

Lacking good assignments of the energies of the· i?xcited states for 

. +2 . ' +2 
Cu(H2o) 6 and Cu(l\TH

3
)6 ,. one can still make qualitative comparisons of 

the bonding in the two complexes . from their spin Hamiltonia.."l parameters 
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·· and the· increase in the·· energy qf a given excited state upon going from 

· ·· ' ,< . ; c{,(~~)62 to cu(~)~2 . On this basis~ the change in glf and All for the 

.. · .. · 
·' 

. '}' . 

.'·.:· •• .< :·· 

.. ..-... · .. ·.\:.··.;._ ._ 

- ..... ' 

· : CL"!h'IlOn:ia COm:f)lex relative tq the aquo complex is partly due to the greater 
.·J . 

. ;~nergies for the excited states in the ammonia complex. If one uses .. 

•· c e!J.e~gie~ like those used by Gersman and Swalen, 13 one must also conclude . 
t . . - . . . 

· > that thefe is.slightly larger contribution of the ligand orbitals to 

.· the bonding for the arrunonia complex than for the aquo complex. 

·• : Avariation of g·and A :values with temperature for cupric. ion in 

. , v'ariou·s· ~rystals has .be~n· noted. 2 For crystals with sit~s ·of high 

s:yTI1.metry _occupied by the cup:dc ions,,tP.e ·effect ·is most. pronounced . 

, At roon{temperatu:rie. the spectrum' may, .pe. isotropic;· while. at liquid 
. -.. . . ' . - . . . . 

.. ·· 
· .. 

~ - ·-

.. , , .·., . :·: n.i trogen ·and liquid helium temperatui-~s the spectrum becomes . •o 

~; . . . ~ ' . 

.... ·progressively more anisotropic. 

. . . .·· Abragam a~d Pryce 29 as being, d~e 
This. ef:4'ect was first explained by 

_.)-

to the ·dynamic ~ature'of. the distortion 
·· :. · · · 4o 

of the complex in sites of high .. (3ymmetry. Avvakumov has discussed·. the 

aegenerate <:::> ~vibr~tions respqnsible for this pseudo-rotation of the .. . . 
complex in an. attempt to. treat the temperature dependence quantitatively.· 

In our studies of the aqueous system we observed only an abrupt change 
' 

. ~ 
. i . . 
from the isotropic solution spectrum to the anistropic glass spectrum 

., .. ~ 

at 'the melting_point.of the solution being used. For cupric ion in pure 

liquidamm&nia,·hoWey~r, diffe:rent.behavior was ob~erved. As spectra 
. '· ( {· ': . .. . ~ . 

. ···of cupr~c fion:· ~n l:iguid ammonia were.· t~en at prog~rssively lower 
·, 

temperatwe·s; the line widths of' the. hYPerfine components changed, but 

. ~-- ~ ' 

' ' .· \ 

-the ·g and A:v~lu~s \iid not.· At. a. temperature of'. -83 '~>c. the sample 
'• .. 

froz.~ as ind~cated by an·abrupt 'change in the' dielectric loss of the .~.·· . 
. . 

sample and··.coriseq:Uent. chang.e in the balance of the mic·rowave hr'idge. 
. ' ' ' I 

As subseq17ent spectra were taken ·at· lower temperature's the spectrvm 

.• 
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remained like that for cupric ion in solution. The low field hyper

fine component line width was changing more rapidly with temperature 

than it had in solution, but the g and A values remained the same. This 

behavior continued unt~l the temperature had bee~ lowered to around 

-105_ °C. At this temperature the high field hyperfine component had also 

broadened considerably and the parallel structure was starting to appear. 

A spectrum taken in this intermediate range is shown in Fig. 15. This 

.:~behavior was reproduci.ble upon raising the temperature for samples 

which had been frozen at liquid nitrogen temperatures: The reasons 

for this behavior will be discussed in more detail in the next section. 

2. · Relaxation 

In order to determine electron spin relaxation times, T
2

, 'it is 

> necessary to correct the observed line widths for unresolved or over-

lapping hyperfine structure as discussed in the experimental section. 

The procedure was straightforward for cupric ion in liquid ammonia since 

the isotropic A value could be obtained directly from spectra such as 

the one shoWn in Fig. 14. For cupric ion in aqueous solutions, however, 

the situatioh is more complicated. As one can see from the spectrum in 
. i '. '·" 
Fig. 12, the poor resolution of the hyperfine st~cture leads to highly 

approximatJ A values._ In the 5.26 !:, HClo·4 solutions the apparent separ!-
'· 

tion betw~en the hyperfine component at highest fi!,eld (Mcu = +3/2 for a 

negative _;A value) and· the adjacent one (MCu = +1/2;: approached a value _ 
~ ~ . 

. i ·~. • 
of 50 gauss as the temperature was lowered and the. f_'esolut~on improved. 

. ' -4 -1 . ~ 
Th~s corresponds to A=51Xl0 em • Assuming that the g and A values 

for the complex are approximately.the same in the glass and in solution; 
I . . 

one can estimate the isotropic A value in solution from All_ and A l in. 

the glass•. Using the values listed in ':I'able VII, one cal·culates. an 
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.. 6 -4 -1 
upper limit for A of 5 XLO . em . If the value for A were reduced to 

. . .· -4 -1 
zero, the resulting value for A would be 52Xl0 em . The procedure 

-4 -1 . 
to be followed will be to use a value for A = 53 XlO em . when correcting 

the line width for hyperfine structure and carry through the estimated 

uncertainty of ±3xl0-
4 

cm-1 in order to indicate the uncertainty .in 

relaxation tLrnes. The same value for A will be used for the D20 complex 

since the parallel portion of the spectrum in the glass, which was all 

that could be resolved for D20, was the same for b.oth D2o and H2o and 

the solution g values are identical. 

The results for 0.1 K cupric ion in 0.1 K HC104 are shown in 

Table VIII. The experimental line width is the distance between the 

maxima and minima of the· first derivative presentation taken dir~ctly · 

from the spectrum .. The corrected line width represents the width of each 

of the four unresolved hyperfine components obtained from the experi ... 

mental line width using A= 53xl0-4 cm-1 ~ 

Temp. 
oc 

21.4 

.36.4 

51-5. 
62.2 

86.4 

104.0 

123 • .8 
140.0 ·. 

·, 

161.6 

187.7 

208.6 

Table VIII. Line width for 0.1 K Cu(H2o)62 

in 0.1 ! HC104 

6H ~experimental) 
gauss . -~ 

143 

147 -· 
.,~ 

ij, 

159 '· ,. 

165 

212 

263 
'•,, .. . . 

" 303 .. 
,(. .. 

347 ... 
; .. . ; . . .,' 

410 
. '··," 

533 

,6..T{ (corrected) 
gauss 

199 

256 

315 
; 

393 . ·~-

530 

6o8. ·.' ........... 6o8 ; ,. ·. . . ~ 
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· · The total uncertainty in the corrected line w:idths due to 
. . 

.. · uncertainties fn .the experimental line width and the. A value is estiiDated 
~ . . . . . . . . 

. to be 'Y/o. · The data for cupric ion· in D~:? were treated. in the same way 
,'f•, 

and are listed in Table IX. 
. . { .. 

Table IX. 

• • • l • 

,. ·.·., Line widths for 0~05 i~ Cu(D2o)6 .· .. 
. in 96 ~ 7% D

2 
0 with . 0 .1 ~ HClOlj. . . ,_ ... :.-.· 

. 24.1. 

37;7 
64.4 

89.7 
·'124.0 

137.0 •• 
. ··· 149.0. 

160.8 

175.7 
187.5 
203.0 

'· .)_,.-. 

__ · ... 

···,• . 

··. 

140 

144 
161 .. 

204 

· .. 278 '.: 
. 298 .;.' .· 

··: 332. 

367 ' ;_· ... 

.401 
483 ':'· 

. ~ .. '" '.'. ·<: ' .. :. 

. '220. 
. _··_: 249 

"·' · .. ; ?95 .. 
.·.·' .340 ·.· 

'382' 
.. 478 

: 518' 

.·- ,., · . 

t,; .) • 

Afhe spectrum of cupric ion in 5.26 --~ HClo4 ::for the temperature.: 
,· . 

. •/. . ·... ', ' . . 
' 

. ~~- ' . 

range of ::4g:o to 0 °C ·.:is sufficiently .r~solve'd to '.obtain estimates for . ;t·. ~ ·. ' . . 
.,_· 

the line width of the high field (MCu ; +3/2). com~onent._ The experi~ · 
. . . .,., . 

mentally o:'bserved line width was corrected for intf=rference due to 
. . . . ' ·. ..;· . . . . . ' . . ; . . ' . -4 ~~ -1 .. 

· the adjac.ent hyperfine component using A = 53xlO ·em as before. _The 

, ... , .. 

' :;, 

line widths obtained from these experiments are tab,;lated in Table X. . • 
~ ~ . 
~ ~ 

The _corrected line widths in Tables VIII, IX anct, X are shown :. ,:·.''·. · · 
1 ' . . . . ·.; ~- .. · .. 

plotted a:s log .6H vs T- in. Fig. 16 .. The· solid points, are for Cu(~o)6 .':. '· · 
I • '• • ~ • " '. ? 

. .- in 0.1 ~ HClo4 at temperatures above ambient (Table VIII) and are 

. ~ I 
based on the assumption that the foUr lines are all of equal width :.•_.:,~ 

.;., .... 
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· Table. X. · ·-·. Line width for ·the· M:c = +3 /2 (high field) hyperfine 

-8.0 

component of 0.05 !. cu(H2o)~;+ in a 5._26 F HClo4 
.-solution 

. i ' 

~B (Mr.: +3/2, high field) 

Experimental 
gauss· 

Corrected 
gauss 

.. ...,14.2 

/. >. -19 .1· 

37.0 

37·5 

36.0 
.. 

