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bx;1+200 o and in llquld;ammonla ,rom -80 to +20 C. The,llne widths were ﬁfﬂff-

f‘corrected for unresolved hyperflne structure. 'Two contributions to theJr-"rfqiﬁ'

'_temperature and is. the same for
' second 1ncreases w1th decreas1ng temperature and varles w1th the hyper-v,
-~ fine component A trans:.tlon reg:.on was observed for cuprlc ion ln

s ammonia between -80 and -lOO Cé In thls reglon the sample was frozen

'“regard to’ several theorles of electron spln relaxatlon.

fobserved .and ass1gned to the spe01es FeClh The theory for hlgh g-value

;fresonances in ferrlc complexes 1s rev1ewed and applled to FeClh

-Jtrans -CrC1, (Héo)h were examlned and compared w1th the spectrum for
K“Cr(HéO)6 _The spectra for the chloro complexes extend from g 6 t,
g = 2. The results are dlscussed 1n terms of zero fleld energles and

Aﬁi: symmetrles of the complexes.>

L o-vi-

Llne w1dths for cuprlc 1on 1n water were measured from -hO to

llne w1dth were_dlstingulshed. One contributlon 1ncreases ‘with increasing flip

all four hyperflne components. The

but an- 1sotrop1c spectrum was obtalned. These results are dlscussed w1th o

Glass spectra for ferrlc chloride 1n concentrated HCl and concen-“

trated HClOA have been examined o A sharp resonance at g = h 2h was B

Glass spectra for the chromlc complexes CrCl(HéO) ;'cls- and
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'spln-spln 1nteractlon tensor.v Interactions of hlghEr order in the spin
varlables have been omltted 51nce they are unimportant for the studies

‘. considered in this thesis.‘:

T INTRODUCTION

The field of Electron Spln Resonance (ESR)-of transition metal ions

. has shown cons1derable development During the past 15 years 2 large

. body of 1nformat10n has been collected for transition metal ions 1n

1,2,3.

single crystals. More recently, there has been a growing interest

in the solution-spectra Of complekes ofrthese ions. - Several books havev~'”
appeared in the last few years deallng w1th single crystal studles
‘ 5,657

and paramagnetlc resonance 1n general The advances 1n llgand

.. field theory have paralleled those 1n ESR, whlch 1s expected since the fff:"“ o

8,9

two flelds are so closely 1nterrelated

t is customary to dlscuss paramagnetlc resonance for tranSLtlon

metal ions in terms of a spln Hamlltonlan.lo The usual form of the o

_spin Hamlltonlan for 1ron group metal ions is - . ‘:' R v

H = gpHE-S + D[S -:L/5s(s+1)']‘+. E(S :5 se) '_+- AT-__S'“J_,
where S, S < S 3 and S are electron Spln Operators, I is: the nuclear

spin Operator, H 1s the external magnetlc fleld, g 1s the spectroscoplc o

_spllttlng factor and 1s a second rank tensor, A is the hyperfine coupllng

constant and is also a second rank tensor, B 1s the Bohr magneton, and f;f;f L

D and E are séalars derlved from the three princ1pal values of the.

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

o princlpal values. When the llgand fleld 1s axial, the number of

1ndependent components is reduced and the Spln Hamiltonlan takes the

1y

A »particularly convenient form,-

K



L _'2_;,

St A >‘i°%f‘fv_rs_ir”—:.l/ﬁs<s'+1>.;_3f o

oS ) + A”I 3 * AL(I S 's*_)_.,-ﬁ- e
muriniIt should be emphaslzed that the ax1s system for the three 1nteractlons “?
"3F9may not be the same. When one term ls partlcularly large, 1t may be "
'1ﬁi”poss1ble to treat the other terms as perturbatlons In.less favorablef
| 51tuat10ns, 1t may be necessary to dlagonallze the entlre Hamlltonlan B P

Thls Hamlltonlan has symmetry propertles whlch are useful for the

' ,;where g and A are 1sotrop1c and the z-axlsfis deflned by the directlon
_ N

For certaln symmetrles of the ligand

;‘];of ‘the external magnetlc fleld.

’f{f;leld the x and y axes w1ll be equivalent and the value for E w1ll be»

"r-;Jexactly zero When S'~'l 2, D and E (whlch glve rlse to the so called

L

In a solutlon w1thVsufflcientxy;rapld.rotatlon of the complex,

ﬁlone sees only the average values of the spin Hamlltonlan components‘

‘_l.Thus, one has an effective spln Hamlltonlan llk ;that for cublc
wr}ff;symmetry, but 1ts g and A values are averages of ﬂhe nr1n01pal value

7j;"*»'-for the noh-rotatlng complex .

!|+2AL:

Coe
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'polycrystalline or gl

5

precision: frequ cy for uhe clecp n spin.

There is a second ﬁype of avereging that can occur, but it is a

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

lass samples or for solutions with high viscosity.

In this case one observes resonances simultaneously from complexes with

all possible relative orientations of the magnetic field and the ligand

field axis. Such spatially everaged spectra can give detailed g and A

bvalue information in favorabdle eonditione,vespecially for ions with
1/2 For spins gr’eate'r'than 1/2, vthere is sbill inféfma‘eion about .

the zero Lleld terms and the symmeury of the comnlex whlch can be obtalned..4;
For an ion with S = 1/2 in an axialnfield,‘the resonance cond;thn:n‘f}l

and its anéular‘dependenCe can be expressed by'v S .

“hy

whene S o : ) L
g = (g”cos 9 + gleln 6)1/2
l/
A= (AHg“cos 6 + A[ ieln 9 /é

The angle beuween the llgana fleld axis and the mavnetlc fleld 1s 6
the resonance frequency is. v, and Mi is the- nuclear spin quantum number.;-f '“

For a sample wi th randamly orlented complex 1ons, the number of comnlexes .

having a va;ue of 6 between 9 and dG'Wlll be Droportlonal to s1n619 1L
P

Onc can neﬁ 1nuroduce a shape funcition for the resonance of a smngle

ion. Most s;mply, this is taken to be a delta functlon, but other

shape ?uncUlons mey be used : The resul As the 1ntens1ty of tbe resonance '7”"

aOSO”DulOﬁ as a functlon of *he magnetlc fleld and the angle 6
The expllclt evaluatlon o* the total 1nten51ty as~a funculon of

magneu“c fleld is usually carrled ou* numerlcally wi h the ald of a

L .
A




"v,included in this treatment and have been resolved 1n some cases.

h—“t’lvﬁi

' v’computer 2 3 There are two extremes for the spectrum One. is‘for'g:,
'”a!cose l which corresponds to an abrupt onset of . absorptlon and is _f‘-fyf

termed uhe parallel spectrum 51nce it occurs for those complexes w1th

o T

._the magnetic field and ligand field ax1s parallel As cosf aPProaches,v“ P

zero, the 1ntens1ty becomes. large (1nf1nite for a delta function) and then eiauej"
.'drops rapldly o Zero at cose —-O .:Thts comprises the perpendicular ;ilihﬁ"*
"fspectrum “In addition,-it is found thatvthere may be;intermediate.‘,i -,

Tgvalues of cosG for which the inten81ty is also large Approkimate
» xpress1ons for the pos1tion of such 'extral 'absorptlonslhave:been”:si

12 ,1§

.derived Hyperfine 1nteractions w1th the ligand nuclel may bef

For spins greater than l/2 most of the 1nterest in randomly oriented

samples has been directed toward organic triplet state molecules and

*-

their specura Line shape analys1s in these systems is well advanced
In nrinc1ple, the. theory could be applied to tranSition metal ions w1th F}ff‘Vf
S=1 with a lew modifications ~Such ions are known to have short

spin lattice relaxation times so that thelr spectra could be observed

vonly at very low temperatures.
Only a limited amount of work has been done .bn randomly oriented ;_-f?'
spec1es With spins greater than L. Examples of tWO dlfferent spin

states, § 2 3/2 and 5/2, will be’ considered later in this paper._'

The studies discussed in this thesis were dirécted toward developing f'
and applying ESR techniques approPriate for identifying transition

ii‘metal ion complexes in solution and in glasses, and to elucidate some;;gc

E aspects of their structure, bonding, reactions, and 1nteractlons with ifil

-

' the solvent.
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';also proposed by them Several more recent papers

) 1nteraction with.C

7vfsimul aneously in the Journal of Chemlcal Phy31cs

f_communlcatlons were largely concerned w1th the fact that only a s1ngle o

~5=

II. SURVEY OF PREVIOUS WORK -

_1%01«( cx) N0

The synthesis‘of'the compound KBCr(CN)5NO was first.reported by

:Griffith, Lewis and'Wilkinson in 1959.15 They measured the magnetic

susceptibllity 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 simllar compounds they

5

characterized the complex as containing Cr® (spin-paired 3d” electronic

 configuration)and NO'.

The optical and ESR spectra of: thls complex ion -in aqueous _}

. solution were flrst ass1gned by Bernal and Harrlson.;6, They found that .?

the complex had narrow ESR lines in solutlon (1-2 gauss wide) and
assigned the observed hyperflne spllttlngs to 1nteractlon of the unpalred

L :
electron with the Nl nucleus in ‘the NO group and w1th Cr53, A ligand

‘field bonding scheme and an ass1gnment of the optical trans1tlons were

17518 have offered

dlfferent 1nterpretatlons of the optlcal spectrum
Hayes19 also 1nvest1gated the ESR spectrum of the complex. He

corrected Bernal and Harrlson 316 value for the Cr55 hyperflne couplingl

N

constant and re—assigned one set of llnes in the spectrum to hyperfine_eff_';f

15

in the cyanide llgands. Hayes also cons1dered o

" the ESR llhe w1dth and. its temperature dependence 1n some detail.

The C 5 assignment was discussed further in two‘Comments published -

20’?1 These two

13

' hyperflne coupling: constant was- observed for C although one would

_ expect the 1nteract10n of the unpalred electron w1th the axlal and the‘f-5'

four equatorlal cyanldes to be dlfferent They establlshed that the




6

15“'

‘flifour equatorial cyaniaes were respons1ble for the observed C splitting

’uftThe question remained whether the axial coupllng constant was s1gnificantly

:.ﬁf-smaller Bernal and Harrison16 2} stressed the strength of - the Cr-N -

vu}ﬁgbond and the consequent weakening of the axial Cr=C bond in comparison T

""bfw1th the equatorial Cr-C bonds For this reason they expected the ax1al ;f'apfﬁ'
fcyanide to exchange more rapidly than the equatorial cyanldes.ﬁ They

.~ could not, however, detect any cyanide exchange between the complex and ;

13y

e N in solution over a perlod of hl hours at room temperature.

The work on this compound to be cons1dered 1n this thes1s wa.s [:“
rected toward resolv1ng the questions of the ax1al c™ D hyperfine N
'licoupling constant and the relative rates of ligand exchange at the ax1al

"*!75and equatorial pos1tlons One approach was to synthes1ze directly a

13

':ff;{sample of the complex enriched With C N-‘i A second method was tO

15

- enrich the complex through exchange w1th C N* in solution.sw‘The;;S

a:’fgmethod of exchange has been used prev1ously by Weissman and CothQ;i
;;bilas51gning the 'ESR spectrum of the complex Mo(CN)8 ln solution.‘ The
*s;?frates of cyanlde exchange for other trans1tlon metal cyanide complexes

ff?lhave been studied us1ng radioactive tracer technlques )’Qh 22 ThuS,f
;"ﬁfﬂfd'lt was -also of 1nterest to test the usefulness of ESR for studying

' the kinetlcs of such 1sotrqmc ligand excnange reactlons.,it;f\,..‘ f

\N.v

Tt has been found that the rate of ax1al exchange 1n Cr(CN) NO
Vis accelerated 1n some non-aqueous solvents ?6 This method for n
.'ltgffrdpreparing the ax1ally substituted c 5N complex in N,N dimethyl-ﬂf.”t
'?;ﬁformamide (DMF) solution was used by us.; Our results in DMF solution

5qqt1nclude values for the isotropic hyperfine coupling constants.;l,;f

53

A variation of line width among the Cr

19

"“;solution not treaued by Hayes

hyperfine components in
was cons1dered in the present work.v

'“A:].Anisotroplc hyperfine information was obtained from ESR. spectra of the*_



ment have been reported briefly in the literature.

equatorial plane as is found in KCuF5 and X Cth The more usual'

© four equauorial ligands ina’ square planar arrangement with the two

octahedron the ground electronic state 1s expected to be the Al

3 rgiven by Abragam and Pryce

'7V;list1ng of results from crystal studles is available in the references

-

complex in frozen glasses.at[liquid nitrogen‘temperature and was used

%0 interpret the variation in line width.

The results of our exchange studies'and;isotropic_hyperfine assign~
21 An independent

: 1 ‘ 2
determination of the axial C > coupling constent has been reported

" and is in essential agreement with our value.

Cu(H 0)6 and Cu(NH )

Cupric ionrhas a 337 ( D) electronic conflguration._ lnian.“‘,f;}ff
octahedral ligand field the D level is split to: glve a 2Eg ground |
state and e T g excited state._ One'would expect such an~orb1tally =v?ﬁh'tmﬁ’&
degenerate ground state. to be further distorted in compliance w1th the TV":

Jehn-Teller theorem In fact,'most 31x-coord1nated cupric complexes

are found to be tetragonally distorted so that they have effective th

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

configuration lS that of an elongated octahedron in whlch there are.

- ax1al ligands at a greater distance In the limit of very long axial '5’97

bonds the structure goes over to square planar. For the elongated

-fh‘state. An excellent survey of the theory and expermmental results for -nfhhv;:j,x

cupric oomplexes is given in Ballhausen s book.9

The theory for paramagnetic resonance in such complexes has been !i:'?:'""

9’3. and others.Blf5 A comprehensive

P

" given earlier ’3’h_ The results of such studies and associated optical

' spectra are generally in satisfactory agreement w1th the theory 1f a



0e{_?Mak1 and McGarveyj5 and Klvelson and Nelman12 ‘have developed relation

R ftrans1tlons between 9000 cm and l5,000 cm -l with the poss1b111ty of a

)'ufi:athlrd trans:.tlon37 abound lh OOO om ;; As the water ligands werelfi

».*]-"shlfted to hlgher energy by h OOO cm -1 whlle malntalnlng the ratio of

"-i.solutlons under varylng condltions of concentration and microwave'7“

'afrefrequency, but could detect nelther hyperflne structure ‘nor changes invi

*f.fv_of the solution was 1ncreased from _room temperature to lOO°C._ Various;

8-

) 7\“value for the spln-orbit coupllng parameter, K’ s used Wthh is

it consxderably reduced 1n magnltude from the value of -828 em” L for the

v 2
-li"free Cu ThlS apparent reductlon in, spln orblt coupllng was, f

w?attrlbuted to 31gn1f1cant covalent boundlng w1th the llgands 55 > ’55;5

:shlps between the llgand fleld parameters and the Zeeman, Cu-ion hyper-

;%*flne and llgand hyperflne values obtalned from paramagnetlc resonance'ﬁ

:":_Lexoerlments | | o

vThe ootlcal spectrum’of cuprlc 1on 1n aqueous solution has.beeng'i
36

f:<reported by BJerrum, Ballhausen and Jorgensen It conslsts of a

ﬂils1ngle unsymmetrlcal band Whlch can be resolved 1nto at least two
| 1

¢
;

/

36

- replaced success1vely w1th ammonla, the tran 1tions shlfted to higher
;fenergy Thus, for cupric ion 1n llquid ammonla, the trans1tlons were
;qilenergles ?or the trans1tlons.h These spectra were. 1nterpreted as beingb
-']cons1stent w1th the ex1stence of elongated octahedral complexes in
‘f*solutlon, as. found in crystals, with the nltrogen llgands giv1ng rise

':ﬁ_ to a stronger llgand fleld than the oxygen ligands.v

Kozyrev5 _studled the paramagnetlc resonance of aqueous cupric tv

-5;line w1dth He dld observe en increaselnlinewi&ﬂlas the temperature

”l'interpretatlons of the llne width and its temperature dependence have“;

- been put ?orward. -Al'tshuler and V'aliev59 proposed that vibrational

N . A T .quw.x

L e dy et S iy
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"l paramegnetic resonance llne w1dfh in solutlon for the unresolved

Sz

~ tropic and anlsotroplc terms in the spin Hamlltonian for Cu(H 0)6

..9..

modulation of the ligand field was responsible for relaxation of the

A . Qo . . ) e : . :
“electron spin. Hayesl’ has discussed this mechanism in detaill. TIts -

primary usefulness has been for complexes with small magnetic aniso- '~

tropies which are effectively averaged out by tumbling of the'complex o -

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

serve as the elongated symmetry»aXis, itiis possible that there is a "

rapid "inversion" of the complexlwhich<leads to a reorientation of theb, :
| ko ' ) | L
symmetry axis. Avvekumov = explicitly treated the dynamic character of

this structuralbinversion process and'applied»his theoryfto the variation
' 41 19

 of line width for cupric ion in solution'from 50-l50°C. ~Hayes 7 was

able to observe some hyperflne structure for Cu(HgO)gglln solution by

- lowering the'temperature : From thls he concluded that the llne w1dth

previously reported 8 AO dld not represent the relaxatlon time for tne

complex and should'be‘corrected fTor unresolved hyperfine structure

" conbributions. His partially resolved sbectrum'also showed a definitehf=li Ce

variation of the line widt h among the hyperflne components.

A1l the dlscus31onSQof'electron spin relaxation for‘Cu(HéO)gg in".

solution mentioned above.have assuned'that the'chenical lifetime Of-the,effjd;f‘

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

' relaxation Recenu studles of the rate of exchange of H,0" LT Gitn

cuprlc 1ons in solutlon lndlcate that the rate of llgand exchange is_

comnarable to the rate. of electron spln relaxatﬂon.

In the work reported here, we have obtalned values for the iso-
Using thls 1nformatlon we have been able to correct the observed

hyperflnetstructure and obtaln values for the relaxatlon ‘time, T2, as ;”

'

" a function of temperature. ' Knowing this information, one can then
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ﬁ.[;festimate poss1ble contrlbutions to the relaxation from several of the

w;,ﬁmechanisms mentioned above The studles of Cu(NH )6 1n liquid ammonia.

:ff%were undertaken for comparison w1th the aqueous system because the
S character of the complex should be Similar quuld ammonia lS a

,Qconvenient solvent for such studies s1nce 1t is less V1scous than'water

" and has a much lower freez1ng p01nt

The characterization and stablllty of chlo o complexes of ferricL

'hagion, particularxy the higher complexes, have been of continuing 1nterest
( 57rIn order to. aVOid complicatlons from hydroxmde formation, most of thejh
,more recent studies have been carried out in solutions with moderate to}

3 - ‘ ly ,
high concentrations of acid Rab1now1tcn and Stockmayer :Asuggested the

.;f.ex1stence of a- tetrachloroferrate spec1es of some sort on the ba51s of

--f_their studies of the chloride and hydroxide equilibria.l In a seriesvof

:;: ¥ L].
'papers Myers, Metzler and Sw:L:f‘tL{L investigated the distribution of ferricn

j;iion between hydrochloric ac1d and 1sopropyl ether.f They found that the

Te A s e e

-divf;tetrachloroferrate 1on, FeClh; was the predOIYlln&nt speCleS in concentrated

S | Yo R¥
f.HCl and also extracted 1t into the ether phase.;vFriedman 5 prepared s

”%Qicompounds of the type KFeClu and found that theiﬂioptical spectra were" ;f
S N oy
;;the same as. that reported for FeClu 4- From these and other spectral

R "y ‘
S f.studies and solution x-ray work A7 h8 It has been generally concluded

'F:Z;tha the highest chloro complex and predominant species in dilute

solutions of. ferric ion in concentrated HCl 1s FeClh There is also '

B eVidence for stabilization of the chloro complexes in perchlorate Tf
'f-solutions.AQ’ For example, the stability constant for the monochloro
R complex 1ncreases by a factor of several thousand upon gOing from 2 F'toE35F‘ i-

L HCth 9 This effect has been attributed to the lowering of the water Ry




.0f the corresponding chloride complexes:is taken to be muchlgreater.

thau the higher chloro complexes of ferric 1on can be formed

-]l

actiVity and poss1ble dehydration of ferric 1on and chloride 1on in

Jy
" solution. 9 There is also some eVidence for the formation of perchlorate‘

complexes of ferric lon in perchloric acid media,sl but the stability _: B
| ' 59,50

Several salts of thebtetrahaloferrate ion have been isolated.

Zaslow and Rundle5 have determined the’ crystal structure of tetra~ .

;nhenylarsonium tetrachloroferrate (III) They found that the FeClh

unit was a flattened tetrahedron with an Fe-Cl bond distance of 2. l9

+ 0. O5A and two Cl-Fe-Cl bond angles, llh 50 and lOT 0°. The structure f.

of NaFeClu has also been determinedl 02 and is also found to contain

- disuorted FeClh tetrahedra The Fe-Cl bond lengths were found to be SRR

2, lSA for two bonds and 2, 20A and 2. 22A for ‘the other two. The Cl—Fe—Cl;“ﬁffh

' oondrangles;range,from th.9 to l12.7°.: The tetraethylammonium salts

of Feclaland FeBrg'have;been-prepared;55‘ The magnetic susceptibility) S

* optical and Mossbauer spectrasg of (C )MNFeClh, (CH?)ANFeClu,:

(Py.H)3Fe2Cl9 and (PyH) Fe Br9, where Py pyridine, have all been L

' 1nterpreted in terms of discrete FeClu or FeBrh tetrahedra. The infra 1rg}jd¢j“'

- red spectra of such com.plexes55 are consistent w1th the tetrahedral

structure. Raman spectralO: of ether extracts containing FeClh have_g;ust

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

‘tetrahedrals Solution ESR spectra for FeCl5 dissolved in non-aqueous ﬁ‘

solventslou have been 1nterpreted 1n terms of equilibria which give' '

_FeClh In fact, it is only under speCial c1rcumstances and with difficulty

56

Much of the paramagnetic resonance work on ferric 1on 1n Single fgﬁi ST

;
i

vcrystals has been for ferric coordinated With s1x oxygens in an'

. approximately octahedral arrangement“ This includes env1ronments where
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57,5 59

ffthere are s1x coordinated water molecules octanedral ox1de‘

o '6 S R “‘6' g
v51tes,'p §+ or- chelate oxygens 2 In all these cases the g values are
';“found to be. 1sotrop1c and quite close to that of the free electron
Thevzero field splittings'are oftenvfairly~large, on the orderjof O.?fﬁf
el o : S o R
-;cm D
Of particular 1ntereSt for us has been the spectrum of ferric ion
, 65 o

Vhrﬂn polvcrystals or glasses The resonance of hemoglobin » 1n a pasteic

A ' 6h e .
"}_conSists of a 51ngle peak at g 6;' Thls was explained 1n‘terms of.

