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"{ESiTR,ACT

Ðiva-trent-eopper oxysaSt, nTdrrerals show a myriad of atonric

arr:a$gemerits which are ofte$ nû¿ isostructulral with analogous non-Cuz*

oxysalË r'rinera-ls. Th.is strucðural diversity ís due at ieast in part to the

variaLrility of Cuz* eoordination polyhedra; ocúaàed-ral, square-pyramida-1,

triangular-hipyrarnidal and square-planar Cu2*q" polyÈredra (0 = û'-, Om-,

Í{rO) occur in Cuz* oxysalÈ rninerals. The most common coordination

geometny is octahedral, which is invariably distorted &om hotrosj¡m¡netric

oetahedral sptmetry. The distortion is due to the .Iahn-Teller effiect

associated with the energetically degenerate electrorric state of'the de cation

in an octahedral ligand field. The octahedral distortion usually takes the

foe'm ofa (4+2!dist¡rtion (4 short, equator:ial bonds and 2long apicatr bonds)

Only a few cases of (Z+4ldistorted octahedra have been reported, and at

treast some of these may result from the dynanric Jahn-Teller effect.

Ab initio ÏIartree-Fock MO (molecular-orbital) calculations were used

to predict the geometries and energetics of the various Cu2*$u coordination

polyhedra. The calculations rÃ/ere successíirl in predicting the nature of the

distorbion of ühe Cu2-Qu octahedron, and a potential-energ"y funcüion was

derived for Cu2*Q, octahed¡'a. The function was used to catrculate Cu2*

oxysalt mineral structures ujø structure-energy minåmization, and is

transferable between structr¡res.

Many Cu'z-(r^ polyhedra in Cu2* oxysalt ¡'oinerals represent members

of structural pathways between the ideal geometries. Harbree-Fock M0

calcu.lations were used to predict the georne{,ries and energetics of these

sËr'uetural pathways.

Mixed-Iigand Cu2*Õ, octahedra (Õ = û2-, OH-, ïlr0 and Cl ) in ûu'z.



rxj¡salt ¡rrinerans have been. ctrassified aecording to tbreir dístor'úion gearfietîy.

,41tr suc?r octahedra are (4+Zldistoråed by Éhe pseudo-Jahn-Teller effecË, and

the Cl' trigands show a strong pref,erer¡ce for tÏ¡e apicatr octahedral positions,

âs predit¿ed by I{aa-lree-Fock Mû ea}cuiafions.

TF¡e effect of Cu2" substitr.¡tior¡ into no¡l-Cu2" stru.ctures was exaslined

by syreôïresizing perovskite a¡rd rutile-structtire K(M,_-C{. )F, arad

(Mi."Cd.)F, (M = Zn, Mg', Ni) series. P&ìase tra¡rsitions occur ì¡r earh sen:ies,

and mas'k the onseú of the cooperative Jahn-Teller effect which is cåused by

etrectron-phonon coupiing. X-ray powden diffi'action and Rietveld structure

refrnements were used to chayacterize the structural changes and MF6

octahedral bond-length variations across the phase úransitions in each

series. The phase transition in eâch series marks the o¡rset ofthe

cooperative Jahn-Teller effect.

This work has shown that Bruch of the stereochemical variation ín

Cu2* oxysalt rninerals can be quantitatively predictedlry ab initia MA

theory, and is due specifically to the Jahn-Teller effect.
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3". Í. C¡å2* txysaÌÉ &6å¡aera1s.

There have been over two hu¡rdred a-nd thirty Cuz* oxysalt, oxide and

hydroxide mi¡lerals (hereafter ref,erred tc as Cu2* oxysalt minerafs)

descril¡ed úo date, and the crystatr structure arrarlgernents are known f,or

slightny less Éhan half of, tFrese. Cu2* oxysalt minerals show a myriad of

sfructural varieties which are often nol isostructuraf with non-Cu2* oxysalt

analogues. The range of structuïe types in Cu2* oxysalt, minerals is 1argely

a result of the diversity of coordinai,ion polyhedra associated with the Cur-

ion. Ðivalent copper is cornmonly observed in six-coordinated octa..hed¡al,

five-coordinated square-p]'r.amidai and triangular-bipy'namidal, and fou¡:-

coordinated square-planar geornetries (Fig. 1.1). Furtherurore, by far the

most common coo¡:dination geometry is octahed¡al, which almost invariably

involves a very strong disto¡.tion away frorn holosymmetric octahedral

symmetry, to the extent that it is often difficuÌt to decide on the mos6

appropriate co ordination.

As aptly put try Brornm (1992), "It, is one ofthe striking observations

of inorganic strucl,ural chemistry i;hat most cations do have regular, or near

regular coordination spheres arld we only find it necessary to explain

deviations from this regularity". The highiy distorted Cor-Ou (Q = Or-, OH-,

Ilr0) octahedra in minerals, organometallic and inorgarric compounds are

rationalized as being due to the electronic instatrility of the de configuration

of Cu2* in octahedral coordination, as predicted by the Jahn-Teller theorern

(Jah¡ anrÍ Teller, l-937). Simply put, tu2* in a holosyørmetric octahedral



Figue 1.1. Common Cu2* coo¡dination geometries in Cu2* oxysalt minerals. a) square-pyramidal; b) octahedrai;
c) triangular-bipytamidai; d) square-planar. Cu'* are open circles and the coordinating anions are shaded with a
random-dot pattern. Apical bonds are drawn as two parailel lines and equatorial bonds are d¡awn as heavy lines
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erxvil:r&Tnent has an energetically degenerate state. The Jahn-Telter

äheorew stales thaû a ¡ronlinear molecuie conlainireg a degeraerate eXectrordc

state is unstahle with res¡rect, ùo any distortion that lifts the degeneracy.

The Cu2.qu ocÉa&edron spontaneûusly distorts Èo remove the electronic

degeneracy, acquiring additional stabilization energy in the process (see

Ohapter 2); thus fhe cation polyhedron is no longer regular.

An oxysalÈ crystal stn-rcture may be envi.saged âs a thr:ee-dimensional

arz'ay of cation-anion polyhedra that are joined through corner-, edge- or

faee-sharing, or via hydrogen bo¡rds. If the structr¡re is to be stable, the

requireroents of cation-anion chemical bonding and the three-dirnensional

geometrical constraints of the st¡rrcture rnust be satisfied. Generaily, most

mi¡reral struetures involve faia-ly regular polyhedra. In the case of Cu2*

oxysalt minerals, the additional constraint that the Cu2*$, octahedron must

be distorted is imposed upon the structure. The structure may be able to

accommodate ttre octahedral disåortion, thus allowing the Cu2* structure to

þrave the same connectivity as a non-Cu2* analog'r:.e. This is most likely in

structures that contain a large nu¡lber of weak bonds, ol. i¡r structures thaú

contain octahed¡a that are already distorted due to steric effects.

-A.lternatively, the structu¡e rnay tre sigrriÊcantly destabilized by the

octahednal distortion, to the extent that some other structural connectivity

will prove to be a more stable alternative. In ttrris case, fhe Cuz* structure

will have a connectivity that differs from that of the non-C¿r2* analogue.

Eby (X988) studied val'ious Cuz* oxysalt r¡ri neral structures using

distance-least-squares (Dtr S) structural modelling. The DLS procedure

defermines the structure that best fits operaôor-controlled bond-length

requirements (and includes no consideration of the str-ucture energ'y). Eby
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(tr988) fou¡rd that soine Cu2. oxysalt ruineral st¡:¿lcút¡res coL¡-trd h¡e adjusted l,o

ihe point rvhere the Cu2t$u octahedra are holosSnnrnet¡:ic. ûther Cu2* oxysalt,

minerals have conlectivifies fhat reqwire a distorted Cu2*4, octahedron. In

tlee Xatter case, adjustrnents towa¡'ds a holosy-znmetric ûu2*60 octahedro¡r

resu-lted in impossihle atornie separaóions.

Cu2* oxysalt ¡ninerals may thus be classified on the basis of their

relationships with non-Cu2. oxysatrts:

(1) The ûu2* structure is strictly isostruclural with the non-Cu2*

analogue structure. Examples include chalcanthite

[Cu"SOr.5HrO1 and pentahydrite [MgSOn'5HrO], in the space

group F1 (Fig. 1.2), and chalcocyanite [Cu'z-SO¿] and zincosite

lZnSOl in the space group Fnma (Fie'. 1.3).

(2) The Cu2. structure is a lower-s',.'rnrnetry distortion of the non-

Cu2* str-ucture, bu1, the connectivity of the two struclures is

identical. Examples include the rutile-type structures of Cu2*F2

(space group P2,/n) and MgF, (space group P4/rnnna) (Fie. 1.a).

(3) The Cuz* structure shows a different structural connectivity

than the non-Cu2* sfructure. Exarnples are spertiniite

[Cu'z-(OH)r] and brucite tMe(OH)rl (Fie'. 1.5).

Eby (1988) and Eby and }lawtho¡:ne (1993) developed a structural

hierarchy for Cu2n oxysalt minerals that is trased upon polyhedral

pol¡,'rnerization, and treated g3 Cu2- oxysalt rainerals in their classification.

The largest group coûesponds to úhose minerals containing Cu2. in

octahedral coordination. Withiû this gloup, divisions were made on f,he



^ 
cô L I r /lLnalccnth¡te Lu)U, 3il.,U

5H20

ffi

Fígure 1.2. Polyhedral st¡'uctu.re representations of chalc¿nthite,
Cu"SOr.SHrO and_ pen{,ahyilrite, M gSO".5H"O, which are isostrucl.ural in
the space group Pl. Folyhedratr shadings a¡e crosses for sulphur f,etrahed¡a,
a reguiar doÉ pattern f,or copper octahedra, anil a hem'ing-troãe patter:o for
rnagnesium. octahedra.

Pentchydr^ite M9SC,



Ziwa*síte

Chalcocyamite

Figure 1.3. Folyhed-ra1 str-ucture representalions of chalcocyanite, Cu2.SO1,
and zincosite, ZnSOr, which are isostructural in the space group Fnma.
Folyhedraì shadings are ctrrsses for sulphur tetrahedra, paraJlel lines for
zinc octahed¡'a, and cross-haÉching for copper octahedra.



trigure 1.4. T'he tetragonatr ruf,itre-type Io[F, star*cture conepared to dhe
monoclinic Cu'' F, tutile-derivative structuie.



Brucrte Mg(0H) ,

Cu(0H) ,

Figure n.5. The k¡¡:ucite st¡:uctr:¡e compared to the sperti-rriite sÉ,ructure.
Cations are shaded in the lower leff, corners.

Sp.rttnttte
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basis of polyroerizaùio¡r: stx-uctures conÈainiag isolated polyhedra, ËniËe

poXyhedral clusters, infi¡rite ope-dimensio¡ratr potyleedral chains, infi-¡riÉe two-

dimensional polyhed-rai sheets, and inñr¡ite th¡ee-dirnensionai polyhedraS

fra¡neworl<s. þsamples of each of the str¡rctural types are given in F igr:_re

1.6. Ftirbher subdii¡i.sions were made trased upon the nature of Èhe

potryhedral iinkages within the major structural u¡rits.

I-,ess-eommon groups of Cu2* oxysalt srinerals are those contaiÍling

Cu2* in ñve-coordination (tria¡grilar-bipyramidal and square-py'rarnidal)

oniy (Fig. 1.7), four-coordination (square-planar') only (Fie. 1.8), and

cornbinations of four- and six-coordinate Cu2*, and five- and six-coordinate

Cuz* .

The structr:-ral hierarchy of Cu2* oxysalt minerals presenôed by Eby

and llawthorne (1993) illustrates a very irnportant f,eature of, these

minerals: There is extreme var-iety in the Cu2* oxysalt structu_z.es, and they

are often not related to their non-Cu2* analogues. This diversity may only

t¡e rationalized by considering the distortion of Cu2"qu octa_hedra required by

the Jahn-Teller threonem, and the compliable nature of Cu2* coordination

polyhedra.

tr,Z Outlüne of úÏ¡e T'hesis

This thesis re¡rorts a number of theoretical and experimenûal lines of

work or¡ tL¡e nalure of Cu2* coordination in Cu2* oxysalt mineraXs. Early

parts of the thesis consider the Jah¡-Teller effect, as it, pertains to a ds

metal in an octahedral ligand-field. Detailed examination of the Cer2.qu

octahedral geornetries irr minerals follows, with a rationalization of the

geometries observed, based primariiy on consideratio¡r of t¡oth the static and



Figure 1.6. a) Henmilite, Ca2lCuh{B(OH)4}r(OH)J, a finite-cluster Cuz* oxysalt mineral; (Cu'*Q.) octahedra are
curl shaded, (BQ/ tetrahedra are dot shaded, and most Ca-Q bonds are omitfed for clarity. b) Ohloroxiphite,
Pb.[CukClr(OH)rOJ, an infinite-chain Cu2* oxysalt mineral; (Cu*Q.) octahedra a¡e dash shaded, tong Ptr-S bonds
are omitted for clarity. Figures from Eby and Hawthorne (1993).

O



Figure 1.6. c) Chalcanthite, Cu2*SO4.5H,O, an infinite-chain Cu2* oxysalt mineral; (Cu'*Q.) octahedra and (SQ¿)

tetrahedra are shaded with parallel iines, hydrogen bonds are onritted for clarity. d) Botallactrite, [Cu3-(OHLC1],
an infinite-sheet Cu2* oxysalt mineral; (Cu'.Qr) octahedra are shaded with dashed iines, hydrogen bonds are given
as broken lines. Figures from Eby and Ha¡ntho¡ne (1993).



Figure 1.6. e) Posnjakite, [Cu!-(SO,(OH)6(H2O)], a¡ inñnite-sheet, Cu2* oxysalt minerai; (Cueoqu¡ octahedra a¡d
(SQn) tetrahedra are shaded with paraliel lines, hydrogen bonds are given ac broken lines. Ð Atacamite,
lCuS'C1(OH)rl, an infinite-framework Cu2* oxysalt mineral; (Cu'.06) octahedra are shaded with parallel lines,
Figures from Eby and Hawthorne (1993). N}



Figlre 1.?. Cuz* oxysalt minerals with five-coordinate Cuz* polyhedra. a) Zeisite, lCul-ffrO?)J; (Ç*'.Qu) squaïe-
p3.iamids a¡e curl shaded, ffQo) tetrahedra are dot shaded. b) Kinoite, Car[Cu3.(SLOsXOH¡u1; (Cu'.Qu) square-
p1'ramids are dash shaded, (SQJ tetrahedra are dot, shaded, (CarQ,o) dimers are curl shaded. Figures from Eb¡r

and Hawthorne (1993). 6)



Figlre 1.8. Cuprorivaite, Cå[Cuh(Sil0ro)], a Cu2* oxysalt mineral that contains four-coordinated Cu2* polyhedra;

i|i'Orl uq-.,-.å a¡e shaded black, (Siq) tetrahedra are dot shaded. Figures from Eby and llawthorne (1993) *
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dymarnic Jahn-TelXer effects. It wiltr hecome clea-r thaÉ the Jah¡¡-?eitrer effect,

exerbs a very ímportarat infiuence on the sfruct¡:-res of these rrrinerals.

The tl¡eoretical work on the Cu2* coordination polyhedra in r¡di¡erals

is tlased upon øô ¿niúio ørolecuJar-orbital calclrSations desipred to súudy the

connmo& Cuz*$, coordination geometries. The calculations exãrnine the

relative energies of tt¡e various coordina¿ion geoneeta:ies and g:ive mininau¡:rr-

energ*y geometries (in ôhe absence of steric effects).

Many calculations invotrving stâtic-energy minimization of a crystaX

structure t¡ave been done recently, and considerâble success has been

achieved ín predicfing st¡:uctures and physical properties. IIowever, in all

sueh calculations reported to date, the ions involved were spherical and the

potentials used were scalar. A potential-energy function for Cu2*Q,

octahedra tFrat i¡¡aludes the Jahn-Teller effect is developed here using oå

initio molecalar-orbital theory. This represents the first attempt at

structural modelling involving ions with non-spherical potentials.

Coordination geometries transitional between the different ideal

coordination geometries in Cu2" oxysalt minerals are examined in detail to

see if there are continuous "structi¡rai pathways" between the ideal

geometries. Ab initin ¡nolecular-orbital calculations are used to examine the

energetics and rninimurn-energy geometries of each of the structural

pathways possible in Cu2* oxysalt Íninerals.