47.3 

48.0 

45.2 

48.0 -28,0 

,·:..36.0 .· 

' -~· -

.. '· \ 

:·:,-... 

37.5 
-.·-,·:, ',' .44 .. 7-'. ~- .· .62.1·' 

at these temperatures. The-open squares represent the.D20 data from 
".; I . . 

Table DC .. The open circles are for the.low temperature_ data in Table X . 

•·. The line of. negative slope was drawn to give a best fit to the high ' 

• temperature J120 data .. Since the ESR lines were seen to· be symmetric· 
; 

above room temperature and asymmetric below room temperature, it was 

assumed that at lower temperatures significant c,ontributions were being 

made to the line width from a different mechanism which has a dependence · 
·' 

on M:c· Since :·contributions to the line width are additive, the 
~ - '· . . . 

con~ribution- from the mechanism dominant at high temperatures was 

subtracted fi-om the ~u = +3 /2 line width observed;,at low temperature .. 

In this wayJ the contribution to the line width of\the ~u = +3/2 
. . . . -~ .· ' . . 

': 

._.,_.., 

component i!>y the low temperature mechanism was estirii;ated and is 
. J . . . . . . ' ' -~ ~ ' .. .., . 

t ·: 

.representJdby the line of positive_slop~ in Fig. 16\ Possible explana-

, -· tions for these two mechanisms will. be dis:cus seci' shorbly. The enthalpies 
. -~ 

of activation for these two processes are given in Table XI. along with· 

their respective contributions to the total relaxation iat 25°C. 
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Table XI. Enthalpy of activation and contribution to 
relaxation for high and low temperature 
processes for cupric ion in a,queous solution · 

High Temperature Mechanism 

eu(H20)~2 in 0.1 ~ Helo4 
at 25oe 

Low Temperature Mechanism· . 
+2 .. 

. eu(H2o) 6 in 5.26 ~ He104 
at 25°e 

.. ~· . 

. * . I · tli = +3 .3 kcal mole 

contribution to 
line width = 48 ± 6 gauss 

contribution to T2 = 1. 2><10 -9 sec 

m* = +3 . 6 kcal/mole 

contribution to 
line width = 36 ± 5 gauss 

contribution to T2 = 1. 7xl0-9 sec 

,,,·· m* = -3 . 7 kcal/mole \ '. 

contribution to 
· ·~; ~· · ·:>:.. line width = 13 gauss · · 

. . . 9 
-·~ :~·contribution to T2 =: 4.5Xl..O-:< .for ~ = +3/2 

sec 

The line width data for cupric ion in liquid ammonia could be 

·handled in a more straightforward manner since the resolution was much. 

bet~er over a wider temperature ran~e. Line width measurements were 

made on both the Me = +3/2 (high field) and Me ~ -3/2 (low field) u . u 

hyperfine components and the experimental,. widths corrected for over- . 

lapping lines using the isotropic A value measured in solution. The 
l 

experimen-%~1 and corrected line widths are.. tabulatcid in Table XII. In 

addition, the line widths are given for the transition region where the . 

sa.rnple was frozen but the spectrum remained isotropic ·in character.·· 

The line width results for cupric ion in the ammonia-THf mixture are 
. •'. 

given in Table XIII. 

The data from Table XII for the variation of line width with 
! 

temperature for cupric ion in liquid ammonia are shown plotted in Fig. 17. 

,. ·.· . 
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Table XII. Line widths for 0.03!. Cu(l-lrs)6+ 

in liquid ammonia 

. ~I = -3/2 (low field) ~I = +3/2 ·(high field) 
'·' 

Corrected ..... 

.. 
< 

" 
Experimental 

gauss· 
Corrected 

gauss 
Experimental 

gauss gauss 
•. -f!.-~ 

-26.1 

. -21.0 

-2(.6' 

-27.8 
-36.1' 

-36 ~2. 
. ·-45.9 

. ' . . . 

-52.4 
-53.2 
~61.5 

-62.4 
. -70.4 

·-70.8 

-75.4 
~76.0 

-78.2 

-80.7 
-81.0. 

. : ., . 

42.0 
51.6 

38.8 
4o;4 ·.· 

. ~ ·~ ·.' . •' 

.. - ..... -35.8 
. 42.8. 

.. - -~ . . ~ .' . . 37·3··.·, '• : .. :; ;' 
··-: 

' '.·•. I 

.•.·:: 
.. ., . '/_; 

. ·:.' •:: 7.1 8< :, 
. ··~· t: },.•.; ..,;_; -~"f. -~:~ .)· • . ... ,_· 

.·,·. 34.8 )9 .. 1 • __ : .. , ... ' .,.,, 
. ,;._:., 

.,. ·. , .. ·. ~- ;· 

.·.' . ,,· 
:.29~5. 

. ~ : . . 

. > ·l 

-· .·· : .. ... _ . - .: ; __ ~ . 
. ,.:. 

... 33 .o .: 
' . . 

.... -~ ;j· 

.;., .· 31.8 ,: ' ' ''.:. . 
_ .. , .. 

.. : :. . 26.1." '• 

:. :· '. ··. 33.4. ':>-:· :~ .. ·. ·( .·:::.: .. ::;·_"':; . 
··, .. ; : , ... 23 ·5 

. ·,' . '· 21.8 .:,·.· 

50.0 

. : 4o ·7 ' 
I ,·_. 

; 35.0 . 
_,.; 

.~ 31.9 

.··. ... 

31.0. .• 34.0 ' ' ' .~ . ' . . ... 

.. •.; 

.i. : .·. 
30.8 

: ••• .< 

33.6 .. 

.21.2 

21.0 
\ '·. ~ ·. ·, 

'\' 

·.· .._ .... 

21.4 ·. 

: ·. 

;, 

.. _.:· 

.. 
.•.f. ·-.... 

... •.: 

. ... 
I -'~ 

·~' .. · 

.. -~ . 

,•..3'> 
Transition Spectra · .. : ... ..-: ;. ,:: 
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The solid circles are the' corrected .line widths for the Mcu = +3/2 ,;. ' .. 

•· hyper fine component. while the open circles are for the Mcu ~ -3/2. 

compcment. The line of negative slope was drawn to give .a best fit to · 

_,l._ 

)'' 

'' 

, .... -:t. 

the five data points at highest temperature. These points were .used .. · 
because they represent a temperature range. in which the low temperature·. · 

m~chanism contribution to the line width is· unimportant. If one assumes 

·that the high temperature mechanism contribution to the line width is ._;._,_ 

" .,.:_· ,' 
the same for all the hyperfine components, then that contribution derived ., 

' ' 

from the Mcu= +3/2 component line width can be subtracted from the line . : ..... 

·. .width of the MCu = ~3 /2 component. The residual line width obtained in · 
. . ·: .~ .. ·.,.- . 

. this way, indicated by the squares in Fig. 17, should be the contribut:i.on ·. 
·. . . . 

. . - . . 

from the low temperature· mechanism to the line width o:fthe Mcu = +3/2 ._ · ... 
. --.;.• 

component. . ,_- .. 
. t ·' 

Table XIII.- Line widths for0~05'!. cucmr;Y6+ 
. -· ,_·; ' ~ ' •'.'•. ,' 

. ~ . 
in ammonia/THF · · · · · · . ."'~ : . · . ~- ;, .. ~ ... , M 

.. •' -
-:- ··.' 

_,- '., 

-,..._~----------~--.:"":'.~. --. -. :"":'. -----......,..--~.-----~:-./. 
t!I_-=_--..3._/2___,_(_l_ow_f_ie_· l_d~) .!i:r .~ +3(2 (high field} __ . 

~ .. ·.: 

. ..... ' ·,_, 

Temp •. · .. 
oc 

-21.4 
-50.1 . 
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gauss 
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:~ 29.0 
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The enthalpies of activation for the high and iow temperature 
,, 

.. ~.:: ' ' 

-r ... 
mechanisms are given in Table XIV. The contribution ·of the h:\.gh tempera..:.: . 

ture mechanism to all the component line widtbsis included as well as 

the contribution of the low temperature mechanism to the line width of· 

the Mcti =. -3/2 component at temperatures. o~ 25° and -50 6C. 

_.· .•. ·i 
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Table XIV; Enthalpies of activation and line width 
contributions for high temperature and low 
temperature relaxation mechanisms for 

. ··. Cu(NH3)~;+ in liquid ammonia. 

·High Temperature Mechanism 

contribution to 
line width 

contribution to T2 

Low Temperature Mechanism. 

contribution to line 
width for Me = -3/2 u . 

contribution to T2 
for ~u= -3/2 

m* = 1.1 kcal/mole 

= 80.9 gauss at 25°C 
33.1 gauss at -50 oc 

= 0.76xL0-9sec at 25°C 
1.9xl0"'9 s.ec at -50 oc 

&I* = -3.4 kcal/mole 

= 0.72 gauss ~t· 25°C 
4. 7 gauss at -50 oc · 

= 8.6Xl0-
8 

sec at 25°C 
1.3xlo-8 sec at -50°C 

·-

Let us first consider the relaxation mechanism which is dominant 

at low temperatures. It is characterized by a line width which depends 

on the value of ~ and which decreases as the temperature is increased. 