’ﬂrzero field splittings larger than the microwave quantum used for the

'Uﬂexneriment and was: confirmed by s1ngle cerystal measurement. g Slichter

-'“et a1 65 observed. resonances for ferric ion in glass at g =6 and
o
= L, 27 They showed how both of these s1tuations could arlse for various

';*g~ relationshlps between the Zero. field parameters D and E when these terms -
'"f:were much greater than the 1nteraction With the magnetic field Wickman
66, 67

yiffand Shirley have generalized the treatment by Sl:1.chter6-5 .#d‘:fi’i

Yf;applied 1t to the ferric 1on in ferrichrome A Grlfflth68 has given a

”*theoretical discus51on of the source of thls isotropic resonance at f:“’

= 4, 27 and has 1nd1cated some of the ligand field symmetries under'

‘which it may occur

The nresent study is directed toward the use of naramagnetic
“;fffresonance glass spectra for obtaining 1nformation about spec1es present
in SOluuth The presence or’ absence of resonances at g 2 h .27 and 6

A’bﬁ,in the glass spectrum has definite 1mplications for the ferric complexesrei

.'"fppresent in the solution from which thexglass was made{'

The Stabllluy of chromic complexes 1n solution makesfthem particularly

- ‘;useful for chemical studies 1n which a well defined complex is; des1red..,g_jﬁft;}
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Thus, hydraﬁed chromic ion has been used for'stUdies of second coordina- L

17 69

and chromic complexes -

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

reactions in solution. 70 The chemistry of the chromic chloride complexes'eg~='

has been worked out7l’72 3, Tk w1th the dlchloro and monochloro complexes'.

being the major spec1es in most aqueous solutlons
" The theory for the»paramagnetlc resonance of chromic ion (3d3 w1th
S = 3/2) has been fullyHWOrked out and is presented in several places

along with exoerlmental results for the ion in a varlety of env1ronments

- The g values observed are 1sotroplc_and_sllghtly 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 ﬁnder
some conditions of”symmetry'and bonding. Hyperfine from the 9. 5&%'

abundant Cr55 (I = 5/2) 1sotope has been observed in some 1nstances

where the. line w1dth is not too'great Several au.‘chorsT6 T ‘have

measured the ESR line width of the hydrated chromic ion and the dlchloro R

complex in solution. The greater llne w1dth for the dichloro complex

ﬁas been attributed to its presumably greater zero field spllttlng.

The present experiments with chromic complexes were undertaken to .

i

' study the use of glass‘spectra in“charaCteriZing-éomplex ions with

" spins greater than 1/2, but for complexes w1th a déflnlte chemlcal |

structure.f It wa.s hoped that the monochloro and two possible dlchloro o

complexes might be dlstlngulshed and compared with the hexaaguo complex;,

,9,75
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“The orlglnal-method of synthesms of the complex
'4:;us1nc reagent grade chemlcals throughout The product was recrystalllzed
;75{several tlmes from H O-EtOH drled at 80°C in a vacuum oven, pulverlzed,iiﬁﬂr.{fu::
. rthen drled again tor several days Thls-flnalaproduct~was_assumed to_.}[féy Ciiﬂ

:Jta: be anhydrous A dlrect synthe51s of the C15 enriched complex‘was S i

‘iff?carrled out us1ng the same procedure scaled down to O 5 mllllmoles of'

'PTQ‘the labeled NaClaN The producu was recrystalllzed ‘once from HEO-EtOH,

"nl:dried then dlssolved 1n enough water to glve 8 solutlon approx1mately

f‘.if?o Ol F in. complex S'ﬂ
= 3

't'-iﬂ?if;hf f’ A sample of" NaCNpenrlched to approx1mately 50% was purchasedva

”.;from Merck Sharp an_"Dohme of Canada :'In order to determlne the ('

'ﬂ{lsotroplc composwtlon more accurately, 8, mass spectrographlc analys1s of

*V'the sample was made _1Two depresswons were made 1n a sectlon of Pyrex~'

1”:Tt,tube whlch could be attached both to a gas sample bulb for the mass

'?mspectrograph and a- vacuum system . Several drops of solutlon O 2 F 1ni

- the labeled NaCN were placed 1n one depres51on and phosphorlc acid 1n?
zd*ithe other. Thls was then attached to the vacuum system 1n order to e
tftfevaporaue the solutlon and de-gas the phosphorlc acld After the |
-Tf?jevacuat“on was completed the system was: closed off, tllted to mix thev
“vtlta01d and cyanlde by rotatlng a ball and socket 301nt, and then HCN gas
;:fcollected in the samble bulb The mass spectral anaLysis of thls gas

$

f-_'sample gave 2 value of 55 O% (40 2% -l%) The value of 5% C

LT has been used 1n our experlments

:I«;5. X The author w1shes to thank Professor B‘ H vMahanvfor the use of

~ his mass spectrograph
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A stock solution of fhe complex was prepared from a known weight
of KBCr(CN)jNO.and a stock solution'of the NgCN.in the same way. Fresh
sclutions were pfeparéd for subsequeﬂt-work in order to avoid possible -
. complications from deterioration of the samples over perlods of more

than a week. Appropriate'prOportions of the sélutions were mixed to -
.bbtain samples»approximateiy 0.015 to 0.035 F in cdmplex and_Ofl to
0.2 F in labeled NaCN: For the experiments to determine the effect of
~added acid, sufficienﬁ HC1 was added to convert approkimételyvhélf of the  ;
.- cyanide 1n solution to.HCN.v_Solutions to investigate the éffects of |
surfacé and light were prepared in the same way. The DMF used as a
solvent in some studies was of commercial puxrity. The solutions in DMF -
were saturated in complex and NaCN, and were less than 0.05 F in.ééch.

: All ESR spectra of +the coﬁplex in solution were taken with aﬁ )
X-bénd balanced bridge spectrometer described elsewhere.78 The ohly
modification was the replacément of the lc& frequency modulation coﬁponéntS»

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

‘2 Model V-L4531 rectangular caﬁity; All measurements were made at power

levels such that there was no detectable power: saturation of the resongnce.‘ S

The amplitude of the 100 kc magnetic field modulation was approximafély

1 gauss except for measurements of line Widths when a modulation |
‘amplitude équal to 1% of the line width was used.

_ Semples for measuring hyperfing coupling constants were sealed

iﬂ 5-inch lengths of Pyrex melting po£nt capillary tubingvand positiongd
in the center of the-@icrowgve cavity by a sample holder ettached to |
one of the "stacks" of fhe Varian'cavity. In the éearchnfor very Qeakv,j 

lines in the wings of the 55% ot

spectrum a quartz Varian Aqueous
Solution Sample Cell was used to provide more sensitivity. All of

these spectra were taken at room temperature.



A llrst derlvatlve nresentatlon of the absorptlon spectrum'was »¢Q .

1used For a Dartlcular absorptlon llne the p01nts of max1mum slope Wered;;'fyb.'

"ﬂ;imeasured by observ1ng the derlvatlve s1gnal on a voltmeter whlle sweep- _f}1 _J“

'H;flng the magnetlc fleld slowly by hand When one such p01nt of max1mum
- slope was located by progresslvely 1ncrea51ng the gain of the ampllfler f ﬁ.‘ntvwi'
“iand max1mlz1ng the derlvatlve 51gnal by sllght adaustments in the

1magnet c fleld the value for the magnetlc fleld was measured ‘This .

fwas done by adgustlng the: frequency of a proton NMR untll the proton
17}s1gnal was observed Thls frequency we's' then measured w1th a Hewlett—i
jf;fPackard 52h—C EleCuronlc Cou ter and prlnted out Thls:procedure wastu
lgfrepeated flve or. s1x tlmes for both peaks ol each derivative llne.
tTThe average magnetlc fleld for the two n01nts of max1mum slope was’ taken
"xﬂifn«to be the center of the absorntlon llne whlle the dlfference 1n magnetlcl

'f’;: fleld is. the full llne w1dth at p01nts of max1mum sldpe Llne p051tlons

S Tmeasured in, thls way were‘reproduc1ble to w1th1n O 05 gauss for all but'

= ;;the weakest llnes

For the exchange studles the samples were also sealed 1n meltlng

'.;p01nt caplllarles and suspended 1n the mlcrowave cavmty An uns1lvered
duiffquartz dewar extended through”thehcawlty and carrled heated a1r past ,
-;;;tne sample A flne conper—constantan thermocouple was. glued to the sample3f
:Qtftube Just ét the edge of the mlcrowave cav1ty, downstream in. the aer‘vh
J{Z?fvflow and well w1th1n the quartz dewar.; Glulng the&thermocouple to the
“'?i?sample tube nrov1ded better thermal contact and reduced n01se due toi,'

;,‘ ,'

:f{v1bratlons of the thermocouple 1n the a1r stream'whlch arose when it

f%was not fastened securely Thermocouple vol ages were measured w1th

”zf'a Leeds ard Northrun K—B potentlometer,.:Because of temperature fluctua

ig'tlons at the thermocouple and the possiblllty of thermal gradlents _ R



this line for Cr(Clg.N)5NO

N provides better resolution of the C
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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).
| - " L2y e
The concentration of the unsubstituted complex, Cr(C N)5NO‘ s

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

the unsubstitubted complex containing Cr55iand Nl . Immediately below
-3 '

is a line assigned to the complex containing

5

an equatorial Cl N~. This equatorial ClBNf 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 wére obtained from the recorder chart whose time base suppliéd

the referentle for +times of reaction. A response time of 0.3 second was

used and tﬁévsweep rate adjusted so that there was no noticeable distortion
of the line shape.
These two lines were chosen'because they are adjacent, which

facilitates éweepihg through both of them in a reasoﬂable length of

~time. This provides a direct comparison of their intensities. In

addition, thesSe lines are relatively free of interference from other

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

could be followed, the 013

lines near the center of the spectrum, are‘_
distorted by overlapping Cr55 hyperfine structure. The lines at the
low field end of the spectrum were used because the&'aré 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_”ﬂ:'.fifl

15

.line and a more easily detected " '

- signal.

- For a particular kinétic_run; the temperature of the'heated air :

'was adjusted and the dewar:allowed to reach a constant temperaturé.
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v;l;A sample w1th the thermocouple attached was then placed in the cav1ty -

w;n;fand bhlS was taken as tlme t = Thls assumes that there had been
':);;nengglble reactlon at room temperature Thls assumptlon was sub—: liﬁd

'?7QVStant1ated by the . fact that no change 1n “the. spectrum was found for',f'

'.such samples kept at room. temperature for several days

The 1nten51t1es of the llnes for the unsubstltuted complex and the'

w13,

;Qcomplex w1th a s1ngle equatorlal C N were followed untll apprec1able

'ifexchange had taken place The extent of exchange was indicated by the I

‘?ffappearance ol addltlonal hyperflne structure at lower flelds as well

s by the cnange in 1ntens1t1es of the lines’ belng followed. The lnltlal.& :
hsflntens1t1es of the two llnes belng followed were obtalned by extrap-
Olatlng baCk to t:z_me ’G The correspondlng 1n1t1al concentratlonsvi "
| . he two spec1es were calculated from the total concentratlon of the”ﬁ

b 33

- complex present and the natural abundance of C

whlch 1s l 108%

The solutlons used for maklng glasses were HEO—MeOH mlxtures
nglO 5 F 1n complex Samples were placed 1n Varlan quartz sample
'1;1tubes (5 ym I D thln—wall) and "qulck frozen by rapld 1mmers1on 1n
;':f llquld nlurogen : The sample tube was then placed 1n the cav1ty and

}nrkept cold by passvng cold nltrogen gas through the quartz dewar 1n the,
ﬂﬂ.{cav1ty The cold gas was. obtalned by b01llng llquld nltrogen in a:pp.

rvj;storage dewar, the rate of b01llng belng controlled by the power

dlSSlDauedtln a res1stor suspended 1n the llquld nltrogen At the

= hlghest gas £low rates the temperature of the sample in the cavity was:”ﬂ_"g'j-:v'

T
L

"lw1th1n 10°C of the b01llng p01nt of llquld nltrogen L
The glass spectra were taken w1th a. Varlan V-h500 X-band spectro
) meter u31ng lOO kc fleld modulatlon and a V-h531 rectangular cav1ty

The magneulc fleld'was supplled by a Varlan 9-1nch magnet w1th
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) . _
1eld1al regulatlon Spectra were recorded with an EAT x-y recorder

so that measurements of dlfferences in magnetlc fleld could be made
directly from the.recorder graph paper. Absolute magnetic field could d
be read directly from'Settings of the Fieldial to within 10 gauss, butpd;
more exact measurements were made usihg e, 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 52L¢ Electronic
Counter. ‘Using that frequency and a g value for DPPH of‘2.é056, one
could then calculate‘the magnetic fdeld at which the DPPH_signal would,
occur. Typical spectrattaken in this ﬁanner employed calibrated sweeps -
of 250 gauss and provided‘field measurehents,estimated to be accurate
to within 0.5 gauss. | |
B Cu(ﬁb_lé and Cu( 32g2

The source of cupric ion for all experlments wes G Fredrlck

Smith Cu(Cl 04)2 6H 0 which was used without drylng or further purlflca;ﬂj-f_
tion. Perchlorlc acid solutlons were prepared oy dllutlng Baker and ffif

Ademson resgent grade TOf HClou, lot No. W22. Standardlzatlon of otherfﬂ;
'Samples from this same lot gave a concentration of 11 T3 -+ 0.03 E,HCth;sh'ﬁ
Stock solutlons were.prepared from known welghts of the hydrated cupric

' perchlorate and known volumes of the 70% HCth

The heavy water used for some. experlments was - obtained from Stuart d;f; By

Oxygen Company and was speczfied as contalning 99. h% D O Solutlons : SR

were prepared in the same way as those 1n regular water. Some isotroplc

.i_dllutlon was 1ntroduced from the hydrated cupric perchlorate and the

7% HC10), but ell samples contalned at least 96% D,0.
Water-dloxane mlxtures were prepared by adding known volumes of

Fastman Whlte Lable

L

edloxane to solutions of cuprlc_lon-in water.
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Samples of cuprlc 1on Jin llquld ammonla were prepared 1n 5 mm O D

'ﬁm;fzpyrex tublno 'An aqueous solutlon of cuprlc perchlorate contalnlng the ?fgn“u

‘n'ndes1red amount Ol cuprlc von was placed in a 6 inch length of the 5 mm -

- f“ftubwng The sample tube was. then attached to a vacuum llne and all the

7ﬂ,ﬂthe sample tube was sealed w1th a torch and allowed to warm to room

o solvent removed. ,Ammonla was then»dlstllled.lnto the sample tube and"

_;vfrozen with llquld nltrogen When the des1red amount had been collected

' ‘Q_temperature A sample of cuprlc 1on ina mlxture of ammonla and tetra—::{f?y“

"rv’nydrofuran (THF) was prepared in'a s1mllar way A solutlon of cuprlc

'vto a vacuum llne The solutlon was, frozen w1th llquld nltrogen and

v?:ammorla dlstllled over on top of. lt The tube was . uhen sealed off

'ffafmhe solvents used were Matheson reagent grade ammonla and Matheson,

s fColeman and Bell Chromatoquallty uetrahydrofuran

- perchlorate in THF was placed ina 2 mm Pyrex sample tube and attached ;?

- w1th a torch and the sample allowed to warm uO room temperature. All

W“Athe sample tubes w1thstood the pressure of ammonla at room temperature

ST

All measurements were made w1th the Varlan X—band Spectrometer and
'tleleldlal magnet as descrlbed earller Spectra were recorded us1ng the

X=y plotter and the callbrated Fleldlal sweep ranges Differences :1.n"j‘vv.j
: magnetlc fléld were determlned dlrectly from the k-y plots for measure—
ment of llne w1dtns and hyperflne coupllng constants. The g value ; |

@

‘measurements were made relatlve to the s1gnal from a DPPH sample 1n.'

y

'hthe cavzty as descrlbed earller Temperature control and measurement

Ewere accompllshed as’ before v Partlcular care ‘was taken to balance the
ithbrldge and keep the KLystron frequency adausted to the resonant frequency
'*of the cavlty for measurement of llne w1dths., No power saturatlon wasi"{}?ffw='$

o detected at the power levels used .
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Preliminary spectréﬁwére-récordeé displaying the entire spectrum.
Line widths were measured by recording only the single line of interest
on an a;propriatély expanded scale. Fach line Was sweptlthrough and
recorcded at least once in eaéh direction. Line widths measured in this
way weré 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. 'Eaéh value reported is the avérgge
of several deterhinations.

. Varian guartz sample tubes were used for studies of'aqueoﬁs

soiuﬁion glasses. Some difficulty was encoﬁntered from sample tubes
breaking, both during gquick-freezing to liqﬁid nitrogen temperature
and while ﬁhé samplelwarmed up after an experi#ent.' Agueous séluéion
samples used above room temperature were sealed in nyex melting point
cepillary tubes. Alloﬁance of sﬁfficient space for expansioﬂ of the
sblution at elevated témperatures and cdreful sealiﬁg of the sample
tubes.resulﬁﬁd in semples which could be heated abbveréOO°C witﬁéut..if'.
.failing. | |

Sampies of cupric ioﬁ in 5.26 E'ﬁCldh solution were fouﬁd to be
unsatisfactbry fqr line widﬁh measﬁrements at elevated temperatures.
Signal-to-ndise ratios were pdor_and the lines noﬁiceably asymmetricf
This was presumebly due to the high condﬁcfivity léss.of these solutions.
Solutions 6.1 F in Cu(ClOﬁ)2-6H26 and 0.1 g in HCth were found to be
~ satisfactory over the temperature range studled (up o 200°C).
| Preliminary glasé spéctfa ﬁere‘takgﬁ fér.aéﬁeous solutions C;OOl."
- to 0.1 E'%n,cupric ionvand réngingvffom no added agid'fo 70% HCld#. |
There wefe marked &iffereﬁces iﬁ the shdfpness'of the spectra. ‘With no 

added acld only a single; broad, asymmétric resonance could be observed.



-*;glfwwoh the solutlon 0O. 5 F in- HClOu, one could start to resolve the -

f*f' g and A values were the same for the speCtra where spectra could be 5

””ZTu}yspectrum in pure ammonla whlch could be resolved 1n the glass.v In i

"thaddltvon, uhe 1sotrop1 :

v~ffftne unresolwed hyperflne structure 1n order uO getfthe true llne w1dth

'ffﬁfp,apparent line w1dths for contrlbutlons from partlally overlapplng llnes'

D0

:'ifp ll .hyoerflne'band edges Good resolutlon was obtalned w1th a

.k solutlon 5 26 F in HCth and no 1mprovement was"- found with 70% HClOu

: T3The snarpness of the Spectrum was relatlvely 1nsen51t1ve to the concentra-fu

B olon of cuprlc 1on w1th1n the concentratlon range mentloned above The-fsf

"f:resolved, i.e., for ac1d concentratlons greater than 0.5 F. : The solution'f;ffhf-?

’5ﬁ7pchosen for the aqueous glass studﬁes was O 0052 F in- Cu(Cth)2 6H 0 and Kﬂ%jﬂgﬁi':
$£4f5 26 in HClOA Thls partlcular solutlon is’ a water-perchlorlc ac1d

;?;eutectlc whwch freezes at -56°C,79 maklng 1t useful for solutlon studles

7fat lower temperatures

ff_ Glass spectra 1n pure ammonla were poorly resolved The spectrum T

_ of cuprlc ion. in an ammonla-THF glass showed more deuall and was used .
'”f¥lor deuermlnlng the anlsotroplc g and A values : The spectrum of cuprlcff¥p"‘

ion inm ammonla—THF was in good agreement w1th the features of. the

"

values measured 1n solutlon were the

*Vf;same for both the pure and mlxed solvents

At the higher temperatures where onLy a s1ngle'llne was observed_

'i;fln solutﬂon, 1t was. necessary to correct the apparent line w1dth for ?

. . 'ir . :
: p“and relaxatlon tlme for the complex In the temperature range where N

L hyperflne structure was dlscernable, lt was necessary to correct the o

| These correctlons were made w1th the ald of sunulated sPectra computed

8*
o and plotted us1ng D H Levy s EPR IV computer program *9 . Slmulated

. — : _ , _ _ ‘ S oY .
%The-authornwishesLto thank Dr.,Levy,for.the use_of hls‘program and T I

computer deck. -
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first derivaetive spectra of four equally intense Lorentzian lines spaced

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

the component line width, o For values of the ratio M/A greater o
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. line width if the A value is known.