Many Cu2* ûxysalt roirierals contain mixed-trigand Cu2*Õu octahedra

(Õ = O2., OH-, Hrû and 1,2 or 4 tl). The rnixed-ligand nature of these

octahed¡a makes ìdentification of the disto¡"tion geometry difñcult. Eased

on comparison with non-rni,xed-ligand octahed¡a and the Cuz*Clu octahedron

in tolbachite (Cu'z-C1r), each of,these ndxed-ligand octahedra a¡e classified
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âccûrdi&g to Ëheir distortion gecrcetry" Ab ì,nitia moleeutrar-orbital

calc@latio¡¡s are then used Ëo sfudy fhe energetics arrd georcetrical

relationships.

The interaction of ûu2. icns in crystatrs is considered in the laÉter part

of the fhesis. Soiid-soluüions with the rutile (MFz) and perovskite (I4&{Fs)

(Ir{ = divalent, metal) stru.cûures were s}'rrthesized, and the resulting

r¡oaterials were cha¡:acterized by X-ray powder diffractio¡r and Rietveld

stmcture refinenaent.

l"$ Co¡rventio¡rs l-Ised i¡a ú}lis T'hesis

In Cu2.ç. polyhedra, Cu2" is coordinated by ø ligands with O = O'z'

and./or OI{' and,/or HrO only. If the coordination po}yhed-ron is writter¡ as

CuL@,, the Cuz* ion is coordinated by n ligands, at least one of which is Cl',

i.e., Õ = Ci and./or 02- and,/or OH'and./or IIrO. The Cu2'Õ" polyhedra are

termed mixed-ligand polyhedra.

Octatred¡al Cu2*Qu geometry is very corffnon in Cu2* oxysalt ¡rinerals.

I{owever, the octahedron is aknost always strongly distorted away from ûn

symrrretry. Inere, octahedral coordination noeans that Cu2. is coordinated by

six ligands in an approxiroately octahedral arnangement. In the special case

whrere the octahedron has O" s5.mmetry, the tarrn holasymmeúr¡ic is used.

Cuz* octahedra are often elongated such that there are f,our sho¡"t eqeratoriatr

(eq) bonds and two Ìonger apical (ap) bonds. This t¡pe of octaÏ¡edron is

referred to as (4+2ldistorted, indicating thaÈ there a¡'e four short equatorial

bonds and two long apical tronds. Likewise, a (2+4ldistorted octahedron

has two short apicaX bonds and f,our iongen equatorial bonds.

Average Cuz-Q" polyhedra-l bondJengths are denoted by
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<Cu-Q>. F on example, in the case af a (4+Z)-åtstoe ted Cu2"Q, ocüa_?red,ron,

<Ûn-û> is the avez'age ûu-liganó distance, oCu-$*> is tFre aver"age Cu-

equatorial-ligand distance, and <Cu-Q.o> is fhe average Cu'z.-apical-ligand

dista¡rce.

&{osË quanturn chemists reporb the results of t}rei¡" aa}culations using

atamic units (I-evine, 1983). Tl¡e atomic uni6 of charge is the proton charge

(e'), and the unit of energy is the }lartree:

X Hartree = e'2/a. - 27.212 eY = 2625.4997 kJ/moie

a"=lbohr=0.52918Å

If the results of molecular'-orbital calcutratiûns are reported in eV or Joutres,

the values depend on the currently accepted values of the physicat

constants, whereas reporting results in atomic units avoids this protrlem

(Levine, 1983). Also, tlre ÈIartree is a suitable unit, for discussion of a

molecule's energ'y. For example, the energy of a HrO molecule is = ?6.0

ÍIartrees. Using kJ/mole as an exrergy unit, introduces Avogadro's nu¡nber

and gives a ¡xlûre cumtrersome valire of 199537.9 k tr/mole for the HrO

molecule.

Energies obtained from molecular-orbital calculations are reporfed

he¡'e as Ilarbrees to maintain coÐsistency with the quantum-mechanics

literature, and the conversion factor from l{artrees to kJ/¡¡role is given ira

ûabie and figure captions where Hartrees a¡e used.
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Ðu2" &xy's*-åÉ I[6í¡ceraås

2.i. Ðu2"Q6 teËs&edre á*a Ðu2* Oxysaåú Þ[å;aeraås.

The Cu'z-qu (Q = Û", tH-, ÏIrÛ) octahed-ron is the naost courmon Cu2*

coordi¡ration geornetz-y in Cu2* oxysalt nri¡lerals. The octahedral geometry is

almost invariably distorted away füom the hrolosymmetric arrangement. In

rnost cases, the distorbed octahedron has four short equatorial bonds and

two longer apical bonds, a (4+2) dìstorbion.

The prominent distortion of ûu2*4, octahedral geometries is predicted

by the Jahn-Teller theorern (Jahn and Teller, 1937) and is a result of the

energetically degenerate electronic state of a ds ion i¡r a holosymmetric

octahedrai ligand-ñeld.

2.2 "Iahn-T'eller T'heory

.Iahl and Teiler (tr937) showed that any non-linear rnolecular systern

containing an energetically degenerate electronic state wili be unstable with

respect Èo so¡ne distorted state. A distortion will spontaneously occur,

iowering the s1"rnmetry of the molecule and splitting ttr.e degenerate state.

2.9"3. Se¡ree¡dng,4rgwmenÉs

T,igand-field argraments rnay be used to describe the principal features

of metal-ligand bonding wFren a ¡'aetal ion is coordir¡ated by six negativel.y

charged ligands in an octahedral arrangement. The metal dxy, dyz and dx,

orbitals are equivalent and involve electron density between the axes

1B
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tonlaird-ng boltrl the metel iûn and the iigands. Eoth, of É,he ð22 amå ãx2-y2

ûrbita¿s direct, electron density towards the trigands. The octahedral

arrangement of ligands around the rnetal ion splits the five d-orbitals into

two sets (Fig. 2.1), one set (tzg¡ 5"¡n* triply degenerate (corresponding to the

copper dry, dyz and dxz orbitals) and the otirer (ec) hreing doubly degenerate

(corresponding to the copper dzz and dx2-y2 orbitals). The t2g ort¡itals are

stabilized and the eg orbitals are destabilized relative to their energies in a

spherical fieid, the energy difference t¡etween the tze.and eg orbitals being

designated Á (Fig. 2.1).

Cu'* has nine d-eiectrons, giving the electronic configuration t2g6eg3.

The tu2. ion contains a degenerate electronic state (E*), and according to

the Jahn-Teller theorern, distortion of the octahedron will spontaneously

occur to remove this degenerate state. There are two possible distortions,

depending on whether the lone electron is in the dzz or dx2-y2 orbital. If the

fl¡ly2 orbital is doubly occupied, the four ligands in the x-y pìane will be

rnore screened from the electrostalic attraction of the Cuz- ion than the two

ligands on the z-axis. Therefore, fhe two apicai ligands (along the z-a-xis)

would be expected to ¡nove cìoser to the Cu2t ion than the fou¡ equatoriai

iigands (x-y plane), resulting in a compressed octahedron [(2+4) distortion].

If the d,'z orbital is doubly occupied, the four equatoriai ligands (x-y plane)

wiil move closer to the Cu2. ion and the two apical ligands (z-axis) will move

away, resulting ín an elongated octahedron [(4+2) distortio¡r].

As shown in Fig. 2.1, the degenerate eg orbitals are split due to the

distortion, and the doubly occupied orbitai drops in energy by fhe sarne

amount as the singly occupied orlrital rises. Therein lies the driving force of

the Jahn-Te1ler distortion of Cuz*qu octahedra: only half the energy gained
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by reducirrg the energy of the douLrly occupied orl¡itatr is cancetrled by the

increase irr energ-y of tbre sin:giy occupied orbital. Hence the environrnent

anound the Ûu2* wiil spontaneousiy disúort óo produce arÌ energy

stabilizatio¡¡ of E,/2 (Fig. 2.1). Note that there is no net energy change in

the tzg level of Cuz* due to the distortion.

I-,igand-ñeld arguments for a ds rnetaX-ion in octahedral coordination

indicates that a coropressed (2+4) geome¿ry is equa-trly as likely as an

elongated (4+2) geometry. Itrowever, examination of lulCu-Q bond leng'ths in

Cu2* oxysalt minera-is (Fig. 2.7 , Section 2.5) ìndicates that (4+2)-distorted

octahedra are very strongly preferred over either the (2+4)-distorted or

holospnmetric geometries. The sarrre observation holds tme for Cu2.

cornpouuds in generaì (Hathaway, 1984). Contrary to the co¡nments of some

previous authors, the details ofthe Jahn-Teller theory are not readily

understood using ìigand-ñeld theory. Various authors have considered

addìtional effects in an attempt to n'emove these discrepancies; these effects

are the sulrject of lhe nexl, sectìon.

2.3 The Ðynamic *IaÏ¡¡e-T'e&en Effecú

2.S.t \Iariahle-Teinperaóure Stmature Refr¡aemelaÉ

VariaLrle-ternperature structure refi nements have provided

considerable insight into the Jahn-Teiler effect assoeiated wi¿h a ds metal in

octahedral coordination. For exarnple, hoiosynrmetric octahedral

coordination around Cuz. is observed in ÇFb[Cu'z.(NOr)6] at room

{emperature (Sidevriclc, 1950; Cullen and Lingafelter, 197!), in apparent

violation of the .Iahn-Teller theorem. At 195 K, the structure is

orthorhornbic and the Cu2* octahedron is (2+4)-distorted (Sidgwick, 1950). A
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(2+4!distorted Cu2- octahedron is obsez"ved in ÐsrPh[Cu,"(Nûr)6] aÉ roo¡n

temperature (Massey, 1973). The struclure kiecoznes eubic hy 42A I{., wth. a

hoiosycmetric ûu.2* octa-þiedron obserwed (Mullen et al., !g7E). When the

st¡-rÌcture is cooled lo 160 K, it, beco¡nes ¡nonoclinic wittr a (4+2)-distorted

Cu2* octahedron (Mulle¡r et a7., 1975). The terøperature-dependent

behaviour of, the octahedral geometries in úhese and other Cu2* cornpounds

[see l{athaway (1984) for a review] may not be explained using first-order

Jah¡-Teller effects alone, and a dSmamic Jahn-Teller appe-oach must be

used.

2"S.2 Vibro¡ric Couplireg a¡ed fhe Jalm-T'eller Effecf

The energetically degenerate electronic state may couple with the

nuclear rnotion, Ìeading to a dlnamic Jahn-Teller effect in which Éhe

electronic motion is strongly influenced by the nuclear vibrations that tend

to remove the degenerate staôe. Qaaiitatively, Éhe electronic pr.operties of

the ds configru'ation ofthe Cu2* ion in an ortritally degenerate gror:ld-state

cannot involve separâtely defined electronic and vibrationai energies (i.e.,

the Born-Oppenheimer approxirnation is viotated).

The even mode of vibration of eg sJ¡mmetry is made up of two

displacement, coordinates, Sza, arrd Ss¡ (FiS. 2.2), and is the ontry rnode that

can couple with the electronicaily degenerate ground-state in a cubic svs¿enl

(Fig. 2.3) and remove the orbital degeneracy (IIathaway, tgB4). Two energy

surfaces arise from this coupliirg (E_ a¡rd E., Fig. 2.3) and take a form that

is known as a Mexican-hat potential (Gazo et a1., 1976). The lower-energy

surface of the Mexican hat (Ej has a potential-energy minirnum that is

stabilized by Er' relal,ive to the energy of the Cu:* octahedron in a
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Figure 2.2. The Sza and Sz¡ displacement coordinates of the Ðg mode of
ocúahed¡a-tr vibration. Talcen from Hathaway (1984). Arrows indicate the
direction of movement away from the holosymmetrie geonaetry, I_., denotes
the trigand.
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Figure 2.3. The Mexican-hat potential which results &one the coupling of
the Eg mode of octahedral vibration with the degenerate eiectroniC state.
Taken from Gazo et a1. (1976). Eo is the energy of a holosym-metric
oclahedron, E+ arld E- are the energy surfaces produced hy the vibronic
coupling, E;t is the Jah¡l-Teller stabilization energy.
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holosymrnetrie configuraliorr (energy Eo)" ?he coupling ofthe electronic

Ilamiltonia¡r (for a doutriy degenerate state) rx¡¿ûh the nuclear vihraûio¡rs

gives rise to l¡oth lineay and non-linear (higher order) terms (Englnean,

1972). If oi:ly linear coupling Èerres are important, the Mexica-a haÉ has

cylindrical sy"mmetry, a¡rd úhe molecule wiii rotate in the potential-energy

mi¡rimum (Gazo eÈ a1., 1976). E{owever, íf there is a strong linear coupling

and higher-order coupÌing terms are irnportant, the Mexican hat will be

warped, with three energy-rnirrima ar¡d th-ree saddlepoints (Bersuher, 1984)

(Fig. 2.4a).

The minima in the warped Mexican-hat potential-energy surface (Fig.

2.4a) may occur af S = 0, 120 and 240" or at Q = 60, 180 and 300'

(I{athaway, 1984), depending upon the natr¡re of the higher-order coupling

tenns. In the firsÉ case, the energ'y mininaa correspond to (4+2lelo¡rgated

octahedra, whereas the saddlepoints correspond to (2+4lcompressed

octahedra. In the latter case, tlee energ'y ¡nipi1¡¡a correspond to (2+4)-

coinpressed octahedra. Note thaú in either case, the molecule rotaËes

ôhrough the potential-energy minimum (Fíg. 2.4a) ar¡d can pass ft.om a

(4+2!elongated octahedron to a (Z+4lcompressed octahedron without

passing through ôhe energetically tinfavouralrle holosyrrmetric coordination

(Fíe.z.akj).

Consider the case where the energy rrirrima of,the warped Mexican-

hat potential occur at þ = Ð, LzA awd 24A'. The energy rninirna correspond

to (4+2)-elongated octahedra. This is usually the case, as indicaüed by the

dorainance of (4+2)-distorted CukQ, octahed¡a in Cu2* oxysalt minerals and

Cu2* oxysalt compounds i-n general. Various authors have proposed factors

thaL are likely to cause fhe dosrinance of the (4+2)-distor-ted arrangement
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Figure 2.4a. The warped Mexican-hat potential. From Bersr:ker (1984). E,
E- and E+ as in Fig. 2.3.

{2+4}

Figure 2.4b- The pathway fron a (4+2ldistorted to a (2+4lclìstorted
octahedron. I-ong bonds are d¡awn as broken lines.
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(i.e", ûpik and Fryce, 195?; Lieh-r and Eallhause rz, X968; f-,oþø and

Lipscomb, 1963; tsacci, !979; Yarøatexa, tr979; ÐeeËl¡ a:ld l{ifuhma¡r, tr986):

T'he addiÉion of an an-trranwo¡ric term to the vil:rational

potentiatr;

The extension úo second order of the electronic ter¡ns in Éhe

total poi,ential-energy expression;

The confrguration interactior¡ betwee¡l the 4s and 3dz2 metal

orbitaXs.

Deeth ar¡d Hitchman (1986) indicate that each of these factors is of simiXar

magrritude, and tþrat (1) a¡rd (3) favor¡y a (4+2)-distorbion whereas (2)

favou¡s a (2+4ldistorbion.

The circula-r cross-section through the minimum of the potenfial-

energy surface fon energy rninima at Q = 0, 120 and 240'(Fig. 2.4a) is given

ín Fig. 2.5. In this case, the energy maxirna corres¡rorrd to (2+4)-compressed

rctâhedra; each of the three energy wetls (Fig. 2.5a) have the same energ-y,

and ttre energy barriers tretween the wells have the vanue B. If E is less

than the therr¡¡al energy (ra. 200 cm'1, Hathaway, 1984), there will be equatr

populations in each of the three wells. The distortion directíon of any given

ûctahedron will vary continuousny as the energy barrier E is overcome. The

result is that a completely symmetric Cu2*q. octahedron will Lre obserwed iry

(time averaging) crystallographic techniques, as is the case in

IEPbICuL(NO2\ì at roorn temperature (Sidewick, 1950) and

csrPb[cu'z.(No z)u] at 420 K (ft4ullen et a7., L975).



e)

Ee

ttttiù

Rotatiofl Á,n91e ç

b)

C)

I
I
I

Rota tion Angìe @ 30oo

Fi{+re 2.5. CircuÌar cross_-secbions though warped Mexican-hat poten¿ials.
a.) Th¡ee equal-energy wells, b) two equa-l-energy wells,
c) three unequal-eneSgJ wells. Q as in Fig. 2.a, tllre long bonds in the
octahedra are dashed.
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In crysta-ls, long-range effects ane aJways present and may resu-trÉ ly¡ a

f¡:rther w-arping of the ft4exican-hat surËace (Bersuher, 1gB4). Two

possihitrities then arise: (X) ühere may Lle two equivalent weitrs of lower

energy tlaan the thind weltr (Fig. 2.5b); (2) one rvelX may have a lcwer energ-y

than the other two wells (Fig. 2.5c). In (X), if Èhe ener.gy E is less than the

Èhermal energy, equa-l populations will cccur in the two lower-energy wells.