:!: Such behavior is typical for many complex. ions in solution. l9, 76, 85 

83 and was fir~t explained.by. McConnell as being d~e to rotational 

averaging ~f the magnetic anisotropies of.the coniP;tex. His treatment 
. . 

was for cdrnplexes with S = 1/2, which is the si tua~,ion here. ·It is 

·apparent that an inversi6n.<of the complex can have qualitatively the 

same net result as rotating the complex through an angle of 90°. The .. . 

result in both bases is that ifthe symmetry axis of the complex was 

initially parallel to the magnetic field, it will now be perpendicular 

to it. The normal coordinates for this inversion process have been 
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discussed in detail by Avvakumov.
40 

As will be shown shortly, the 

path followed in getting from the initial to the final state has a. 

definite bearing on the relaxation time involved. 

In order to compare the processes of inversion and tumbling we 
. . 

shall adopt a model for the inversion process in which the complex 

"ju.rnps" from one of its three equivalent orientations to another. This 

model would be. applicable if, for example, the complex remained in one 

orientation until a diffusional process in the second coordination 

sphere caused a transition to ~mother orientation. This is to be 

compared with the tumbling model in which the complex retains its 

·symmetry, but rotates continuously to a new position. The inversion · 

process requires a displacement of the ligands along their respective 
. . 

l. .•. 

-'. •' . ... 

... 

metal-ligand axes while the tumbling.process requires a rotational .. •' 

. ; ' ..... 

displacement of the ligands .about the center of the complex. Thus,. one,·.· . 

. can speak o.f the rotation of' the "ligand....;f:i.xed" axis system for tumbling . · 

and the discontinuous change in orientation for the "ligand field-

fixedn axis system for inversion. 

r 
The relaxation effects in terms of averaging magnetic anisotropies . '· .. . .. 

for such an inversion "jump'.' process can be derived in a manner strictly 
. 8 . 

analagous t9 that used by McConnell 3. for tumbling. One starts by · 
N ./ , . 

! ~ • 1 . ' 
defining a "'ligand-fixed" axis system p, q, r and; a· "ligand field-. 

fixed" ax:ifs system x, y, z in which the z ~axis is th~ unique or symmetry 
f .· . . ·. . \ .. 

1 ,, 

. axis of the complex •. The relationship between these two axis systems 
.\ 

,;·_ 

_: ··. 

can then be defined. For this purpose we construct ja set of special , .·: 

delta functions, s1, ~' 8_:;. These de{ta functions have the property~ ~\ , .·· 
. ,:., ·.- . ·;. 

that 5
1 

= 1 when the. r.: and z axes coincide and .is zero otherwise. ·. ' . ~- ,· ', 

Similarly, 52 = 1 when z. and q coincide, -~ = 1 when z and p coincide·:,· 
.. , 

and both are zero otherWise. These delta functions have the properties 
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indicated in Eq.(13). 

01 + 02 + ~ = 1 (13a) 

o. . oi = o. 
J. J. 

(13b) 

oi . oj = 0 (13c) 

It is nmv nossible to define H in terms of H , H and H using the 
~ z r q p . 

delta fu..n.ctions and the· same is true for the other operators in the 

usual axial spin Hamiltonian. An example is given in Eq~(l4). 

H = H o1 + H o2 + H ~ z r·. ·q p~) 
. (14a) 

s ·= s 01 + s 02 + s ~ z r q p-:; (14b) 

Making these substitutions into the usual Hamiltonian as given.in 

Eq. (15), 

J:i = (3gJJH S + (3gl(H S + H S ) z z x..x y y 
. (15) 

+ AJJ I S + Al( I S + I S . ) 
. ZZ XX yy 

one obtains the Hamiltonian in terms of the delta functions as shown in 

Eq. (16). 

where 

;i 
e ·g = 

D. g = 

(gil + 2gl)/3 

gil - gl 

i 
A = (A/1 + 2Aj_)/3 . · 

b = Aj:i - Al 

(16) 

'.The :firs:t :two~ terms': of :,thei. Hamil toni an; in: E<i,~ ,( 1:6~ ·:will give l'ise.id;o the 
·, 

usual isotropic solution· spect,rum. The .th:Lrd· term):· which . .is:.aJ_s'o':.<.:.;:; 

constant in the spin operators,. will give rise to modulation of the 

resonance and dephasing of .the electron spin (contribute to l/T2 ). 
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The final terms include simultaneous electron spin and nucelar spin 

transitions_, giving rise to spin":'lattice (~1 ) relaxation. At this 

point in the deri··:~tion for tuinbling,83 the HaJniltonian. contains tems 

a~'·':tlagous to those in Eq. (16) with the exception of two additional 

terms, 

I ( . . ) (. . ) ( -i¢ +icb) 1 2. 6g$Ho + bi sin9cos 9 S e . + S e · 
r I . + . - . 

+ (l/2)b(siri9cose)(I ~ -i¢ + I :e+ict)s . 
. + - . r 

The first of these terms, involving the electron spin raising and· 

lovrering operator, gives rise to electron spin~lattice relaxation while 

the second. does the sa..rne for the nuclear spins. On this basis, it 

~..rould appear. likely that the tumbling mechanism should be more effective 

in inducing electron spin-lattice relaxation than the inversion mechanism. 

To facilitate solution of the problem at this. point, McConne1183 .. 

introduces the approximation, ~$H >> b, so that the terms in the 

Ha:nilto:::J.ian having only b as a coefficient may be ignored. At this 

level of approximation, then,· the two Hamiltonia are given in Eqs. 

(17) and (18). 

Tumbling: ~- = g~H S + AI S t . o r · r r 

2 
+ (t-g~H0 + bir) (cos G -~ 1/3 )Sr (17) 

i 
:-.~ 

+ l/2(.6g$H
0 

+ bir) ( sinecos9)(s +e-i¢+ s _ e +i~ 
~-

Inversion: J:L = g~H S + AI S 
-~· o r r r 

(18)· 

L~spection of Eqs. (17) and (18) shows that the process of dephasing 

of the spins vrill be the sai·ne for the two mechanisms except for the· 

averaging over the time-dependent orientation functions. The· more · 

'l 

l 
I 

I 

1 

·I 

I 
I 

I 
I 



• 

-85-

striking difference is that the inversion should be much less effective 

than tumbling for spin-lattice relaxation. · Using the time averages of 

the orientation functions given in'Eq. (19), 

2 . 2 4 <I cos e - 1/31 > - 45 (19a) 

<lo1 - 1/31
2 :>". = ~ (19b) 

one can carry through the McConnell derivation. The result for inversion 

is given in Eq. (20) and can be compared with the result .for tumbling 

in Eq. (21). 
2 

Inversion: (Tt ) 
. 2 

Tumbling: (Tt 1 

(20) 

327r . . 2 -i( 2 'ft~ = --2 ( t:g(3H + bM_) tan · -T 1 
4~ . 0 -~ 2 

. (21) 

In these equations -ri and -r:t· are the characteristic times associated 

with the inversion and tumbling processes respectively. l/T2 is the 

contribution of that mechanism to the overall line width. In the event 

that l/T1, the spin_-lattice contribution, does not contribute appreciably· 

to the line width as is assumed in this case; then.T2 = T2 . An 

additional simplific·C).~ion is obtained when -r/T2 << 1, as is generally 
. .:..1 

true in these studies. The·tan dependence can then be approximated 

to give theirelationships in Eqs. (22) and (23) for relaxation. 

l· 

Inversion: 1 32n (t:gf3H 
2 ~ -,··= 

9h
2 + b~) 'f,. 

.T2. 0 . ~ 
(22) . 

1 64n 2 
I 

F = 
45h

2 (t:gf3Ho. + bMI) -rt .. · 
2 

Tumbling:· . (23) . 

One .. can see from comparing Eqs. (22) and (23). that the tumbling 

mechanism should give line widths which are 2-1/2 times smaller for a 

given anisotropy and correlation time.. The magnetic field and~ 
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dependence for the. two 'should be the s,ame. Looking back at Eqs. (17) 

. and (18), ·we ·can see· that at this· level of,. approximation the inversion 

mechanism should introduce no. spin-lattice relaxation while tumbling 

·definitely does.. It must pe remembered, however, that we have neglected 

terms of the order b
2 

relative to those of the order (4<?;13H
0

)
2 

or_ 

l 
<( 

.. , 

,, b(6g13H ) in .both derivations. For the cupric complexes we have seen 
., 0 

. ' 

· .... · 

that b can close .. t~ the. magnitude· of L::g(3H
0

, . indicating that our approxi ... 
; ·, 

mation may not be too good. · We can at least say that spin-lattice 

.. relaxation should be more effective for tumbling by virtue o:f the 
-~ : 

differences in the Hamiltonian for the two cases as .. discussed following . 

Eq. (16). -
One can also predict that spin-lattice relaxation shouldbe· 

;," ... · 

. '. 

independent of magnetic field for· the. inversion mechanism as seen· from 

Eq. ( 16) while tumbling contributions to spin-lattice relaxation should 

·show a magnetic field dependence. 

. " 
····~· ' 

It is now desirable : to use the experimental~ determined relaxation 

·. times and magnetic anisotropies to estimate correlation times for 
'•~--. 

. . : . f 

·~~~- . ' : . . i· 

tumbling or inversion. The correlation times obtained in this way 
. -.. _. =:. ,: . ~ 

can then be compared with the .correlation ,time for tumbling calculated_; · 

from viscosity data and also with the rate of water exchange. It 

should be kept in mind that the characte:ristic_tinles f<?r tumbling or 

inversion c~lculated from Eqs. (22) and (23) represent lower limits 
. ~ . 

' 
for those ,times since we are treating each process ·separately and 

1':, 

.... ' 

·,,.·.· 

assuming that the other does. not contribute to the averaging~· The . , . , ..... _ 

results of these calculations for Cu(H2o)62 
in aqu~ous solutions ar~·_.:;:.:.,;<; .• :·.:: .. ;. . 

presented in Table X:V. · ·The. magnetic anisotropies were· calculated from: :· :·; .. 