- 8imilarly, for values of AH/A less then 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.v Since the
_present-method-depends only on the ratio of the line width to A value‘f

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

when meny spectra must be analyzed.. . - .~ 0

C FeClh

Solutlons were prepared u31ng welghed amounts of ferrlc perchlorate ; 'Ei-

or hydrate ferrlc chlorlde and known volumes of concentrated HCL or

.vHClQu. The ferric chlorlde was Baker and Adamson reagent grade.

FeCli'6H 0. Merck reagent HCl, specified- as 57 0-58 O% HCl wes used .
and. was assumed to be 12 F in HCl., The ferrlc pefchlorate wa.s -
G Fredrlck Smith reagent grade, non-yellow, ferrie. perchlorate in

excess HCld It was found that.thls sample of ferrlc perchlorate .

conuained.no iceable amounts of manganous ion A solution 0.1 F in

- ferric 1on and l F in HClOu gave 8 room temperature ESR spectrum which S

| cons1sted of a s1ngle broad resonance  some lOOO gauss w1de w1th a

s1x-11ne spectrum superpoSed. The A value,1line w1dth and line w1dth -

variation with hyperfine component were characterlstlc of agueous

+2

Mn . Approxlmate_lntens;ty comparisons 1nd1cated that the‘Mn+2 w



ek
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'aparts in 1o rélativé to'the“

7§p;present as”a level

s

) i e PRI L N 2 ) L L
Fe+? No 1nterference from the Mn was noted 1n the glass spectra.ifgyxg'”“
,‘.iﬁaft_;}ﬂtghf h Samples for-ohe glass spectra were placed in Varlan quartz sample,‘fsf;b“V\

: ubes as 1n the earller glass experlments Spectra and fleld measure—fgyfd'ifn

*meents were taken as before Apparent g valueslwere'estlmated_to have;ifio*j“ﬁiiy

';gan accuracy of r% .

“Cr (h20)6 . c Cl(H o)+ and CrCl (H °>u

"bi“It has been found7o 71 that commerc1al hydrated chromlc chlorlde,

‘ihCrClB 6F O 1s predomlnantly a mlxture of the c1s and trans 1somers ofx
?”ﬁ;the dlcnloro complex, CrCl (H O)u i The orlglnal method of pur:.f.‘:x.cat:.on”r:L

;Evﬁfwas to dlssolve the complex 1n 3 F HCl, saturate the solutlon w1th

?as,p_addltlonal HCl, and collect the prec1p1tated green crystals Thls was-i?
- 75

“Qf{found to glve a s1ngle complex characterlzed as the trans 1somer

'tslf:The solutlon from whlch the trans 1somer was preclpltated ylelded thef

t 75

£,c1s 1somer upon further treatmen Both 1somers were found to be

7)-!-

/staole over long perlods of tlme 1n strong ac1d Both 1somers were

fvprepared 1n thls way from reagent grade chromlc chlorlde, washed w1th

S ary, acetone and ether, then drved and stored 1n a des1coator.ff -

B ;.Solutlons prepared from the compounds were in 5-l2 F HCth

| The mohochloro complex was prepared byxallow1ng a solution of the,.

L dlchloro complex 1n O l F HClOu to stand at room temoerature for 2L hours.;,m.ﬁ
72 7h T

';-pmhls has been found to glve prlmarily the monochloro complex e_vfﬂ* -

hvcomplex was. then re-prec1p1tated, washed w1th dry acetone and ether, and f}frjg_p

d';}stored 1n a desc1cator ) Solutions of thls complex were also 1n

'at(5-12 F HClOu

: The Cr(H 0)6 solutions were prepared w1th G. Frearlck Smlth ;“,

sireagent grade hydrated chromlum perchlorate in 5-12 F HCth
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5.

Glass measurements were made as before and the apparent g values

determined relative to a DPPH_référence signal. Concentrations of

the complexes used were 10  -‘10,5 F. -
- }
9 '
e




6.

RESULTS'AND DISCUSSION

Ai r(CN NO
Ké——i——e

~;Is0uroplc'Hyperf1ne.Ass1gnment

The ass1gnment ol the hyperflne structure in the ESR spectrum of

fCr(CN) NO 5 1n solutlon w1thout 1sotrop1c enrlchment 1s now well estab-

*fhtllshed 20 21 There remalns s1gn1f1cant varlatlon among the coupllng -

”"fconStants reported prev:.ously,l6 19 21 as well as between’ those values and
fiithe ones obtalned in the present study Slnce some determlnatlons of ff3dfﬁfw.kf

"ﬁlthe ax1al IS5 ? coupllng constant depend on. Values for the other °°upllng

53

‘;;ﬁconstants, 1t was necessary to check the values for Nl ’ C 5 and Cr

tuﬁfThe ex1stence of s1zeable second order shlfts 1n the pos1tlons of some .dftfyut

19

t’llnes, as p01nted out by Hayes,_ requlres partlcular care 1n determlnlng

v;fcoupllng constants To fac1l1tate the labellng of llnes 1n the spectra,

thyperflne coupllng constants as pos1t1ve 1n 31gn.__ff,

E The domlnant central trlplet in the solutlon spectrum, Flé; l, is:

| ﬁ};ass1gned to the 1nteractlon of the l\ll)_L (I l, 9936% abundant) nucleus

.f7d'of the NO llgand w1th the unpalred electron in the complexes contalnlng
-vchromlum 1sotopes of. zero nuclear spln.- The symmetrically dlsposed llnes

of lower 1ntensity are ass1gned to the _same N; splltting in complexes‘ }*

v ';also contalnlng Cr55 (I 5/2 9 5#% abundant) The‘llnes indicated by :

‘bﬁeuarrows in Fig. l, however, were flrst as31gned by Hayes 9 to interaction - ?:-7V3f}§'

“?wmth C 15 1n the‘ cyanlde llgands 1n complexes w1th zero spln chromlum.}?

-Lf;iiootopes. Thls ass1gnment is supported by our observatlon of the corre-y_ "ﬁ{i;:

;:F;Spondlng lines expected for the naturally abundant C 3N“1n complexes' |
53.

' containing Cr”” "as indicated by the arrowslln Flg._e. Further conflrmatlon f'

;iwe w1ll employ the usual conyentlon for solutlon spectra whlch treats allj g;:{:"i
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‘of.this assignment vas obtained bv.exchanging:cyanide in the conplek with '
15N' in SOlution - The result of partial exchange in a solution 0.02 F
e t S in complex and 0.1 F in. 55% C L5 NaCN 1s shown in Fig. 3 The only. altera- .
| tion in the spectrum compared with that in Fig. 1l is an increase in the
?- . ;, . -1nten51ty of the lines ass1gned to the Cl5 interaction as indicated by the
arrows. Similarly, the spectrum in Fig. ﬁ’showsithe increase in intensityej

15

v"-of‘the c line for complexes containing:Cr55’as compared with the spectrum -

vi before exchange shown in Fig.iza‘ In the spectra for naturally abundant

Cl5 1/2 1. 108% abundant) one would expect the 1ntens1t1es of the
B -lines due to. C 5 relative to those for C12 to be different depending on
. The number of equlvalent pos1tions for the Cl5N . If one were observ1ng

..only ¢ in the axial pos1tion,.that line should have O. 56% of the 1nten-'
'_'s1ty of the C line next to it. JIf only'the four equivalent.equatorial'
p051tions are being observed, the 1ntens1ty should be 2.2%. If the axial'“
and equatorial pos1tions have the ‘same CJ‘5 coupling constant,vthen the
llntens1ty would be 2.8%. Although it lS poss1ble to rule out the fwrst
alternative on the basis of the observed relative intens1t1es,'1t was -
»1mposs1ble to(choose betneen the latter two . s1tuatlons because the inten-i: h
:_-51t1es could not be measured that accurately. A
Table I lists the pos1tions of the lines in Figs. l and 2 as the

‘

proton resohance frequencies observed for the correSponding magnetic

:‘ifleld. The lines are identified by the M, values for the particular :chv'“
.i?_isotopes present in the complex, assuming pOSitive values for A in every 3a*f.
vcase. Line widths are given for the principal lines.t The average ‘i

'f uncertainty in the line positions wa.s estimated to be 0.2 Xe. (o. 05 gauss)
'_Within the experimental uncertainty of +O h kc. (O 1 gauss) in the -

" measured line w1dths, it is apparent that the low field Cr55 lines and
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. the central triplet havefthe same linevwidth of 5.9 ke. or l.h gauss. The
55 triplet at high field is: composed of lines whose average width is '
6;9vkc. or 1.6 gauss This variation in. line width can be.observed in -
the spectrum in Fig 1. ,lt'appears as a difference‘in,deriVative.amplitude
‘ for the high andvlow field'triplets.”“since, for aaconstant'concentration,
V'the‘amplitude of'the derivative.of a Lorentzian line varies inversely with’j,'
igthe square of the line Width, small variations in line’ Width are eaSily |
‘detected by obserVing the variation.in derivative peak heights " The |
. probable source of this line Width variation Wlll be discussed later
From The line pOSitions listed in Table I, it is now poss1ble to‘
’ lcalculate values for the isotropic hyperfine coupling constants A Nlh),
'.1 A(Cr55) and A(ClB) The separation between the Mﬁlh = +l components for.}ie '
5'»each of the three resolved triplets is exactly 2A(Nl ) Since the second .
order terms cancel All three sets of lines give a value for A(Nlh

_5 27 gauss while the estimated uncertainty in each is O 05 gauss In a’

'V‘Similar manner, the difference between the p0sition of the MNlh +1 line -
'1in the low.and high field'triplets f‘or-MC = +3/2 is- exactly 5A(Cr55)
since the second order terms again cancel.n The difference for the %hf‘

MNlh = O -l components was also checked.v The three values obtained for

A(Cr55) werd 18 39, 18v38wand l8 59 gauss, so e have taken an average‘”‘th’
~ value of 18 39 gauss with an estimated uncertainty of O 05 gauss .Twon R
methods for calculating A(C ) wexe used. The difference between the . -

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

.w'“ill5A(Cr55) o+ 2A(Nlu) + A(ClB).; USing the values for A(Cr55) and A(Nlh): h}i;:;

" one then calculates a value for A(Cl5) of 12 66 gauss with an estimated ﬁ;:?;'
uncertainty of O 2 gauss. The second method of calculation is to use i::”?]

: the extreme lines of the spectrum and those immediately adgacent which o




C'ffcorrected sllghtly for the second order shlfts 1n llne p031tlons The"

‘lfff,;corrected values for A(C ) obtalned from the low and hlgh fleld ends - 1

g
;

B a3l

‘Bhﬁare not spllt by C 5 Thls splittlng is close to 1/2)A(015), but must be l

:b}of the spectrum are 12 61. and 12 66 gauss, each w1th an estxmated uncer-_.l
..T talnty of 0.2 gauss We have taken an average of all three values for T”Zvll
fﬁ;A(C 5) axnid gotten a. flnal result of A(Cl5) = 12,64 O 2 gauss

The first method used. to. dlstlngulsh between the axial and equatorlal

fClB coupllng constants was to record the solutlon spectrum of. Cr(CN) NO -5 ‘{[l,“

T*Sff_whlch had been synthe51zed us1ng 55% C 3 enrlched NaCN. The central portlon‘f°¥:_.

o flrst and last lines in the spectrum measured These llnes were found to be 1

::;of thls spectrum is shown in Flg.,5;i The hlgh and low fleld ends of the L ‘f:ﬁ,

i spectrum were observed w1th very hlgh sens1t1v1ty and the pos1tlons of the R

"?112h 8 * 0.2 gauss apart.v These llnes would be for the specles

. 55(C15N)(Cl5N) NO - and thelr separatlon should be exactly | |
.:3A(Cr53) + 2A(Nlh) + 4A(Cls) + A(Cla) ' U31ng the. coupllng constants .

determlned prev1ously, ‘one - calculates that A(ClB) 8. 55 + 0. h gauss.n~'_3Mf

';Mov1ng in from the outermost llnes one would expect to find next a llne;

s
.1 .

" due to the spec1es w1th four C 3 located k. 3 gauss in from the outermost'

flllne and with an 1ntens1ty l 6 times that of the outermost line. Twoeipnq'dfal

I
3

Mzgauss further in should be a llne for the spec1es w1th three C j and one
5 hav1n§ en 1ntens1ty 6 h times that of the outermost llne. Just such -

-l_a pattern was observed at both ends of the spectrum The measured 1nten-'lt ?:t'

4{s1t1es relative to the outermost llne for the lines due to three C 3 and

5;.one C 5 were 5 6 at the low field end of the spectrum.and 7 2 at the vﬂ“:'“”"' '
"i;hlgh field end.' This is in satlsfactory agreement W1th the retio of 6. h
predicted for 55% c15 o Rt '

As w1ll be dlscussed in Sec. IV A 5., exchange experiments in ,j _"{.”'n‘j. '

v' L ; . H

R _.vf : .U o T

[N
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"”Q}solutlons w1th added ac1d exhibited accelerated rates of exchange for ?f

fgt_fthe ax1al cyanide p031tion A spectrum of the complex resulting from "

ppartial exchange 1n such a solution 1s shown 1n Fig 6 This 1s the lowiflf’ 34'.

"75f}f1eld part of the <'pectrum show1ng the hyperfine structure for complexesi'dflﬁ }

'z_vcontaininv both Cr55 and 013 as is’ shown in Figs 2 and h The line due_i"a.'-'_’:"D

..of 8. 80 % 0. 5 gauss

'”’TL is given in Table II as well as the recently published values of Kuska‘°'

Lhito o 3 in the ax1al pos1tion (line no 5 in Fig. 6) is now quite prominent 4

::and can be’ used: to obtain a value for A(C 5) dlrectly Using the p051tionu;

:‘of this line and the one for the unsubstituted complex (line-no hvin

I;vFig 6), one can agaln calculate the corrected value for A(C 5) as was.‘b.
ﬂfdone for the complex w1th a 51ngle C 2 fe In this way a value of ,

.”v;8 95 + O 2 gauss was, obtained for A(C ) Combining thls value With the‘tili:3*
. value:of 9 554 0. h gauss obtained from the resolution of the fully sub-;f_h;n"

;;.bstltuted complex, we ‘have ass1gned the axial coupling constant a value nnq

A summary of- our coupling constants and those reported prev1ously

g

VT-and Rogers
| Early in our attempts to ohtain predominantly axial substitution we‘}'

learned26 that axial exchange is more rapid in some. non-aqueous solventsii‘
_-than in water._ Since some difficulties had been ehcountered in dimethyl-
.sulfox1de,%§ we carried out the. exchange in N,N- dimethylformamide (pMF) - in;v;.
3 N

. and found almost complete axial exchange of. 013N in hO hours at room :L‘suif-
"temperature., The hyperfine coupling constants for the complex in DMF were o
f-measured and found to ‘be w1thin a few percent of those obtained in water.:i;-i{
p:It wa.s found that upon diluting the DMF ‘solution 50% with water, the

f“_coupling constants were again the seme as in agueous solution., Tt was

' also observed in DMF that the widths of’ the low field lines and tho
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Table III Isotroplc Hyperflne Coup 1ng Constants for
B Cr(CN) NO 5 in'DMF e '

Kuska & Roger32_8 o 'Previou_sz.ﬁork'-.v e

5 geuss) while the vidths of the -

eater)(159fgauss)fesehqdfheehfthetoase»in'aqueousﬂh~ h;

g A(C‘?« )

: _:5 5&-0 05 gauss Th*

i 18 69_0 05

The general features of the ESR parameters for the Cr(CN) NO =
."3E;;Lcomplex ion are con51stent with the proposed bondlng schemes 8 81 These

“ik,'Place the four Spln-Palred electrons in the - e(d ) ) orbltal, while the-'

.'s1ngle unpalred electron occuples the non—bondlng b (d ) orbltal whlch 1s o

dlrected in the equatorlal plane. If the axlal and equatorlal metal-carbon‘: |




‘l:f59%r-v

bond lengths are"Virtually'the'Same'as in the related Fe(CN)5NO'2 complex,82
 one would expect the directional‘characteristiCS of the orbital for the
. unpalred electron to be reflected 1n the ax1al and. equatorlal coupllng

constants ‘As Kuska . and Rogers28 point out however, there is also the a

- effect of the m1x1ng of llgand orbltals Wlth the b. (d -y ) and a (d )'

“excited states- - The bl state can mlx w1th orbltals on the equatorlal

ligands while'the al state mlxes w1th orbltals on axial llgands If the

bl exc1ted state lles lower as: predlcted, then thls could also contrlbute'

to the larger equatorlal llgand hyperflne 1nteractlon Thus, from the
hyperflne and bond length 1nformat10n at hand, 1t is not p0551ble to declde
' whether the ax1al Cr-C bond 1s necessarlly weaker than the equatorlal Cr-C o

obonds as suggested by Bernal and Harrlson.l6’?l“

2. Anlsotroplc A531gnment

In order to explaln the variatlon of llne width for dlfferent hyper-_

fine components 1n the solutlon spectrum of Cr(CN) NO 3, 1t was necessary p.*f’

~to obtain estlmates for the anlsotropies in the hyperflne interaction and
g value. Although 31ngle crystal studles are more accurate and can
.potentially yield,more:1nformatrondand resolutlon, spectra of randomly.v y
"oriented species are muchlmore?readily-Obtained sThe theory for such

‘ spectra in the case of S 1/2 was dlscussed in the Introductlon ‘ When

’ applied to the present case, theftreatment w1ll glve a8 parallel spectrum

| at higherlrleld than the perpendicular spectrum Assuming axial symmetryp;
for the complex, we can describe the spectrum in terms of parallel and
'perpendlcular components for each quantlty whose 1sotrop1c value is glveniz'z
Cin Table II .: E:;rfﬂ? :;22":v~f .o. pv.’.l | k. | .

The spectrum of Cr(CN)5NO =2 in a frozen HéO-MeOH glass is shown in
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.re ass1gned to the onset of absorptlon for complexes whosevprlnc1pal

. ax1s is allgned peroendlcular to:the external magnetic fleld and comprlse -
.9_the oeroendwcular spectrum “The domlnant three 1ine spectrum is as51gned
”vbO tne 1nteractlon of the unpalred electron w1th Nl of the NO lﬂgand

" The soa01ng beuween these llnes glves a value for Al(Nl ) and the three

. 11ues are centered about the magnetlc Tleld correspondlng to %L ~ The lines

' -~ would predlct from the values for A(Cr53) and Al 55) that A“(Cr

rhof lesser intensity’ appearlng at lower field are. ass1gned to Cr53 Since

no llnes are observed below these in the spectrum, thls group of llnes 1s
5ass1gned to thevMb # +5/2 component ' The spac1ng between.the llne |
| appearlng at lowest fleld and the low fleld component of the 1ntense trlp— ;.f
let is then equal to (5/2)A 55) It will be convenment for later L
'h‘dlscu551on lf we convert these coupllng constants from gauss to em

.us1ng-the approprlate g value - In these terms the values obtalned thus far
‘»:ave g = 2. oo6 AJ_(N’w = 6. 5)&0 - em l, and A_L(Cr55) = 11.6X10" u n -
-'The s1ngle necatlve derlvatlve at hlgher fleld is the parallel speCurum.r
ts posmtlon corresponds to a’ value of g = ‘1. 975 If the 1sotrop1c andfg
vsanlsotroplc hyperflne for Cr55 are ‘both pos1t1ve as expected, then one |
53) 1
‘approxlmauely 5OXlO -4 -l,; Under hlgher galn as shown in Fig. 7, an

‘ addltlonal oeak is observed at hlgher field ThlS is as31gned to the

' . Mbr55 —,-5/2 spllttlng of the parallel peak and yields a value for ,*

A (cx??) = 30. ox10™ 'J' The w1dth of these peaks and the fact that
vvtno trlplet structure is- observed indlcate that A“(Nl ) 1s no greater than

".vapprox1mately 2X1.0° h v-l;f:h“"‘ | ; ' " | »

| : When a sample of the complex syntheszzed with 55% 5 NaCN was dlssolved'

in an HéO~MeOH solution and frozen, the spectrum in Flg 8 was obtalned
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1]hyperfine structure with a valuve for AL(CeB) of approximately_lBXlO—
 The same procedure was carried out for solutlons to whlch ac1d had been

peak was only broadened and not split , Values of aL(ClB) 11.0x10°

" value of 18 0)410

- =h3-

This,spectrumtshows ektensive splittingaof thetﬁerpendicular structure

and a broadenlng of the parallel peak, Slnce the value for Al(N ) had

already been determlned, 1t was p0551ble to fit the 11-line perpendlcular

-1
em™ .

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

for samplesvin which varying,amounts-of Cl5N-»exchange had taken place.