The two wel1s coÌÌtain octahedra thal are elongated in different directions,

with dyrrarr,ic interchange between the orientaËions ofthe elongated axis.

The net result will be an apparent (2+4lcompressed octâhedron. Ey the

same reasoning', case (2) would result in an apparently elongated rhombic

octahedron, wi,t]¡r a (2+2+2ldistortion. A (2+2+2) octahedron has two short

frøns Cu-Q bonds, two íntermediate úrozs Cu-Q bonds, and two long úrøns

Cu-Q bonds.

The above observations suggest that both (2+4lcompressed and

holosy'irrmetric Cu2*q, octahedra observed in minerais and other phases may

sometimes be a result of the d3'namic Jahn-Tel1er effect,. It rnay atrso be

argued that, these octahedrâ are due to static disorder of the octahedratr

ligands, but, the dSmanric .nahn-Teller effect is required to ¡.ationalize the

Èemperature dependence of Cu'z.Qu octahedral coordination geometries in

both IÇFb[Cu'-(NOr)u] and CsrFh[Cu'-(NOr)6], and in va¡:ious other Ca2*

compourds (Hathaway, 1984). As expected, X-ray data coltrected for tFrese

phases also shows anisotropic-displacement parameters consistent, r¡¡ith

dy'namically distorted copper octahedra. Further¡nore, ESR. (electron-spin-

resonance) spectra f,or these compounds indicate thaË (2+4)-distorted and

holosymmetric Cu2.Q, octahedra are both a resu_lt of the dynarcic Jahn-

Teller effect. According to }lathaway et at. (1g81), there are no cornpounds
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that have bee¡r eo¡'¿clusively dernonstrated to co¡atain øtafueæL}y (Z+Lj-

disto¡-öed or honos3"nunetric Cti2.$u octahedra. It, h¡as been noËed, hcwever,

tlrat düute conce¡ltratlo¡ls of Cu2.4. octa-Êredra in a parent sôn uctur.e rwy he

(2+4)-distorted, as indicated by ESR spectrûscopy (e.g., F{itchman et aJ..,

1986; Rienen and Krause, 19Bl).

2.4 Súa6ia "Fa3us-Teller EffecËs alld úÏ¡e Ðoopea"aÉive Jak¡_¡a-T'eller

Effec6"

2"4,f Statåc 
"Salua-T'ellea. Efifects

The dynamic Jah-rì-Tellen effect does not occu¡ in most, Cu2* oxysalt

minenals, as sho$'¡1 by crysfun,strlcttlne nefinements. In mosf cases, a static

Jahn-Teller effect, predorninates, with the Cu2"Q6 octahedron trapped in one

of the energy wells. IIowever, if two or three of the wells are of about the

same energ'y, directiona-l disorder of the distodion could occur, such ttrat

long-range avenag'ing (as occurs in diff,raction experiments) wilX show

syrrmetrical ocûahedra (tkr-ree equal wells) or (2+4lcompnessed octahed_ra

(two equal weltrs).

9.4.2 Cøo¡rerative .naï¡¡r-T'el-[er Effeeü

Cu2* oxysalt mrinerals usually have (4+2}elongated. octahedra,

indicating that one energy weltr is of a lower energy that the oÉher two wells.

The elongation directions of the octahedra are ordened, and this ordering is

referr'ed to as the coopenative Jahn-Teller effect (Eensuker, Xg84). Ordering

of the distortion centres is due to strong elecånon-phonon coupling that links

the effects of adjacent distortion ceutres.
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9.6 CrÃ2.$6 GeomeÉråes i¡a Cuz* &xysa3É Misaerale

T'aìiu-latior¿ and comparison of Cu2*ç, geontetries ir¿ C¡.fi oxysalt

minerals has t¡een done hy Eby (19SS). However, oven ôhe past few yea_rs,

bigh-quahty str'¡¡ctu¡al data for Cu2* oxysalt sri¡rerals has conúinued to

accu¡¡¡ulate at the rate of several structures per year. Today, the str.ucÉures

of 91 l6lCü2+ oxysalí røi¡¡erals ane l<nown, and 166 symrnetricatly distinet

Cu2*$u octahedra ûccllr.i¡¡ these ¡ninerals. T'he foltrowing sec¿ions consider

the ste¡'eochensical cha¡.acteristics of these octahedra. Mixed-ligand Cu2-@u

octahedrâ (@ = O'z', OH-, Hrû and at least one Cl) will be considered in

Ohapter 9.

2.5,3- General F"eaüures of, Cu2*Q6 Octa&edra[ Geo¡meüries

The Cu-g bond-length distribution for all s5nnrnetrically disti¡ict

Cu2.Q. octahedra contained in Cu2'oxysalt minerals is shown in Figr:re 2.6.

There is a bimodal distribution, with maxima at - 1.95 Å and - Z.4A Ã",

n'eflerting the dominance of (4+2ldistorted octahedra. The <Cu-0.q>

d.istance is 1.983 ,4 and the <Cu-Q"o> distance is 2.484Â. ttte population ât

- 1.98 Å is qu.ite narrow (o = O.O7 Å), deinonstrating the nelatívely limited

range of Cu-Q"n distaiaces in (4+2)-distorted Cu2.q, octahedra. In confrast,

ttrre popunation at, - 2.48,4 is much broader (o = 0.ZZ A), reflecúing ùhe

larger range shov,rr Ìry ûu-Q", bond-trengths in (4+2)-distorted octahedra.

The poptrlatior¡ at, - 1.98 é, is approximately twice as large as that, at - Z.4B

Å., reflecting the (4+2) nature of the distorted octahed¡al geometries.

Equatorial and apical <Cu-Q> bond-length distributions are

iilustrated separately in Figures 2.7 ar-ld 2.8, respectively. Most .Co-Q*t

disfances fall in the range L.925-2.025 A (Fie. 2.2). Ilowever, several <Cu-
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{.n> d-istances are above ô}re average, ¡¡¡ithi¡r t}re tawge Z.t}75 tû Z.S?5 Å (Fie.

2.7); these values are rlûl represe&taåive of (4+2),distorted Cu2*Qu octa_hedra.

f,ikewise, several aÇu-S"o> bond-lengtFis fali well betrow the Éypical ra:rge of

2.275 ta Z.1ZE jL G'ig. 2.8). These sh¡ort, <Cu-$"p> disûances, as well as áhe

trong <Cu-Q*> distances, a.re a resuJt of the presence of (2+4!distorted and

holosym¡retric Cu2*{6 octahedra in Cu2* oxysalf ¡ninerals.

A measure of the Jahn-Teller distortion of Cu2.Qu octahed¡a is

obtained by plotting the ñ'equ.ency of Å"0-.n = [<Cu-Q"n> - oCr-Q*o] (Figure

2.9). The maxim r"rn of the {r.* distribution is in the range û.80 Â to O.fO

Å, wltfr the rnajority of Á"** values faliing between 0.40 and 0.50 Å. f'he

Â"n* distritrution is skewed towards lower values of Á,"**, and an abrupt

lowen linit of Â.n-* = 0.30 ..& ís oþse¡:ved (Fig. 2.9). lfowever, a few Cu2*4.

octahedra show valu.es of, {p."c < 0.30.&; Â"0-n = 0 corresponds to

Ïrolosym-metric octahedra, and Á,** < 0 denotes (2+4}distorted octahed¡a.

Each sut¡class of Cuz*q. geometries, i.e., (4+2)-distorted, (2+4!

distorted and hoXos3rmmetr.ic, is dealt, wittr separately in the f'oliowing

sections.

9,5,2 Exam i¡'¡ atåo¡a of (4+2)-&istoy*ed Cus-Q. tcf ahedra_!. Geomet¿-íes

By far the rnost corr¡mon subclass of Cu2*q, octahedral geometries

obse¡:ved i¡¡ mi¡re¡.als is the (4+2!distorted octahedro¡r. There are 15g

symmetrically unique (4+2!distorted octahed-ra in g0 differe¡rt cuz* oxvsaxt,

minerals.

The Cu-Q bond-length distribution for (4+2)-distorted Cu2.Qu octa_hedra

(Fig. 2.10) is strongly bimodaÌ, with essentially all ofthe Cu-Q"n distances in
ühe range tr.875 óo 2.L25 Ã and the Cu-g"o distances in the raøge 2.225 to
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3"125 A. The <Cu-Q> distance is 2.150 Å, *itln a star¡dard deviation of 0-28
t-"9--é,. The.gu-$*> distance is tr.9?3 Á arrd {,he <Cu-Q,p> distance is 2.5û5 Å.

TÞre equatoria-l bond-lengths span a rnuch s&?âller râÐge tha_n the apical

bond-lengths, with a sta¡dard deviation of û.û48 Å compared to t.2û5 ,& for

the apical bond-iengths.

Eond-valence theory (Enown, 1981) predicts that distorted

eoordination polyhedra will show longer mean bond-lengths than

cora:esponding negular coordination polyhedra because of the exponential

form of the bond-valence interaction. This was shown to be the case for

Cu.2*Qu octahedra by Eby (1988) who described polyhednal ðistortíon using

the pa-raineter Á:

^ 
= U6tiG-x")/I"1'z (2.1)

v/here L is a Cu-Q distance and 1" is the <Cu-$> distance. The value ofÅ for

each (4+2ldistorted Cu2.Qu octahed,ron is plotted versus <Cu-g> in Figure

2.Xl. Extrapolation to Â = 0 g¡ves the expected <Cu-Q> distance of 2.085,{

for an undistorbed Cu2.06 octahedron, in agreement with the value of 2.084

Å reporÈed by Eby (1988).

2,5.3 Holosynumetråû Cll2.Q6 OeÉå9ledya å:a Cuzo @xj/saÌú Mi¡aerats

The occur:rence of, holoslnametric Cuz*Qu octa-Þredra in Cuz* oxysalt

rninerals is r,rnexpected as it violates the Jahn-Teller theorem. Ïfowever,

examination of Figure 2.9 shows Cu'z.Qu octahedra with little or no

disto¡tion. These octahed¡a occur in tryonsite, buttgenbachite and

paratacarnite.
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Lvo¡rsile

I-,yonsite, Cul-Fe!.(\1û/u , is a ran:e hgh-temperaÈu¡:e fu-maroli¿

suhlimate described hy Hughes et al. (1987). The lyonsite sÉnrlcture is hased

on a pseudohexagonaå close-packed oxygeù an'ay, a¡-¡d conÈains two

symmetricatrtry distinct, ûu2. polyhedra, one of whieh [Cu(Z)] shows a very

u¡rusual Cuz*Qu coordination: a distorted trigonal-prism (FiC. 2.12). The

Cu(l) site invotrves a Cuz*ç, octahedron that is onty very weakly distorted

tCu(l!t(l) x2 = 2.031(5), Cu(1I0(1) x2 = 2.03û(5), Cu(1)-O(6) x2 = 2.A7V7)

Á1. Futttrre* examination of Èhe lyonsite structure shows that adjacent

Cu*(l)Q. octahedra share faces, with adjacent Cu(l) positions only 2.455 Á.

apaú. Srach a configuration suggests that adjacent Cu(L) sites ar.e probably

not both occupied; site-scattering refinement shows the Cu(l) site to be half-

occupied, consistent, with this situation.

\[hen a site is parbly occupied, as is the case for the Cu(l) site here,

the local atomic configurations are expected to be very different when the

site is occupied or vaca¡lt. The long-range average measured by X-ray

difraction consists of the sum of these two configurations, and may not

resemble either ofthe local configurai,ions very closely. The fact that

regular Cu2*4, configurations are not fou¡d (when the site is completely

filled by Cu2.) suggests that, ttre trong-range average observed in lyonsite

(and buútgenbacLrite) consists of disto¡-ted Cu2*qu and distorbed trQ,

configrrrations tl:rat auerage out tû regï.lâr octahedral geometrry. Adding Éo

the uncertainty as to the preeise nature ofthe Cu(n) site is the

approximately 507o vacancy and the w¡arked anisotropy of the electron

densify at the Cu(1) site. The electron-density anisotropy suggests Ëhat the

roorn-temperatr¡re strucfu¡:e rnay represent a space average of disordered
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Figune 2. tr2. Tlee Cu(2)'z.Qu &storted tr:igonal-prisria observed in lycnsite
Eond-lengths are in A.
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Cu(1) posìtions r¡¡ithj¡ Éhe octahedro¡r (I{ughes et atr., 19BZ). Álthoug}r it is
irot possible to dìe-ectly prove ttris rcodel, the preponderance of partly-filled

sit'es i¡l hotrosymmetric ûu2*qu configurations suggests ttrat thìs is the case.

BuåtEenbachite

The struc{,ure of trutógenbac}rite, tuzos6.6Cl6.?(IrtrOr)r.u¡O¡1¡u, 
.2. 2.1ÍI2{-}

(Fanfani et a1., r973), contains an infinite three-dimensional framework of

Cu'z. polyhedra with large channels contairrì.ng (NOr) and Cl. There are five

syrnrnetrica-lly distinct cu2* sites. Three of these sites are octaheùa1iy

coordinated and show typical (4+2ldistortions (although two contain rrrixed

ligands, see Chapter g), whereas the for¡rih Cur* is in square-planar

coordination. The fifth Cuz* site is in holos¡.nnmetric octahedral

coordination, with Cu(5)-OH(2) x6 = 2.2ß(7) Å. According to site-scattering

information, this site is only 1/3 occupied. The argr:-ment given for lyonsite

also applies to buttgenbachite: the reg.ular arrangernent observed around

the Cu(5) site is probably a superposition of two distorted Cu2*Qu and Eço

configurations.

Faratacamite

Paratacarnite is one of the pol5.nnorphic forms of Cul-(OH)rCl. The

structure is rho¡nbohedral, with a distinct sut¡str.ucture (Fteet, 1g75). The

st.ucture contains fo,r symmetrically distinct cu2- positions. Two of these

positions are iu' (4+2}distorted mixed-Iigand octahedral coordination, and

the third Cuz* site has (2+4ldistorted octahedral coordination. The Cu(1)

site conÉains v16 of the copper in the paratacamite stmcture, and occr¡¡s on

a 3 axis; fhe octahedron is holosy,rnmetric with Cu(1!O x6 = 2|lZÅ. tf,i"
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site is Lt07o occupied, urllike the hotrosyrometnc ocûatredyon in

butlgenbachite or Èhe ¡¡ear-holosymuretric ocÈahed¡"on itr åyonsíte.

The <Cu-Q> vñue af 2.72 Å is so¡newhaÈ Ïonger" ûhan Èhe expected

<C*-Q> distanee of 2.û83 Å f"o *tr undistorted Cuz*$u octa-hedron. The¡:e are

two possibilities he¡'e: (1) Flee¿ (tr975) reported the struct¡:re of a ¡raturatr

paratacamite speciuren, hui did not reporb a chemical analysis. If Éhe

octahedra-l site ¡¡¿as occupied by Zrf. , the average octahed¡a-l distance

expected would he 2.10 Å (i.e., 1.36 Å + A.74 j\, Shannon, 1976). In Xieht of

the reported occurrence of rinc-rich paratacamite (Kracher and Fertlik,

1983), it is possible thal Èhe Lrolos5rmrnetric octahed,ron in pa.ratacamite

contains Znz* rat};let than Cu2*. (2) Positional diso¡.der of the central Cu2.

atom would result, in lacøIly dístorted environ¡nents ønd an obsewed <Cu-

Q> distance Xonger than the ideal distance for a holosymmeüric Cu2.qu

octahedron. Which of, these two possibilities is the case is, as yet,

unresolved.

Synthetic cornpounds

The¡"e are no well-documented examples of Ìrolosymmetric octahedra

fitÌed with Cu2* in minerals, as predicted by the Jahn-T'eller theorero.

l{olosym-metric Cu2*q, oetahed¡a }iave been observed in ce¡-i,air¡ syrrthetic

sûructures by crystallogr:aphic techniques. ûne such examptre occu¡s i¡:r

[Cu'?.(Hrû)6](En0r)r, wtree.e the <Cu-Q> distance is 2.079 Â (B]ackt¡ui"n et atr.,

1991), a value in good agreement, with the predicfed <Cu-Q> distance of

2.0S3 Å for an u¡rdistorted Cu'z.$6 octahedron (Section 2.5.2). I{owever, the

holosymmelric octahedron observed in [Cu'.(HrOL](BrO)r, as well as a1l

oúher holosymmetric Cu2' oetahedra (there are 6 known), is attributed to a
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dytra:nic Jah¡¡-Teller effeet that persisfs at c'oom temperatu-re (tslackbu_r¡r et

aL., L991; Hathaway, n984). Sr¡ppontieg evidezrce crnres from atrisotropic-

disptracement, parameters, variable-teneperatwe stmcture reñllements, arld

ES& spectrosco¡ry rúeasure@e¡rts (Elackbwr& eÈ atr., 1991; tr{athaway, 1g84).