. 12 
the values in Table VII assuming that both All and Alar~ negative, · 

and using a value for H. == 2943 gauss. Correlation .. times for tlimbling. 
0 

·• 
~ ' ' .. 

. . · ... : 

· .• '~- ! 
~- •' . ·. . 

. . ... ~ .. 

··." 
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Table X.V. Contributions to the 1ow temperature relaxation of 

Cu(H2o)6+ in solution at.25°C (MI = +3/2 component) 

9 -1 = l.29XLO sec 

From Eq. (8) 
. -11 

·r. > 5.2xl0 sec· 
~-

From Eq. ( 9) -rt 2: 1.3 xlO -lO sec 

b 9 -1 h = -o.444XLO sec 

From Eq. (10) -rt = 7 .4xlo-11 sec for 5.26 !:_ HCl04 . 

'! = 
.t 

4.9xl0-l_l f H 0 sec or pure 2 
·X· 

Rate of exchange of water 

~ = 6.7xlo-10 sec for 5.26 !:_ HCl04 
·r 

-10 = l.2xl0 · sec for 0:1 !:_ HCl04. 

were calculated for comparison using Eq;~ .. (.24.), 83 for the tumbling of a 

spherical ion of radius a in a medium viscosity.~ 
0 

. 4 3 
. - 'TTaoT) 
'!t ~ jkT (24) 

. 42 ' 0 

Merideth u~ed a value of 3.65A for the ionic raqius, a , based on an 
. '· .. 0 

average Cu-b bond distance of 2. 25A taken from cryhal structures of 

cupric hydjates and the van der Waals radius .for oi.ygen.· The viscosity . · 

of water ~s readily available92 and the viscosity of\ the HCl04 solution; 

was taken from the work of Brickweddie. 79 Values for the low tempera-

ture contribution to T2 were taken from Table XI. 

If one assumes that the entire low temperature contribution to.the 

line width is from the inversion process, then one obtains a minimum 

value for the characteristic t~e for inversion of 5·2Xlo-11 sec. 
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· Regardless of any other ;processes . occurring, we know that the character-
. . . 

istic ·. time for inversion cannot be. shorter than this value. since that 
. . 42 . 

would lead· to a longer T
2 

than observed. Merideth has interpreted' 

his H
2
o17 exchange· studies to meanthat the exchange of water from the. 

axial position in the complex into the bulk solution is. the rate 

determining step whose rate is given by k • · He also concludes that the . "·~. . . . .· . r 

rate of inversion of the complex is faster than k , i.e., that a 
r 

particular water molecule will see both an axial and an equitorial 

environ.'!l.ent before being expelled back into solution. · Thus, 1/k sets 
r 

. .,,. '· 

....... 

an upper limit on the inversion lifetime of the complex. The combination ·· · 

. of these l:Lrnits requires that the inversion lifetime lie in the range 

·-10 -11 
of 7x10 . · to 5x10 sec ... · 

If ~ne assumes that the entire low temperature contribution is 

. . ' 
due to tumbling of the complex, one. calculates a .correlation time for .. 

. tumbling of 1.3x10-lO sec. For comparison, the tumbling correlation 

time calculated from the ioz:.ic radius and· viscosity is around 6x1.0-ll 

·sec, a factor of two shorter. The uncertainty in the choice of ionic 

·radius could probably account for this sort of discrepancy. 

'~. : 

- ~ . ' . 

., . . '· . '. 
. ._. '-. - . ~ ··. ~- . 

Since the rates of inversion, exchange and tumbling for the complex. 

all lie within a narrow time interval it .is simp~est to consider them 

. a.s all con~rolled by a common mechanism.. Such a :rhechanism wouid invol~e' · 

the motiort or diffusion of water molecules into and out of the second . ' 

.. . 

"•·;, I 

·• ;J 

.$f.. . 
. I --· ... 

·'~coordination sphere as well as the direct exchange process in the first 

coordination sphere. The result would be that almost every inversion 

.. would be accompanied bythe loss of an- axial water molecule from.the · · 

·complex. Support for such a conclusion is foU.J?-d in the similarity. of, .. , 

the;. enthaipies of activation for relaxation, exchange and viscosity. 

' .; i 

. . ~- ... 

....... -.-... 
. ... . 1\'' ;.. . 

,. . ·" .-. ~. .' . 
}. · .. 

. ·• 

- ' ~. . 

~ I • 

.· j 
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Using the viscosity of water92 or perchloric acid solutions79 from 

room temperature to -50 oc, one obtains an enthalpy of act.i vat ion of 

· -5 kcal/mole. The enthalpy of activation for the low temperature 

contribution to the line width is -4 kcal/mole and the enthalpy of 

t . .J..... f . t h 42 . 4 k 1/ 1 f ..... h 't . ac lVaulon or wa er exc ange lS + ca mo e, o u e opposl e slgn 

and the same absolute magnitude as expected. 

For cupric ion in liquid ammonia the separation of the high and low 

temperature contributions is much more clear cut. Unfortunately, all 

that is known about the rate of ammonia exchange is that the rate 

con~tant is greater than .106 sec -l at 25 °C. 93 It. is still possible to 

set limits on the characteristic times for tumbling and inversion for 

)
+2 

Cu(NH
3 6 in liquid ammonia from the data in Tables VII and XIV using 

Eqs. (22) and (23). The results of these calculations along with the 
\ 

estimated tumbling correlation time using Eq. (24). are listed in Table XVI. 

Table XVI. Contributions to the low temperature relaxation of 

Cu(N'~)6+ in liquid ammonia (~ = -3/2 component) 

Ag[3H 
0 = 8.15xl0 h 

At 25°0: 

From EJq. ,. (8) 

From JEq . . / (9) 

From Eq. (10) 

At -50°C 

From.Eq. (8) 

From Eq. (9) 

From Eq. (10)' . 

8 -1 sec 
b . 8 -1 

= -5. 5lxl0 sec h 

-ri ::: 3 ~9XLO-l3 

\::: 9.7XL0-
13 

' . -12 
't't == ,5.9><1.0 

6 -12 -r. > 2. XLO 
l-

6 4 -12 
-rt ::: . XLO 

. -11 
:'t't = 1.9XLO . 

\ 
sec 

s~c 

sec 

sec 

sec 

sec . 
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: The ioriic 'radius .. was taken tc:i be the sum of an average cu,..N bond 
· a4 ·· - · 

distance for ammine complexes 7 (2.0A) and the van der W~als radius 

'-"'. •t'. 95 (l 5~) 3 5·~ ,.LOT nl rogen .. !M. , or . :tc~.. · The viscosity data for liquid a.TJJillonia 

·show agood deal of scatter so the average of several sets of. data was 

used.96:97,98 The tumbling correlation.times calculated from the ionic 

. radius and viscosity are approximately a factor: of 10 longer than the 

· t~mbling correlation times derived from the T
2 

contributions both_at 

25° and -50°C. ·Even though the t~bling correlation time derived from 

the viscosity and ionic radius is subject to uncertainty as is the 

correlation time calculated from the McConnell mechanism due to the 

approximations. involved, this 'factor of ten discrepancy suggests that 

tumbling is not responsible for the rotational averaging of the_ magnetic 

'anisotropies. The entb.alpy of activation for the lmv temperature 

contribution to the relaxation (-3 kcal/mole) and the enthalpy of . 

. activation for the viscosity ( -2 kcal/mole), however, still suggest. the 

larger contribution of the low temperature mechanis~ for cupric ion in 

the ammonia-THF mixture would be consistent with an increased viscosity 

for the mixture relative to that of pure ammonia. · 

The exi~tence of the transition region in which the sample is 
. ~ . . . 

. frozen, but:~there is still. averaging of the anisot~opies, gives strong 
t 

.\, . d 

support to,-the model of inversion of the complex st~ongly influenced 

· by its local environment as the source of averaging 'for cupric ion in 

pure ammonia. First, comparison of the line width contributions in this 
. ' 

·.transition region ~:th those plotted in Fig. 17 for liquid ammonia 

shows that the exte11t of averaging is changing much mox:e rapidly with 

temperature for the· frozen sample. ·This is in accord with the more 

; ~. 

... 

I 
I 

.. ·ji 
.~. 

J 

., .... ; . 

I" 
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restricted motion in the solid than in the solution. Although there is 

~~doubtedly movement of the ammonia molecules in the. solid at these 

temperatures, it .is easier to visualize the Cu(NH
3

).62 
complex under~oing 

inversion with the cooperation of the surroUnding ammonia molecules 

than rotation of the complex as a whole. Using the model for the 

inversion set up earlier, one can calculate ·from Eq. (22) the character-

istic time for inversion from the line widths in this transition region. 

At a temperature of -80°C where the sample is still liquid, the time 

for inversion is calculated to be 8Xlo-
12 

sec from the low temperature 

contribution to the line-width of the~=· -3/2 hyperfine component . 
.J.. 

The calculated inversion time changes continuously (but with a greater 

temperature dependence than in solution) throughout the transition 

region. At -92°C the same calculation gives an inversion time of 

lXLO -ll sec.. When the temperature has been lowered another 10 degrees, 

the spectr~m has almost completed its transition to that for a glass 

at low temperatures. The Larmor precession frequency, ro
0

, is 

. -10 11 
5.6X10 .~ sec in these experiments so that 1/ro is 2Xl0- · sec. This 

0 

means that an averaging process with a characteristic time shorter than 

2Xlo-
11 

sec should give a partiallY averaged spectrum, while for a 

j . .;.11 
characterist~c time longer than 2Xl0 sec, the spectrum should start 

to show· a..n.i~otropic structure. Thus the character~stic times calculated · 
' f. 