- added in order to as51gn the ax1al C 5 coupllng. In both cases partially_

resolved perpendlcular hyperflne structure was obtained while the parallelv.

l

and Ai(C 5) = 9 2XlO - _'} were obtalned.,

Even though the parallel hyperflne structure was not observed, it was ‘

Fpo351blevto estlmate,the values for the remalnlng coupling constants. If- s

_one assumes that the magnetlc 1nteractlons for the - complex in solution and '}‘.xl

in a glass are approximately the same, then the isotroplc g and A velues =~

| - measured in solution should be averages of the anisotroplc values in the
glass as discussed in the Introduction.: ﬁsing the values for g” and gL
" given above, one calculates that the isotropic g value in solution shouldf.

 be 1.995, while the observed value of 1.99454 is in good agreement. Such_'

a calculatldn for the 1sotropic Cr55 coupling'constant in solutionvyields‘ap;_
h l, whlle.the_value observed is l7-.leO,-LL em™L,

Although We-can only measure the absolute magnitudeiof the coupling constants

and cannot determine thelr sign, it is necessary to dlstinguish between

two cases. In the flrst, the 1sotroplc and both anlsotroplc coupllng

53

constants are all of the same s1gn Thls was assumed for the Cr coupling

rconstants and was seen to glve reasonable results The second case.is

when A” and aL are of opposite s;gns, When us1ng values for A and AL



ok

l'to estimate AH, We must keep these two poss1bilities in mind Thus, 1f
”*f}:all three coupling constants for N; are of the same s1gn, one would

g fgfpredict that A”(Nl ) 2XlO -k 71, If the Signs of A” and aL are- OppOSlte)7’ﬁ>..

f!?the value predicted 1s 27X1O h hfl The smaller value is. cons1stent With :1ihfhw
”'bethe observation that there is no resolved triplet splitting of the parallel T:ilw
i?peak Applying the same argument to the C 3 coupling constants, one
iiiconcludes that A, A”, and aL are all of the same 51gn both for. ‘the axial :
"dgt'and equatorial pos1tions (although this in no way implies that the axial e
éécoupling constants are of the same s1gn as the equatorial coupling constants)
ifdékmhe values obtained are AH (C 3) l3XlO h j’% and A”(C 5) = 6XlO -4 f%iéf-}}%ﬂ
'f?uThese results are summarized in Table IV with.the values dbtained using
Tfffisotropic coupling constants from the solution spectra enclosed in paren—:f-
iwtheses | The indicated uncertalnties were estimated by comparing values,:kf

,fobtained from several spectra and are due primarily to the uncertainty

'in locating line centers A detailed analysis of the magnetic anisotrop1e°T'

i;and bonding fbr this complex on: the basis of single crystal ESR spectra
‘Egigis the subaect of a fbrthcoming publication by'Hayes26 and w1ll not be 5
i?fdiscussed here | | B RN
. ‘It is apparent from the results in Table IV that the largest magneti

':‘lt:anisotropies are. to be expected for the Cr55 hyperfine components.. In the

2

, i : Lo
'.-aqueous solution spectrum we. found that the widths of the lines due tO?'““

":?iigcomplexes*containing chromium isotopes of ‘zero nuclear spin and the ':fl
"widths of the Cr55 hyperfine components with Mb 55 +5/2 were identical '
aﬁw1thin experimental error.ﬂ This 1S'taken as an indication that the ro.

7;'tational averaging of the magnetic anisotropy for the M 53 +5/2 f[;

A:hyperfine componentp'

t;?contribution to the observed line width from this mechanism.ufﬂ};'L“

, .
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 tion for the tumbling correlation time, t,p[v"

A discussion of this theory'w1ll be taken up in Sec. IV B ‘ For our

, present purposes we w1ll use the theory as derlved by Kivelson | Valueshfj

" for the appropriate anisotroples can be obtained from Table IV They are .

"73}§sr;f7”1- gl” = -0 033
'}:Z'= Q(A"-A )/3 o S : : B

12 9XlO fbr Cr

o

.The r601procal of the relaxation time, l/ , is then given in terms of

- these anisotropies, the value of M and the correlation time for tumbling_ p,

L

't'of the complex., Treating the complex as a. rigid sphere of radius ao"

'“a*rotating 1n a medium of v150031ty n, Klvelson8LL uses the usual approxima-_i 51'..

hﬂa n hﬁ

3:so 8h and applied;t vanadyl omplexes inpsolution by ROgers and Pake.85."



"TAssumiug a: radiu o

;g.If the correlation time were shortened o-leO ll sec., however, the .f |

lfiybe 0.2 gauss ‘as found.ff‘:similar calculation for the N% components of 5;}w;

‘ 's?the central triplet indicates that the variation in line w1dth should be f_ii:fﬁfyT
V?-.less than 0. 05 gauss as is observed experimentally " o

The line Width variation is in fair agreement with that predicted

. \
T

"ﬁ"i”for rotatioﬁal averaglng. Exact agreement is lacking as has been the

"fl,correlation time as az, the times calculated are quite sensitive to therj’”"

'~:?result of ﬁrev1ous work 76 85 If one assumes that the theory for tumbling

'S

ff}fand the mddel for the tumbling correlation time areicorrect there still ff

?*"remain two sources of difficulty.w In order to calculate & tumbling

a5‘“correlation time 1t 1s necessary to estimate an "effective 1onic radius

\_r_

'?_‘for the. COmplex.v Since this radius enters the expression for the

~ choice of-radius The second difficulty is in the use of crystal or




’Av;u7-

; o | j~"‘ | : {glass g and A anisoﬁroples It 1s poss1ble that the dlstortlons of the
; h?;, .v?. 1 : s_complex in a crystal or- glass cause s1gn1f1cant changes in the magnetlc -
anlsotroples In thls partlcular case, a smaller anlsotropy in the g
hvalue for the complex 1n solutlon would glve better agreement between

» -.‘__fi .' oredlcted and observed llne w1dths

3. Kinetic Studies

The exchange reactions under -consideration are

K R vCr(cleN)5No'3ﬂ-vcl§N"f ;?'cr(c}eﬂ)u(g;5ma)mo’5v+ clgmf S (W)
e (@ ge” s ¢ F (e (P s et (@)

where:a andie.referlﬁo:axialjandjequatorial positions.dvThexe'are;-of coufse,

% ;. ”_ _‘ - ‘exchange reaccions.sﬁhseduenf-to these, hut{fhey.involve £hevsame two |

_rate constants and nelthef these.nor the back feactlons contrlbute appfef‘
c1ably to changes 1n concentratlons of any of the spec1es in Eqs. (1) -

“and (2) durlng the early part of the exchange It is also necessary to -

2; S E ‘; . follow only the early part of the exchange because overlapplng hyperflne

'llnes make it dlfflcult to follow the reactlon for more than one half-

life for a slngle éxchange

I

For the general class of ligand exchange or replacement reactlons,

technlques have been developed to fit data w1th tWO rate laws, both of

whlch are flrst order 1n the concentratlon of the complex They differ

i

.
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only in whether the rate of exchange is independent of the concentration

. of the free llgand or depends upon that concentratlon to the flrst

‘power.86{87 Attempts to dlstingu;sh between these two s1tuat;ons were
made in this case by working with both_ﬁhe initial rates of reaction-and
‘the integrated rate equations.a On the basis of our data no definite

]
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jfdlfferentlatlon could be made sin "?#varlation in. concentratlon of BRI

:ithe reactants‘wau_small and the uncertalntles 1n the data too great

23

;f,Slnce 1nformatlon from other studles showed that the rates of cyanlde 7f-§af"

;exchange are 1ndependent of the free cyanlde concentratlon for the

;1s assumed to prevall for’KéCr(CN) NO Maklng thls assumptlon and the

_qurther assumptlon mentloned above, that only reactlons (l) and (2)

:;T”contrlbute apprec1ably, theirates of dlsappearance of the unsubstltuted B

ffcomplex and appearance of the mono substltuted complexes would be glven

~;fiby”Eqs.¢(5—5) In these" qnatlons f 13 1s the fractlon of the free .

[C(clwch 9072, = b (23) tex(c ™ m) gm0

13

.chanlde 1n solutlon contalnlng C

The rate constant ke,corresponds to

jxchange of one of the four equlvalent

:f”the processrln whlch.there is

”aifequatorlal cyanlde llgands._gm:;ailsta;;fﬁf5 ~7f:? =
By followmng the concentratlons of the unsubétltuted complex and. -
the complex contalnlng a 51ngle‘equatorial C 5N a& described in the ;h'ijlid,;w*
fdexperlmental sectlon, the inltlal rates of reactlonefor Eqs (5) and (5)

zw'ﬁ”ffwere obtained. From the known initial concentrations 1t 1is then possible ;Lf;h:;

vftto estlmate the quantlty (k + hk ) from Eq..(5) and k from Eq. (5)

‘Qhﬂ_Thus, approx1mate values for k a? k and the ratlo k /hk were obtalned

” Wlthln the assumptlon of deallng only with those 5pec1es appearlng

'°”j¢in reacthns (l) and (2), the following quantltles can be defined.

:;"}complexes KuFe(CN)6, I%Cr(CN)6, K300(CN)6 and K.jMn(CN)é, the same condltlon
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- afex(c 12N)i.No"B»] =”[c}(c N) o 21, - rex(c2) No’5j L (6a) '._--‘"

alex(c* N)\(CIBN )No'31 ,ef [c (c12N> (¢P, 0™

.-[Cr(C N)M(Cl5Né)NO o .f.(6b) 

- afer(ct? N) (015N )NO'5] = [C (C N)’(ClEN }NO}B]

“ﬂ;f-[c (c N)u(c N, )NC'3]O' '.  i f_(6§j ';.ﬁ-,i

Lpl

in”addiﬁibp,-there'afé"several hseful relationships which are readily. .

derived and are glven in Eqs (7a-d)

) [c N ]+ [ClBN ] - [Cl2N'] + [C N ] : w.>;;£' (7a)  e

| [015 SR tclBN 1o~ afcx(c N)5N0»5J (7b) ;

f 13 = N
[c N ] + [cl5N ] [clgN‘]o + [cl5N ]

.. AtCr(Cl?N)5Ndf5 A[Cr(C N>u(cl3N )No 5]

'“7ﬂ33 . A[Cr(ClzN)u(ClBN )No 5] j?“fi'}f f(7é)f’;ff;["”

- ka!"  A[Cr(CleN)u( 13N )NO 5] R

BT A[c;(p N)h( 15N )NO 5]

- The relatlonshlps glven in. Eqs (7a-c) can . be. substltuted 1nto the rate a
expressions for the dlsappearance of the unsubstltted complex, Eq (3),
and ‘the y*es‘m.t then 1ntegrated to glve. Eq (8) g

[Cr(C N) No'5]

1
°8 [CLBN lp - A [Cr(C N) No‘5]

- Uy + “k ){[015N ] - [Cr(c N) w31y
e 5 {[c N+ [cl5N-] o R

[Cr(C N) NO 510 (8)

ot 41§g R [Cle }o

vv‘"¥{f;;vfé:' (7d){fj;t‘  1'



b'"ilUs1ng ohe experlmentally determlned concentratlon of the unsubstltuted

f::complew a5 a Functlon of tlme, 8 plot of the flTSu quantlty in Eq (8)

: 'versus tlme ( ) should glve a strarght llne whose slope 1s dlrchly re—i"i.'_, -
ed to the sum of the ax1al and. equatorlal rate constants (k + hk )
T'Tt was ooserved that for approx1mately the flrst thlrd of the reactlon

i*such a p10u was llnear, but as the reactlon progressed, some curvature was :

u,.notlceable Thls curvature was 1n the dlrectlon correspondwng to an apparenu o

. 1

- slow1ng down of the reactlon as would be expected both from 1ncreas1ng

H{overlap of hyperfwne llnes and from 1ncreasmng contrlbutlons from the.di,pfpdf

o back reactlons

The other spec1es followed durlng the reactlon was the complex Wl'bh

1 R .

'ﬂda s1ngle labeled cyanlde 1n an equatorlal pos1tlon Agaln usrng the

15”relatlonsh1ps 1n Eqs (7a-d) and substltutlng 1nto the rate equatlon for

p-.e;equatorlal exchange and 1ntegrating, .one". obtalns the 1ntegrated rate fli'“} s

expression in Eq (9) o -
[ox <cl"’N> No'51 - (1 + r‘)AtCr<c12N> (c”w )No 31

. log

k
[cl5N ] - (1 + E—-)A[c (ClQN) (cl5N )No‘5]

(x, + hk )([c (et N) No'5]O - [013N ]o}

i 2;5££012N‘1 + [cl5N Jo)

.'tcr(clem 5N°'3 I

+ log
[cl’N A

‘%> Slnce the quentlty (k A hk ) has already been evaluated for a

i-jgdven klnetlc run, 1t remalns to determlne the ratlo k /hk whlch
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- appears in the first term of Eq. (9). 'This is accomplished by first.

“using the wvalue for that ratio determined from initial rates of reaction o

in order to plot the first term in Eq. (9):versus time. From the slope

. of such a plot a value.for (k + hk ) can be calculated and compared with
‘that found from the dlsappearance of the unsubstituted complex Successive

\approxlmatlons for the ratlo k /hke can then be made until the proper

value for (k + bk ) is obtained, In practlce, this required two or
three successive approximations.
‘Once values for (k + hk ) and k /hk have been obtained, ‘the

separate rate constants can. be calculated. The rate constants- at

- various temperatures from 60° to lOO°C and the total concentratlons of

complex and cyanlde are llsted 1n Table V. The concentratlons quoted

3 .

are not corrected for changes in the densltles of the solutions at

dlfferent temperatures, but are the concentratlons of the solutlons at .

"room temperature. In a separate blank experlment w1th unlabeled cyanlde,

it was found that there was no agparent decomposition of the complex below:lﬁ.'

100°C in the length of tlme‘typically used in these klnetlc runs. It

. was assumed that any decompos1tlon of the cyanide in solutlon was much

slower-than the reactlons belng studled.- The extent of exchange attained

for reactlons allowed to go almost completely to ehulllbrlum supports

“this assumptlon

The rate constants given in Table V are shown plotted as log k vs.

3 lOB/T in Flgs. 9 and lO The stralght lines were drawn to glve a best
'flt to the data by the method of Least Squares ,Assuming ‘that the flrstﬁ-’

order rate constantSjare'given‘by.Eq. (lO), values’forgthe enthalpy of

kr=i%?-e (e )eXP( ) ‘.“‘(1.0‘)'..
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activation, AH#, and the entropy of activation, AS , were calculated

and areiiisted!in Table;VI. The indicatéd'uncertainties.were estimated

by ighoring_each set Qf'thrée points at a given temperature, recalculafing

thé’enthalpy and entrbpy,of_adtivation and observing the changes in the

' values of those quantities. The rate constants at 75?0 as calculated

- from Eg. (10) and the thermodynamic quantities are included in Table VI.

Tt was observed, that the ratio-ka/hkg = 3 + 2 throughout the températureJ

‘range studied.

Table VI. Enthalpies and Entrdpies'qf Activation for Exchange .

Axial Exchange o o - Equatorial Exchange.-

4. . . o . ) . :
OH, = 33.5th keal/mole ' _AHz = 30.5%k keal/mole
As: = 1848 e.u. . ‘ASz = 58 e.u. |
k, = 6x102sec ™ at T5°C  : - k, = 6><:1_0"6sec"l at 75°C

In an attempt to obtain primarily‘axial exchange for the purpose of .

‘ 'tconfirming the assignment of the axial. coupling constant as well as to

determine thé effect of pH changes, a solution was prepared ih which
sufficient'écid was added to convert approximateiy half the ffée cyanide

in solutioﬁ'to HCN.  First a blank was run using unlabeled cyanidé and

'sufficiené.HCl o0 give & solution 0.08 F in both CN~ and HCN with a

.concentré%iqn of the complex ofv0;025 T, This Sémpie was kept atl75fc

{for several hours and no decomp¢sition‘waé'detectqd:@urihg this time.
lvAn-idehtical sample.waé then prepéied uéing 55%_0;3 énribhed NaClN éndr!'f;'*
:"the reaction %as foilbﬁed_forIBO‘minutes‘aﬁ 70.2°C. ihe.reactioﬁ ﬁaéu. ﬁ

‘then quenched by cooling the sample to room temperature and the spectrum
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| lagain taken,

’*5As the llne from the complex w1th an ax1al C 5l\T Was, now
vf;?hdulte promlnent 1n.comparlson w1th that from eouatorlal substltutlon,

““7fgr;a 31tuatlon dlfferent from that encountered in the earller spectra, 1tl'vf L
xfnttwas apparent that the rate of axlal exchange relatlve to equatorlal |
v:;;exchange had been enchanced.' The relatlve 1ntens1t1e of the two peaksv:_,':'__"'_'v.”’~
“:j?gavefka/kk | = 5. l whlle the rate of dlsappearance of the unsubstltuted ;ft?$.
”conplex-wasvalso determlned.bbTheseatwo quantltles gave values for thengyf\ﬂ’b
frate constants of k= 1'3*105h ‘df;.and k 6 TXlO 6 l,l'n These are'iﬁr‘if
‘;)to be compared w1th the rates of exchange taken from the graphs 1nff-
" "v;vi'i‘v';Flgs 9 and 10 of X, 2 7}(10..,.5 = Land K, 2 9><10 6» '1 T.his_*"'l'v‘

;3ccorresnonds to 1ncreases of approx1mately a factor ‘of 5 in the ax1al

7 rate’ and 2 1n the equatorlal rate . If one assumes that the complex
'itls a: stronger a01d than HCN the solutlons used for the klnetlc studles;ift;if?f
ﬁl{ﬁsummarlzed in Tables V and VI had a hydrolys1s pH of around ll whlle,.jﬁ

rtffor the samples w1th added ac1d the pH would be around 9 at room L

vlﬁntemperature

Another attempt to get exchange preferentlally in the ax1al pos1tlon1§
lwas made by carrylng out the reactlon in DMF solutlon 26 A solution of;fﬁl
s;-DMF approx1mately saturated in both complex and NaCN was allowed to st and‘ta?;
ifl:at room temperature for ho hours. At the end of that tlme the spectrum | ;_:J;_'-

T

Ajwas taken and it was apparent that extensive exchange had taken place

), - e

zprlmarilf in- the axial posztlon. Thls is in contrast w1th the situation -
M”j{.i in water where, after 8 week at room temperature, only very slight ‘-fti'jf;r.
;;A'*fhexchange had taxen place o ot | ol
ldrvi,fw;;jiz'?:' In order to - check for possable surface effects a solutlon 0. Olh5 F

. in complex and O l7h F in labeled cyanlde was prepared. Samples were

sealed 1n Pyrex meltlng p01nt caplllarles as usual and 1n a quartz tube
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ofvgpproximately equal diametér. After 30 minutes at 85°C, fhe'sémples
were cooled tovrobm'tempeiature and their_spéctra-ﬁaken. Tﬁe rafes of
reaction wérevfounq to be within 20% of each other and the ratios of
axial to equatorial exchange approximétely the same. This indicates
no pronounced differences between quartz‘and Pyrex surfades for the
. reactions. (

Other cyanide exchange studie525 have shown pronounced light catal&sis.:
in some inétances.' Our kinetic experiments were carried out in ‘the semi;
' défkness»of the micfowave.cavity.' Sampies at room tempgrature in direct:
and diffusé liéht Showed no_exchange.after'séveral.days,, Another sample _;
of the solution.ﬁsed to gheck the effect of glass and quartz was placed
 within 5 cm of thé front of an AH-L lamp for'a'rather drastic‘fest fof o
liéht catalysis. - After 30 minutes there héd béeh a s;ight incréése’in L
the relative intensity of_the equatbiihi; 015'line, and after an‘hour
of irradiation.thé'relétive-inténsity'of that,lineiwas abouﬁ fwice that A;"
for naturally gbundénﬁ 015._'Although'some exchahge was noﬁed, it is nof
at all certain how mﬁch wés due to fhé direct effécﬁ'of‘irradiation ahd: 
how much to heating-of fhé éample. in any case, éhgfe should have been
no light caéalysis in our ﬂormal kinetic‘exPerim%nts.

 The raﬁé of cyanide exchange in this complex i§ slow, but it is
3 reasonablé‘in comparison‘bbth with:exchange‘of_cyégidé'in some other
cyenide égmplexesgj.and with séme gther ligand exc%ange feactions.86’87 ,
 Unfor£upately, there has beén oﬁly one temperature i&;tmm'elL in the pfeviousv.
cyanide éxchangé'work so £hat it is not possible tdv%omparEdentropies. L
and enthalpies of acﬁi#dfioﬁ.ii' ” o |

There are, however, interesfingléoméarisohé which éan ﬁe'made between

the exchdnge processes for the axlal and equatorial positions in the
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.rcase of Cr(CN) NO 5 In llght of the fact that the enthalples of actlva—

fgtlon for the two pos1tlons are. qulte srmllar, 1t 1s apparent that the ”'

mvr"dltferent entrOples of actlvatlon are respons1ble for the more rapld Lo
'exchange at the axlal pos1tlon : The apparent large positive. entropy of

1_act1vatlon for the axlal pos1tlon 1s con51stent Wlth the actlvated c0mplex .2

'1n shown 1n Eq (ll) The entropy change assoc1ated w1th the transfer

-2

rf_ﬁof a proton from HCN to a trl-anlon base can be estlmated by con51der1ng

e % : :
vﬂtor ax1al exchange belng a protlnated spec1es Such a rapld equlllbrlum‘ o

Cr(CN) NO 5 o HCN = HCr(CN) NO N' -"(11)',,-,

'lhthe analagous protlnatlon of Pobr5 by HCN.) The thermodynamlc data for thejl;:*

. jaqueous phosphate cyanlde system88 glve an. entropy change of +MO e.u.

f;for such a proton transfer . If & subsequent reactlon 1s the rate deter—‘fﬂ?_:vf_

lsmlnlng step, such as for the dlssoc1atlon mechanlsm in Eq. (12), then f{,ffl

HCr(CN) NO £y Cr(CN))_LNO + HCN

o Cr(CN)hNO -2 ¥ CN fost

> c (Cl\T) o 3 a (12b)

e

”_.the entrOpy assoclated w1th the protlnatlon of the complex w1ll be in- j;{.,fﬁh.,f

h'-cluded in tﬂe apparent entropy of actlvatlon for the rate determlnlng

‘v"

;1reactlon. In at least one caseZF it nas been suggested that. cyanlde R

..n

' exchange anolves dlsplacement by solvent water molecules rather than
r~

a dlssoc1atlon mechanlsm of the type in Eq (12a) The partlclpatlon ;v,r'

i §
~of water was suggested because of the large negat1Ve entropy of actlvatlon

: (-hh e.u.) for the reactlon Judglng from the large p051t1ve entropy of

ac»1vatlon we observe for the ax1al exchange, 1t is apparent that the l

' solvent water molecules do not partlclpate»s1gn1f1cantly in the rate

' The author is 1ndebted o) Prof. Robert E. Connlck for suggestlng this o
possibility. . .