9"&.4 @ee¡¡-reemees @f (2+4).Ðisüørûed C€r'*Q6 @eúaåeedræ ån Cwz*

@xysatrt &[inera-1s

Ligand-field theory indicates that either a (4+21 or (Z+4ldistortion

rvill retrieve the energetically degenerate electronic state associated with

Cu2* in a holosS.'rnmetric octahed¡a} ligand-fieid. To first-order, either

distortion is equally likely (i.e., each octahedral configuration is

enengetically equivalent). However, as noted in previous sections,

exarnìnaËio¡r of Cuz.q, geometries i¡l Cu2* oxysalt minerals (Figs. 2.6, 2.?,

2.8), and Cuz* compounds in general, shows that this is ¡rot the case; tJle

great majority of Cu2*Q. octahedra show strong (4+2)-distorbion. The clea¡

preference fon (4+2!distorted geometries rnust tre attributed to higher-order

Jalur-Teiler effects (see Section 2.3).

Exanrination of Á"n."n values (Fig. 2.9) shows that five Cu2*Qu

octaLredra in Cu2* oxysalt ¡sinerals trave a <Cu-Q"n> distance that ís longer

than the <Cu-$"p> distance. TÏ¡ese frve (2+4ldistorted Cuz*Qu octahedra

occw in caolpigliaite, paratacarrite, demesmaeke¡:ite and volborthite.

Ilattraway et aX. (1981) suggested that genuine (2+4ldis¿6¡6s¿ gr2.q.

octahedra do not occur in Cu2* cornpounds. Most (o¡: atrl) examptres af (2+4)-

distorôed Cu2.Q, oeóahedra have been shown to be úime-averaged results of

the d5'r'ranúc .lahn-Teller effect (Section 2.3.2). These apparent (2+4)-

distorted Cu2-$u octahedra resuiÈ fro¡n the úinoe averaging of (4+2!distorted
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ottahedra ali$led in two dì¡.ectious- However, sorue s¡rectroscopists have

postuSe¿ed staticaily (2+4!drstcrted Cuz*Qu ocåalaedra i¡"r some C¡lz*-doped

systems (E{itchman et ñ.,7988; Reinen and Krause, 1981) &o¡n ESR,

measu¡eme¡rts. As (2+4ldisto¡"Led Cu2.Qu octahedra are râre (or non-

e:risôent) i¡l concentrated Cuz* compounds, it, is appro¡lriate to eonsider each

of the ¡nineral examptres in some detain.

Caropisliaite

ûampigliaite, Cu:.Mn"(SûJ(OlI)6.4HrO, contains sheets of Cu2*Q.

octahedra intercoyrnected through SOo tetrahedra and hydrogen bonding.

The crystal structure (Sabelli, 1982) is of iow precision due to poor crystal

quality and the presence of polysynthetic twinning. Both the Cu(1) and

Cu(3) sites seem to be in (Z+4ldistonted octahedral coordination (Table 2.1).

However, it is likely that the observed octahedra a¡:e twin-averaged, rather

than real (2+4)-distorted octahed¡a.

Fa¡atacamite

The paratacaurite structure (Fleet, 1g75) was discussed in tl¡e

previous section with reference to tire cu(l) site which is in a holos5.arunetric

octahed¡al environ¡nent. It was pointed out that paratacamite may contain

considerat¡le amounts of Zn, and that, the holosyrnmetric octahedron in
paratacaadte may eontain Zn rattrrer than Cu2'. Fa¡:atacamile also co¡rtaíns

one (2+4)-distorted Cu2.g, octahedron (Cu(2), Table 2.1). As ¿his (2+4!

distorted octahedral geometry is very similar to those otrse¡ved i¡r

voiborthite and demesmaekerite (Table 2.1), iÈ see¡os líkety tlrat úhe Cu(2)

site does contain Cu2. (rather tlrlar, Znz*, as argued for the Cu(tr) site).



Table 2.1: (2+4!distorted Cu2"qu bond-leneths (Å) in minerals

Mineral

Volborthite

Demesmaekerite

Paratacamite*

Campigliaite

I{Cu3.(OHLI(AsOn)H(AsOn)l--

Cu(1) O(2):2.L72(4)

Cu(l) A(Ð:2.21(2)
O(9): 2.21(1)

Cu(Z) O(2):2.L9 x2
O(3): 2.20 x2

Cu(1) O(7):2.22(5)
O(3): 2.37(5)

Cu(S) O(2):2.7'7(5)
O(5): 2.29(5)

Cu(1) O(3):2.186(1)

* Standard deviations were not given by the original author.** Not a mineral
References: 1: þas¡g et al. (1988); 2: Ginderow and Cesbron (1983); B: Fleet (19?5); 4: Sabelli (1gBZ);
5: Effenberger (1989).

Bonds

x4

x2
x2

O(4): 1.945(4)

OH(l): 1.93(2)

O(4): 2.34(5)
O(3):2.42(5)

O(B): 2.21(5)
O(3): 2.41(5)

x4

O(1)r 1.93 x2

O(4): 1.94(5)
O(2): 1.93(5)

O(7): 1.84(5)
O(1): 1.99(5)

OH: n.899(2) x2

x2 1

v9 .|

Reference

en
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Ðemesøaekerite

The sår'l-etu-re of demesrnaekerite, Fbrcul.(Seûr)u(Uûr)r(ûIT)6.ZHrO

(Gir¡derow and Cesbrron, 1983), eonsists of trayers of lCu'z.(û,OH,HrO)61

ocÉaþredra paratrleÏ to (t1û), cross-lixúçed by oblique chains of' cor.r¡er-shar-ilg

(UQt) and (SeÛr) polyhedra (Fig. 2.13). The sÈmcture ccnÈains three

symmetricatrly distirrct Cu2* sites, two of whìch are in octahedratr

coordination with (4+2!distorted geometries. The Cu(l) site lies on a ce¡rtre

of synrmetry, and shows a (2+4!distorted Cu2.Q6 octahedral geornetry (Table

2.1). Note that this confrguration is not a requirement of the site synometry.

Voiborthite

Volborthite, Cu3-(OH)rVrOr.2ÏIrO (Basso et al., 1988) eontains sheets

of edge-sha-ring Cu'.Qu octahedra. These octahedra-l sheets may be derived

from a Mg(OHL Grucite) layer in wt:uch, 25Va of the octahedral positions are

vacant (Fig. 2.1Ð. VA4 tetrahedra lint to each side of the sheet (Fig. 2.14),

and bonding t¡efween adjacent sheets is through the apical oxlrgens of

opposing VOn tetrahedra and through hydrogen bonding associated with the

interstitia-l I{rû groups (Fie. 2.LÐ.

The voiborthite st¡r.rctr¡re contains two sy'mrnetrically distinct Cuz.

positions. The Cu(Z) position occurs at a centre of syznmeôry, arrd is

surnounded by a (4+2)-distorted octahedron. The Cu(t) position has pofurÉ

s¡,mmetry Z/ru a*& the Cu(l) octahed¡on is (2+4ldistorted (Table 2.1). The

chemical composition of the material used for the structu¡:e study (Basso eû

al., 1988) rules out substitution of another cation at the Cu(1) site. Note

th.at Lkre (2+4!distorted geometries in volLrorth,rte, paratacarrúte and

demesmaekerite (?abtre 2.L) øre very sinrilar.
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r¡igure 2. 13. Folyhedrai structure representations of demes¡aaekerite-
Copper octahedra a¡e cross-hatched, iead polyhedra are shaded with a
ra¡rdom dot pattern, uranium pentagonal-bipyramids a¡e shaded wifh
ûrosses, selenír:_m atoms are large open circles, and oxygen atoms are small
open circles: a) lhe slructr:re projected onto (001); b) tñe copper..þh;drJ
sheet projected onto (010).
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Figure 2.13. Continued
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Figure.?14. Potyhedrat representations ofthe crystal structure of
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KCur2-(ûH)r[(Asûn)I{(AsO) j

ReeentXy, Effenberger (1989) reported a (2+4!úistorted ûu2-Q,

oc¿ahed!"oû in ûhe structure of KCu!.(ûH)z[(Asû¿X{(.åst¿)], which has not,

yet been deseribed as a nnineral. This materiâl crystallizes in the space

group C2lm ar¡d iûs sfructure is ctrosely ¡'elated Éo volbor-thite. The structu-re

contains the snrne octahedral-fetrahedral slneets as voibor&}dte, with,{sû,

tetnahed¡a replacing the VOn tetrahedra (Fig. 2.15). Howeven, unlike

volbortliite, adjacent octahedral'tetrahedral sheets are offset, with

intersheet bonding provided by lO-coordinated K and hydrogen bonds (Fig.

2.15). The Cu(1) posìtion, which has 2/m synunetry, is at the centre of a

(2+4!distorted octahedron (Table 2.2). The Cu(llQ bond-lengths ar.e similar

to those in volborthite, but the <Cu-Q"q> distance is slighúty longer and the

<Cu-Q"n> distance is signiÊcantly shorte¡: (Table 2.1). The Cu(2) site is in

(4+2ldistorted octahedral coordination, similar to that observed in

volbor-thite.

The occur¡:enc e af a (2+4)-ðtstorted Cu2*Qu octahedlaI geometry in

both volborthite and KCu!.(ûH)rt(AsOJH(Asû¿)l suggests that the

octahedral geometry results from connectivity constraints associated with

the particular octahredral-tetnahedyal sheets that occur in both structures.

Fossibly a (2+4)-distorted octahedron is energeticaliy prefened over a (4+2)-

distorted octa-tiedron at the Cu(l) site, with this very r.¡¡rusual situation

somehow tied to êhe comectivity requireroents of the sheets. l{owever, Èhe

existence of the ni¡rera-l bayidonite ìndicates otherwise.
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!a\9 2.2 Corypqgspn-olunit-c_e11 pala4eters (Å) and octahedral Cuz.q, trond-lengths (Å.) for volborthite,
bayldonite and KCul'(OH)r[(AsOr)H(AsOn)1.

Volborthite Cu3'(OH)rVrO?.2HrO

Bayldonite Cu3.Pb(AsO4)r(OH),

KCuS-(OHbt(AsOr)H(AsO¿)l

Volborthite Cu(1)

Bayldonite Cu(z)

KCql(OH),t(AsO)H(AsOo)J Cu(1)

10.610(2) 5.866(1) 7.208(1)

10.147(2) 5.892(1) 14.081(2)

10.292(5) 5.983(3) 7.877(4)

Octahedral bond distances

L.945(4) x2 Ctt(z) 1,.922(3) x2
2 172(4) x4 

3:î?i[B] iå

1.878(7) x2 Cu(3) 1.924(9) x2
2.087(10) x2 2.000(8) x2
2.272(9) x2 2.454(8) xz

7.899(2) x2 Cu(z) 1.934(1) x2
2.L86(7) x4 2.000(1) x2

2.428(Ð x2

Referenees:1: Basso et al. (1988); 2: Ghose and Wan (1979); 3: Effenberger (1989).

95.04(2)

106.05(1)

L17.86(2)

Space
Group

CZlm 1

CZlc 2

CZ/m 3

Cu(1) 1.891(7) xz
2.039(8) x2
2.423(1û) x2

E,R

"N
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.ilayXdoIriÉe

tsaytrdonite, Cu3*Fb("4sû4)r(ûtr{), (Ghose and \4ian, 19?9), space group

CZ/e, hlas a uniÈ cell that is very si&úlar to tLrose of volt¡orôldte a¡rd.

KCu3.(OH)r[(Asûr)trå(Aso)J (Tabtre 2.2). Eayldoníte contains Cu2*g.

ocûahedral-tetrahedrai sheets that are g::aphicatrtry identical io the

octahedral-tetrahed¡atr sheets i¡r votbortFrite and KCu!.(OIJ)r[(AsO)]I(AsOu)J

(Fig. 2.16). Adjaeent, octahedral-tetrahed¡al sheets in bayldonite are

con¡rected through ir.regular Fb2.Q* polyhedra and hydrogen bonding (Fig

2.16). The c dimension of bayldonite is double that of volhorthite and

KCuT(OH),(AsO/H(AsO,)J, ar¡d there are three distinct Cuz* positions,

each of which is located at a centre of symmetry. The Cu2*qu bond-lengths

in bayldonite are compar.ed to those in volborthite and

KCu!.(OH)r(..{sO)H(AsOr)J in T'ahle 2.2. Note that rhe cu(2) sfte in

krayldonite is related to the Cu(l) sites in volborthite and

KCuT(ûH)r(AsOo)I{(AsO/J, but the ligand arrangement is not (2+4)-

distoded. Instead, the Cu(2) octahedron in bayldonite shows an eiongafed-

rhombic distortion, best refer:ned to as a (2+2+2ldistorted octahed¡on.

The (2+4ldistorted Cu2*qu octahedra observed in Cu2* oxysalt

minerals are derived froro X-ray diffraction data, and as such cray be the

result of:

(i) ?Fre presence ofa statically (2+4)-disto¡-ted octahed_ron;

(iÐ The d5'reamie bime averaging of two non-aligned (4+2!distorted

octahedra;

(iü) The static disorder of (4+2}distorted octahed¡'a.

tr propose thaf the (2+4fdistorted Cu2*(r, octahed¡:a in volborthte and

KCur2.(OH)rt(AsOo)H(AsOf l, a¡rd the (2 +2 +2) - ð:,st orted octahedro¡r in
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Figure 2.16. Folyhedral reprcsenLaLions ofthe crystal structure of
l:¡]{1:ii-".r cul'ÞbtAson),tÖuu. tt'äïåi,pã.^å.tar(å¿* are cross-ha{.ched.
f;:ì:ä"i:T:i""11 Hi^ rludgd wlrh crosses and rhe lead aroms ar" c"osslrid.i!çrlyL¿ cll r.;res. aJ rne octah erj ral _ktrahed ral sheet projàcie<i 

""tã i'Aöi;, Ulthe structu¡e projected onto r o ¡ ol, ci iË:1-.;;ilà ;r'":"iiJäîä îl òöj 
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Figure 2.16. Continued
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bayldoniÈe, are the res¿rlt, ofa dynanrio "Tah¡-Teller effect. Sup¡:orling

argtrmenÉs are given in section 2.9, but first it is necessary to consider

{2+2+2)-drstayted Cu2.Qu geometries, and lhe dyearnic .trah¡-Teller effect, in

rrrore detaii.

2.5.5 Cåcc&¡'s'e¡¡ces of (2+2+2)-&isËorÈed Cu2*6* ClcÉaÏ¡edra i¡g C{x2*

ûxysalÉ Mineraås

Tlee ligand-field argumen{,s presented in section 2.2.1 indicate that,

either a (4+2) xr (2+4) tetuagaøal distortion of the Cu2.Qu octahedral

enviz'onment will remove óhe energetically degenerate electronic state and

stabilize the octahedron. Howevee', exarnination of Cu2*Qu octahedra in Cu'?.

oxysalt minerals shows that tetragonally distorted octahedra are rare: to

date, only five such Cuz.Qu octahedra occur in minerals.

Apical and equatorial Cu-Q distortion parameters may be deñned

individually as:

L 
^p 

= Ll 2zl(l 
^p 

;-1"0,")/i"o,"l'

Â.0 = 1/4X[(l.q,r-1.0,")/1"u,.]'

where 1" is the average Lrond-length. The values of Á"0 and Á"0 for all (4+2)-

dislorted tu2*Qu ocúahedra in ¡ninerals are shown in Figure 2.L7. Far

ranges of Å.0 from 0.0 to 0.00075, there is a consideraÌ:le range of Â"0

observed, i.e., Ílorn 0.0 to 0.023. I{owever, for vafues of Á.u ranging from

0.00075 to 0.0û3, ihere is generally a l¡ery narrow range of Â"0.

Of the 159 (4+2)-distorted Cu2.Qu octahedra in Ou2- oxysalt ninerals,

42 accur on a centre of synmretry. Each of these octahedra rnust have Å"0 =

19 9\

(2.3)
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S.û, a¡rd pXot alcng the ]ror"izontatr aris ill Figure 2.1.7 . \u&arly of lþrese

centrosymmetric Cu2*$6 octahedra show very Large h*values. Note also

thaÈ Llzere at"e ee¡¡eral ocerxrrences of, Cu2*$u octahed¡.a that Ïlave Ìarge Á*

val¡.res but trow Å"n vatrcles wldch are &oú on centres of symmetry (i.e., {n *
û.û).