. ' 
from the inversion model and found directly by comparison with the 

Larmor frequency are in good agreement. 

The high temperature contribution to the line width of cupric ion 

in solution has been of major interest in the past. It is appar.ent that· 

the source of line width is not.an averaging mechanism such as has 

just been discussed. · Such a mechanism would be eX:pected to show a 
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.·a temper~ture. dependence for the line width opposite that observed at 

high temperatures. In addition,· it should.show a marked dependence on 
8 . . . 

the Larmor .frequency for the experiment. Kozyre~ has shown. that. 
. . . . ; . 8 w 

there is n~ dependence on the Larmor frequency :t.n the range of 10 -10 

-1 
sec We have also established that the rates of inversion and exchange 

at 25°C are approximately a factor of 10 more rapid thaJ;J. the rate of 

electron spin relaxation. It is not surPrising that the.process of 

exchange of water in the a.Xial position should be ineffective for 

--·relaxing the electron spin· since the magnetic properties of the complex 

·are quite insensitive to the axial substituent. 

Another possible source of relaxation is vibronic modulation of 

the ligand field as suggested by A1' tshuler _and Valiev ~ 39 Their -

treament is concerned with relaxation through the low-lying 
2

B1g excited 
. ' . -1 .. 

. state lying approximately 1000 em above the ground state.· According 

. - 4o 
to the treatment by Avvakumov, . one would expect- the degenerate 

vibrations leading to inversion of the complex to be most effective in 

producing this sort of relaxation.· Al'tshuler and Valie~9 predict 
o( ,· 

that the line wiclth for Cu(H
2
o)62 

should be proportional to the· qua~tity ·.·
-r/ ( 1 + w~b -r 

2
) where w~b is the frequency interval characteristic of 

2 .2 
the separat~rn between the Alg gound state and the Blg excited state 

and T is th~ correlation time for the vibration re~ponsible for the y 

relaxation} 
r 

In this case_,-r should be identified wi~n the 
\ 

time for inversion_, -r., .discussed earlier. 
J.. 

They es~imate 

characteristic-

for. cupric 

. complexes that (.l)~b l- >> 1 so that the line width would be expected. to 

, - . be propor~ional to 1/ ( ro!ib -r) . This predicts that as the correlation time.· _· . 

decreases, the line width increases as is observed for the high t.empera-_ . 

ture region for cupric ion in water and liquid ammonia. 

.. 

I 
I 
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The results for cupric ion in D20 follow this same trend. At a 

given temperc-:tture the viscosity of D20 is approximately lr;f/o greater- than · 

99 that of H20. This would be expected to result in a corresponding 

increase in the vibrational correlation time and a decrease in the 

line width. Comparison of line widths for cupric ion in H20 and D20 

at the same temperature shown in Fig. 16 do show the expected 15% 

decrease in line width upon going to D20. Experiments in aqueous cupric 

solutions containing 20 mole % p-dioxane show s~ilar behavior. 

Although the exact viscosity of such solutions is not known at tempera

tures above 60 °C, the 10% ·decrease in line width for the p-dioxane/water 

mixture .at 140°C is approximately what one would expect from the data 

100 
available at lower te~peratures. This suggests that the change in 

width for D20 is primarily due to the change in solvent viscosity rather 

than a specific change in the complex. Rivkind101 has observed similar 

behavior for copper-ammonia complexes in solution. He found that the 

line width depended primarily on the viscosity of the solvent when he: 

added g:Lycol or po:Lystyrene to the aqueous solutions at room temperature. 

The situation in liquid ammonia is similar. Presumably the ammonia/THF 

mixture is more viscous than pure ammonia. At the higher temperatures 

this leads to narrower lines in the mixed solvent while in the low 
~f 

' 
temperature region the line widths are greater in ~he mixed solvent 

due to les~ complete averaging. 

When one attempts to.rationalize the exact temperature dependence 

the agr~ement is only qualitative. If inversion is responsible for 

bo~h the·high and ~ow temperature relaxation mechanisms, then the two 

mechanisms should have approximately equal and opposite enthalpies of 

activation. This is seen to be so'to within a kilocalorie for the 



aqueous solutions~· In addition, the enthalpies of activation for 

viscosity of H2o and D20 in the appropriate temperature·. ranges are also 

close. For cupric ion in liquid ammonia the enthalpy of activation for 

the low temperature relaxation mechanism is -3 kcal/mole while that 

for the high temperature mechanism is +1 kcal/mole. For viscos'ity the· 

enthalpy of activation is -2 kca:l/mole in the range -20 ° to -60 ~C. 96,97, 98 

. Since . the uncertainties in the ammonia line width data are much smaller··. 

than those for water, we must conclude that the enthalpies of activation 

' 19 
for the two relaxation mechanisms need not be identical. Hayes has 

. : . ' . 

· reconsidered the mechanism proposed by Al 'tshuler and Valie~9 for 

vibrational modulation of the ligand field and has concluded that the 

increase in line width with temperature should be approximately linear • 

. Thus, the Al' tshuler and Valiev theory must be considered. only a 

.. qualitative description of a possible relaxation mechanism . 

., The possibility that the electron spin relaxation is controlled by 

chemical processes should also be considered. We have. already seen that .· 

the rate of axial exchange of waters is more rapid than the rate of 

. spin relaxation. It is possible that equatorial exchange. at a rate on 

the order of ten to one hundred times slower than axial exchange could 

.account for the observed relaxation. The electronic structure of the 

complex is ~ertainly more sensitive to the equator~al ligands than to 

the axial ones so that exchange of an equatorial li~and would be 

expected to cause relaxation of the electron spin. ;For such a mechanism · 

the enthalpy of activation would be that observed for the variation of 

the line width at high temperatures. Ta~ing the rate constant for the 
· .. ' 

;'·-... 

.. ·.· 

~· ': c· 

exchange of the ligand at only one of the four equivalent positions, 

orie calculates that the entropy of activation for .equatorial water ·" 

. I 
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exchange. would be -9 e.u. while that for ammonia exchange would be 

-16 e.u. Negativ~ entropies of activation in this size could be 

attributed to significant participation by the solvent in the activated 

complex. 

A more interesting test of these po'ssible-relaxation mechanisms 

would be to determine the electronic spin-lattice relaxation time, T1 . 

Al'tshuler and Valie~9 predict that T1 should be significantly longer 

than T2 and that T
1 

should increase as the temperature is raised. 

Chemical exchange of an equatorial ligand should cause spin-lattice 

relaxation to occur giving T1 = .T2 with T1 decreasing as the temperature 

. . . 42 . t h . 1 . . 017 J.s raJ.sed. MerJ.deth J.nterpre ed the c emJ.ca shJ.ft for H2 due to 

cupric ion as indicating that the electronic T1 wa~ significantly 

longer than the electronic T2, but that their temperature dependence .. 

was the same. A direct measurement of the electronic T1 should help to 

clarify the situation. 

In conclusion, we have corrected the line width of cupric ion in 

aqueous and ammoniacal solution for overlapping hyperfine structure 

and have separated the observed line width into contributions from two 

mechanisms. At low temperatures the relaxation is dominated by 

incomplete ao/eraging of the magnetic anisotropies of the complex. The 

averaging p!:-ocess is taken to be inversion of the ',complex rather than 
' 

·rotation. ;, This view is substantiated by the obserV;ation of averaging 
. ~ 

in frozen' srunples where the proceM of inversion co~ld. still occur 

-vrhile rotation of the complex as a whole ·should not.\ The source of the 

relaxation process dominant at higher temperatures is,less certain. 

Arguments are given supporting the theory that vibronic modulation of 

the ligand field is responsible for relaxation. In addition, ·a possible 
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mechanism for chemical exchange controlled relaxation is suggested. 

A means for di~tinguishing between these two mechanisms by measurement 

of the electronic T
1 

is proposed •. 

C. FeCl~ 

In order to discuss the spectra of ferric ion in glasses, it will 

be necessary to summarize the theory of paramagnetic resonance for the 

·case where S = 5/2. It is customary to describe the pertinent inter-

actions in terms of the·spin Hamiltonian given in Eq. (25) and as 

discussed in the Introduction. The x-y-z a..-.. ds system is molecule-fixed 

(25). 

with the z-axis usually taken along the symmetry axis for the complex 

in sin.gle crystal studies. There may be additional terms inyolving 

higher order electron spin operators, but they are.smaller than the 

D and E terms, the interaction with the magnetic :field, or both as in. 

the present case. Their inclusion would not add to the argument and 

.the small effects to which they give rise could not be resolved.in glass 

spectra. For ferric ion with its 3d5 electronic· configuration and 

6 s
5
/ 2 ground state, the g value is found to be isotropic and close to 

that Qf the~·free electron. For the rest of our discussion we will assume 
E·: 

,i l . 

that g = 2~'00. Since the bulk of naturally abund~nt iron has no nuclear 

-spin and r,fo hyperfine is observed from the ligands~ we have not included 

the hyperfine interaction· in the spin Hamiltonian. ; 

First, let us consider the case when the interaction of the 

electron spin with the external magnetic field is the·:· largest. term in 

the Hamiltonian. Treating the D and E terms as perturbations, one sees 

that although the energies of the M states vary with the relative 
s 

··~ ; 

'..{ 

,. 
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orientation of the magnetic field and crystal z-axis, the energy of 

separation between the Ms = ±1/2 levels remains the same. This means 

that so long as D and E are smaller than g~H, there will be an isotropic 

transition at g = 2.00. In second order, this transition is slightly 

broadened, but unaltered otherwise. In addition, the other transitions 

should be symmetrically disposed about g = 2. Thus, absence of an 

isotropic line at g = 2 for ferric glasses indicates that the zero 

field splittings must be sizeable. 