(laa)

.
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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 the'protinated'complex."

Acid catalysis has been observed for other cyanide complexes, '

.although not in all cases.es Isolatlon of the compound ﬂéFE(CN) NO

1ndlcates that such protinated species do exist. 89 The observation that
the axial rate of exchange is increased relatlve to the eguatorial .

rate when half the cyanide is present as HCN lends support to the

7argument although some acld cataiysis for the equitorial exchange is

also possible from the data A plausible explanation fbr such'behavior

S is that the formal charge of +1 on the NO group favors protlnatlon of the

axial CN~ rather than the closer equatorlal pos1tlon.v

The rate of axial-exchange is faster than that at the equatoriel L

p051tlon as predlcted by Bernal and Harrlson 16.21 It 1s doubtful

however, that this 1s due to a relatlve weakenlng of the axial Cr- C
bond as they suggest, since the enthalplesvof actlvatlon are v1rtually

the same for both positions. It appears more likelyvthat the greater

“
4

protinationgof the axial ﬁositioh is responsible for the more rapid
rate of exchange.

Possi%le'modes of decomposition for pentacyanonitrosyl complexes
“,
are suggested by Addlson and. Lew1s89 They cite edeence for the

n:

reactionx of Fe(CN) NO -3 with hydroxide ion to form Fe(m\r)5 -4 as well
as for formatlon of the aquopentacyano complex. Atgleast for the

conditions of concentration, pl, illumination and-temperature under'
which the behavior of Cr(Cl\T)51\TO'5 was studied, we found such decomposi-

: e : \ , v
tion to be unimportant.

The enhanced rate of exchange and apparent specificity for axial.



"'1§_edges 1n thls derlvatlve presentatlon correspond to the onset of resonance

Nf'ffor complexes w1th thelr symmetry axls parallel to the magnetlc fleld

>V‘1;’ could be partlally resolved perpendlcular hyperfine structure, but one'ag

N_6o_>.‘

éin the 1nterpretatlon of the exchange mechanlsm in water because of the ;
Eiﬁdrastlc change in solvent propertles Slmllar behav1or has been noted
;for solutlons of the complex in, dlmethylsulfox1de w1th the added
_:ompllcatlon of apparent reactlon w1th the solvent to form some. other,

_yas yet uncharacterlzed, complex

Cu(Hngé xand Cu(NHé

‘;{ Ass1gnment

The analysrs of polycrystalllne or glass ESR‘llne shapes to obtaln

*Q-ggcuprlc complexes for whlch 1t has been used most successfully l?,lj U51ng

"fphthese methods one ‘can. analyze the glass spectrum of cupric 1on in HClOu

'fyat llquld nltrogen temperature shown 1n Flg. ll The fbur pos1t1ve band

"‘rand w1th the four poss1ble Mi values.; Note that “the band edge at lowest
o field is suff1c1ently sharp that structure due - to both Cu65 (I 5/2
- 2.2206, 69 06% abundant) and Cu6_5 (I 5/2, W = 2.3790, 30. 91% '

.1abundant) can be observed The spac1ng between these components and -

o ‘the posrtlén of the center of the hyperflne pattern, after correctlon f{¢?l_j

- for. second order terms, glve values for g” and AH The perpendlcular

;spectrum at hlgher fleld shows only a small splltting.h These two peaks ;5: L

\

i exchange 1n DMF solutlon 1s 1nterest1ng, but cannot be of partlcular use :

‘yj pwn Pamlltonlan parameters was 1ntroduced by Sandsll and developed furtherfor ;'

”ftwould erect to see ev1dence of two more hyperflne lines Also, the éiﬁf:i.ﬁ”

}"value for Al-would be larger than usual 3 A second pOSSlblllty is that

| the complex has lower symmetry than tetragonal 1n which caSe there could

T
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_be;two sllghtly dlfferent g values around gL Although the poss1blllty

"}ndlstortlon would occur: w1th sufflcwent regularluy in the glass to glve

'g‘i“two dlstwnct gL values rather than a dlstrlbutlon of values A flnal

'i‘ttype dlscussed 1n the 1ntroduct10n One can calculate wheré the four
;t extra absorptlons should occur for a glven set of spin Hamlltonlan
;Qparameters us1ng the approxmmate express1ons avallable l_ l;

:ffpeak at lower fleld to be gi(2 076), ‘one: calculates that the extra
‘ culates that the extra absorptlons should be centered 2. 06 and 2 08
ﬁfQualltatlvely,vthls second alternatlve glves-a'better fit In order to i E

o ;;Qispectrum us1ng a llne shape functlon w1th a flnlte w1dth whlch was

dlfferent for each component (see the varlatlon in. llne w1dth for the

Cfftof lower symmetry cannot be ellmlnated, 1t seems unllkely that such 2 o fd“'
5f‘poss1blllty 1s that one of the two peaks in an, extra absorptlon of the,ﬁe-"q'
tTaklng thei?[*f"

;.'absorptlons should be centered at 2. o8 end 2. 1o, wh:Lch would be at stlllﬁ:”}‘, L

"ﬁ"'_;_"lower flelds Taklng the peak at h:Lgher fleld to be g‘L 2 057), one -cal-

;;settle the p01nt for certaln 1t would be necessary to compute the entlre.ﬁ;‘('v.‘

ir;parallel spectrum) ‘ Wlthln;the accuracy needed forlour later'dlscuss1ons AR

Tf:pwe wwll take the average of the two values for gL An upper llmlt ‘can fv¥

J: l

o be set on the value for al from the w1dths of these two peaks. The spln B

: :g,Hamlltonlan parameters determlned 1n thls way are. llsted 1n Table VII '_-"55‘"’

B later in the sectlon K N '» N {;7

. Therspectrum of. cuprlc lon in frozen DZO O l F in HCth was con-’””

zs1derably less well resolved as mentloned earlier.. From the pos1tlon
ST T O S S S S SR ’ - . t - .

~pof the parallel component at lowest fleld, however, 1t was apparent that

Z .
Cuprlc 1on in aqueous solutlon gives a broad symmetrlc line whose

A g value is 2 199 As the temperature is lowered the line becomes

T the spllttlngs were essentlally the same as. 1n regular water.~ f :-,1,t..;gi};pj;
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progre551vely more asymmetrlc untll 1nd1catlons of hyperflne structure_
become apparent around O °C.  Such a spectrumvfor cupric lon in D20

is shown in Fig. 12, Similar, but more asymmetric; spectra were obtained
for the HéO HClOM eutectic solution cooled to near its free21ng p01nt

For the spectra with the best resolutlon the apparent A value approached

2
the value of 52 gauss estimated from the glass spectrum

"Although the spectrim of copper in an ammonia glass was poorly .

-'resolved,,it was possible to estimate values for AH'and-g“. Somewhat

better resolution was obtained'nhen the solution used consisted of equal

volumes of:ammonia and THF. That spectrum is shown in Fig. 13. The
parallel features of thisvspectrum 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 poorlglass as suggested by the widths‘
of the . parallel band edges, tovunresolved copper and ligand hyperfine
structureé or tola'combination of these effects.. | |

~ Solution spectra were taken both for cupric-ion in pure ammonia

" and in the ammonia-THF mixture over a range_of temperatures. The iso-

tropic g val%e was found to be the same in both solvents and independent

~of temperature in the range covered'from +20° to:-80°C. Hyperfine

structure was resolved below -20°C.in both solvents and gave an A value
which wasaﬁhe same in both solvents and independeﬁt of temperature.. One
such solukion;spectrum is shown in Fig. 14. The gxand A values are

listed in Table VII. In Jthe solution spectrum of cuprlc ion in liquld

ammonia shown in Flg lh the hlgh field line was compared w1th Gauss1an o

(dashes): and lorentzian (dots) line’ shapes computed for a line of that

width and-amplitude.‘ The linefshape-is seen to be Lorentzian to'a good.

approximation. This indicates that the line does not contain significant -
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'I'fff we have estlmated the value for Al glven 1n Table VII

”*"iﬁtlons ofllgand andmetal 1on orbltals of the proper symmetry, apply the,

;'ﬂ’usual spln Hamlltonlan to these wave functlons and obtaln relatlonshlps -

66

' ?*Q;JTable VII CuL6 Spln Hamlltonlan Parameters

cq<H2o>g?*-_ o o)
o ~ Glass Spectra ‘
Cesm.05 0 2.208 x 005
e’ . ooz
asssz s agas
l"'(§7)75‘ B T O R

Solutlon Snectra :

:_\‘:5'2' 199 oo 5

'K52-56>

o
i+

v “? Average ‘of o components 2.076 and 2. 057 . -
'va,Values enclosed 1n parentheses ‘are estlmates as. dlscussed in. the S
et s U e

~-;"'nsotron:Lc A value in solutlon and the value of A” from the glass spectrum,

Nelman and Klvelsonle have dlscussed the bondlng for cuprlc comnlexes,;’fi :

S }in cons1derable'detall Although they cons1dered prlmarlly square

;

"7rff Dlanar compleXes, they pointed out that the addltlbn of two ax1al

',llgands at a dlstance greater than that of the equatorlal llgands should L

h

have llttlereffect on the spln Hamlltonlan parameters In partlcular,
d,,

‘z:the values«for g”, A“, and. AL should be uneffected while the value for

'gl should 1ncrease slightly ' Thelr method is to set up llnear comblna-,

t

(

“ for the observable magnetlc parameters, the coeff1c1ents of the wave.

~ functions: used, and the energy separatlon between varlous levels

Hom

?ﬂcontrlbutlons from unresolved hyperflne structure By"combining the o

e b e o ot e s e



-67-

! 1 ‘
3100 3200 . 3300

. ' ]
2900 3000 ‘
H (gouss)

T MU.36073

P ' Fig. 14 ,



68~

'?::Qualltatlvely, thelr results 1nd1cate that 1ncreas1ng covalent character t

'~l?; ;For the metal-llgand bonds should be expected to- lead to g values whlch

: fare closer to that of the free electron and 1ncreases in the hyperflne

iglnteractlon w1th the copper nucleus Quantltatﬂve calculatlons of the j};i;

:llgand fleld coeff1c1ents from paramagnetlc resonance data have been . ,;;g,,ﬁ,v .

'made for a varlety of cuprlc complexes w1th sulfur, nltrogen and oxygen

a;llgand atoms 12 15 These results show 51gn1f1cant contrlbutlons to the
’bondlng from the llgand orbltals -fftgi -?iit - ' |
The magnetlc propertles of hydrated cuprlc 1on 1n a glass can be ffff%; o
;‘e:compared w1th the same 1on 15 slmllar env1ronments - The paramagnetlc
?:e?resonance of cuprlc ion has been studled 1n a. varletv of 31ngle crystals.lri'.”'
' S;In the case of Tutton s salts, copper s coordlnated w1th six water _ 1if;;:h
':1vmolecules 1n the usual elongated octahedral structure.' The results ;-
ﬂf_of these studles have been tabulated 2 The general behav1or of cupracﬁ

.ilon in such a serles of crystal lattlces 1s cons1stent,_but w1th

L sgndeflnlte small varlatlons when the dlmens1ons of the s1te are changed

:iiﬁThe g and A components llsted in: Table VII for the aquo complex are

' fvtyolcal of those found in s1ngle crystals._ Tt 1s 1nterest1ng to note. E

- »that the ESR &esults for Cu(H O)ASOM HQO, in whlch there is a square

- planar arrangement of water llgands w1th two axlai sulfate oxygens at ;“:ipj]ﬂ_”

' *_fa greater distance, are the same. as one mlght expeét for complexes :'A .
";,w1th six waters of coordlnatlon.?O Thls 1s in agréhment WLth the lr_fgrfgfb;g,*-

'V.conclusion mentioned earlierl that the axial ligands should have little

',v,égifkrveffect on the spectrum The same s1tuatlon exlsts fér ammonla complexes

',}

'f,:of cuprlc ion,. Gersman and Swalen13 looked at CuCl2 W1th excess added

'ammonla 1n organlc solvents, the preclse complex belng unknown " The -

fspectrum of s1ngle crystals of Cu(NH )hSOh H O, 1n which there 1s a .
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- squaere planar arrangement of ammonias and two aXial sulfate oxygens, has

90.91 : N
7770 In both of these cases the g and A values are

also been assigned.
quite close to those listed for cupric ion in liquid ammonia in Table

VII. This would again indicate that the equatorial ligands are

» primafily responsible for the magneticlproperties of such complekes.

In order to compafe'the bcnding in the water and ammonia cemplexes'
it is necessary to estimate the energies of the excited states. ' The

optical.transitions for these complexes. in water and liquid ammonia

o - 6 . _ : ‘
have been'reported,s but the assigmments of the spectra are not

certain. - It . is apparent‘fromvthe'spectra, however, that thevtransiticnsv
for the complex in liquid ammonia occur at higher energy than the
correspOnding'ones for the complex in water. Polarized crystal spectra

3T

for CuSOu-5HQQ indicate”  -that there may be at-least three components

- for the broad Spectrum observed. fThis'broad band is centered in the

~region of 13,000-15,000 cm.-'l for the agquo complex in agueous solution

while the correSponding band for the ammonia complex'in liquid ammonia

is centered in the region Cfvl6,000-18aOOO ent. The spectrum of

cupric ilon in liguid ammenia56 is attributed to the complex with four .

'equato“ial aqd two more distant aXial ammonia ligands by comparison

Wlth tne spectra for complexes containing four ana five ammonia in-

. 1
concenurauéd aqueous ammonia solutions. Gersmann End Swalen 5 place
k‘

some exc1ted states as high as. 50,000 cm -1 in additgon to others as low

“as lh OOO cm -1 on the basis . of their optical spectra which were. neither ,

- presented nor discussed.

Lacking good assignments of the energies of the'EXcited states for
Cu(ﬁ 0)6 and Cu(NH )6 , one can still make qualitative comparisons. of

the bonding in the two complexes from their spin Hamiltoniap parameters
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’f;jard the ﬂncrease 1n the energy of a glven exc1ted state upon g01ng lrom |

11{;;Uu<H 0)6 to Cu(NH )6 on thls basms, the change in 8” and. A” for the

~"'r-“':"am*nonla comolex relatlve to the aquo complex is par+ly due to the greater

;eneréles l }_ he ex01ted SUates 1n the ‘ammonia complex It one uses .

leuergles lﬂke those used by Gersman and Swalen,15vone must also concludepgb?jl'i
%lthat there 1s sllghtly larger contrlbutlon of the lﬂgand orbitals to i |
:ﬁthe bondlng for the ammonla complex than for the :aquo. complex -

A varlatlon otvg and A values w1th temperature for cuprlc.lon ln ;h‘x'”

_,varlous crySuals has becn noted 2 For crystals W1th s1tes of hlgh

: f:symmetry occupled by the cuprlc 1ons, the effect is most pronounced

ﬁAt room temnerature the spectrum may be 1sotrop1c, whlle at llquld .if
;nﬂtrogen and llquld hellum temperatures the spectrum becomes Lo
-;progress1vely more anwsotroplc Thls effect was flrst explalned by
i?Abragam and Pryceeg as belng due to the dynamlc nature of the dlstortlon;;[_f:'
.‘f::ot the complex in 31tes of hlgh symmetry Ayvakumovuoghasvdlscussed'thei'{}-n

Rﬁ-degenerabe v1bratﬂons respons1ble for thls pseudo-rotatlon of the -

v'»;complex ln an attempt to treat the temperature dependence quantltatlvely}ffpf”f -

7'In our studles of the aqueous system we' observed only an. abrupt chang

O

'from the 1sotroplc solutlon spectrum to the anlstroplc glass spectrum

4

at J'he meltlng p01nt of the solutlon belng used zFor cuprlc 1on in pure; O

llquld amménla, however, dlfferent behav1or was observed As snectra_-

‘%’of cuprwc;ﬂon 1n llquld ammonla were taken at progre551vely lower

-;%temperatures,_the line widths of the hyperfine components changed but u[f !._‘;

Jﬂ“ﬁtne g and A values dld not : At a temperature of -85°C ‘the sample T "

:?f froze as 1nd1cated by an abrupt change in the dlelectrlc loss of the gﬂ};
(

'xsample and consequent change 1n the balance of the mlcrowave brldge.

As subsequent spectra were taken at’ lower temperatures the spectrum
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renalned like that for cupric ion 1n solutlon The low field hyper -

fine componert llne w1dth was changlng more rapldly with temperature

_tnan.lt had in solutlon,vbut the g and A values remalned the same. This

“behavior continued until the.tempereture had been lowered to around

—lO5°C At this temperature the high field hyperfine component had also
broadened con31derably and the parallel structure was startlng to appear

A spectrum taken in thls 1ntermed1ate range is shown in Fig. 15.  This

wbehavior was reproduclble‘upon rais1ng the temperature for samples

which had been frozen at'liquid‘nitrogen temperaturesf pThe reasons;

for this behavior willvbe discussed in more detail in the next_section,'

2. Relaxation

In order tovdetermine'electron spinrelaxetion tines,ng,lit is.
necessary to correct the observed line widths forpunresolved or over-
lapping hyperfinetstructure as discussed in the.eXperimentel section.
The'procedure was. straightforward for cupric ion in'liquid'anmonia since .
the disotroplc A value'couldvbe obtainedvdirectly fron.spectra such as

the one shown in Fig. 1k, For cuprlc ion in aqueous solutlons, however,.

the 51tuatlon is more compllcated. As one can see from the spectrum in

, Flg. 12, the poor resolutlon of the«hyperfine st}ucture leads to highly-

approximaté A values.;'In'the 5. éGAF HClOL solutibns the apparent separé- .
tlon betwéen the hyperflne component at hlghest fleld (M = +3/2 for a ;
negatlve A value) and the adjacent one (M = +l/2§,approached a value .

of 50 gauss as the temperature was lowered and the resolutlon improved. o

"y

' This corre5ponds to AF5lx10 -;;‘ Assumlng that the 8 and A values

for the complex are approx1mately the same in the glass and in solutlon,,'

‘one can estlmate the 1sotroplc A value 1n solutlon from A” and Al 1n_.‘u~'

-

. the glaSSs Us1ng the values listed in Table VII, one calculetesfan
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upper limit for A of 56X10 cm

‘mental line width using A = 53x10° cm

T3

"L, If the value for A were reduced to

. - » : _ T .
_zero, the resulting_value_for»A_Would be 52)10 cm l. The procedure

, | _ , o : . .
to be followed will be to use a value for A = 53X.0 cm_l-when correcting

-~ the line width for hyperfine strucﬁure and carry through the estimated,
. ‘ - )4_ _ . . . .
uncertainty of #3x10 cm * in order to indicate the uncertainty in

. relaxation times. The same value for A will be used for the D,0 complex

since the parallel portion of the speétrum in the glass, which was all

that could be resolVed for DEQ’ was the same for both DéO and Hgo'and

" “the solution g values are identical.

. The results for O.ligicupric ion in O.1 F HClOu are shown in -~

Table VIIT. The experimental line width is.thévd%stancé,between the -

" maxima and minima of the first derivative presentation taken diréctly =

from the spéctrum.v:The corrected line width fepresents the widthvof each _

of the four unresolved hyperfiné components obtained from the.experia.”

Table VIII. Line width for 0.1 F Cu(H,0)f"
© in 0.1 F HC10, ) P

Temp. ~MH (experimental) M (corrected)
C Co gauss : " gauss

e

100 | I - 263 11;  ,:.v. g
123.8 T e T amem o e

21.L R 13

364 ey ;
515 ¢ ' e
62.2 o 65 . &
86.L4 f < - B N .
Co199
R
1ko.o° .. ) _;3&7 : ‘ ‘.315.
1616 T o T s

208.6 e T B0B; i nE i 608
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: L =Tha
gf The total uncertalnty 1n the corrected llne w1dths due to:f_.

"f:uncertalntles 1n the experlmental llne w1dth and the A value 1s estlmated‘:ji

'l?tto be 5% ‘ The data for cuprlc 1on 1n DQO were treated 1n the same way

'r.-and are llsted 1n Table IX
':Téblellx Line w1dths “for 0. 05 F Cu(D 0)6 -
- in 96 7% I, o with.0.1 F HClOu
- L . jAH'(experimehtél)" .jrfl_ N (corrected)
LTI N T gauss - - - ff S -gauss '

S 1ko
"’f 1hh
BOh

ghe spectrum of cupric ion in 3. 26 F HCth for the temperature

IR

'range of -h0° to O°C is suff1c1ently resolved to: obtaln estlmates for'iﬂ:jﬂ5u75"

" the llne Wmdth of the hlgh fleld (M = +5/2) comﬁonent The experl—-

- mentally otserved llne Wldth was. corrected for 1nterference due to ‘:f:fﬂl? =
:'l;fngf;ﬁ;{vif),"the adaacént-hyperflne component“us1ng A 53x10 h 'l as before The
f~.11ne w1dths obtalned from these experlments are tabulated in Table X. JV” i

'.i;;{'{jfjff_-*" " The corrected line w1dths in Tables VIIT, IX and X s are shown f"*”
L plotted as log AH vs T L in Fig. 16 The SOlld points are for Cu(HéO)G
" in 0. 1 F HCth at temperatures above amblent (Table VIII) and are

" based on the assumptlon that the four llnes are all of equal w1dth o
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A;‘L:fableﬁxt» Llne width for ‘the Mi.; +5/2 (hlsh fleld) hyPerflne._ -
i "'}fcomponent ot 0. 05 F Cu(H 0)6 in-a 5 26 F ﬂClOu :

' ‘5&¢solutlon

'f'n RERE: (= +5[p, high fleld)

Experlmental - .Corrected -
gauss . B — v gauss ‘
37. 5 o k8o
'Hgfg.62.lfsf{“fﬂ

ic'at these temperatures ' The open squares represent the D O data from

Table IX The 0pen c1rcles are for the low temperature data 1n Table X

The llne of negat ive lepe was drawn to glve a best flt to the hlgh ﬂ'”_3:}'":_l,

“fptemperature HEO data.v Slnce the ESR llnes were seen to’ be symmetrlc

. 2bove room temperature and asymmetrlc below room temperature, it was.

 assumed that at lower temperatures s1gn1f1cant contrlbutlons were belng 1:3f“

"i:made to the line width from. a dlfferent mechanlsm whlch has a dependence
.‘on Mi Slnce contrlbutlons to the llne w1dth are addltlve, the .
bgfcontrlbutlon from the mechanlsm domlnant at hlgh temperatures was
'r:subtracted from the: Mbuv= +5/2 llne w1dth observed at low temperature
| In this way§ the contrlbutlon to the llne width of the N% _= +5/2 .

component By the low temperature mechanlsm was estlmated and is

: 7;;representéd by the llne of pos1t1ve slope in Flg. 164 Poss1ble explana— ;;} o

’ "tlons for these two mechanlsms w1ll be dlscussed shortly The enthalples;f-(

- u

of actlvatlon for these two processes are glven 1n Table XI along with "

.thelr respectlve contrlbutlons to the total relaxatlon at 25°C

[ S
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Teble XI. Enthalpy of activation and contribution to
relaxation for high and low temperature o
- processes for cupric lon in agueous solution .