The Cu2*Qu octatredra with high values of À"n and low values of Å"n are

rhombically elongated octahedra, and typically have two sholc frøns Cu-Q.n

distances, two loreg trans Ca-þ^, distances and two intern-rediate Írøns ûu-Q*

distances. Such a dístortion is best referred ta as a (2+2+2) distortion and

carr be considered as a subclass af tlne (4+2)-dtsto¡:ted Cu2*þ. octahedra, as

Èhe two intermediate Cu-Q* dístances are invariably closer to the short Cu-

Q", distanees tha¡r to the long Cu-Q"n disÈances. Exarr¡ples af (2+2+2)-

distorted Cu2*(ru octahedrâ in nrinerals are given in Table 2.3, which

contains only (2+2+2ldistorted octahedra in which the average inter¡:oediate

Cu-Q"o distance is greater than 0.10 É, lorge. than the aveï.âge short Cu-g""

distance.

For centrosSrmrnetric (2+2+2ldistorl,ed Cu2'Qu octahedra, the degree to

which a (2+2+2) distortion is present is convenientiy given by the parameter

Ar =[(Cu-0*,"¡"") + (Cu-Q"0r",.,-.¿ )] / [(Cu-0"q,intennea.) + (Cu-Q"")l

Vaiues of,Å," (Table 2.3) range frorn 0.85? in iubjibaite to a maximum of

0.923 in cyanochroite; note that cyanochroite and bayldorrite ar.e the only

Cu2* oxysalt minerals which contain (2+2+2)-dtstaúed Cuz*Qu octahed¡a withr

^r 
> 0.90.
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Table 2.3 ps¡rr¡ples of (2+2+2)-distorted Cu:'ô. oclahed;-a ot¡senved in
uu- ûryså!¿ mrne!:ãls; bûnd-jengths u:r A.

Ûctal¡ed¡a on a centre of sru¡netrv
A,

0.910
O.BB1
0.923
0.888
0.875
0.884
0.889
0.857
O.BB9
û.897
0.876

Octahed¡a not on a centre of svmmetrv

tsaytrdorrite

ûyanochroite
Turqr.rois
Chalcosiderite
Dolerophanite
Volbo¡:thite
Lu.djibaite
Vauquelinite
Chalcocyanite
Cornubite

L.878 x2 2.t87 xZ
1.89X x2 2.t39 x2
I.944 x2 2.û89 x2
1.915 x2 2.Lt9 x2
1.914 x2 2.A79 x2
L.992 xZ 2.A7t x2
I.922 x2 2.031 x2
L.918 x2 2.A4 x2
1.94 x2 2.06 xZ
1.916 x2 2.049 x2
1.911 x2 2.A31 x2

2.272 x2
2.423 x2
2.279 x2
2.422 x2
2.484 x2
2.526 x2
2.414 xZ
2.578 x2
2.44 x2
2.373 x2
2.467 x2

Ref

I
2

4
E

o
7
I
10

Campigliaite 1.86
Kamchatkite 1.86
Conichalcite 1.95
Calciovolborthite 1.906
Duft,ite 1.91
Malachite 1.918

1.898
Fseudomalachite 1.884
Antlerite 1.906
Ðernesmaekerite 1.95
!'o¡'nacite 7.84
Ðevillite 1.90

1.89
185

z.At 2.48 2.09
1.98 2.03 2.04
1.95 2.04 2.09
1.909 2.056 2.0?1
1.94 2.70 z.tL
L.91,5 2.A49 2.Lt5
1.911 1.996 2.055
1.884 1.974 1.985
L.923 2.024 2.A33
1.95 2.A4 2.t7
1.95 2.t2 2.08
2.A0 2.10 2.L2
1.93 2.07 2.LL
1.91 1.99 2.05

2.39 2.47
2.37 2.47
2.38 2.38
2.337 2.475
2.29 2.35
2.372 2.369
2.549 2.642
2.395 2.755
., .)ÁÀ I A1t

2.38 2 39
2.36 2.46
o Ðn ot4
2.38 2.43
2.44 2.49

Ref
11
t2
lð
L4
t5
16

L7
18
19
2A
21

References: tr: Ghose and Wan (\979);2: Robinson a¡rd Kennard
(l9l-Q; Q: Cid-Dresdner (1965); 4: Giuseppetti et al. (1989);
5: Effenberger (1985); 6: Basso et ai. (198€); 7: Shoemaker et atr.
(1981); 8: Fanfani and Zanazzi (1968); 9: Wildner and Giester (1g88);
Lû: Sieber et al. (1984); 1tr: Sat¡elli (L982); ].2 Varaksina et a.1. (1990);
13:-Qura,s.þi and tsarnes (1963); 14: Basso et al. (1989); 15: Effenberger
ald_Pertlik (1988); 16: Figan et a1. (]^977);17: Shoemaker et, al. (L977);
18: IIawÉhorne eù a]. (1989); 1-9: Ginderow and Cesbron (1983); 2û:
Cocco et al. (1966); 21: Sabelli andV,'anazzi (1972).
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2.6 Tfue Ðyma¡t¡{e 
"Ya}ur.-T'e}Íer &Ëfeet ffi,eq¡isiôed

In the case of a d3mamic Jah¡r-Teiler effect, the energetically

degenerate electronic state associated with a ds metal in an ocüahedraå

coordinatio¡l ie removed by viirrationatr distortio¡r of the octahedral cluster.

In ôhis case, the distortio¡rs ãn'e not static and there ie a contirruous

interchange of distorÈion di-rectio¡¡. The dyraamic Jahn-TetrXer effect was

introduced in SecËion 2.3.2.

The Mexiean-leat potentiatr for the coupling of the Eg vibrational

¡nodes with the electronic state of Cu2*Q* is given in Figure 2.4. The three

possible types of circular cross-sections through the minimum of the

potential-energy serrface of, F'igure 2.4 ate given in Fig-ure 2.5. The energy

minirna occur at 0 = 0, 120 and 240", and positions tr, II and trII comespond

to a (4+2)-distorted Cu2*Qu octahedron elongated in each of the three

possible axial directions.

As noted earlier (Section 2.3.2), if the energy barrier B is iess than

the thermal energy, a dynamic interchange of, elongation directions of the

(4+2!distorted octahed¡on will continually oecrir as the energy bar¡-ier is

oveqcome. T'he Cu2*4u geometa"y observed by erystallographic techniques will

be a time-averaged geonaetry. Depending on the retrative energies of the

wells, eithe¡'a hotrosym¡netric, (2+4)-distorôed or a rhombicatly elongated

octahed¡on [(2+2+2]disto¡"tedj will be observed (see Sectio¡r 2.3.2, Fig. 2.5).

The energies of the weiXs wiil depend on the linear coupling and

higher-order ter¡'os that resu-lt in warping of the lower surface of úhe

Mexican-hat, potential (Hathaway, 1984). I-ong-range effects in a crysta-l

wili tend to stahilize one or two of, åhe energy welÌs q¡ith nespect to the

others (Eersuker, tr984).
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.Also of, co¡rsiderable iørporta,ruce ¡slxen eorasidering dymam{c 
"Tahn-

Tetrler effeets is the height øf tfrrc ewergy È:aryiers between the welis

ínvolved. The enea:gy har¡'iers hetwee¡¡ tl-¡e tr, Tl and fII (4+2)-distorted

oeåahed-ra in F igure 2.5 comespond to (2+4ldistÆrted oclahedra conpressed

dow¡r each of ËÌre three axiatr directions. If the energy barrier is about úhe

same or tress fha¡r Éhe the¡mal energ-y of tfre system, conúinuous interchange

between the (4+Zldistorted octahed¡a v¡iltr occur.

The complete range of d3,"namic Jahn-Teller behaviour is shown hy

6he Cti2-(NOr). octahedron in CsrPbCu2.[]dtr1u. The st¡:uctr¡¡e is eubie at

42û K, $¡ith a holosyrru:netric Cu%(NOr)6 oetahedîon [Cu-N x6 = Z.L7 Ã]

(Mullen et ai., 1975); at rooro temperature, it, is orthorhombic with a (2+A)-

distorted Cu'z-(¡trOJ. octahedron [Cu-N x4 = 2.227, Cu-N x2 = 2.020 Å]

(Massey, 1973); at 160 K, it is monoclinic with a rhomt¡ically elongated

octahedron [(2+2+2fdistorted] [Cu-N x2 = 2.A73, Cu-N x2 = 2.115, Cu-N x2

= 2.9ûo al ß¿"1i"" er at., 19?5).

The CsrFbCu2-[NOr]6 structure shows the entire range of possible

d3mamic Jah¡¡-Teller effects, from a holosymmetric octahed¡o¡r associated

with three equal energy wells, through a (2+4!distorted octahed¡on

associated v¡ith two energy wells of equal energy and one of considenabtry

Èriglrer energy, ta a (2+2+2)-distorûed octahedron associated with two energy

weils of simiiar but unequal energy and a third well of considerably higher

energy. Few raaterials show the whole range of dynamic Jahn-Teller

effects, d.ue at least in part to thermal instabiiity.

A structure that contains a statically (4+2!distsrts¿ grr-6.

octahedron does not include any d3'nnmis Jah¡r-Teiler effiects. As the

structure is heated, an apparent (2+2+2)-dtsíorted octahed_r.on may ensu.e âs
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a dynaruic intereha-age between Èhe two lcwesÉ-energy weltrs develops. The

dislribuôion l¡etween lhe two wei?s witri be co¡¡troiled hy the Eoltzman:

distribrution larv. As lhe Éemperat*re is increased, the tþrermal poputration

of the Éwo lower-energy ç'eltrs ¡¡riltr hecome rnore sinrilar, a¡rd tlee Èirne-

averaged effect wiu be an a¡rpa'ent (2+2+2)-ðístnr.ted cu2*Q, octahedro¡r that

b,ecou¡es increasingly (2+4) in cha-racte' as 'ohe iete¡:¡nediate and Ìong cu-$

bond-lengths become sin'¡ìlar. A phase change to a lrigher s5rmmetry is

likely to ensue, sach that the new s¡,.mmetry will reflect óhe time-averaged

presence of the (2+4)-distorted Cu2*(r, octahedron. The sasre so¡.t of process

occurs again as the system goes from a (2+4ldistorted to a holos3,mmetric

Cu2*Qu octahedron with incneasing ternperature.

Copper Tutton's salts show dynamic Jahn-Telier effects.

Co¡rsiderable variable-temperature structr:¡al work has t¡een done for

(NHr)rCuh(HrO).(SOr)r, with ihe structure studied at 295 K(Webb et aI.,

1965; Montgomery and Lingafelter, 1966; Brown and Chibarnbaram, 196g),

203 and 123 K (,{Icock et pl., 1984). The room-temperature structure

contains a Cu2.(ru octahedron of rhombicaliy elongated octahedral geometry

la(2+2+2) distorbionl (Tabie 2.4, Fig.2.1B). This strong (Z+2+2) disto¡:bion

suggests that the octahedron rnay he a result ofthe d5niamic Jahn-Tel.ler

effect involving two energy wells of simitar but r:aequal energies and a úhird

wetrl of considerably higher erìerg-y. The octahedron is eloirgated in the cu-

û(7) direction most of the time, hut the nearby energy wein corresponding to

elongation in the C¡r-û(8) direction is aJso signiñcantly occupied, and a

dyramic interchange between these two distortion directs occur.s-

The temperature-dependent, nature ofthe Cu-Q bondJengths in the

(NHn)rCu'z-(HrCì)u(SOr, stmcture (Table 2.4, Fig. 2.18) indicates that a
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Tahle 2.!, ûctahedra1 bond-lengths (Å) ifr (NH.)rCur.(HrO)6(Sû,), and
(M')rcu'z-{FI20)6(So4)r, M' = K, -Rb, cs, r¡.

(Nf{n)rcuh(I{rû )u(sûJ,

295K. 2û3 K L23W

Cu-Û(?) 2.219(5) 2.250(2) 2.2't8(2)
Çu-û(8) 2.0e5(5) 2.a4LQ) z.affiG)Cu-t(g) 1.s61(5) \.967(2) 1.970(t)

Ref'. 1 2 z

(M.)2Cu'.(H'ûL(St*¡,

K Rb Rb(77 K) Cs T1

Ç"-Q(e) 2.278(2) 2.307(3) z.BL7(5) 2.815(5) 2.s12(5)
Ç"-Q(?) 2.û6e(3) 2.031(3) 2.000(5) 2.a04@i 2.0L7(4icu-o(9) 1.e43(3) 1.957(3) 1.e7S(5) 1.966(5) X.e5?(5i

Ref.34567

Refererrces: 1: Montgomery and Lingafelter (1g66): 2: Alcock et al.(1984);3: Robinson a¡r d Kennard ('1972)i 4: Van der Zee et af. (7972\: S:
Smith et al. (1975); 6: Shietds and Kennard ft97Ð;7: Shields et al. '

(r972).



E]{-}

c

ô

o

{4+2} {2+2+Z} {z+qþ

$ iz: ?03 
$ 
zso 

&

(r--.\_\ 
,̂--.-.......-,-.

\J----t-t-...\

---t---.---

""/9^ --'.'---\,
------'-Y

Figure 218- The temperatur:e dependence of Cu-Q bond-lengths in
(Nl{4)2Cu'?-(H2O)6(501)r- From Ilafhar.vay (1984).



6?

dy"zra¡¡'¡ ic Jahn-Teller effiect does occu'i¡t this stru¿ture (Alcock et a1., 1gE4).

Ðontinued. cootring results in a steady i¡rctease of the tu-û(?) distance, a

steady decrease i¡r the Cu-û(E) distance, and no sigrlñcarrË change in the

Cu-O(9) distance (Table 2.4).

The structu-res of sorne other copper Tutto¡r s sa1ts have also bee¡r

reporûed. These inciude tr{rCo,-(HrC}).(SOn), (Robinso¡r and Ken¡rar ð., I?TZ),

Rb2tu2-(HrO)6(SOn), (Van &er Zee et al., LTTZ; Smith et a1., L}TE),

Cs2Cu2.(I{2O)6(5Oo), (Shields and Kennard, 1972) and Tl2Cur.(EI2û)6(SO4),

(Shields et a1., tBT 2); of these, ÇCur"(IIrû)u(Sûr), is the mineral

cyanochroite. The bond-trengths for the Cu2*qu octahedron in each ofthese

structures are included in Table 2.4. Note that the long Cu-O bond is 6o

O(B) in each case rather than to O(Z) as in (NIlo)rCu2-(H2t)6(SO4)r.

Eactrr of the (M-)2Cu'.(II2Û)6(SO4), structures co¡rtain a rhornbica[y

elongated Cu2*q. octahedron, i.e., a (2+2+2!distorted oetahedron. Alcock et

al. (1984) suggest that, the Cs salt probabiy contains a static (2+2+2)-

distorted cu2.Qu octahed-ron with only the lowest-energy well of the potential

occupied. They indicate that the Cu2-qu octahedron in the Rb satt, has a

small but significant, dyrramic cornponent, as apparently verified hy the low-

temperature structure deóermination. Alcock et al. (1g84) suggest th,at 6he

K salÉ (cyanochroiôe) has a considerable dynamic component, with

significanô thermatr populafion of the two lower-energy wells. Variable-

tem¡:erature data for ttre K salt is not yet avaiiable, but compariso¡r ofthe

Cu2*Qu geometries in (NHo)rCuh(Hrû)6(SOn), and (M.!Cur.(HrO)u(SO,), dou,

suggest a significant dynarnic coruponent in ÇCur-(HrO)u(SO4)r.
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2"? Fsssitlle &pmmic Js$wc-Ten-Eer trfË,ecÉs å¡r Mi.zae¡rels

Most Cu2* oxysalt rnjnerals and Cu2. compounds conÈai& (4+Z!

distorted Cuz*qu octahedra thaú show liÉûle or no evidence of a d3'namie

.lah¡r-Teller cornponent. .4s minerals are typically very stal:le compounds, it,

has generaïìy been assumed that dS.namic Jahn-Teiler effects v¡iii not occ¡¡_r

i¡r their structures. ËIowever, the arguments developed here saggest

othenwise. The presence of (2+4ldistorbed anå (2+2+2!disÉorüed Cu2-qu

octal¡,edra in ¡rlinerals suggesÉs that some of the¡o may show dynamic Jahn-

Teller effects. As a dy'namic Jah¡-Teiter effect may tread úo observation of

each of these cool'dination geometries, eare must t¡e taken to determine

wtrether a static or dy'namic effecf is observed.