8lichter65 has considered the case when the zero field energies 

are much larger than the magnetic field interaction. He treats the system 

using the molecule-fixed axis system in which the z-axis is the symmetry 

axis of the complex. In this representation he deals with two extreme 

possibilities. In one case he takes D large andE = o, and in the other, 

E larger arld D = 0. The first possibility corresponds to a complex in 

which the x andy axes are equivalent. He then discusses the conditions 

66 
under which the second possibility could arise. Wickman has shown 

that by a transformation of the coordinate system one can always work . 
in a representation in which O~IE/D/~/3• The zero field Hamiltonian 

in this .rep~esentation is given in Eq. (26). 

:.~ = D [S
2 

I - (1/3 )S(S+l)] + ~(82 ' - 8
2 
I) 

.· Z X y , 
~: . t 

where ~ = "/D, I~ I < 1/3. It is apparent that wheh ~. = 0 this is 

equivalenl to 8li~h~er 1 s 65 case withE= 0. Wickmln66 shows that 

1~1 = 1/3 corresponds to Slichter's65 case for D ~ 0 _with large E. 

(26) 

In 

· this transformed representation, E is always positive while D has the 

same sign as ~. The treatment is analagous to the nuclear quadrupole 

interaction and its asymmetry parameter, ~· 



. ',,._ 

This· transformed zero field Hamiltonian· can then be diagona1ized 

' ' . 
for .various values of f.. and the eigenvalues and eigenfu ... n.ctions obtained . 

There are three energy levels -each with a two-fold (±Ms) degeneracy 

in zero .. field. The ordering of the energy levels, .·but not their spacing; 

depends on the sign of X. Thus, only positive values for f.. need be 

considered. One can now introduce as a perturbation the interaction of 

the magnetic field with the new spin functions which are linear 

combinations of the old Ms = ±1/2, ±3/2 and ±5/2 spin states. Since we 

have assu.m.ed that ·Dis large, the separation between the energy levels 

in zero field is greater than the energy of the microwave quantum being 

used and transitions between those levels will not. be observed. Those · · 

levels which were degenerate in zero magnetic field will now be split 

and it will be possible to observe transitions between·such levels. 

The separation between these initially degenerate levels will be linear · _ 

in the applied magnetic field with a slope, m, which depends on the 

value of f.. and the angle between the axis of spin quantization and the 

external :rnagnetic field. The resonance condition for transitions 

.between such levels is just 

hv = mgf3H (27) 

vi here v is t.he microwave frequency and g is taken to be 2. 00. Thus' 
-~ 

one can def
1
lne an _effective g value, geff' which d!fscribes such a 

• ~~ - 1 ·. 
transition.} Wickman ' lists these geff values rpr each of the three 

' 
zero field levels as a function of f... Since these g,eff values are 

different for different orientations of the magnetic field, he gives 

principal values for them with the magnetic field parallel to the axis 
... · 

of quantization (g·) and perpendicular to it (g. and g). 
. · Z X. y . 

·.! 

.· , .. · 

-· .. 

,. 

I 
I 

i 
I 
i 

. f 

! 
f 
I 

I 
t 
! 
1 
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r 
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In the limit of f... = 0, the lower level gives gz = 2, g = g = 6. 
X y 

This w~s discussed by Slichter65 and is expected to give a resonance 

peaked at geff = 6 and ending at geff = 2 since all orientations are 

present in a glass. In the limit of f... 1/3, an interesting resu~t is 

obtained for the middle level where g 
X 

= 30/7 = 4. 286. This 

indicates that there is an isotropic transition at geff = 4.286. The 

other two levels have principal geff values of 0.607, 0.857 and 9.678. 

Thus, one might expect band edges to occur at those geff values. As 

one moves a1·my from f... = 1/3, one would expect the width of the 

g ~f = 4.286 peak to increase. Wickman66,67 observed a rather broad eJ.-

resonance for ferrichrome A at geff = 4.3 and estimated from it~ width 

that f...= 0.25±0.04. · At l°K he observed the band edges appropriate to 

that value of f.... Slichter65 observed a much sharper resonance for 

ferric ion in samples of plate glass at geff = 4.27 indicating that f... 

was close to 1/3. Under favorable conditions, variation of relative 

intensities for lines arising from different zero field levels as the 

temperature is lowered makes it possible to estimate the size and sign 

of D. 

Slichter65 advanced several suggestions for ligand field symmetries 

which could give rise to the situation ·with f... = 1/3 and a large D. 

Griffith68 considers the two environments suggested by Slichter65 and 

adds on~ other possibility. He shows from group yheoretical arguments 

that these symmetries could easily give rise to a situation in which D 

is large and f... approaches 1/3, but he finds that f... '~ould be exactly 

1/3 only accidentally. The three symmetries considered are a regular 

tetrahedron with two different groups, ~B2 ; adistorted octahedron, 

MA6, for which the equatorial groups are at the corners of a rectangle; 
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.• J .. , 

· . ,and anoctah~dral. complex ·Of the type Ml)B
3 

with c2v symmetry~ As 
:: .... 68 .. · .. · 

Gn.ffJ.th -poJ.nts out, however, there maybe other possibilities • 
. _., 

We now have several useful.relationships betweenglass or poly

crystalline ferric spectra·and the properties of the complex giving 

rise. to the spectrum. ·When the symmetry of the complex is close to cubic· 

and/or the zero field terms small relative to the microwave frequency, 

.. · an isotropic line at geff = 2 is expected. The absence of a line at 

geff:::: 2,, if other lines are observed, in~icates thatthe zero field 

terms are· large .. :The appearance of lines in the higher g f""' value e .L . ' .~t 

. -·. ··, 

......... 
region of the spectr~ can then be interpreted in ·terms .of the value for 

A. derived from the spectrum .. 

The glass spectrum for lx.l0-
2 !:_ Feca~·6~6 in concentrated HCl is.· 

shown in Fig. 18. The most pr~minent feature. isthe sharp, relatively · · 
. . . . ..· ' ' .· . 

· .. isotropic resonance at geff ~ 4.24±0.06 with a width of 47±5 gauss. 
·. 

., ... ' 

There is also seen to be an onset of resonance. between geff = 9 and .10 · 
. ' . . 

.· '·' 

. . '~ .~ . . .,. 
and. an inflection. at geff = 6. : The spectrum did not change noticeably-

with the ferric concentration ~s reduced by a factor of 10. The width: 

of the geff = 4.24line··gi~es a .:..alue for 1"-l = ·0.322±0.005 which .is 

quite close to the limiting value of 0.333. This calculation assumes 

that the ~bserved line width is due entirely to the anisotropy of the 

transitidi:n. If the anisotropy is .less than the ~ine width, then the 
I . 

using wlckman's66 
\. 

l l . 

value :fO~ A..would be even closer ~o l/3. table of. 

principal geff values, one obtains the following plincipal geff _values ·. i : 
•.·~·· ' ~: :·. >}:~ ·::~· ··~>... . ·' · . 

,_ 'when A. = 0.322: · .. ·· .. •'. 

' . ~~ ·.. :-·' · .... : :. ' · .. •; . 
,·.•. 

Upper level· 0. 79; 0~ 57, . 9 .. 71 

~· : 
' ' 

~.·,' . : ·.;· 

-. 

. ·. 
Middle levei · 4.28, 4.22, 4.35i 

Lower level 

::,' 
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T'nese;results predict an onset of resonance around geff = 9. 7 as is 

·.observed.. Band edges which could also be observed with the magnetic 

field stre~gth available are expected at geff = 0.93 and 0. 79 (7 and. 8 . 

kilogauss). The fact that they are not observed under present conditions 

.is probably due to their .width. These low geff values are changing more 

rapidly with~ than are those at geff ·= 9.7 so they would be expected to 

.. 

··." be more sensitive ~o stresses in the glass. In addition, there are two 

. '··' 

:, : ·: 

. ;· .. .,, 
?--··- .' -·, 

.:; · .. .-.... :· .. ,.::-":: 

-··: ·_ 

.·· 
transitions occurring close together around geff = 9.7 and only one,at 

each of the higher geff values. 

It is now necessary to assign this resonance to the· appropriate fe.rric 

complex. As. discussed in the introduction,. it seems. well established that 
. .. : . 

the predominant species in concentrated HCl i~ a c0mplex with .4 chloride . 
i :.: . 103 104 ' . . . . . 

ligands. In non-aque()US :systems ' there is evidence that the complex 

is Fec14 with a regular tetrahedral structure. The two crystal structure , 

. determinations for salts of the complex5
2

, 102 -again show discrete FeC14. 
. . ' . . . 

units, but with distorted .tetrahedral structures.· The question remains, 

whether the tetrachloro complex in· aqueous solution is tetrahedral, or 
--·· 

whether it contains additional water ligands. The radial distribution . .. ·: ,.· 

functions of the solution x'-ray studies 
47 ' 48 havd been the center' of some_.: : •' 

.t 

controversy, but there seems to be agreement that .the primary species 

pre sent in!· concentrated HCl is the tetrahedral FeC\4. . The strangest 

evidence for the tetrahedral FeC14 structure in sol\l.tion comes from 

:- ·.,. 

.... _··_: 

.·::_: .. _: ... ,.-. 

· .. ·, ·,:· . ·, 

·. electronic spectra. The similar electronic spectra for the concentrated ·-. ~ . 
. ; . . . ·, . . . . : . \' ·.:.. 