High'Temberature Mechanism

H20)6 in 0.1 F ﬁClOu L T ‘ ’ Aﬁ# = 43.3 kcal/mole
at 25°C : SRR ‘contrlbutlon o _ o
. S line width = M8 s 6.%guss
..~ . contribution to T2 = 1.2X10 7 sec
'Cu(Dgo)gg in D0 at 25°C-, . i - N = 43.6 keal/mole
' - .;'“.contrlbutlon to . _ VNSRRI
~ line width =3 t 0 gauss o

“.contributioh to T2'='1,7x10—9 Seétw_ﬁ.fJ

Low Temperature Mechaniem"'”

Cu(H 0)6 in 5.26 F HClOu ""<g,“ S A = 3, 7 kcal/mole
at 25°C R ifcontrlbutlon to ; ij_ff."
2. line width - =15 gauss = - S
contribution to T, = 4;5>QQ—9fsee S

e T

i for M = +3/2

- The line Width data,for'eupric ion in.liquid‘ammonia ceuld‘bel'
" handled in a more straightforward manner since the resolution was much |
better over a wider temperature range Line Width“measurements_were

Cu

“H hyperfine cbmponents and the exper1mental,w1dths corrected for over-

made on both the M, = +5/2 hlgh fleld) and M = -3/2 (low field)

' lapping liﬁes using the isotropic A‘value measureigin eolution.- The
' experxmental and corrected llne Wldths are tabulated in Table XII .Tnb;u
. addition, the line widths are glven for the transitlon region where the‘
sample wae frozen but the sPectrum remalned 1sotroplc in character.u*'”}
; The line Width_results for cupric.ien:lh the:ammoﬁia—TﬁE‘mixture aret}fgf-f'
given in Table XIII. | : |
| The data from Table XIT for the varlatlon of llne w1dth w1th

|

temperature for cuprlc ion in llquld ammonla are shown plotted in Flg. 17
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Teble XIT. Line widths for 0.03 F eu(Mg)f" 1.

- in liquid ammonia

'MI; -3/2 (low field) . M= 43/2 (high field) Oy

T

 Temp. = - Experimental  Corrected Experimental» v 992292@21;;;% {:,

SRR gauss - : gauss . gauss - gauss

e Mo o

1
—~3
, o

Lo 30.8
LATranSitiOn'Sfectra SO e
- -89.2 RN I
-91.6  ' ~7O

o =96.2 : ks
-l02.k

o,
A

u5.2_,5;*“’*1?~~

R T

ceT
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':7af'that the high ‘temperature mechanlsm contrlbutlon to the llne W1dth 1s'
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' "The ‘solid circles areAthe‘corrected'line Widths'for the M'E'=.45/2 .

fhyperrlne component whlle the open c1rcles are for. the M = -3/2

’acomnonent The llne of negatlve slope was drawn to glve;a'best;fit.tot:{fﬁ

The- flve daua p01nts at hlghest temperature These points were use& flf'{v B
"ﬁbecause they represent 8 temperature range in whlch the low temperature "fg'ffv

:rmechanlsm contrlbutlon to the line w1dth is unlmportant If one assumes fj}*

| the same for all the hyperflne components, then that contrlbutlon derlvedﬂ

o fvom the Mb = +5/2 component llne width can be subtracted from the llne ifi:'i‘t'

‘;w1dth of the Mb = -3/2 component The res1dual line Wldth obtalned 1n

ﬂ:rthls Way, 1nd1cated by the squares 1n Flg 17, should be the contrlbutloni-

from the low temperature mechanlsm to the llne w1dth of the M = +§/2_'»i'

: _component.. )

Table -XIIi L:Lne widths for o 05 F Cu(NHB)

B 1n ammonla/THF s~

:—i = -5/2 (1ow fleld) o 1,:vMi';'+5/é'(high field)i
fl“fZE@Enéh - EXperlmental f.Correctedf .hf'Emﬁérimental'p', Corrected?
¢ . _ gauss o gauss . gauss . - ’ gauss .
S50l - s 350 o393 4290 3L s

The enthalpies ‘of activation for the hlgh and low temperature

e mechanlsms are given in Table XIV.A The contrlbutlon of the hlgh tempera-f};*;,,p

Cture mechanlsm to all the component llne w1dth51s 1ncluded as well as R
rthe contribution of the low temperature mechanlsm to the llne W1dth of

"-_the Mt = -3/2 component at temperatures of 25° and -50°C.



:fSueh behavior is typical for many'complex'ions in solution.

© and was flrét explained by MCConnell
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Table XIV. Enthalpies of activation and line width
' contributions for high temperature and low
temperature relaxation mechanisms for
5 Cu(NH5)6 in liguid ammonia.

- 'High Temperature Mechanism

' Aﬁf = 1.1 kcal/mole
contribution to - = 80.9 gauss at 25°C
line width C 55.l”gauss at ~50°C
contribution to T, - = 0.76x10 7sec at 25%C
S 1.951070 sec at ~50°C
Low Temperature Mechanism o v
"AH$e¥ R kcal/mole B
contribution to'llne = 0.72 gauss at 25°C "
width for M. -5/2 , LT gauss at ~50°C":

'8.6510" 8 sec at 25°C
1.3%520°8 sec at -50°C

ll.‘

cohtrlbutlon to T

for Mb ~3 2 2

EE

- Let us first consider the relaxation mechanism which is dominant

at low temperatures.v It is characterized by a line Width which depends -

on the value of My and which decreases as the temperature is increased.

19,76,85
183

- as belng due to rotatlonal

."‘averaglng éf the magnetlc anlsotrqples of the complex His treatmehth'.'
'_ was for cdmplexes with 8 = 1/2 which is the 51tuaﬁlon here. It is
apparent that an inversion of the complex can have qualitatively the .h -
: _same net result asvrotatlng the complex-through an angle of 90° ' The
1 ; result in both bases is that 1f the symmetry axis of the complex was -

1n1t1ally parallel to the magnetlc f1e167 it will now be perpend;cular», o

to 1t The normal coordlnates for this 1nversion process have been = - .



"_flxed" ax1s system x,yyz in whlch the z-axis is the unlque or . symmetry
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S . ‘ oy . o .
discussed in detail by Avvakumov. Q As-wmll be shown shortly, the .

hpath followed in gettlng from the 1n1t1al to the final state has a.

- deflnlte bearlng on the relaxatlon time 1nvolved

In order to compare the processes of inversion and tumbling we

3shall adopt a model for the inversion process in whlch the complex

" Sumps" ”rom one of 1ts three equivalent orientations o another Thls,

| 'modelvwould be‘appllcable-lf, for‘example, the complex remained in onel'd'“

" orientation until a diffusional process in the second coordination

spheré caused a transition to another orientation. This is to be .

:':fcompared withvthevtumbling,model in which the complex retains its -

' p'symmetry, but rotates continuously.to aznew positidn " The inversionﬁ””7"5~'

process requlres a dlsplacement of the. llgands along thelr respectlve E;_;Fh5

‘metal—lﬂgand axes whlle the tumblﬂng process requlres a rotatlonal

1".-
A

_dlsplacement of the llgands about the center of the complex. Thus, one

-dcan speak ‘of the rotation of the "ligandafixed" ax1s system'for tumbllng,v s

tvand tne dlscontlnuous change 1n orlentatlon for the 911gand fleld-

".rflxed" axis system for 1nver31on

vThe relaxatlon effects-ln terms of averaging magnetic anisotropies. . .~ . -

for such‘an inversion "jump" process can be derived in a manner'strictly'j

83

analagous to that used by McConnell for tumbllng One starts by

defining a lwgand—flxed" axis system P q, r and a "llgand fleld-‘_'d‘i

cexis of the complex. The relationship between these two axis systems ‘f;f'p‘_;

i

can then be defined. For thls purpose we construct a set of specmal

- delta functlons, 81,; 53 These delta functlons have the property

" 'that 51 1 when the r and z axes c01nc1de and is zero otherw1se
_slmllarly, 82 =1 when Z and q c01nc1de, 55 1 when z. and p c01nc1de

~and both are zero otherw1se These delta functlons have the propertles

L oame

we
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Ea. (25,
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indicated in Eqg.(13).

5y + By + B = 1 (13a)
8, 8 =08y -(-l5b)
8 * 8 = O : : . (3e)

It is now possiblé to define Hz in terms of Hr’ Hq and Hb using the

 delts functions and the same is true for the other operators in the

usual exial spin Hamiltonian. An example is given in Eq;(lh)."

H, = H38 ‘+ _Hqu + Hpa3 L - - (1ka)
S, = 5.8 +,Sq52 + sp53 _ . o (1)

Makihg these substitutions into fhe vsual Hamiltonian as.given;in

H = Bg”HZSZ + 6gL(Hx§}; + H}‘rsy) - . ‘
| o o ,.'(l5)
* A”J:ZgZ + AJ_( ;:sz * IySy)

“one obtains the Hamiltohian in terms of the.delta functibns as shown in -

Bq. (16). ,
| N o= gBHS + AirSr._+ (A.g.BHO + bIQ),<51 - 1/3)8,,
R : o ' . (16)
(TS + 18 )(s -1/5) - 3 (1,5, + 15 )(s, - &)
where ‘ : ‘. . : ‘ ,2 :‘. |
g - (g + 2_gl)/3 - ({x” + EATL)':/; N
R A R

The £irst ‘tiwo: betms: of ithel Hamiltohian: in B} «(16) will give risdito the

-------

usval iso%ropic solution spectrum. Thevthird”ﬁéim;,whichtis&a;sbag$p

constant in the spin operators, will give rise to modulation of the

resonance and dephasing of the electron spin (contribute to l/Tz). <
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The final terms ihcludé’simultaneous electron»spin and nucelarvspin
'_t“an51ulons, giVlng rﬂse to spln lattlce (T ) reWaxatlon At this

: 85

. DOlPE 1n -the- der*uwtlon for tumbllng, ~the Hamiltonian contains tevms

'5.analagous to those in Eq.. (16) with the excentlon of two an7blOnal

- terms,

l/g(AbBHO + oI )(s1nﬂcose)(s e ?¢ ' +i¢):

ot (l/c)b(31necos6)(1 é l¢ + Ie 46 .

The’first Ofvthesé:terﬁs, iﬁvolving'thé;eléctrén ;pin‘féising'aﬁdlv’
;,-loworlng onerauor, glves rise uO eleCuron snln—lattlcé féi;xation Whiie '
the éona does the Ssame for the nucTear éplns On thWS ba31s,.¢f
) wbuLd appear kely that +he tumbllnv mechanlsm should be more: effectlveVl
in iniﬁcing electron spln—lattlce relaxaulon than the 1nver51on mechan;sm.“.

To faqilitaté» solubion of the problevmb at this point, MeConne11®s -
:ntréduces tﬁe approximatiéﬁ, AgBH >§ b,‘so*thaﬁ,thé tefms in the
quémiltoniaﬁ héving.onlyibras a cbéfficienﬁ may be.ignorédL At this_.
level of approx1matlon,‘uhnn, thevtwo Hamlltonla are glven in Eqs

.‘-(17) and (18).

Tumbling: M. = gBH §_ + AT S
Y "or - rr

+ .

o+

1/2(AgSHO + bIl;)(s'inecose),j(s+é~i¢ﬂ; s o+

g

R

Inversion: H.

ey 85d05r + AIrSr“;v :

‘(AEBH(; + bIr)(alj,-_‘j_/_j)‘sr KR

Inspection Of‘Eqs <77) and (18) °hows that the process of aephas1na
T the spins will bc the same for the two mechanlsms excenu for the

averaging over the tlme-dependent orientation functions. The~more

a8y
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St*lKlng dlfference is that' the inversion should be much less effectlve
than tumollng for spln ~lattice relaxatlon " Using the time averages of
the orientation functions given_in’Eq, (19),

<<:[cos2é --1/3[2::>‘ <l9é)

1

.
o] o \4)?_[‘[4:‘

<5, - 1/5]°> (199)

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)._ R | .
. 7 1 1671' ~1
Inversion: { = (AgBH + b ) tan (20)
<T2 ) " o2 MI < >
: £ 1 2 52 | . . '
Tumbling: (-) = ” (AgBH + bMI) tan ( ' - (21)

In.these équationslri and Ty, are‘the charagterlstlc timééxéssociated':
with the inversion and tﬁmbiing processes respectively. ,i/Té is the_
contribution of that mechanism to the overall line width. in the event
that'l/fl,,thevspin-lattice contribution?vdoes not contributevappreéiably:i'
to the.line width as is assumed in this case; fhéané ﬁ‘Té., Ap'
adaltlonal s1mp11f1catlon is obtained when T/T << 1, és is generally

true in these studies. The tan -l dependence can then be approx;mated'

to give thegrelationships in Eqs.'(22) and (23) for relaxation.

o

Inversiont T '9h2 (AgBHO + bMI) Ty o ﬁ:' (22)
Tebling:  gr = 6% (AgBH +bMI> rt N ) N

150" ‘
- 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 corrélation timet The magnetic field and MI :
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v**dependence for the two should be the same Looklng back at Eqs (17)

ldﬁtfand (18), we' can see that at thls level- of approx1matlon the 1nvers1on -

‘ﬂimechanlsm should 1ntroduce no spln-lattlce relaxation whlle tumbling .

f{ffdeflnltelyldoes. It must be. remembered however, that we ‘have neglected?ﬁf[

;u.termSLOf the order_b?_relatlve to those of the order (AgBHd)

:lib(AgBHf) in both defiuations'. For thevcupric complekes we have seen ﬁidf*l"“

: ;that b. can close to the magnltude of AgBH ,.1nd7cat1ng that our approx1—ﬁ

v'w5maclon may not be too-good We can at least say that spln—lattlce

:iv;;Eq (16) One can also predlct that spln-lattlce relaxatlon‘should be‘-y

5relaxatlon should be more effectlve for tumbllng by v1rtue of the

A dlfferences 1n the Hamlltonlan fov the two cases as dlscussed follow1ngvf*

*_1ndependent of magnetlc fleld for the 1nvers1on mechanlsm as seen- frdm {

*f'Eq (16) while tumbllng contrlbutlons to spln-lattlce relaxatlon should ﬂ;&”5}71

':l:show a magnetlc fleld dependence

',;tlmes and magnetlc anlsotroples to estlmate correlatlon tlmes for

'fi.tumbllng.or 1nverslonfu The correlatlon times obtalned in this way

It ds now deSLrable to use the experlmentally determlned relaxatlon'”“.vglk"

. can then be compared W1th-the‘correlatlon.tlme for tumbllng calculated}i’;fﬂ'i;f"

i from v1scos1ty data and also Wlth the rate of water exchange fIt

" should be kept in mlnd that the characterlstlc tlmes for tumbllng or.
v1nvers10n calculated from Eqs (22) and (23) represent Lower llmlts_ffil
,for those ﬁlmes since we are treatlng each process separately and  }*$

assuming that the other does: not contribute to the averaging. The qff

- results of these calculatlons for Cu(H 0)62 in aqueous solutlon° are
pvesented in Table XV. The magnetlc anlsotroples were- calculated from_
v'fthe values in Table VII assumlng that both A” and Alare negatlve,12

and us1ng a value for H 29&5 gauss Correlatlon tlmes for tumbllng




- was taken from the work of Brickweddie.
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Table XV. Contributions to the low temperatureArelaxation of
Cu(H20)2+'in solution at 25°C (MI = 43/2 component)

LgBH - -
o ° = 1.29X109 sec™T % = 044107 se
o -1l
From Eq. (8) Ty > 5.2510 sec
~10

From Eq. (9) Ty > 1.3%10 sec

From Eg. (10) Ty =v7.h>@0_ll sec fer 5.26 E'HClOu"'

T, = h.9>10-;l'sec for pure H,0
. ) . N N -X‘ : . .
Rate of exchange of water

L.

—

'k

6.7520™° sec for 5.26 F HC1O) .

L

l.2yio'1olsec for 0.1 g HCth ;. :{ o ., B

* ?
Reference &9.

‘were calculated for comparison using quﬂ(2h9,83 for the tumbling of a

spherical ion of radius‘ao in a medium viscosity.n

3

" o : -
Ty T *Ei%n - - (2k)

.. ) h : o
Merideth uéed a value of 3. 6)A for the ionic radlus, ao, based on an

: average Cu-& bond dlstance of 2. 25A taken from crystal structures of

cupric hydrates and the van der Waals radius for oxygen The v1scos1ty':3

of water is readlly avallable92 and the viscosity of the HCth solution‘j

79

ture contrlbutlon to T2 were taken from Table XI.

If one assumes that the entlre low temperature contrlbutlon to the :"

line width 1s from the inversion process, ‘then one obtalns a minimum
-11

value for the characterlstlc time for inversion of 5.2510 sec.

Values for the low tempera- i[‘ff-



R Lp Clee e e
' 1-would lead to a longer T‘ than-observed Merldeth has interpreted” - -
'VLphls F OlT exchange studles to mean that the exchange of water from theh‘.!f'

; '}:ax1al posltlon in the complex 1nto the bulk solutlon is. the rate - ,1§f‘v§ g hfil

. ‘rate of inversion of the complex is faster than k ~i.e., that a

.tumbllng.of'l.ﬁxlo sec. For comparlson, the tumbllng correlatlon

: time calculated frompthe ionlc radlus and v1scos1ty is around Gle

. fraalus could probably account for this sort of . dlscrepancy

. as all conﬁrolled by a common mechanlsm. Such<a mechanlsm would 1nvolwe‘;f7ff

fgr .
'fcoordlnatlon sphere as well as the dlrect exchange nrocess in the flrst-w

‘.coordlnatlon sphere ' The result would be that almost every 1nvers1on

"rwould be accompanled by the loss of an- axlal water molecule from.the ”;f:ﬁ.f

o the}enthalples of actlvatlon for.relaxatlon, exchange and'v1sc031ty.
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”1*Regardless of any other processes occurrlng, we know that the character- oy

'*1st1c tlme for 1nvers1on cannot be shorter than thls value:s1nce'that Do

'5vdeterm1n1ng step whose rate is 81V€n by k ~ He also concludes that the

’15part1cular water molecule w1ll see both an axial and an equltorlal ;
- renvironment before'belng expelled back into soluthn. - Thus, l/kr setsf{“Zﬁ :

Can upper 1imit on the 1nver31on llfetlme of the complex The comhinationﬁfl“f"'

'lhiof these ‘1imits requlres that the 1nver51on llfetlme lle 1n the range *wj:?h?fJ :

-11

"y'of7xlo to 5407 c

If one assumes that the entlre low temperature contrlbutlon is )'”

'due to tumbllng of the complex, one. calculates a correlatlon tlme for-.

10
1137,?;

"ffsec, a factor of two shorter The uncertalnty in the ch01ce of 1on1c

Since the rates of 1nverslon, exchange and tumbllng for the complex e

o all lie w1th1n a narrow tlme 1nterval it is s1mplest to con31der them -”;f' j@;'p_ﬁ

the motlon or dlffus1on of water molecules into and out of the second

::fcomplex. Support for such a conclu51on is found in the s1mllar1ty of

Vi N
e

ok .
e
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" Using the viscosity of water” or perchloric acid solutions79 from
room temperature to —50°C;‘on¢ obtains an enthélpy of activation of
-5 kcal/mole. :Tﬂe enthalpy of activation for the low temperature
contribution to the line width is -I kcal/mole and the enthalpy of
activation for water exchangeb’2 is +b kcal/mole, of the opposite sign
~and the same absolute magnitude as expected.

‘For cupric ion iﬁvliquid ammonia the separation of the high énd ldw.
temperature contributions is muc;h more clear cut. Unfdrtﬁna‘b'ely, all '
that is known about the rate of.ammonia exchange is that the rate_
con%tant is greater than 106 sec"l a’c}25°C.95 It is still possible to
. sét;limits on the,éharacteristic timeg for tumbling aﬂd inversion:for |
Cu(NH5>ge in liqﬁid ammonia from the ddta in.Tables VII and XIV}uéiﬁg
 Egs. (22) and (23). - The results of these calculations along with the

estimated tumbling correlation time using Eq. (2L4) are listed in Table XVI.