2.8 Recogai6io& of ÐJmå¡,r'¡ie 
"9alarr-Teffien Cu2oqu Octal¡edra i¡r

Sdinerais

Cu2* oxysalt minerals containing (2+4)- or (4+2)-distorted Cur-{,

octahedra should be investigated fur.ûher to dete¡:mine if'the configr:_ration is

static, dynamic or a res¡¡-lt, of static dìsorden. There are ühree possible

means of obtaining this info¡mation: (i) variable-temperature

crystailographic studies; (ii) crystal-str"ueture refinement fotlowed by the

study of anisotropic-displacement pararneters; (üi) electron-spin-resonance

(ESR) spectroscopy.

2,8,1 Variahåe-Tempenatu¿"e CrysÉaÏlog?eplny

The dynamic 
"Iah¡r-Teltrer effect is temperature dependent. The effecË

is due to a d5,'narnic interchauge of elongation directions af tine (4+2)-

disto¡:ted Cu2*(,u octahedron, and lhe relative energies of the three disto¡-úion
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direcûicûs are repreÊented by energy wells (Fig. 2.4, Sectíon 2.6)" The

interchange of elongatioia direetion is a fu¡rctio¿r of, the relative energ.ies of

Ëhe wells, and of the energy barrier between the wells. nf the to¿al energ.y of

the sysåem is su-fËciexxl ûo overcome the energy barir,:ey between the wetrls,

the ¡ropulation of the weils ll'ilX t¡e a Eollzrna¡r distribuûion. Var.iatiorl of the

Èemperature of the system will a-trter the populations of the energy wells,

óhus changing the apparent, Cu-Q bond-lengths. Marked sensiûivity of Cu-Q

bond-trengths to teinperature, such as is observed i¡¡ the structure of

(NH4)2Cir'z.(H2O)u(Sûr), (Section 2.6), indicates that the Cu2*Q. octahedron is

dynarnic.

9.8.2 A¡¡isofr@pie-Ðíspnâeemen6 Faramretens

D5n-rqmic Jahn,Teller distortion of a Cu2*Q, octahedron should be

accompanied by marked anisotropic motion of the octahedral ligands

involved. Non-dynamic MQu octahedra are expected to have maximrin¡ anion

anisotropic-displacement ¡rarameters sub-per¡rendicular to the &{-Q bond axis

(provided there is no static disorder), reflecting the relative ease of bond

bending compâred to bo¡rd stretching. IIowevee., in the case of a dynamic

Jahn-Tellen configuration, the opposite applies, such thaË the maximu¡n

anisotropic displacement of the anions is more-or-less parallel to the Cu-Q

bond axis. The best way to identifri dynamíc Jah¡-Teller Cu2*qu octahed_na

using anisotropic-displacerueert parameôers is to compare ttre root-mean-

square displacements of the ligands in the Cu2.Qo octahedron with those

observed for non-.Iat¡n-Teller distorted Mz*qu octahedra in isostructuratr

compor.urds (Hathaway et a-i., 1981).
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.4pplieaficu of, tlds approach fu ¿he idenfiñcaûio¡r of dS,"narrricalìy

distorted Cu2*Qu octaleedra i¡¿ ¡rdnerals ås lxindered hy tbe lack of, non-Cu2*

analogues of most cuz* oxysalt sÉmctures. .4lso, many cu2* oxysalt mi¡reral

structure refi&eme¡rfs in the Titeratu¡e are of low precision because of poor

crystal quality, and the anisotropic-displacement, ¡:a.ranreters (if given) rnay

be seriousiy i¡r ert"or on úhis accou¡-rt.

The anisotropic-displacement parameters for a d3,namic .Iahn-Teller

cu2*Qu oct'ahedron give specific information on Ëhe nature of the distortion:
(i) A,n apparent, holosym_metric tu2*Q. octahedron results when there is a

dSmamic inter.change between all three of the possihle etrongation

directio¡ls. trn this case, each octahedral ligand should show

maximu¡n anisotropic displacement, along each Cu-Q bond.

(iÐ An apparent, (Z+4}distorted octahedron results fuon the dlrnamic

interchange of two elongation directions. In this case, only forir of the

six octahed¡al trigands should show maximurn anisotropic

displacements parallel to the Cu-Q bonds.

(íiÐ Ttre effecô r¡¡ili not Lre as strong in partially dyreamic systems that,

result in (2+2+2}distorted Cu2-Q, octahed¡a. trn these cases, the

d3rramic Jah-n-Teitrer effect wiitr he more djfficuit to recognize on the

t¡asis of anisotropic-ðisplacement parameters alone.

9.8,S Electron-$pin-ResoaaEnce S1¡ectroscopj/

Electron-spin-resonance spectroscopy has been used in the study of
dynarnic Jahn-Teller Cu"Q, octahedra (Hathaway, 1gg4). The method is

usually able 6o disting'uish between static Jahn-T,eiler distorted Cur.Q,

octahed¡a and apparent' holosyznmetric octahedra úhaÉ are a result of the
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d3'nan-'ic 
"Tahn-Tetrler effecù. T{oweve¡", the ESR, spec¿*.lm af at ø.pparently

(2+4!ðisfurûed ocûahed¡or¡ (tluå a¡:ises d¿re to the dynaunìc interchange

l¡etween two disûortior¡ directiorrs) is very similar to that of a static

octahedron (HaËhaway, 1g84). Also, ESR, spectra fo¡.ditrute C*2* courpounds

ã¡'e more ¡nformaûive than for non-dilute cu2* eompou'ds, as spectra of the

latter a-re complicated by exchange coupling (Hathaway, trgg4). l{owever,

the åeraperature dependence of Èhe ESR spectra of some cuzo compounds

has t¡een used to suggest a dynamic Jah¡r-Tel1er effect (i.e., Rubins and

Drumheltrer, 1987; Rubins et a1., 1gB4).

2,9 Fossible ÐJ¡¡aar¡¡ åc Cu2.4u Ocúahedra i¡l Minenajs

Various minerals contain Cu2.Q, octahedra that rnay be dynamicaltry

distorted. seve¡'atr examples are considered in the following sections, and

atrthough a strong case may be made for the presence of dy,namic Cu2*Qu

octahedra, further verifi cation try variahte-teøtperatire structune

refineroents is desirabtre.

2,S.1 A Ðyna¡mic (2+2+2)-Þistorted Cu2.q. @etalaedro¡r å¡a

Cya-raoehroiûe

Cyanochroite, IqCu,.(HrO)6(SOn)r, Þras heen described f,nom Mor¡¡rl

Vesuvius, Iôaly, where it occu¡s as a volcanic exhalative. It is a Tutúon,s

salt, all of which have the genera_l for¡u.rtra h{.Mr1Hrû)6(X6-OJr.

Cyanoch-roite is a rne¡nber of the picromerite group, which includes

picromerite, IÇMg(II,O).(SOn)r, noöhrite, (NHn)rFe(IIrO)6(SO4)r,

boussingaultite, (lrIH"LMeG{rO)6(Sû4), and rricketr-boussingaultite,

(NHr)r(Ni,Mg)(ItrrO)6(SOJr. îhe structure of cyanoch:noite (Robinson and
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Keneard, 19?2) (Fig. 2.Xg) coirúaiers isotated Cr.r2"(Ífrû)6 octa_hedra that are

weakly boIlded to ùhe remai¡rder of the structure by K-û bo¡rds and a

¡reûwork of hydrogen -nonds. ?he Tufton's-salt strucÈu¡:e alÌows aonsiderahle

fTexibility of ¿he Iß-(OH2). octahedral geometry (Eby and Hawthome, 1993).

allowing the sfructu¡e to accornmodate a .Ïahn-Telter distortio¡r of the

cetahedr:a} envinonment; thus Cuzo Tutto¡r's salts are strictly isost¡:uctu¡"atr

with non-Cu2* Tuttorfs salts.

Given the strucÈ¿rral sonlpliance of the octahed¡on i¡r ôhe T\¡ttorfs-salt

structure, it is sul-pl'ising that the Cu2*$u octahedron in cyanoeh_noite sLrows

the strongest rhoryrlric elongation l(2+2+2)-djshartionl of any mineral, as

indicated by the Á,,. parameter (Table 2.3). If such a conepliant arrangement

were to accom¡rodate a statically distorted Cuz*Qu octahedron, it, shor:ld

sLrow a¡ essenÉially tetragonal (4+2ldistortion geometry. The observed

(2+2+2}distorted Cu2*Q. geonaetry in cyanochroite is only consistent with a

dynamically distorted octahedron, as predicted by Alcock e¿ al. (1984) and

as reviewed in Section 2.6.

2.$.2 Ðpaamåe C{l2n06 @eúa}redre i¡a É}ee SÉructr¡res of tsayndoniÉ.e,

Voåü¡o¿"Éhífe er1d KC¡¡å.(tEã)r[(,qs@4)H(.qs04)]

Ontry two roi¡rerals contain (2+2+2!distoded Cu2*qu octa_hed_ra with 
^r

> û.90 (Table 2.3). ûne ofthese ininerals ís cyanochroite, in which I have

proposed a dynamic Jah¡r-Teller effect. The other is the Cur.(Z)Q6

octahedron in trayldonite. The Cu-Q hond-length distributions in the two

minerals v¡ith 
^r 

> 0.90 are qurte sirnilar (Table 2.8), raisi-ng the possibilify

that the Cu'?-(z)06 octahedron in trayldonite is also d5mamic.
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Figrre 2.19. The crystal structure of cyanochroite projected onto (001). Copper atoms are cross-hatched eircles,
potassium atoms are circles shaded with parallel lines, sulphur tetrahed¡a are shaded with a regular dot, pattern,
oxygen atoms are open circles shaded with a c¡oss-hatch pattern, and hydrogen atoms are small open circles, K-O
bonds are drawn as dotled lines, Cu-O and O-H bonds are drawn as solid línes.

H
IJJ
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Ás noted in sectio¡r 2.5.4, baytrdonife, volborthte and

KCuS-(ÛT{)ri(ÁsOr)ll(,{sûJl altr co¡rt¿in graphicaJly identica} ocËahed_ra1-

tetralredral snaeets (Figs. 2.î4,2.15,2.16). The {z+z+zJ-ðætnx.ted c*,r(z)qu

octahed¡:on il:r the lower-syrnmehy sheets in baytrdoniÈe is graphicaily

equivalent to the (z+4ldistorted Cu2.(t)Q. octahedra in volboröhite and

KCuT(ÛIÐrKAsOrX{(AsûJl. I propose that all Èh¡ee of these octahedra are

the result, of a d1'namJc Jahn-Teller effect.

Evidence supporting a d¡maroic "Iahn-Teller Cu2*Q, octa_hedron in
bayldonite, volt¡orthite and KCur2.(ûHli(Asû)H(Asûo)l should be obtainable

from the anisotropic-displacement parametens for the octahedral ligands.

However, anisotropic-dispÌacement pa-rameters were only reported for two of

the oxygen atoms in volt¡orthìte. The strrrcture refi¡¡ement reported for

KCu3.(OHLt(Âsf))I{(Aso)J (Eff,enberger, 1989) is of good quality and

anisotropic-displacement, parameters are available. Therefore, the

discussion of the anisotropic-displacernent parameters that follows is largely

in reference to that structure.

KCuå.(OÏå)r[ (Á,s t4)H(AstJ]

The structu¡e of KCu!. (OH)rl(..4.sû)Il(,{sC}o)l contains two

symmetrically distinct Cuz*q, octahedra; one shows a (Z+4ldistorbion [Cu(t)]
and the other shoq¡s a (4+2ldistortion tûu(Z)1. The Cu(X) site has 2Án point

syrnntetry such that, fhe four equatonaX Cu-O(g) bonds are equivalent, as

are the two apical Cu-OI{ bonds (Table Z.Z). T]lr¿e Cu(Z) site has 1

s¡nnmetry, and the octahedron is somewhat (Z+2+2)-distorted (Table 2.2).

Anisotropic-displacement parameters for the Cur.(1)06 and Cur*(2)Q6

octahedra in KCu!{OH)rt(AsOr)H(AsC}n)l are shown in F.igure 2.20. T:ne



Figure 2.20. Anisotropic-displacement ellipsoids for the Cu2-Q, octahedra in KCu!"(OH)r[(AsO*)H(AsO/]: a) Cuz-(1)Q6,

b) cu"(1)06, c) cu2*(2)Qu.
\
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parameters fcr the asrioes ûf the Cu'¿-{1}Qu octahedrou are eo¡¡sisûe&t wiôh

the Cu2.(1)06 octahed.ro¡¡ being dyrrairdcatrly distonted. TF¿e maxi¡ruln

principal axis ofthe û(3) displacement ellipsoid ís sub-payatrlel Ëo the û¡¡(tr)-

û(3) dì::ectior¡ as sho¡¿'n in Figr-rre 2.27. TÌne ûf{ anisotropic-displacenaent

ellipsoid is nearly spherical (Figs. 2.2û, 2.2Lj, as is normal for a static M-Q

bond.

The Cuk(2)Q6 octa-Lredron shows a¡rior¡ anisotropic-dispiaceroenf

parameters consistent wiËh static "Iahn-Teller distortion (Figs. 2.20, 2.21).

In this case, the maximum principatr axes of the anion anisotropic-

dísplacement ellipsoids are not parallel to the Cu-Q bond directio¡rs.

The dynanic Cu'z-(1)Q6 octahednon must be accomrnodated by the rest,

of the stn¡.ctr.rre of KCu!-(OHLI(AsOJH(ASO¿)1. Unlihe most compounds

that show dynamic Jahn-Teller Cuz.Qu octahedra, the Cu2-(1)Q, octahedron

has strong bonds between the octahedral ligands and other cations in the

strl¿ctuîe (i.e., Cuz. and As6*). T'he enviror¡menl of, the d5mamic Cur.(1)Q6

octalred¡on rs shown in Figure 2.22. Tlne Cu(l)-O(g) t¡ond is dyna.rnic,

whereas ¿he Cu(1)-OH bond is static. Each û(3) ligand is also honded to

Cu(2) and A.s. The dynamic rnovement of the O(3) trigand on ¿he Cur.(1)g6

octahedron must ¡:esult in a disto¡:tio¡r of the Cu2*(Z)Q, octahedron ared a

tilting of the Asûo tetrahedron. The As position is bonded to two O(S)

atoms, an û(1) atom and an û(2) atom (Fie.2.ZZ). T,he O(1) position is a

statie ligand shar.ed try two Cu(2) atonas and acts as a& a¡rcFror for tlee AsOn

öetratredron. The O(2) atorn is tocated at the (AsOo) apex, and is only very

weakly bonded by two Iong bonds to K(9.24 Å, Effenberger, 1989) and hy

two hydrogen bonds. Tilting of the AsOn tetrahedron can easily occur due ôo

the weak bonding to O(2), and may happen in two ways. The coupled



Figrue 2.21. .Arisoírcpjc-displacement elÌipsoids f,or Car_Q bonds
KCuS-(oH),t(Á.soo)rI(Aso)ì.
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Figtte 2.22. The detailed environments of the Cu'?-(1)Q6 and Cur.(2)Qu octahedra in
KCu!.(OH)r[(AsOn)H(AsOn)ì. Copper octahedra are croÃs-hatched, arÄenic tetrahedra a¡e shaded with
para1le1 iines.

*.¡
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mûtiûx1 of botlt û(3) atoms in the sarne direction wjÌtr ¡nove the û(3!û(g)
edge of the Ëetrahed-ron up and down, such tltat ti*e {}(2) apícaloxygen wn}

move bacl< and fo¡:úh atrong ttrre [iûû] dírection. {t, is also possible that the

t'wo û(3) atoms wi-lx ¡:aove out of phase, such that one n"Âoves up whiie the

other moves down. I¡e this case,6he A.sO, tetrahedron would rotate about

6he ,{s-û(1) bo¡rd and the û(2) oxygeft atom would move t¡ack-and_forth in
6he [0 10] directio¡r. Exanrination of the anisotropic-displacernent

pararneters for the û(2) position (Ftg. Z.Z3) cleartry shows significant

arrisotropic displacemenÈ in the [010] direction, indicating that, the motion of
fhe two o(3) tigands belong'ing to one Asûn tet'ahedron are oert-of-phase.