, .HCl solutions, 
4

5 eth~r e~tracts, 44 soluti~·nsof_ (C~)4NFeC14 i~ acet~ne, 47 :. ~-··;' 
'and for the. crystallin~ s~lts, 45 h~v~ all bee~ assigned to ~he common ...... . 

component, FeC14 .. .. ;• · . . ,. 

If we accept the premise that the predominant species in:concentrated 

' . . ' . 
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HCl solution is the tetrahedral FeC14 and that the chemical composition 

of this species does not change during rapid freezing to make.the glass, 

then the ESR spectrum of the glass has definite implications for the 

structure of the FeC14 complex in the glass. Since there is no line 

observed at geff =::2, we can rule out the possibility that Fec14 exists· 

in the glass with a regular tetrahedral structure. The line at geff = 4.24 

requires that the complex have a large D value and be of an appropriate 

s~metry. The distorted tetrahedral structures found for FeClL;. in its 

salts52 ,102 approximate the case of a 4-coordinated complex with c2 . v 

s~~etry suggested by Slichter65 and Griffith68 as being capable of giving 

a resonance at geff = 4.3. Thus, tbere is evidence favoring distortions 

of this sort in the solid state which could give rise to a geff = 4.3 

resonance for FeClL;. in a glass. On the basis of the ESR spectru.m alone 

it is not possible to rule out species such as trans-FeC14(H20)~ with the 

equatorial chlorides at the corners of a rectangle (but n~t a square), or 

possibly even the cis-FeC14(H20)~ which also has c2v symmetry. Considering. 

the weight of evidence for a tetrahedral FeClL;. in solution, however, we 

have assigned the spectrum in Fig. 18 to a tetrahedral FeClL;. which is 

sufficiently distorted in the glass to have a large D value apd ~ close 

to 1/3. 

ClearlY, .the small absorption observed at gef~ = 6 cannot be due to 

the compl~bc responsible for the rest of the spectru~ since the ge:f':f' = 6 
4 . 

transitiob requires that ~ be close to zero. Since ~t has been observed 5 
\ 

that the intensity of the optical absorption of FeCli;\ still increases as 
·, 

the HCl concentration is increased from 12 to 16 K' tne existence of a 

second species in 12 ! HCl is likely. Two complexes which w·ould meet 

these requ,irements are a tetrahedral FeC!lj(H20) complex or the 6..:coordinated 
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FeCl-z (F'20 )-z· complex ~ith a three-fold axis. One further possibility is 
) . ) . ' 

·.that the second species is trans-FeC14(~o); with a regular four-fold axis. 

This final possibility would require that the effect of adding further 

HCl b.e to dehydrate the com:Plex to give additional FeC14. 

A sec6nd set of experiments was performed with FeC1
3

·6H
2

0 dissolved 

.in 10 !_ HC104 . Figure 19 is the spectrum obtained from such a glass. The 

main features of this spectrum are quite similar to those for ferric 

. chloride. in HCL .. The. only additional feature is the presence of a line 

at g f.,·= 2, .It was found that the line width was slightly gr'eater for e .L 

0.05 .!_,ferric solutions th~n for 0.01,£:_,: so the measurements were made a~ . 
.. -· 

the lower concentration ... The width of the line at g ff' = '4. 24±0. 08 was' e . . 

fo1i.Dd to be 55±3 gauss. If alLthe line width. were. due to anisotropy 
.. 

in the geff value, the appropriate value for ]A.]. would be 0.330±0.005 .. 

This is quite close to the value found for A. in concentrated HCl, and 

the principal geff values 13ore almost identical withthose,listed previously. 

It has been sugge~ted47 that Fec14 is formed when ferric chloride is 

dissolved in strong perchloric acid solutions. An equilibriUm
104 

of the 

type in Eq. (28), which results . ·, 

,J . ' 

2 FeCll(H20 )
3 

. 
li 

- : Fec14 + FeC~(~o): + ;:~H2o (28) 

~ _;.~~~:it~~J:i· : · .. ---~- ~¥ . .,. .; : ~-
in the·r~d.{i~tion of the ·water coordinated with fetric ions, .. shoUld be.· 

·, : . 

J t 
favored in strong perchloric acid media .. Thus, th~ sharp resonance at , 

. :\ 

g 4. 24 is again taken to be due to the presence o~ FeCl~. 
·, . ' ..,. ,~ ' . 

Ari. equilibrium of the type in:·::Eq_. (28) also~provides a second species·: 

responpible for the 130 gauss wide resonance appearing at ge;ff = 2.. Of 

course fUrther equilibria could be involved to give other complexes with· 

even fewe,r coordinated chlorides. As will be explained shortly, there is 

. . . .. ~. 

1') 

. ~.-. . ' . 

~ .· . 
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reason .to believe that there ~s some chloride asso?iated with the pre-

dominant species responsible for the. line at geff = 2. We know from our 

previous analysis that the existence of a line at geff = 2 {without an 

accompanying line at geff·: 6) indicates that,the zero field terms are 

smaller than the microwave. q_uantum, in this case 0·. 3 cm-l If the D 

value is small, then the width of the resonance should be indicative of 

the magnitude.of the zerofield splitting. The line width of 130 gauss 

corresponds to zero field terms of approximately 0.01 cm-l 
:;·;. 

It is entirely 

possible that the ;~ero field terms lie between this. value and 0. 3 cm-1, · 

and that the resruting spectrum is due to the M = ±l/2 transition while s 

the other transitions are too broad to be seen. 

The final spectrum, Fig. 20, is of a frozen 10~ HC104 solution 

containing o .. 01 ~ Fe(Cl04)y Variat;ion of ferric concentration and 

temperature left this spectrum u~changed. Once again there are lines . 

centered at geff = 4.) ~nd geff = 2, but they are now much broader.. The . , 
I 

20'7 gauss width of the line at geff ~ 4.3 gives a value for 1>-..1 = 0.28 
' ' 

which is farther removed from the. limit of 1/3 than we have found pre-

viously. The 334 gauss width of th~ iine at geff = 2 is 2. 5 times larger 

than was found for ferric chloride in HC104 of the same concentration. 

'This sugge~ts that the stresses in the glass sho~dbe approximately the 
I . 

same in b6.th cases so that differences in line width: are due . to 
j,' ' 

differen6es in the specific ferric complex present:; This was the reason 
' \ .' ·~ '(.. I ~ 

'for the earlier statement that the geff ~ 2 line fof ferric chloride in 
l 

· HCl04 was not ,• due to. complexes without chloride lig~ds. 

The shape o:f the spectrum is different from that observed in the :. \ < · 
chloride complexes and suggests that the zero fi~ld t~r~s and the Zeeman 

interaction may be of the same magnitude. Particularly if there is some 
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1.mcerta~nty in the Dvalue due to a distribution. of distortions for various 
. .. . 

:::;ites, such a bro.ad sweep from geff = 4.). to 2 could be expected. Spectra 

· taken at diff~rent freq_uencies .would. help to resolve this sitv.ation. The · 
. . . 

site symmetr;r necessary for 'A to be close to l/3 could be provided by. 
. . 

·.distorted water. octab~dra. It is also possible that there is. some per-· 

chlorate complex formation,5l perhaps of the type Fe(~o)2 (clo4 ); type, 

· which would give the line at ge ff · = 4. 3 : .. 

Tt1e S = 5/2 configuration for ferric ion offers a uniq_ue opportunity 

for using glass measurements to obtain information about s.ymmetries and 

.zero field te.rms in high spin complexes. In the present case, we have .. 

been. able to identify the tetrachloroferrate ion in. several solutions. 

In conjunction with low temperature studies and several ·freq_uencies, this 

method is capable of providing useful estimates of the signs and magnitudes 

of interactions in the spin Hamiltonian .. 

+3 . +2· . . + 
D •. Cr(~2...4 , CrCl(!J20)5 and CrC~%~, 

'· 
Chromic ion in an axial field including hyperfine interaction has 

4 
been used as an example by Low for the development of the appropriate · 

spin Hamiltonlan. He gives the transitions expected and their complete· 

angular dependence. Since we have observed no hyperfine structure in 

these experiments, the appropriate· spin Hamiltonian is that used in the 

. previous s~ction, Eq_. (26), but with S;, 3/2. Once again wewill use 
. " 

the repre~entation in which the two variables for the zero field terms are 

D and 'A. 

For the case in which the zero field terms are small compared with 

the magnetic interfaction, the '6M = 1 transitions occ~l r at geff = g 
.S 

(approximately 1. 94-1.99 for chromic ion) for the M = ±1/2 transition · s 

·, 

..~, 

f 
I 
t 
J 

I ,. 
I 
' ,. 

t 

I 
I 
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and are symmetric about this point for the other two transitions. The band 

edges fo;r these anisotropic transitions are found at ±2D and at +D(l-A.). 
~:.\ 

There is· also the "forbidden" 6M · = 3 isotropic transition between the . . s 

Ms = ±3/2 levels which would occur at geff = 3g. with an intensity .in

creasing as r..2D1(hv)
2

. 

vfuen D is the largest term in the Hamiltonian, one again starts by 

diagonalizing the zero field Hamiltonian and then adds the Zeeman inter-

action as a perturbation. This is analagous to the treatment for S = 5/2, 

but without the fortuitous occurrance of an isotropic transition for. a 

particular value of A.. In zero field, the two.doubly d:egenerate levels 

have energies of ±D J1+3A.2 Transitions between these two levels cannot 

be observed since D is assumed to be larger than the microwave ·quantum. 