Table XVI. Contributiohs_to the low temperature relexation of
Cu(NHé)gf,in,liquid.ammonia.(MI = -3/2 component)

LgPH 1

= ° = 8.15x108 sec % = -5.5lxlO8 sec_l
; | . oaam1E
From By. (8) - o 74 > 3.9%0 sec
;“ 7 . : ; ' =13 ;

From #q. (9) . T 2.9.7X0 séc
CFrom Eg. (10) . . 1= 5.9%07% sec
At =50°C

S ~12

From Eq. (8) = - ‘ T2 2.6X10 sec

From Eq. (9) S T, > 6.400™2 gec

From Eg. (10).. - - . 5 =L1.9X07 sec
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- The. i'onic”-radius was taken to be the sum of an average Cu~N bond

o dd vtancc for. ‘ammine complexes (2 OA) and the van der Waals radius

glor r1trogen95 (l 5A), or 3. 5A The v1scoSity date for'liquid ammonia
'l'tshow 2 good deal of scatter SO the average of several sets of data was
'vaused 96 97’/8 The tumbllng correlatlon times: calculated from the ionic

itl.radlus and v1scos1ty are aporox1mately a factor of lO longer than the

e yﬁtumollng oorrelatvon.ulmes derlved from.the T contrlbutlons both at

2

- 25°vand'55O°C Even though the tumbllng correlatlon tlme derlved from'?“

. the Visoosity and ionic radlus is subgect to uncertalnty as is the
correlatlon tﬁme calculated from the Mc”onnell mechanlsm due . to the.

'aporox1matlons 1nvolved thls factor of ten dlscrepancy suggests that |

d:tumbllng is not respons1ble ‘for thevrotatlonal averaging of theAmagnetle L

.enisotropies. The enthalpy Of‘activdtion”for the low temperatﬁre R
'oontribution to the.relaxation.(—5mkcal/mole) and;the enthalpy'of
factivation for the viécosity (-é Rcél/mole), homever;,still_suggestﬁthe LA
.vooSSibility Of related mechaniems for emeragihg ahd'viscosity. .The- )
lvlarger contrlbutlon of the low temperature mechanlsm for cuprlc ion in ;,
© the ammoni.a ~THF mixture would be consistent w1th an 1ncreased v1scos1ty.>
for the mixture relative to that of ‘pure ammonla ’
The ex1$tence of the trans1tlon reglon in whlch the sample is

lllozen, but there is still averaglng of the anlsotroples, gives strong |
sunport to the model of 1nver51on of the complex strongly 1nfluenced

'Pby 1ts local env1ronmcnt as the source of averaglng for cuprlc ion 1n '

pure ammonla Flrst, comoarlson of the llne width contrlbutlons in thls_ﬂ;?gnv'

4*trans1t10n reglon w1th those plotted in Flg l7 for llquld ammonia

lohows that the extent of averaging is changlng much more rapldly with o

' temperature'for theﬁfrozen sample. ‘This is in accord with the more
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reStricted motion in- the solid than in the soluﬁion. Although there is :
undoubfedly movement of fhe ammonia molecules in the solid at these
' temperatures,:it.is easier to visualize the Cu(NH5)g2 complex uhdergoing
inversion with the cooperation of the surroﬁnding ammonia moleeﬁles,
than rotation of the complex as a whole. Using the model for the
“inversion set up earller, one can calculate from Eq. (22) the character-
istic time for inversion from the line widths in this tran31tlon region.

t a temperature of -80°C where the sample is still liquid, the time

for inversion is calculaﬁed te be 8X10-12 sec from the low ﬁemperature
1contribution to the iine-width of the MI ='e5/2 hyperfine component.
The calculated inversion time changes cqntinueusly (but with a greaﬁer
ﬁemperature depenaence then in solution).throughout the transi%ior .
region. Aﬁ_—92°C tﬁe same calculation gives an invereiOh time of
lxlo-ll‘sec, When'the teﬁperature_has been lewerea another lO'degrees;
the spectrum has almost com@ieted its transition_to thaﬁ for a élass
at low temperatﬁres. The Larmor'precession frequency, W is

5.6xloflo see in these experiments so that l/a% is 2)@.0"]7l sec. This
heans that an averaging.processrwith a characéeristic time sﬁorter than_-
2x10™™ sec should give a partially‘averaged spectrum, whiie for a
characterisﬁéc time_lenger than 2x10‘ll sec, the spectrum should start
to showlaniéetropic structure. Thus the characterlstlc tlmes calculated';e
from the 1nver51on model and found dlrectly by comparlson with the
Larmor frequency are in good agreement

The high temperature contrlbutlon to the llne width of cupric 1en -

in soluulon has been of magor 1nterest in the past It is apparent thaty

the source of line width is not an averaging mechanlsm,such as has

Just been discussed. ' Such a mechanism would be eXpectéd to show a



';Pafthere‘is no.dependence on the Larmor frequency'in'the range of 10°-10

o v1bratlons leadlng to 1nver51on of the complex to be most effectlve in
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':'fevtempereture1dependence’for the line width opposite that cbserved at

'high'temperaturesl, In addition,fit should show a marked dependence on L

_therLarmor,frequency,for the experiment. KoZyrev58 hds'shown.that

-1

Sec G We have also establlshed that the - rates of 1nver51on and exchangef'f‘5

fyget.257C are approx1mately a. factor ofle more rap d than the rate of
-hdelectron'spin'relaxation. It is not'surprising that.the.process of
x'rexchange of water in the axlal pos1tlon should be 1neffect1ve for

;vw,relax1ng the electron snln s1nce the magnetlc propertles of the complex

tn';‘are qulte 1nsenq1t1ve to the aX1al SUbSblbuept
Another poss1ble source of relaxatlon is v1bronlc modulation of oo
:‘i,fthe llgand fleld as suggested by Al tshuler and Vallev 52 Thelr‘“

ttreament is concerned with relaxatlon through the low—lylng eBlgvexcltedélff

'fstate lying’ approx1mately lOOO cm -1 above the ground state. Accordingvtii""

L Iy
. to the treatment byvANvakumov, Q one would expect»the degenerate

"uproduc1ng bblS sort ‘of relaxatlon Al'tshuler and V'alvev5 predlct

that the line w1dth for Cu(H 0)6 should be proportlonal to the auantlty_?}lff:jpf

. 'T/(l + a?

b T ) where aéb 1svthe frequency 1nterval characterlstlcvof -

| | o - R
the separatibn between the 2A gound state and the' Blg excited state.-i"

1g

_'vand T 1s thé correlation time for the v1brat10n respons1ble for the -

v

, relaxatlon? In this case, T should ‘be identified w1th the characterlstlc;'ﬁ”ff*

. ; .
time for 4nvers*on, Ty discussed earlier They e5u1mate for cupric

';tcomplexes that aibre >> 1l so that the line w1dth would be expected to

‘be proportional t0 l/(w 7). This predlcts that 2s the correlatlon tlmefﬁi;

vv.vdecreases, the line w1dth,1ncreases as is observed for the high tempera—;;fif

ture region for cupric ion in water and liquid ermonia.

0
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The results for cupric ién in DEO follow this same trend. ,At a
given temperature the viscosity 6f DEQ is approximately 155 gréatér-thén'
that of H20.99 This would be expected to result in a corresponding_
increase in the vibrational correlatioﬁ time and a decrease in the
vline width. Comparison of line widths for cupric ion in HQO and DQO
at the same temperature shown in Fig. 16 do show the expectedvl5%
decrease in line width upon going to DQO; ‘Experiments in agueous cup;ic
solutions containing 20 mole % p-dioxane show similar behavibr. |
,Although the exact viscosity of such solﬁtions'is not known at tempera-
tures.above 60°C, the 10% decrease in line width fér the p-dioxane/water»
mixture at 1h0°C is approximateiy whgt one would expect from the data
availéble at.lower-températures.loo ‘This suggests thaf.the change in
 widthvfor D,0 is pfimaril& due to the change in solvent viscosity rather
than a specific change in %he complex. vRivkinlel 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 glycol or polystyrene td the aqﬁeous solutiéns at room temperature._"
The situation in liquid ammonia is similar, Presumably the ammonia/THF
mixture is more viscous than pure armonia. At the higher temperatures
this leads 4o narrower lines in the mixedISOlvent while in the low
temperature;region the iine wildths are g?eater iniﬁhe mixed solﬁent
due to lesg complete averéging. ‘ v ;% .'-

When one attempts to ratlonallze the exact teQQerature dependence
~the ‘agreement is only éualitative. If inversion is responsible for“ .
both the-high and low temperature relaxation‘mechdnismé, then the two -
mechanismé should have approximately equal dnd opposite‘enthalpieslbf

t

activation. This is seen to be 50 to within a kilocalorie for the'

v



df.aoueous solutlons In addltlon, the enthalples of actlvaulou for
”_“v1sc031ty of HEO and D 0 1n tne aporoprlate temperature ranges are also

cloSe For cuprlc 1on in l1qu1d ammonia the enthalny of actlvatlon for

f35vthe low temperature relaxatlon mechanlsm is -3 kcal/mole whvle that

d'for ‘the hlgh temperature mechanism is +1 kcal/mole For v1scos1ty the

'euthalpy of actlvatlon is -2 kcal/mole in the range -20 to 60°C 96 97’98

: ,Slnce tne uncertalntles 1n the ammonla llne w1dth data are much smallerﬁ‘<:

 than those for water, we must conclude that the enthalples of actlvatlon: D

19

' for the two relaxatlon mechanlsms need’ not be 1dent1cal Hayes. has =

_'recons1dered the mechanlsm proposed by Al’tshuler and Vallev59 for:

Q_'v1bratlonalvmodulatloniof the ligand fleld and has concluded that the D

increase in line width-Withvtemperature shbuld be;approximately linear. 'llhl,'f

t{Thus, the Al’tshuler.and-valiev theory must be considered only_a
‘pqualitative description‘of a possible;relaxation mechanism. |
->'The possibility that.the electron spin relaxationvis controlled bpy
fv‘chz;ical Drocesses should also be considered. We have ‘already seen that
_the rate‘of ax1al exchange.of waters is more rapld +than the rate of
.fspln relaxatlon It is pos31ble that equatorlal exchange. at a rate on' 3

the order of ten. to one hundred times slower than axlal exchange could

,account for the observed relaxation.i The electronic structure of the

complex is éertalnly more sens1t1ve to the equatorlal llgands than to _itﬁ

the ax1al dnes so that exchange of an equatorlal llgand would be '

'expected to cause relaxation of the electron spln. ‘Tor such a mechanism |

‘ the enthalpy of actlvatlon would be that’ observed for the variation of

‘the line width at high temperatures. Teking the rate constant. for thehxf?\‘itr

exchange of the llgand at only one of the four equlvalent posmtlons, :

one caiculates that the ‘entropy of activation for,equauorlal water
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éxchange,would'bé -9 e.u. while that for ammonia exchange would be
216 e.u. Negativé entropies of activation in this size could be
attributed to significant pdrﬁicipation by the solvent in the acﬁivated
complex.

A more interesting test of thesé ﬁoésible'relaxation mechanisms
would be to determine the electronic spin—lattice relaxation time, Tl'
should be significantly longer

1

Al'tshuler and Valiev59 predict that T
‘and that Tl should increase as the temperature is raised.

than T2
Chemical exchange of an equatorial iigand should caqsé Spin-lattice
relaxation to bccurAgiving Ti’=.T2 with Tl decregsing as thé témperature
1s ralsed. Meridethhg interpreted the chemiéal shift for H2017 due to
éupric ion as indicéting_that the electronic Tl wﬁg §ignificanﬁlf
longer than the electronic T2, but-thaﬁ'their temperature dependencer
vwas thé,same.' A direct méasuremeﬁt of theielectronic Tl should hel.‘pvt.o L
clarify the situation. | |
In conclusion, we have cOrrectéd the line width éf cupricvion in
agueous and ammoniaéél solution for overlappingihyperfine structure
.and have separated the observed line widﬁh into contributions from two
_meghanisms. At low témperatﬁres the reléxation is dominated by |
, incomplete-gyergging of thé magnefic’anisotfdpies of the complex. The
averaging pgocess is taken to be inversion of the'@omplex rather thén 

‘rotation. ;This view is substantiated by the obserﬁatidn of averaging

in frozenfs&mples where the process of inversion could still occur

while rotation of the complex as a whole should not.: The source of.thé '}_,.'

- relaxation process'dominant at higher_temperdtures 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 ohemical;exohange»oontrolled relaxation is suggested.

. A means for .distinguishing between these two mechanisms by measurement

“'of_the’electrOniC'Tj"is proposed. .

s C. FoCl B

'In order to discuss the spectra of ferric ion in glasses, it willf_.

- be necessary to summarize the theory of paramagnetic resonance for the

| H”}éasé where S'='5/2. :it is customary'to describe the Pertinent inter- sl

| actlons in terms of the spln Ham¢lton1an ‘given in Eg. (25) and as
dvscussed 1n the IntroduCulon The x—y-z ax1s system is molecule-flxed

e e E Lol - (/s(en)) + (s - éf,) e (25>

r.w1th the z-axis usually taken along the symmetry axis: for the complex 'ffi- 5

\

1ﬂ 51ngle crystal studles There may_be addltlonal terms 1nyolv1ng

higher order electron spln_opérators, but they are .smaller than the

D and E terms, the interaotion with the magnetic field, or both as in

the present case. Their inclusion would not add to the argument and

~the smallveffects to which they give rise could not ve resolved in glasé‘l

- spectra. TFor ferric ion with its §d5 electronic configuration and -

groﬁnd state, thé g.value‘is foﬁnd to be isotropic and close to

55/

'vuhat of thleree electron For the rest of our dlscuss1on we w111 assume;rA
;4thau g = 2#00 Slnce the bulk of naturally abundant iron has no nuclear -

spin and ﬂo hyperfine is observed from the llgands, we have not 1ncluded

the hyperfine 1nteraction;in the spln Hamiltonian.,

First, let us consider the case when the interaction of the

- electron spin with the external maghetic fiéld is theflargest,term ihi"*Uw‘\

. the Hamiitonian- Treatrng the D and E terms as perturbatlons, one seeS‘f;“‘f .

) [+hat although the encrglcs of the MS ates vary with the relatlve

51

3.
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orientation of.the magnetic field and crystal z-axis, thé energy of
separation between the MS = il/2 levels remains the same. This means
that so long as D and E are smaller than gBH, there will be an isotropic
transition at g = 2.00. In second order, this transition is siightly |
ﬁroadened, but unaltered otherwise. In addition, the other transitions
should be symmetrically disposed about g = 2. Thus, absence of an
‘isotropic line gt g = 2 for ferric glasses indicates that the zero
field splittings must be sizeable. |

Slichter65 has cbnsidered the case When the zero field énergies
are much larger than the magnetic field interaction. He treats the system
using the molecuie-fixed axls system in which'the‘z-axis isvthe symmetfy
~axis of the complex. In this.representétiqn he deals with two e££reme
poésibilities.‘ In_;ne case he takes D large and-E = 0, and in the o?her, 1
‘E larger a&d D = 0. The fifst pbssibility corresponds to a complex in

i

which the x and y-éxes,aferequivalent. He then discusses the conditions
. _ : ' 66

under which the second possibility could arise. Wickman  has shown
that by a transformation of the cpordinate system one can always work

in e representation in which 0<|E/D|<1/3. The zero field Hamiltonian

in this representation is given in Eq. (26).

i

R D[Si, - (1/3)s(s+1) ]';x(»si,‘ - S?r'),, . (26)
where A = ﬁ/n, IN] € 1/3. It is epparent that wheh X.= O this is |
equivgléh’éé to Slichter's” case with T = O. Wicl;mzi@66 shows that

}Kl,= 1/3 corresponds to Slichter’s65 case for D %.64with'la:ge E. In .~
'éhié tfansférmed'reﬁfesehtatibn, E is élwéys positiv; while D has the =

same signfas A. The treatment is analagous to the nuclear quadrupole

interaction and its asymmetry parameter, 7.

H
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" This'transformed zero field Hwniltonian:can‘then_be_diagonalized '
‘ vfor.variOus values'of A and the eigenvalues'and eigenfunctions obtained."

5 lnere are three energy levels each w1th a two-fold (_M ) degeneracy

Cdn, zero, fleld The orderlng of the energy levels, but not their spac1ng;v"'“ :

dep ends on the 51gn of N. Thus, only'uositive values for A need be

7':fcons1deved- One can now introduce as a perturbatlon the 1nteractlon of

the magnetlc lleld W1th the new spin functions whlch are llnear
,:: comblnatlons of the old Mg = _l/2 +;/2 and #5/2 spin states Since we Do

; have assumed that D is large, the separatlon between the energy levels

T dn zevo Pleld is greater than the energy of the microwave quantum belngyfgf,'h

1: used and trans1t1ons hetween those levelsvw1ll notube observed._ Thosezﬁf?’”
;'levelsfwhich-Wefe degenefatevin Zero magneticvfield vill‘now besspllt i'
fand it will be poSSlble to observe transitions hetweenfsuch levels.

1The separatlon between these 1n1t1ally degenerate levels Wlll be llnea:d“
”,ln the applled magnetlc fleld'w1th a sloPe, m, whlch depends on: the

o value of k and +the angle between the axis of spin quantlzatlon and the gtﬁ
eyternal magnetlc fleld ' The resonance condltlon_for,trans1t10ns

1between such levels is Just | | o

hy mgsH C ‘_ (27)

~ where v 1s the microwave Prequency and g is taken to be 2. OO Thus,

. one can def&ne an effectlve g value, g eff? . whlch descrlbes such a &
!

: trans1tlon? W’lckman66’67 lists these Borr values for each of the three f(;ﬁij}hd

,.zero fleld levels as a functlon of x Slnce these g ff values are

'dlfferent for dlfferent orlentatlons of the magnetlc fleld he glves

 principal values for them with the masnetlc field parallel to the axis

of quantization (g ) and perpendlcular to 1t (g and g, )
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 In the limit of N = 0, the lower level gives g, =2, 8, = g, = 6.
65

This Wés discussed by Slichter ~ and is expected to give a resonance

peeked at g = 6 and ending at geff‘= 2 since all orientations are

eff
present in a glass. In the limit of A= l/5,.an interesting iesult is
obtained for the midd}e.level where g = 8, = gz = 30/7 = 4.286. This
indicates that there is an isotroplc transition at g .. = h.286.‘ The
other two levels have principal 8o pp Velues of 0;607, 0,857»and‘9.678.
" Thus, .one might expect band edges to occur at those 8orr values. As
one moves away from X = 1/3, one would expect the widtﬁ of the

| 66,67 |

g . observed a rather broad
eff .

i_ = 4.286 peak to increase. Wickman
_ resonance.for ferrichrome A at 8orr =‘h.3 aﬁd estimated. from its width
that N = 0.25%0.0L4. At 1°K he observea the band edges appropriate to
that value of N Slichter65 Observed a muéh sharper resonance for '
ferric ion in samples of plate glass at Bepr = h:27 indicating that N
was close to 1/3. Under favorable conditions, variation of relative
intensities for lines arising from differenf zeyo field levéls as the
temperature is lowered makes it possible to éstimate the size and sign
-of D. | _ |
Slichter65 advenced several suggestions for ligand field symmetries
which couid_give rise to %he situation with A = 1/3 and a large D.
Griffith§8 considers the two eﬁvironments suggesﬁed by S].ichteré5 and
" adds oné'other possibility;' He shows frém_group §heoretical argumenfs
tﬁat these symmetries could easily give'risé to azsitﬁation in which D
'is'large énd X approaches 1/3; but he'finds thaﬁ xzpould be exactly
1/5 only accidentally;' fhe threé symmetries considered are a regular
tetrahedron'with two diffeien£ groups, MA232§ a'dist6rtéd octahedron,

MA6, for which the equatorial groups are at the corners of a rectangle;
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“'"l;{fand an octahedral COmPlGK of the type MABB with C symmetry» AS
{ii[tGrlffluP68 pOlnts out however, there may ‘be other poss1blllt1es.
We now have several useful. relatlonshlps between glass or poly-f e g5“
”J_:gdcrystallwne ferrlc spectra and the propertles of the complex g1v1ngv ﬁ o
:.*1se to- the SPeCurum “When the symmetry of the complex is close to cublc 1;
.and/or ‘the zero fleld terms small relatlve to the mlcrowave frequency, ll;:f

,ian 1sotrop1c llne at g ff 2 is expected The absence of a. llne at ;'
Borr ='2£ 1£'other llnes,are observed, 1nd1cates thatvthe zero field :L;di’

p~terms'are'large The appearance of . llnes ln the higher g f” value -7

A

j‘l};ibi;tfifireglon of the soectrum.can then be 1nterpreted 1n ‘terms of the value forTfptfl“'
"iftk derlved from the spectrum | iv__ | v _“' T | : 1 e
The glass spectrum for lxlO F FeCl 6H20 1n concentrated HCl 1s;f?f\*ttff'
-'.shown‘ln Fig. l8 The most promlnent feature is the sharp, relatlvelyuéi;i?iﬂ .
tjflsotr0p1c resonance at g ff h 240, 06 w1th s width of 47+5 gauss. o
- There 1is also seen-to be an onset of resonance between g'ff‘= ) and-lofkpyff”
v'v'and an 1nflectlon at é ff ‘6 The spectrum aid not change notlceablyjf?nf?u
a Wlbh the ferrlc concentratlon was reduced by a factor of lO The w1dth-5
- of the g eff h 2h line: glves a value for ]Xl O 522*0 005 whlch is |
‘qulte closé to the llmltlng value of 0.333. ”his calculation assumes 'f;i
that the observea line w1dth is due entlrely to the anlsotropy of theifx
dvcr'_ ,‘ -- tran51t1dn ‘If the anlsotropy 1s less than the llne w1dth, then the |
fvalue for A would be even closer- to 1/5 Uslng Wickman 566 table of L;;.f“

?