Volborthite

The volborthite structure (Easso et al., lggB) contains a Cuz-(1;qu

octahedron analogous to ¿he Cur-(l)Qu octahedron in
KCu3.(OH)rt(AsOo)H(AsOr)J. However, Basso et al. (198g) only give

aaisotropic-displacement parameters for two of ttre oxygen atones, both of
whichr show anomalously high values. One ofthese oxygens belongs to the

interlayer I{rO group, and the other tû(1)l is the apical (non_sheet) oxygen

of the von tetrahed-ro¡r. In volborthite, this oxygen is shared between two

von t'etrahedra t'hat link adjacent sheets, and the v-o-v bond is linear by

sy'rnrnetry constrair¡ts. However, Easso et aÌ. (lgg8) arg"ue that the large

displacernent parameters associated with the o(t) position indicate

positional disorder and a non-linear v-o-v t¡ond. The local environ¡nent

around the VOn tetrahedron is shown in Figu_re 2.24. Note that tlie Cu(l)_

O(2) bonds are predicted to be dyn amic in this case, as O(2) in voiborthite is
graphically equivalent to û(B) in KCuSr(ûH)r(AsO,)H(Asû,)1. The O(1)
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Figure 2.23. Anisctropic-disÞlace¡nent ellipsoids for the AsO, tetraheclron in
KCuI(0H)r(Asû1)H(Ásû.)1. -
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FíCure .2.24. Anisotropic-d.ísplacement, ellipsoid for the O(1) positíon in
¡¡olborthite.
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areisotropic-displaceraeaå ellipsoid ire vcl?¡ce'thiôe ís etrongated in the same

-wãJ¡ as the û(2i disptracement ellipso:d in KCr{-(ûH)r[(A.sûn)H{Asû¿)] (FiC.

2.24), consisterlt \ñri¿h a dymarnic ûu'z-(1iQ6 oatahedron, as wetrl âs â &ûx1-

trinear V-û-V bo¡rd.

Eavldonite

A-rgu-ments based upon ttre structu¡:al retrationships hrei;ween

bayldonite, volborthite and KCur2.(ûHlt(.4sOo)H(AsOo)l (see at¡ove) tread to

the predieúion that the (2+2+2)-dtstarled Cu,.(Z)(l6 octahedron in bayldonite

is dy'namically distorLed, whereas the Cu2.( j_)Q6 and Cu2.(B)Q6 octahedra are

statically distorûed. The dynarnically (2+2+2!distorbed Cuk(Z)Qu octahedron

is elongated in the Ou(2lO(3) direction 4/e of tlte time ar¡d the Cu(2lo(z)

direction % of the time. The predicted d¡.namic interchange of the distortio¡r

directio¡rs should lead to markedly anisotropic anion displacement ellipsoids

with their maximu¡n principal a-xes parâllel to the Cu-Q bonds. The

anisotropic-displacernent ellipsoids for each Cu2-Qu octahedron iri baytrdonite

(Ghose a¡rd Wan, X979) are shown in Figure 2.25. The anisotnopic-

displacement parameters are of trow precision, owing to the high X-ray

absorption (w = SZZ cm-l) a¡rd poor erystal quality, and soroe of'the eltipsoids

apparently show anonnalous shapes (i.e., ûH in Fig. Z.Z5). Elowever, the

anisotropic-displacement parameter.s ane generally consistent with the

proposed dSrramic Cu2*Q. octahedron in bayldonite, and so they ane included

here. The anisotropic-dispXacemenÈ ellipsoids for the Cu,-(2)Qu octahedron

(Fig. 2.25) show that the naaximum principatr axis of tFre û(S) displacernent

eliipsoid is parallel to the Cu(21û(3) bond. FÍowever, ùe AQ) displacement

ellipsoid is elongated essentially perpendicular to the Cu(2)-O(2) bond. The
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Figure 2.25. Anisotroprrc-displacement ellipsoids for Cu2-4, octahedra in
bayldonite: a) Cu(l)Qu, b) Cu(z)Qu, c) Cu(3)Qu.
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displacement elLipsoids for Ëhe Cu(l) and Cu(3) octunxedra (Fig. 2.25) are

cûnsisten¿ with tire ortâhed!'â being staúically distcrled.

The d5ararnic distortion of the Ðu'z.(1)Q6 octãhedra in votbor-thite and

KCu!.(OH)r(Asûn)II(AsûJl rs acco¡nmodated by a tiiÈing of the tetrahed¡a3

group, as strown in Figwes 2.23 and 2.24. Nate that in hoth cases, the

tetrahed-ral cation is trocated on a nli¡-ror piane. The coupled rnove¡nent of

the trigands on eiÈher side ofthe vnìrcor plane canses the apícai tetrahedraJ

trigand to sweep out a path perpendicular to the ¡nirror plane, as shown by

the arrisotropic-displacement ellipsoids (Fies. 2.23, 2.24).

The situation is sornewhat roore complicated in bayldonite. The local

environment of the AsOo tetrahed¡on is shown in F igure 2.26. The As is

located on a general position in the space groap CZlc, and each of the f'our

tetrahedral ligands are sy'mmetncally distinct. Also, the tetrahedron shares

its iigands with two pairs of three symmetrically distinct Cu2. ions. Of

these, only the Cu'z.(2)06 octahedron is dyrramically distorted. The effect of

the dynandc trigands on the tetrahed¡on is so¡newhat differer¡t from that

observed in volborthite and KCuj-(OHLt(AsOJI{(Asû¿)1. trn ùhis case, the

Cu(2)-û(3) and Cu(2lO(2) bonds are dlmanic, as i¡dicated by ar*rows in

Figure 2.26. Also, the Cu(2!û(3) t¡ond is elongated 4s of thrc úi-me whereas

ôhe Cu(2)-O(2) bond is only elongated % of the tine. For a given AsOo

Éetrahedron, the Cu(21û(3) bond is elongaled while the Cu(ZIO(2) bond is

shortened, and the Cu(2IO(3) k¡ond is shortened while the Cu(2!O(2) bond

is elongated. This coupled d5.mnnlis movement rotates the tetrahedron such

that the apical O(4) position roctr<s back-and-fodh, as elearþ shown try ttre

û(4) disptracement ellipsoid tn Figure 2.26.
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Frg'are 2.26. Anisoöropic-displacement ellipsoids for åhe é"s0u úetrahedron in
bayidonite.
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In summary, the availal¡le strucËr¡¡af data iirdicates tinat, th,e (Z+4j-

distorted Cu2.gu ocba&edra in volbodchite aÞd KCu3.(tE{!i(Asûr}F{(Asû}1,

a-nd the {2+2+2)-&staxted Cu'z.06 octa}¡edron in bayidonite, aye a direct

resu-lt of fhe dynamic .Ïahn-Teiler effect. Xt is any intenÉion to pu_rsue ttrae

details of these stnuctLrres at, a later date using variable-temperature

crystatr-stnucture ¡:efi nement.

2.Ít Ðiscr¡ssio¡a

It is only after careful examination of all Cu2.çu octahedral georoetries

ín Cu2* oxysâlt minerals that the true importance of ttrle Jahn-Te[er effect,

is appa-rent. It has been shov,¡n in the previous sections that probatrly every

Cuz*qu octahedron observed in Cu2* oxysalt minerals is dístorted due to the

Jahn-Tellen effect'. there is no canclusiue exarnple af a halosymmetrb CtË"g,

octahedran in these minerals.

T'he (4+2ldistorbed Cu'z-qu octahedral geometry is try far tÊre most

cû¡nmoÉ i¡r Cu2* oxysait r¡rineraLls, as is the case for Cuz* compounds in
general. Ïfowever, a considerable range of Cu-Q bond-trengths are observed

in these octahedra, witli the apicat bond-lengths showing the ¡nost

dispersion. The (4+2!distorted Cu2*06 octahedron is fiexible and responds to

steric effeets of the crystal structi:re.

{t ¡'emains unclear as to wFrether or not any (2+4)-distorted Cur-$,

ocÉahedra occur in n'rinerals. Fossible examples ar.e in campigtriaite,

paratacamite, volborthite and demesmaekerite. ûf t&rese, those observed in

campigliaite are fro¡n suct! am impreeise structun:e refinement that the bond-

lengths cannot be considered reliable. voll¡orthite contair¡s a (z+4)-d.isto¡-ied

Cu2*4u octahedron, but strong arguments have t¡een advanced here that the
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ostahed-rrn is a dynalrdcalÌy distoded, a É,ime avel.age of, two u_naJigned

{4+2}úistor¿ed octahed¡a" The pa-ratacar-øite stftrctu¡:e repodcediy contains a

(2+4!disto¡"óed octahedrûÐ (Ftree1,, 19?5), L¡ut the refirreme¡rt involved a

complex superstercture, al-rd as a consequenre, anisotropic-disptracement

¡rarametens ¡¿¿ere not reñ¡red for the octahed,ral trigands. This octahed¡on

neay also be dynandcally distorted, or it raay possibiy Ere occupied by Zn

rather úharr Cuz.. Finaily, there is a single (2+4!distorted Cur"Qu

octahedron in demesmaekerite. This octahedron is fhe most persuasive

exampie of a true (2+4)-distorted Cu2*Q, octahedron as the anisotropic-

displacement ellipsoids reported by Ginderow and Cesbron (1989) (Fie. 2.2?)

do not conclusiveiy indicale that the octahed¡on is d5rna¡n ically distoried.

Mineratrogists have aJways assumed that dynamically distorted Cu2.Q,

tctahedra do not occur in nainerals. Ifowever, it seems protratrle úhat

d5,zramically distorted Cuz*Qu octahedra do occur in cyanochroite, volborthite

and bayldonite; two ofthese structures llrrave (2+2+2)-distorted octahedra.

Furtherrnore, a number of other Cu2* oxysalt minenals also show (2+2+Z)-

disto¡-ted octahedra (Table Z.S), and it is possible tFrat some of ühese may

also be dynamLicalÌy disfoded.
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Fig:ure 2.27 " -A-rlisotropic-displacement ellipsoids for the Cr.r(1)Q6 octahedron
in demesrnaekerite.
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&6øåeawla-r"@rbi.ta3 &€eÉhods

h{olecula-r-or}ritãl (Mt) ¡-eethcds have been used by ttrteoreüical

chemists for at, least twenty years, primarily tc predict geome¿T:ies,

energebics and stabitrities of moiecules. Molecular-orbitatr methods are based

er¡ron quantum mechanics, and range from empiricatr neethods, which include

an experirnentally determined component, ta øb i,nitía uiethods, wtrich

inctrude no experirnentally determined pararneters (apal"t from "universal"

eonsta¡rts).

L{O methods have been applied to relatively small moiecules with

considerahle success, but, it has only been quite recently that corr¡putational

sophistication and pûwer have reached levels which allow application of

these rnethods to rrinerals.

S.tr Tñae Moleculan-@rhíta} ftÆefÏ¡od Applåed Éo lt4i¡aersis,

At the present time, MC) methods are being applied extensively to the

study of properties of a range of minerals with closed-shell rnolecular

waveÍìrnctions. Large-scale a.b initio Â4O calculations that include enfire

crystal sÉructures ($¡itlì appropriate boundary conditions) are presently

restricted to a small numben of "sirnple" minerals. However, crystai MO

methods have been quite successfu-l ìn predicËing the properties of such

rainerals as quartz (Nada et aÌ., 1990) and spinetr (Ð'Arco et al., 1991).

As crystal MO caiculatiorrs can only be done for a few mi¡rerals at,

today's level of computational power, there have been a considerable

m¡:rltle!' of calculations done for molecular clusters of, varying size as an
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approidr¡"ìatiorì af lacal conditio¡ls il a crystal st¡-ucture (i.e., McCainr.non et

al., L99X; tr-asaga a¡rd GàliÌ¡s, 199û, 1988, 1987; Gibbs, tr982; Newton and

GibÏ:s, 1380). Tirese eluste¡' calculatio¡ls are, at best, only an approximation

of úhe local enr¡ironrue¡lt in a structure; there are many long-range effects in

an extended periodic str-ucture that are ignoned by such calculations.

Nevertheless, this type of, calculatio¡¡ has ¡:roven to be of considerable value

in the interpretation of so¡ne strrrcturatr variations in minera.is.

S"2 Moåecula-r"0¡"hiúaÏ &[ode]s.

The øó initio M{} method is an approximate method of describing

electron distribution and motion. The method assìgns individual electrons

to one-electron functions referred to as spin orbitals. These orbitals are

nrade up ofa product of spatial f,unctions known as molecular orbitals,

tyr(x,y,z,), ty"(x,y,z), y3(x,y,z)..... and either a or þ spin-components. These

ort¡itals are used to form tÌlre many-electran uauefuncti,an, aMA

approximation of the solution to the Schödinger equation.

Ðue to computational di-fficulties, the molecular orbitals are often

constructed as linear cor¡rbinations ofN (knowu) one-electron functions @r:

V; = Ðc"iÕ" (3.1)

The functions @, are known as Õosæ functinns, the colleclion of which

constitutes the basis-set. Often, t¡asis functions ay:e aiomic orbit(xls fat tlne

atoms constituting the rnolecule; this is referre ð ta as tine Linear

Combi¡zation of Atomic {}rbítals (LC,{O) approximation.



&.3 T'he &omr-&ppen-hei¡mer Aí¡proxåroaÉåø¡r.

T\ze Ëorn-{}ppe'rth,ei,m.er approximation assumes that the eleet¡:onic

üe¡'ms of the røolecular Harr'iltonianl are separahle &orrr 6he nuclear terms

v¡hen tl¡e nuclear positions are lreld ñxed" Tl¡is is noruuÌly done by doing

cal.culations for a series of nuclear-mrelear separabions. Ttae Schrödinger

ûime-indeperrdent, non-retrativistic equabion is sonved f,or ail elecfrons ixì Èhe

system:

llyt"" = P*"t"" (3.2)

where Ê is the electronic Harniitonian, and \ft* is the electronic wave-

fi:¡rction. Tlre solutions of equation 3.2 are known as eigeruunlues, E; they

give the electronic enengy of the systern and are a frr¡rction of the nuclear-

nuclear sepal'ations.

3"4 T'Ìre K{arú¡"ee-Fock MeÉ}rod.

The principai problem úo be addressed is finding a suitable function

for q,rr". Iw tlte Elartree-Fack øpproxintatian, tine electro¡ric wavefi-¡nction

\fr"" is an antis5mrneetrized2 product of one-electron funcüio¡rs y,. These

roolecula¡' orbitals (\¡,) a"e linear combinations of atomic orbitals @":

\¡i = Ðc.¡@" (3.3)

tThe tr{a:niltonian (Ê) is a differenôial operâtor that represents the tota-l
(kinetic and potential) energy ofthe system.

zTbe Fauli prínciple (æ tlne exclusian prínciple) is a postu_late of quantum
mechanics which states that the waveft¡nction of a systern of electrons must
be antisS'rnrnetr:c with res¡reet to interchange cf any two electrons (i.e., the
sign of the wavefi¡lction must ch.ange).
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rnzlrere e,,, a¡:e known es dtLe wLúl,eculs,r-arbitsl expürtsiotrL cûeff,Leient s, and are

te be determiaed i¡l the calcutratio¡-r.

Tl¡e Ha-rtnee-Fock wavefu¡rctio¡r is a dete¡rnir¡ar¡.óal wavefi:¡rction that,

is consÉructed froat mclecular orbitals, which i¡r turn may be expanded as a

set of basis fi:¡ctions (@"). trn Xfartree-Fock theor-y, úhe optimal values of

the expalsion coemcients co, are deterenined using Èhe variational metLrod

(whieh wray be applied to deternrine the optirnmrn orbitajs of a single

determinar¡t wavefunction, IIehre et åì., 1986). The variational theorem

indicates that for any antisymmetric norrnalized wavefi¡¡rction @, the

expectation energy (E') may be obtained from the iritegral:

n' = Jo ¡ro¿'r (3.4)

The variational theorem indicates that if Õ is the exact wavefirnction,

it wüi satisfy the Schrödinger: equation and the expectation energy (E') wili

t¡e the correcb energy of the system within the limits of quantr:¡n-rnechanics

theory. Otherwise, the expectafioÍl energy (E') provides an upper L¡ound to

the correct energy (E) of the system. The molecular-orbital expansion

coefËcients c,, are adjusted for a given brasis-set by minimizing the

expectation energy (E') of tFre systern:

ðE'=¿(aitru,i)
ðc",

/ I tl

IIow close the Hartree-Fock energ'y is to tlle correct energy depends on the

single-determinant wavefi-¡nction a¡rd the basis-s et us ed.
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?he varia'ûio¡l copdiôion (equafion 3.5) gives rise t¡¡ a se¡'ies of

algebraic equetiûns for c", which a¡:e cotrlectivetry refemed to as tþre RooËhaan-

Idall equaÉions. TFrese eqüâtio&s are no¿ linear, thus their solution i¡rvolves

a¡r iËerative process k¡rown as self-eo¡rsìste¡rt-field (SCF) theory.