It is possible, however, to observe transitions within each of these· 

levels. Clearly the sign of D will make no difference in the positions 

of the resonances, but only in their intensities at low temperatures, so 

D will be t·aken as positive for the remainder of the discussion. Then for. 

these levels, when the perturbation of the magnetic field is included in 

first order, one can calculate principal_geff values as was done for 

ferric ion. .: The results are 

X=O f..=l/3. 

Up~er level gz 3g 2.732g 
,. 

g:x: 0 g 

. gy 0 0. 732g 

Lovrer level gz g . ·~' 0. 732g. ,. 

gx 2g g 

gy 2g 2. 732g 
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where g is the isotropic g value for chromic ion and is in the range 

1. 94-1.99. For A; = 0 one w'Ouid e,xpect to see the onset of resonance 

6 with. increased absorption around g f.&'·= 4 and continuing e .L 

to geff = 2. As the value for A. increases, the features.of the spectrum 

could be expected to broaden. In the limit of A. = l/3, the onset of 

resonance would be around geff = 5.5 and there would be no other prominent 

'feature for the .spectrum until the end of resonance at g - l 4 At no eff - · · 

point .would there be the convergence of geff values as in the case of 

ferric ion. The overall result would be that the sharpest spectrum would 

be for A. = 0' and even that spectrum will be spread from geff =(:6 to 

g f'f = 2. In addition,· chromic D values are k.."rJ.own to be g_uite sensitive 
e_ 

to stresses in crystals so that there may be a fairly large spread in the 

values for D .and A. in a glass. 

The spectrUm. of 0. 003 X Cr(F"20 )63 in a concentrated perchloric acid 

glass is sho-vrn in Fig. 21. It is. characterized by a sharp and fairly 

symmetric line at geff= l. 97±0. 03 with a width of 54±4 gauss. Spectra 

taken for chromic concentrations between 10-2 and 10-3 · F were identical. 

There was significant variation in line width for the line at geff .= 2 

depending orl the concentration of HClo4. With tne chromic ion cqncen

tration heJld constant at 10-3 !_, the concentration of HC104 was varied 

from 10-3 ,~o 5:·'!.· The line width decreased from 250 gauss to 70 gauss wheri 

the acid concentration was increased from 10-3 to l F. Both 5 F and 

concentrated HC104 gave line width of about 55 gauss. 

The sharpness of this spectrum and the lack of ~tructure around 

l?;eff = 4 indicate that we have a situation in wh.ich D is smaller than 
. I l • . 

the microwave quantum as one might expect for the hexaag_uo complex. 

Apparentiy the lower concentrations of HCl04 allowed significant crystal 



i 
! 

0 

I 
if 

1000 2000 

-111-

3000 4000 5000 

H (gauss) 

Fig. 21 

1 ·., 



-; .. '. 

-112-

· formation with attendant stresses for .the complex and a wider distribution 

of zero field splittings. Above several formal acid the spectrum changes 

little indicating that a.bett.er glass was formed .. 

The question still remains whether the line observed at geff = 2 is 

due to a superposition of all three 6..1\1 = 1 transitions or only the iso
s 

tropic transition between the M = ±l/2 levels. If the line is due to 
s 

the.single isotropic transition, then the other two anisotropic transitions 

have been sufficiently broadened by stresses in the glass that their band 

edges cannot be seen. If this were ·so, one could expect. the isotropic 

transition remaining to be insensitive to changes in the structure of the _ ,_:.~,,: 

g).lass. This is not in accord with our .observations. Assuniing that the 
l··:: 

·' 
line· at geff = 2 is composed of all three transitions, then the magnitude 

-3 -1 of D would be on the order of 10 em for the sharpest spectra. This 

-4 -1 . can be compared with D values as low as 10 em for chromic ion in a · 

b . · . t 75 Th ul. t.h h D 1 t cu lc envlronmen . . • e poorer glasses wo d en ave · va ue s up · o 

-2 . -1 
a factor of 10 larger, or around 10 em . 

. The spectrum of tra:hs-CrC~2 (~0 )~ in a concentrated HCl04 glass .is 

shown in Fig. 22. The spectrum of the monochloro complex in a glass 

was identicaS with that in Fig; 22. The cis-dichloro. complex gave spectra 

which diffe.red from these only in the relative intensity of the two 

pea.~s a.nd··in the width of the peak at geff = 2. ~e spectra for all 
;; 

three com];,lexes can be characterized by the onset:~&>f resonance at· 

geff = 6. 0±~.1 followed by a maximum at geff· == 4. 3 ~fhich gives way to 

almost a full derivatiye. at geff = 1.96±0:03. For t~he monochloro and 
' . 

trans .. dichloro complexes the width of the line at geff == 1. 96 is 

230 ± 30 gauss while the .width of the same peak for the cis-dichloro 

complex .is 410 gauss. The peak at geff = 4.3 has about 15% of the 

··· .. 

. ) 

~-

> 
I 

I 
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a.mplitude of that at geff = 1.96 for the first two complexes, while for: the 

cis complex the amplitude of the peak at geff = 4.3 is about 30%. 

The positions and widths of the features in the spectrum are quali-

tatively what one would expect for complexes with a large D value. The 

two complexes with a four-fold axis of syrrmetry give spectra characteris-. 

tic of a value .for A close to. zero while the complex with only a tvro-

. fold axis and the possibility of a non-zero E value has a broader spectru.m. 

The fact that the bulk of the intensity is in the line at geff = 2 rather 

than in the portion of the spectru.m around geff = 4 is somewhat diS~JYbing. 

By the arguments used for the case with A = 0 in discussing .the ferric 

spectra, 65 one might expect the opposite to be true. This apparent shift 

in intensity toward the geff = 2 region could be due to the zero field 

terms and the magnetic field interaction being of approximately the same. 

magnitude. In that case the perturbation theory used in the two extreme 

cases is no longer accurate and the complete spin Hamiltonian must be 

diagonalized. Since in the high field approximation most of the intensity 

is centered ~round geff = 2 while the zero field approximation favors 

' 
. the g -"'f' = 4 !region, it is reasonable that the observed spectra could be 

e.L~ , 

an intermedi!te case. That would place D in the approximate range of 

0.1 to 0.5 bm-l which is not unusually large for chromic complexes. 4' 75 
; 

It a~~ears ~hat glass spectra for chromic complexes will yield only 

very limited information. Semi-~uantitative deter~inations of the size 
. t 

' 
of the zclro field terms .are possible if several mic~owav~ frequencies are 

available. As far as the effects of complexs~etry on the spectrum 

a.re concerned, one can distinguish comp,lexes of high sym.metry, but not 

between complexes of lower symmetry. 
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FIGUP.E CP.PTIONS 

1. Solution spectrum of l0-2!_ Cr(CN)r.::;N0-3 in ¥"20. 
/ 

2. Low field half of spect~~ in Fig. 1 with x35 increase in gain. 

3· 

4. 

5· 

6. 

7-

8. 

Solution spectrum of Cr(CN)
5

No-3 after partial exchange w:i.th c13N-. 

Low field part of spectru.rn in Fig. 3 with x45 increase in gain. 

Solution spectrum-of Cr(CN)
5

No-3 with 55% c13N-. 

Low fie,~d part of solution spectrv.m of Cr( CN);No-3 ai'ter partial 

exchan~~ with c13N- in solution with added acid. 

Glass spectrum of in water-methanol. 

Glass spectrmn of with 55% c13N- in water-metha..nc_:Jl. 

9· Tempera'lture dependence of rate constant for axial CN- exchange with 

Cr(CN)~Fo-3 . 
. , 

10. Tempera'ture dependence of rate constant for equatorial CN- exchange 

with CrrCN)
5

No-3. 

11. Gle.ss s~ectrum of 5.2><10-3 !. Cu(~0)~2 in 5.26 _! HCl04 :!' 

12. Solutio~ spectru..m of 5><10-2 !_ Cu(D2o)6
2 

in 96% D20 at 0°C. 

13. Glass s~~ctrum. of 5><10-2 !_ Cu(NH3 )~2 in ammonia-THF at -190°C. 

4 -2 ( )+2 l . Solution spectrum of 3><10 _! Cu NH
3 6 in liquid ammonia at -83 °C. 

Dots are for a Lorentzian and dashes for a Gaussian line shape. 

' -2 ( )+2 1 0 15. SpecttQm of 3><10 !_ Cu ~ 6 in frozen ammon~a at -92 C. 

16. Vari~tion of corrected line width ·with temperature. for cupric ion 
t 

in aqueous solutions. Solid circles are for 0.·~7!. Cu(H2o)62 in 0.,1!:_ 

HC104. Sq_uare,s are for 0.1! Cu(D2o)~2 in 96% b~O. Open circles 

( . )+2 6 -" are for 0.05 !. Cu H20 6 in 5.2 !_ HClo4, the high field hJ~er~ine 

component. 

17. Variation of corrected line width with temperature for cupric ion 
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in liquid a.mmonia. Solid_ ci.rc1es are f'o:r tbe h.igh fi.<c:l.cl r:.;y'J)erfine 

component. Open circles are for the :!_o-vr field h;roerfine component. 

Squares are the difference· behreen the two as ex·plaincd :Ln the text. 
'I 

18. Glass spectrtun of lXl0-2 
F FeC1

3
·6H""O in 12 F HCl. 

- c: 

J.., 19. Glass spec trmn of 5Xl0 
-2 

~ Fec13 ·6~o in 10 F HC101 . -· ~ 

20. Glass spectru_rn of lXl0-2 !. Fe ( Cl0~)3 • 6I-S 0 in 10 £.'. HC104. 

21. Glass spectrum of 3><10-3 K Cr(Cl04)
3

·6H20 in 70% HC104. 

lXl0-2 + 70% 22. Glass spectrum of K trans-CrCl2 (F~o)4 in HC104• 

.) 
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