prlnclpal Borr values, one obtalns the following prlnc1pal g ff values

~~~~~~

“j"'vwnen x = 0. 522 . ’
-ﬂUppe'i«'ie'vell"o'79',' “o. 57, 9.7 o
M:dele level h 28, u 22, u 35‘ :

2 V,fr:", Iower level 0. 95, 9 65; 0065.
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;4;These{results'predict-an'onset‘ofiresonancexaround 8ps = 9-7 as is .
v'\[;observed.& Band edges whlch could also be observed with the magnetlc

”"»ifleld strenguh avallable are expected at g o =0, 95 and 0. 79 (7 and 8

IS L

'kllogauss)._ The fac» that they are not observed under present condltlons‘a'

.-uis probably due to,thelr w1dth. These low g eff values are changlng more's; S

: ,rapldly w1th x than are tnose at g ot 9 7 S0 they would be expected to.
- ~.be more.sens1t1ve.to stresses in the glass In addltlon, there are tw0vjh,f

”nﬁf‘tran51tlons occurrlng close togeuher around geff = 9 7 and only one at

:”ﬂlheach of the hlaner g ff values
oTt is now necessary to ass1gn thls resonance to the approprlate ferrlc 11"”
”ﬂ‘complex.- As dlscussed in. the 1ntroductlon, 1t seems well establlshed that f.'a

{:Tthe predomlnant spec1es 1n concentrated HCl is a complex w1th h chlorldel

105 10&

‘tfih“llgands In non aqueous systems there is- ev1dence that the complex

: is FeClh wlth a regular tetrahedral structure The two crystal structurex.é-f"
| 52,102

t'53;:.determlnatlons for salts of the complex agaln show dlscrete FeClu

'_unﬁts, but w1th dlstorted tetrahedral structures The questlon remalns

tg_whether the teurachloro complex 1n aqueous solutlon 1s tetrahedral,»or f.7 oy

whether it contains addltlonal water 11gands The radlal dlstrlbutlon e

"anctlons of the solutlon X~ ray studlesh7’h8 have been the center of somefﬁawffjfﬁ
. b s
controversy, but there seems to be agreement that the prlmary spec1esv?i

o present in: concentrated HCl is the tetrahedral FeClh The strongest

..+ evidence’ for “the tetrahedral FeCll structure in solutlon comes from T;SL
vf<_electronlc spectra The 51mllar electronic spectra for the concentratedTﬁli

' : e
W HCL solutlons,l‘;5 ether extracts,hh;solutlons of <CH3)hNFeClh in acetone,FT;quuw;.

. and for tne crystalllne salts,us have all been assrgned to the common
component, F?Clh"‘

If we accept the premise that the predominant speciesrin:concentrated:if
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Hel soluﬁion is,the tetrahedrgl FeCli and that the chemical com@osition

f this species does not change»during rapid freezing to make the glass,
then the ESR-é?ectrum of the glass has definite implications for the
structure of the I eClu complex in the glass. Since there is‘no line
observed at g off = <2, we can rule out the poss1b111ty that FeClu exists:
ivln the glass with a regular tetrahedral structure.  The line at g off = h.Qh
rﬁqulres that the complex have a large D value and be of an appropriate
symmeury The distorted tetrahedral structures found fqr FeClu in its
vsalts5 ,102 approximate the_case of a lb-coordinated complex with C2v
symmetry suggestedvby Slichter65 and Griffith68 as being qapable of giving
a resonance at Bepp = 4;5. Thus, there is evidence favbring distprtions

of this‘éortvin the solid state which could give rise to a g oq = h.3
resonance.for FeCl; in a glass. On the baSis of the ESR .spectrum alone -
it is not possible to rule out species such as trans-FeClh(HéO)é with the -
equatorial chlorides at the cérners of a rectanglev(but not a square), or
possibly even the cis-FeClu(HéO)é which also.has 02# symmetry. Considering . -
. the weight of evidence for a tetrahedral FeClg in soiution; however, we
have assigned the spectrum in Fig. 18 to_a tetrahedral'FeCli which is
sufficientlyfdistorted.in thevglass to have a large D value and A clése
'to 1/3. | |
| ' Clearl&, the small absorptioh obsexrved at g f% =6 éannot be. due to

tne complex responsible for the rest of the spectrum since the g et =6

-

trans1twon requlres tha* A be close to zero. Slnce 1t has been dbservedh5,

‘;_that the 1nten51ty of the optlcal absorptlon of FeClu stlll increases as

'the HC1 concentratlon is increased from 12 to 16 F the ex1stence of a
second species in 12 E HCl 1s likely. Two complexes which would meet

these requirements are a tetrahedral FeClé(HéO)'complex or the 6-coordinated -
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llerCl (T*T O) =complex w1th a. three fold axis. One further possibility is-

?;that tne second uoec1es is” trans FeClu(HéO) with a regular four- fold axis.

:'Thws flnal poss1b1l1ty would requlre that the effect of adding further-_ o l}
:r?hCl be bO dehydrate the. complex to glve addltlonal TeClh |
| A secona set of»experlmentsbwas performed with FeCle6H20'dissolved ';f[ :J
:ullﬁ lO F FClOA 'Figure lOJis-the spectrum'obtained from such a glass. 'The o
5:mawn features of this spectrum are QUlbe s1m1lar to those for ferric ;; |

E.CthrlQS,ln HCl The only addltlonal feature is the presence of a llne

w'='f_at'g fp‘= 2, Tt was found Uhat uhe llne w1dth was slightly greater for

faA O 05 F ferrlc solutlon than for 0.01. F, s0° the measurements were made at o

‘;'the lower concentratlon The w1dth of the llne at Sopp = L.2kzo. 08 wasv:w.'

o ,1n the &

.pfound to e 55+5 gauss : If all the line w1dth were. due to anlsotropy

efs value, the approprlate value for ]x] would be 0. 550+O 005

ul'ThlS is qulte close to the value found for AN in concentrated HC1, and .

.'-;uhe prlnc1pal g o F values are almost 1dent1cal w1th those llsted prev1ously
Tt has been suggestedh7 that FeClh is formed when ferrlc chlorlde 1s R

L L o
o dlssolved in strong perchlorlc ac1d solutlons An equlllbrlum;o_ of the

N .

‘ type,ln Eg. (28), which results =

A L e e T
2 FeClj(HéQ)5“ =':£FeClh‘ijteg(HéO)Zﬁ;t‘nggo ﬁ'*€55¥-g';'(?8)‘i o

e Voo SR
o .

"1n-the reductlon of the water coordlnated.w1th feﬁrlc 1ons, shoald be ,%%.,,,3
. §
~favored in Surong perchlorlc acid medla : Thus, the sherp resonance at ?
g = L, 2h is agaln uaken to be due to the presence of FeClh |
o An equllibrlum of the type 1n Eq (28) also prov1des a‘secondlspecles
reoponslble for the l)O gauss wlde resonance appearlng at g ff = 2 "Of_gpl,‘JV

course further equlllbrla could be 1nvolved to glve other complexes w1th '

even fewer coordlnated‘chlorldes As will be explalned shoruly, there 1s
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,*eason o believe'that’there‘is‘some chloride'aSSOciated with the pre-

\ vt.donlnant spe01es respons1ble for the llne at Borp = 2. We know from.our

t,accomnarylng llne at g ff = 6) 1nd1cates that the Zero fleld terms are
vsmaller than the mlcrowave quantum, in this case O. 3 cm l. If the D v; .
valueﬁisismall,vthen-the;Width of the resonance should be indicative of‘v:f'

~ the magnitude .of the-zero;field splittingq The line width of 130 gauss
orresponds to zeio’fleld terms of approxmmately 0.01 cm.l. .It is entirely", 

'_ poss1ble That the Zero ?1eld terms lle between this. value and 0.3 cm ;,ib

i'iard that the resultlng specurum is due to the M = £1/2 trans1tlon whllev.f
””;uhe other tran51tlons are too broad to be seen. | | |
The flnal spectrum, Flg‘ 20, is of a frozen lO F HCth solutlon

.contalnlng 0. Ol E Fe(ClOu) AVarlatlon of ferrlc concentratlon and L
"'temnerature left thls speCtrum unchanged Once agaln there are llnes“.
e centered at g o F = k. 3 and g ff = 2 but they are now much broader The
207- gauss width of the 11ne at g off = h 5 glves a value for A} = 0. 28

r:whlch is farther removed from.the llmlt of 1/5 than we have fOund pre--_"wf

»v1ously. The 33l gauss w1dth of the line at g ot =2 is 2.5 tlmes larger> f?W‘
B than was found for ferrlc chlorlde in HCth of the same concentratlon
fThls suggests that the stresses in the glass should be aoprox1mately the.

same in both cases so that dlfferences in line wmdth axre due to -
dlfferences 1n the speclflc Ferrlc complex present This was the reasonic?;:;ﬁh
'effor the earller Statement that the g off 2 llne for ferrlc chlorlde 1n 1

'HCloh wa.s not due to complexes w1thout chlorlde llgands

'i'

The shape of the spectrum is dlfferent from that observed in the-}: ‘wfgf
~chloride complexes and suggests that the zero fleld terms and the Zeeman  1‘

1nteraction may be of the same_magnltude. Particularly if there is some

T
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7‘:';iggeeéﬁa;ﬁtyJiﬁfﬁhé'n’véiué dne‘to_eidrstrinutionjofvdistortions for various
‘ l.}sitesg sncnxerproed.SWeepnfrom géff = 14.3 %0 2 could be expected. répectra
'"%ttaken’at di’”erentdfrequencies wouldzhelp to resolve'th*s sitﬁation The
w;iifs1ue symmetry necessary for » to be close to 1/5 could be provided by
“%ufdlsoorted water‘octehedra It is also poss1ble that there is. some per-’ v::
k-chlorete complen fornation;5 perhaps of the uype e(HéO)Q(ClOu) type, |
llnnich‘nonld'grﬁe,the line’atﬁg ff = U, 5
-*The S = 5/2 conflguratlon for ferric ion’ offers a unlque opportunlty
- for . usrng glass measurevents to obtain rnformatlon about symmetrles and
:Hzero'f‘i 14 terms in hlgh spln complexes | In the’ present case, we have

’3”dvbeen able to 1dent1fy the tetrachloroferrate 1on 1n several SOlUulOHS

’,vIn conaunctlon wvtn low uemperature studles and several frequenc1es, thls R

method 1s capable of prov1d1ng useful estlmates of the 51gns and magnltuaes

of 1nteractlons in uhe spin Hamiltonian.

. R i I .' ;:_j f;
B Cr(qé__é , Qr@l(HéQlSV andICrClELEégluﬁ:_‘.
Chromic ion 1n'an axial field including-hyperfine:interaction nas

o _ » oy v S _ | e
 been used as an example by Low for the development of the appropriate

:spin Hamiltonfan' He gives the transitions expected and their"complete'«gs"nr B

'_angular dependence Slnce we have observed no byperflne structure in & o

‘these experlments, the apnroprlate spin Hamlltonlan is that used in the' -
-prev1ous sectlon, Eq (26), but with S = 3/2. Once agaln we will use
. the representatlon in whrch the two varilables for the zero fleld terms are X
.-D and A. | | |
For the case iﬁ nhichjthe zerd field tégns are snall comparéa‘with“fﬁr

. the magnetic 1nterfactlon, the AM =1 transitions occyr at géff =8

i (approx1mately 1. 9L l 99 for chromlc 1on) for the M, = +1/2 transition
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andfare symmetric about this point for the other two ftransitions. The band
 edges fo? these anisotropic transitions are found at 2D and at +D(1-\).

There is also the "forbidden" AMé = 3 isotropic transition between the

M, = ;5/2-leyels which would occur at ‘g ..

= 3g with an intensity in-
creasing as xzD%Khv)2. |

| When D is the largest térm in the Hamiltbnian, one again starts by
diagonalizing the zero field Hamiltonlan and then adds the Zeeman inter-
action as a pérﬁurbation. This is analagous to the‘tréatment for S =‘5/2;
but without the fortuitous occurrance of an isotropic transition fo: a
varticular value of A. In_zero field, the two.douwbly degenerate levels_
‘have energies of iD‘Vl+§x2 . Transitions between these tﬁo leye;é cannot
be ébserved since D is assumed to be larger fhan the ﬁicrowa#e:qﬁantum.
Tt is possible, however, to observe tyansitioné within each of these.
levels. Clearly the sign of D will.make'no diffefence invthe positioné
of the resonances, but only in their inténsities at low temperatﬁres, So
D will be taken as positive for the remaindér of the discussibn. Then for
these levelé, when the perturbation of the magnetic field is iﬁéluded in o
first order, one cénvcalculaté principalgeff values as was done.for

ferric ion. /The results are

x=0 ‘ ' A=1/3
Upier levélv gé‘ . 3g : i ) 2.732g
f 8x . A.v 0 | ';; 8
. By o ﬁi : ,10-752é’
Lower le&él-:gz .  , if!. N '1_:' ;iff . 0.732g.
| B 8y 28 -
e, 2g 2,732
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- where g is<the:isotropic’g'value-for chfomic ion and‘is in the'ranne
L 01.94-1.99. ror X .= 0 one would expect to see the onset of resonance

: around.géff_; 6 w1th_1ncreased absorption around geff'= L and contlnulng

»fi to'g _=2. As the value,fof_hlincreases, the features.of the spectrum

eff

~could be expected to broaden. In the limit of A = 1/3, the omset of
resonance would belaround'géff'= 5.5 and there would be no other prominent
"feature for the spectrum vntil tne'end of resonance at 8orp = 1.4 At no

.point,Wonld there be]the-convergence_of geff values as in tne case of

fi ferric ion. The overall result would be thet the sharpest spectrum would

be for A = O tand eVenvthat sPectrnm nill'be spread fromxg ofr =&6 to

=2. In addltlon, chromlc D values are: ‘known to be qulte sens1t1ve

e stresses in crystals S0 that there may be a falrly large spread in the 3

3

‘values for D and x in a glass _
R The speetrum of O 003 F Cr(H 0)6 vln a concentrated perchlorlc ac1d
.glass is shown in Flg. 21. It is characterlzed by a sharp and fairly
»symmetrlc lcne at g ff = 1. 97+O 05 with a width of 5h+h gauss.. Spectra :

ken ¢or chromlc concentratlons between lO -2 rand 10“5'g'were identical;

~ There was s1gn1f1cant variation'ln line width for the line at geff =2 ..

depending or the COncentrationjof HCth. With the chromic ion concen—'_'

tration held constant at lO—_5 F, the concentration of HCth was varied R

. from 10-5;to 5:F. The line width decreased from 250 gauss to 70 gauss when'f

the acid concentration was:increased from CLO-5 to l F. Both 5 E and '
-concentrated HClOu gave line w1dth of about 55 gauss

The sharoness of this snectrum and the lack of structure around 1
gefp =L tndlcate that we have a s1tuatlon in which D is smaller thanl

the microwave quantum as one mlght expect for the hexaaquo complex.'

Apparently the lower conCentrations of HClOu‘ailowed significant crystal .

A
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n*iformepioﬁ Qlth.aﬁ*eodanpieﬁressee fofﬁohe-complex:anapa wider distributionv -
‘ of‘Zero fieldvepliﬁtings.. Abo#e eeveral fofmal acid_thefspectrum changes _a

’j'lWQtle 1ﬁq1cau1ng that beuter glass was formea |

© The guestion sti11 remalns}whetherthe line opserved at g pp = 2 is

'.due‘to'a‘superpositionfof all three AMII: 1 transitione ox_Only‘the'iso-, : 'A”IJ'

"uroplc transition between the M = +l/2 levels If the'linevis dve to '

'5:.tpe swngle lSOurODlC transwtlon, then the other two anlsotroplc tran51tlons

. almost a full derivative.at éeff = l.96i0:05. " For ﬁhe monochloro.and [C;_i

. " nave been suff1c1enply{broadened by stresses in the glass that their band

”"edges,cannot‘be seen. If this;were-SO, one could expect‘the isotropic .

. transi%ion remaiﬁlng,to.be insensitivebto changes_in the structure of the é;;;7,,'
:lf:glaSS. Thie-is nof in;éccord.with oﬁr”observations. 'Assﬁmlng that ﬁheri_:'
i llne at g ff =2 isﬁcomposed:of all three.transitions, then the‘magnlﬁude.

-{ ‘of D would be on uhe oraer of lO 5 for the sharpest spec ra. This
. can be_compared‘wlth D velues_as low asxlo %-cm.l for,chromic ion:in‘a>;pp,n
f_cupic.eﬁfiropment 75 oThe poorer.glaesesvwould-ﬁhen have D valuesvup;tO‘pl-" ' _
a facuor of 10 larger,‘or around 102 en’l, »v.p‘fpe ‘i_-, - p’f;ep;;:e.‘ |
The spectrum of trans CrCl <Héo)u in a concentrated HClOL‘glass lS A ];-'_5.
shown in Flg: 22. The spectrum of the monochloro complex in a glass o
was.identicag with uhat in Flg; 22. The c1s-d1chloro,complex gave spectre»
‘which differed from these only in the relatlve 1nten31ty of the two | |
'peaks and 1n the w1dth of the peak at Borf = 2. fhe spectra for all
three complexes can be characterlzed by the onset,bf resonance at . . - ;}‘“
rjbgeff =A6.O#Q.l followed by a mexlmum at geff1= h.EY?hlch gives way to_ff.lv
" trans-dichloro complexesntheIWldth of the line et geéf“e l.96'is
. 230 £ 30 gaués while the width of the same peak for the cis-dichloro.-:'T

complex is 410 gauss. The peak 8t 8 pp = 4.3 has about 15% of the
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 amplitvde of that at g eff = 1.96 for the first two complexes, while‘fbxlthe‘

cis complex tqe amplltude of the ‘peak at g eff =kh.% is about 50%.

ZThe 051tlons and widths of" the features in the spectrum are quall—

-~ “tatively what one would expect for complexes with a large D value. The

two .complexes with a four-fold axis of symmetry give spectra characteris-~

tic of a value for A close to zero while the complex with only a £wo -

fold axis and the possibility of a non-zero E value has a broader spectrum.

The fact that the bulk of the intensity is in the line at g .. = 2 rather

than in the portion of the spectrum around Eopr = 4 is somewhat disturbing.

By the arguments ﬁsed 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 8epr = 2 region could be due to the zero field

- terms and the magnetic field interaction being of approximately the same
.megnitude. Inlthat case fhe_perturbation theofy used in the two extreme
ncaSes'is‘no longem eccurate emdvthe complete spin'HEmilﬁonian‘must be ‘
diagonalized. _Sincekin the.high field‘appmoximafion most of‘the intensiﬁy _

is centered aroﬁnd g of'= 2-while the zemo field,approximation favors

eff

the g .. = h%reglon, 1t is reasonable that the observed spectra could be

an intermedilte case. That would place D in the approximate range of
-1 . . L L

0.1 to 0.5 em * which is not unusually'large for chromic complexes. )15

It apgears that glass spectra for chromic complexes will yield only

very limited information. Semi- quancluatlve detevmlnatlons of the size

of the zero field terms are posslole if several mlcrowave frequenc1es are

available. As far as the effects,of complex_symmetry on the spectrum

~are concerned, one can dlstlngulsh complexes of hlgh symmetry, but not

i

vy
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FIGURE CAPTICONS
. PR e ~3 .
Solution spectrum of 10 F Cr(CN T) N0 in H,0.

o~

Low field half of spectrum in Fig. 1 with x%5 increase in gain.

Solution spectrum of Cr(CI\T)51\TO.j after partial exchange with C 5N"‘.

Iow field part of spectrum in Fig. 3 with x5 increase in gain.
Solution spectrum of Cr(CN)5No"5 with 55% C 5
-3

Low field part of solution spectrum of Cf(CN)5NO after partial

X in solution with added acid.
Glass spectrum of Cr(CN)SNO—3 in water-methanol. .
Glass spectrum of CI(CN>5NO-5 with 55% X" in water-methanol.

Temper§+ure dependence of rate constant for axial CN exchange with

C&(CN)5NO .

Tempera%ure dependence of rate consuant for equatorial CN~ exchange

with Cr(cw )50 =2,

Gless spectrum of 5.2x10™

F Cu(Hgo)Z2 in 5.26 E-HCth,

Solutio% spectrum of 5xlo“2 F Cu(Dgo)gg in 96% D,0 at 0°C.

Glass sﬁ%ctrumiof 5><J.O—2 F Cu(NHB)g2 in ammonia-THF at ~19060.
Solution spectrum of 3x10™° F Cu(NH3)22 in liguid ammonia at -83°C.
Dots ar; for a lorentzian and dashes-for a Gaussian iine-éhape.
SboctrUm of 3%10 2F Cu(NH3)6 in frozen ammonla at -92°C. |

Varlaulon of corrected line w7dth with tempera%ure for cupric ion
J 1

in afueous solutions. Solid circles are for O.1F Cu(h20)6 in 0.1F

‘ + . o
HC10). Squares are for 0.1 F Cu(D20)62 in 96% D,0. Open circles
are for 0.05 I Cu(H0)5" in 5.26 F HC10,, the high field hyperfine
component. '

Variation of corrected line width with temperature for cupric ion

\d



)

-12%.

in liquid ammonia. Solid circles are for +the high fi=21d nyvperfine

component. . Open circles are for the low field hyperfine component.
Squares are the difference between the two as explained in the text.

Glass spectrum of leOfg EVFeClE‘6H?O in 12 F HCL.
. ) _ 2 =

3 spectr  FeCl,6E,0 in 10 F HILO, .
Class spectrum of 5X10 ~ T TeCl, 6320 in 10 F HCIO)

-2

Glass spectrum of 1x10™~ F Fe(ClOu)5-6H50 in 10 F HCiOA-

=

Class spectrum of 3x107 F Cr(C10,),+6H,0 in T0f HOL0,.

' -2
Glass spectrum of 1X10

R

trans-CrClg(HéO)Z in 70% HC10, .