Í{artree-Fock calculations have been widely used in the study of

ground states of motrecules, for v¡hich the theory is generally adequate

(Hehre eô al., 1986). However, the Har-tree-FocXr method is trased upon a

single-detemrrinant wavefrrnction, a.:rd it is noû possible to express an exact

wavefunction as a single determinant. As a result, the Flartree-Fock

approach provides an inadequate description of th.e carrelatjon hetween the

nûotions of, electrons. Ilartree-Fock wavef,unctions do not account for

correlation of the ¡notions of electrons of different s1lin, arld correlation

between the ¡notion of electrons of the same spin is only partly accounted

for. The correlation of the motion of electrons which are u¡raccor,¡¡rted for i¡¡

Harôree-Fock theory lead to calcutrated energies that are higher than tlre

correct values:

E (correct) = E(Hartree-Fock) + E(cor:relation)

Eond-breaking processes are not well described by l{artree-Fock

calculations. trt, has been shown (Fïehre et al., 1986) tinat closed-shell

Restricted Hartree-Fock (RIIF) wavefirncfions do not, dissociate ccrrectly

when tlre corresponding nuclei a¡:e moved to infi¡ite separation; opeTL-siæll

Un-restricted ÏIartnee-Fock (UHF) ealculations do better in these

circumstances. Bond-dissociafion energies may be seriously underesti¡naled
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if etrectron correlai,io¡r Ì¡ef;wee¡r óhe boading patx of eleefua¡Ìs is noË properly

taken inÉo accoernt.

S"5 Basås-SeÉ $eåeetío¡e.

Easis-set selection is the most imporbareô decision rnade when doing

Hartree-Fock calcuJations, ar¡d Èhe choice is complicated try the åarge

clumber of't¡asis-sets available in the Ìiterature. Vtrhen selecting trasis-sets

for Mû caleu-lations, desired acflrracy is balanced. against the cost of ôhe

calculations, as the cornputaúionai erpense of a Hartree-F ock Mû

catrculation is proporLionatr to the fourth power of the nu:nber of basis

f,unctions (IIeh¡e et al., 1986). Optimally, the s¡nal.est basis-set that gives

ûhe required level of'accu¡.acy for the problem at hand should be chosen. It
mus¿ also be kept i¡r mind that compar-ison of rest ts obtained with a given

basis-set is less prone to error (due to the limited size ofthe trasis-set) than

are the absolute properties of the system.

The simpnest t¡asis-set used iû ab initia theoryr is the mi¡ri¡nal basis-

set which comprises exactly the number of fi:¡rctions required to

accommodate all of the electrons of the atom, while nnaintaining overall

spherical syrnmetry (Hehre et at., 1986). The STO-3G* mi¡rima} basis-set

(F{ehre et al., 1969; Collins et atr., 1976) is perhaps tFre most wide}y used

basis-set. Ir¡ the STû-SG* Èrasis-set, each Slater-type3 atornic orbital is

sslater-Tþe Orbitals (STû) have an e:ponential radial part and provide
a reasouable representation of atomic orbitals, but they âre not weil-suited to
computational work. Gaussian-type orbitals are powers af x., y, z multiplied
nry expCc.r2) where c¿ is a consta¡rt giving the size of the func$ãn. Gaussian-
type orbitals are ¿heoretically less satisfactory than Slater-type orbitals as they
do not trave a cusp at the origin. However, Gaussian-type orbitals are well-
suited to computational work, and they have been used in uranv Mû studies.
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appruxima¿ed by a linear combinãtion of Èþ¡ree Gaussian-fJrpe (BG)

fwrctions. The STû-SG* basis-set for first-row transiËion metatrs has been

wid.etry rrsed for Èhe ealculation of, :zrolecu-lar properùies. Althongh there are

sLrortcoznings in the ¡¡ri¡eiro.atr $TO-3G* basis-set, sûme aspects of bonding,

parôicutrariy in organometallic complexes, are well described (Ðobbs and

Hehre, tr987). For exarople, Gibbs (1982) described the use ofthe STû-BG+

basis-sel for geometry optimizatiora of 18 hydroxyasid rnolecules .\Ã¡i¿h t3l-,

l4l- and [6]-coordinate first- and second-ro\,v ions. The calculated bond-

Ìengths differed. rn average by less than û.04 Å from tÏ¡e mean obse¡.ved

bond-lengths. Fop1e (1976) reported lhat the mean absolute deviatio¡r from

experiment for SCF STC)-3G bond-lengths in several dozen molecules

contâiraing H, C, N, O and F is 0.030 A. Mooe recenttry, McCarormon et al.

(1991) and Lasaga and Gibbs (1988) have used the STO-3G minimal basis-

set to calculate physical properties of rninerals. The main attraction of the

STû-3G* basis-set (other than the relatively low cost of the calculations) is

its effectiveness in predicting geornetries, due at least in pa_rt, to tlee

f,or'auitous canceilation of def,ects in the calcuiations (Davidson and Feller,

1986).

The 3-21G* split-valence basis-set (Ðobbs a¡d ÏIehre, 198?; Einktrey

et a1., 198û; Gordon et atr., 1982; Fietro et atr., 1gB2) is also commonly used

for many-electron systems. Each ofthe core-etrectron ort¡itals is represented

iry thnee Gaussian-type functions. The valence orbitals are âlso represented

by three Gaussian-t5,pe firnctions, two of the functions treing contracted and

the third treing a diffuse function.

Other basis-sets used in this study include Éhe STÐ-SET(I) a¡rd ÐZC-

SET(1) seËs which have been reported for transition metals (Tatewaki and
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TÃwrlr;r,aga, L979). T!¡e hasis-sets are minimatr basis-sets, but åhey result, ire

Élac'tree-Foek energ'ies eonsiderabiy trower than oÈher transitloo-rnetal basis-

seÈs; i-n srlne cases, the energies are as lorv as those deterndned usiog the

douhle-zeta (ÐØ) hasis-set, which is for:¡ned by Éhe doubling of all functions

of Ëhe ¡¡dnimal re¡:resentation. I{owever, these basis-sets have not k¡ee¡¡

extensively tested, and iË is not knov¡o frow weli they reproduee

experimentatr geomel,ries.

Recently, nerv basís-sefs including effectr;ive core potentials f,or

cheroicatrly-inert core electrons have heen reported for atoms from Na to Ei
(Hay and Wadt, 1985a, 1985b; Wadt and I{ay, t9B5). T'hese basis-sets,

reÍbryed to as the Los A-l¡rnos National Laboratory effective core potential

sets, conlain va-lence-electron d.escriptions that are either minimal

(LAIILIMB) or double zeta (LANtr-1DZ). A. double-zeta basis-set, has two

contracted functions per atomic orbital. The representation of the

chemically-inert inner-core electrons using effective cone potentials has

increased the scope of quantum chernistry by greatly decreasing the cosl of

heavy-atom calculations.

3"6 Fos6-låsa"tnee.F'och Metlaods

Various post-Hartree-Fock Mû methods have been designed to

overcome the weak¡resses assocíated wittr the Hartree-Fock method. Fost-

Hartree-Focl< meûhods start where the Í{artree-Fock calcu-lation termir¡ates.

The procedures begin with a singte-determinant }lartree-Fock wavefunction,

and attempt to correct for electron correlation. Heh¡e et al. (1gg6) have

listed four feat'ü¡"es that are desirat¡le in any posô-Ilartree-Foek ¡nethod (or

any MO ¡nethod):
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{1) The cneühod shouid be we}l defrnedu ared app}icabtre in a

conli¡rtrous &â!ìÌ1er to any ar"rangemenÈ cf nuclei and any

n¿rnatrer of, electrons.

{2} ?he method must not tread to s¿rch a rapid increase i* required

aomputation witb molecu-lar size as to preclude its use i¡r

systenns of che¡nical (a¡rd minera-logical) interest.

(3) The ¡nodel must }¡e size consisúenf; any naethod must give

addifive results whe¡r apptried úo an assembly of isolated

molecules.

(4) The calcutrated electronic energy shou-ld be variational; il
should correspond to an upper bound of the energy f,rom exact

solution of the Schrödinger equation.

flartree-Fock methods meet each of the above requirements, but

practical post-IIarbree-Fock models typically do not. Fossible post-IIartree-

Fock methods ír¡clude fu-ll configuration interaction, limited configuration

interaction, and lo{øIler-Flesset perturbation theoqy to Z'd, B.d and 4th order.

Each ofthese methods are based upon quanturn mechanics, but are too

involved for review he¡:e. The interested reader is referred to IIet¡re et, atr.

(1986) who give details of these methods.

FuItr configuration-interaction (CI) calculations &re the most rigorous

electron-correlation description avajlable within the limits imposed by the

basis-set. Tlie method depends upon the use of large m.mrtrers of

substitutional deterrninants to construct the wavefunctions, and is not

practical except for very small systems. ?he comroonly chosen way around

this problem is to lindt lhe ¡rumber of substitutional deter¡rdnants to double
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subsfiúuÈions only (CfÐ)" T'tr¿ese calculaÉious satisfir only three of the above

f,ctir requiremenfs; they fail to satisft the size-consistency reqtri-n"emenå.

Møltrer-Flesset perti;rbatiûn Ëlaeory of 2"d, 3"d and 4th order (MF2, MF3 a:rd

ft6P4, respecÈively) is asl alteu.nate approach to dealing with the electro¡r-

correlation prohlem. &4øller-Flesset perûurbation theory also only satisñes

th¡ee of the above fou¡' reqa.rirements, with the theory failing to provide a

variational energy that is guaranteed to be an upper bor:nd to tlre trre

energy of the system.

The variot¡.s rnethods thrat may be used to account for the electron-

correlation energy ignored by the Hartree-Fock treatment result in huge

eomputational expense. Tlpically, calculations íncluding post-IIar-tree-Fock

treatment of electron correlation take an order of noagnitude noore ti¡r¡e than

corresponding }lartree-Fock calculations. Routine calculations should be

done to the Hartree-Fock level, with electron-correiation treatment

introduced only in those cases where it is expected to conúribute

significanttry üo the conctrusions that a¡e based upo& the calculations. T}ús

may be the case, foa' exa-mptre, i¡ghere the calculations involve bond breatr<íng.
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&lz Êwdti.ø Ft€o&ecula¡'-ú¡'l¡ååaå Ðaleulatåolts for Ðusnóo Õcta}ledra

4,I l¡st-rød?-zcÉåorg

Jah¡l-Teller disfo¡:tion of Ðu2*qu octahedra ïaas a strong i¡:¡fTuence on

ÈÏre str¡¡ctural eonnectivity of Cuz* oxysalt minerals. As holosym-metric and

(Z+4ldistorËed octaþredra a¡'e not observed, the energetic preference f,on a

(4+2!ðisôortion preseunably dominates over ste¡"ic effects. The exact, natirre

of the Jah¡l-Teller distorbion must, therefore be understood i¡a order to gain a

fu-ll appreciation of the underlying energetics of Cu2* oxysalt st¡:uctr:res.

Ab initio MO calculations are â direct means by which to investigate

stereochemical and energetic featu¡es at the atomic scale. Molecular-orbital

calculations are based on quanÈum mechanics (chapter 3), and will

automatically include a static Jah¡r-Teller effect, if one is present in the

system. They are not applicable to the study of a dyrnmic Jahn-Telier

system, as the strong coupling between r¡uclear a¡rd electron ¡nof,ion

associated "¡¡ith this effect, is a direct violation of the Born-Oppenheimer:

approxinoation, which assumes electror¡ moäion to be independent of ¡ruclea¡r

motion. Fortunately, .Iahn-Teller distortions of Cu2.Qu octahedra in ûu2*

oxysalt, rninerals are usualtry static effects.

Molecula¡-orbital calculations ât the llartree-Fock level were done for

Cu2.$. octahedral clusters designed to modei the local enviz"onment in Cu2*

oxysalt roinerals. The calculaûions reported in this chapter were done using

Gaussian 86 (Frisch et a1., 1984) and Gaussian 92 (Frisch et al.,79B2i).

ûû
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4,2 Fs'ecrious Work

Eeagley et al. (1989) did Hartree-trocir Mû calcrllaticns for the

[Cu'9-(Hr0)6]'z. cluster usie-rg effective core potentìals (ECP) for Éhe in¡rer-

shelX electrons [Cu(1s,2s,2p), û(1s)j and a large basis,set for copper; the

latter was made up of'the basis-set suggested by Roos et al. (1g71), as well

as two addifional dìffuse p functions and an addrtional d.iffuse d funcôion.

The b,asis-set for oxygen was l¡ased on the triple-zeta ty?e (Huzinaga, 1g65)

whieh also contained an additional diffuse p fi¡¡rction. The hydrogen basis-

set was the Huzinaga 4s basis (I{uzinaga, 1965) contracted to 2s with the

exponents scaled by a facËor of tr.25.

Beagley et al. (1989) optirnized the geometry ofthe cluster for the

holosyrnmetric, (4+2 ldistorted and (2+4)-distorted octahedra. The

holosl'rnmetric structure optirnized to a Cu-O bond-length of 2.115 Å, the

(4+Zldistorted octahedron to Cu-Q"o = 2.250 Á, Crr-q.o = 2.O57 A, a¡rd the

(2+4)-distorted octahedron to Cu-qt.o = 2.A24 A, Co-q"o = 2.172 Å. thu (¿+Z)-

distorted octahedron had the lowest ener:gy, with a Jahn-Teller stabilization

energ-y (EJT, the difference between lhe energy of the holosym¡netric and

distorted octahedra) of 0.0030 Hartrees, less than half the value expected

frorn experimental studies (Beagley et ai., 19Bg).

4"3 &loleewla:r"@rn¡åta-å Cale¡¡laÉio¡as: Cr,e2*Q6 GeomeÉríes.

Optimization of the holo s5.'rnm etwc, @+2)- and (2+4)-distorted

octahedral geor4etries was done for Î¡oth the [Cu'z.(OH)e]a- and [Cuh(H2O)o]2-

clusters (Fig. a.1). The calculations are UHF (spin unrestricted)

calculations with no spin contamination observed in the final wavefunctions.

Calculations using the STO-SG* basis-set were done for each cluster. and



Figure 4.1, The [Cuh(HrO)uì2t cluster a
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calcr¡lalions usíng Èhe 3-2tG* basis-set wÊFe dûne for lhe ituÀ{!{rC}}6lr-

cluster. Spin contanrinatio¿l was enco¡.¡nÈered using úhe 3-g1G* hasis-seô to

calculate wave&¡¡rc6ío¡:s for the [Cu'z.(ûl{}.]a- clusÉers; these catrcu_lations

were ¡lot completed.

The Cu-û-H bond-ang1e was fixed at 110" and tlie û,I{ bond-trengt}r was

frxed at û.98 A for ¿he [Cu'z.(ûH)e]a' cluster (c.f., I-,asaga and Gibhs, 19BB);

the Ii-O-H bond-angle was fixed at 1û4.5" and the H-û bond-length was

fixed at 0.957 i" fon the [Cu2-(l{r0).]2* ctruster (c.f. Eeagley et al., 19g9). trn

each case, geometries were o¡rtinrized u¡ltil 6he maximr:-n:r forces on any

atom did not exceed 0.00045 !{artreesÆohr and the maximr¡.ur displacement,

of any atom in the previous cycle did not exceed 0.0009 Å. Afl six copper-

oxygen bond-lengths were constrained to be equivalent during ttre

optimization of the holoslmu¡etric octahedron. In the case of the distorted

octahedra, the four Cu-Q* bond-lengths were constrained to be equivalent,

as were the two Cu-(r"o bond-lengths. The optiurized geometries, clusten

energies and Jah¡¡-Teller stabilization energ'ies are listed in ?at¡ie 4.1.

4"4 &iscr¡ssio¡a of ResulÉs

4.tr1 calculations indìcaËe thaÈ both the (4+21 and (2+4)-distorted

ocÉahedra are more energeticatrly favourable that the hotrosymmetric

octahedron, as predicted by the Jahl-Teller Éheorem. Qualitatively,

Nartree-Fock M{} theory predirts the d,istartinn af Cuþu octahedra abseraed iw

mi.nerals.

The optimized geometries of the copper-oxygen octahedra are clearly

basis-set and cluster-charge dependent (Table 4.1). Ifowever, ttrre ctruster

clrarge neust be either -4 or +2, as using diffierent, ligand combinations to
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Table 4.i: ûplimized geornetr-ies", ciusrer cnereies and Jalm-
Teiler" st"abilization energies for oc{ahedral cluðters.

ICu'.(]trrû).1"

Easis Set: STC)-3G" 3-21G'r'

Ilolos3,rnmetric Cu-(r 2.148 2.113
E(SCF, ÍIartrees'.) -ZATI.?7ffi -2084.1968

(4+2) Cu-(r"" 2.û74 2.L6L
C"-q." 1.988 2.049

E(SCF, Harfrees) -207X.6249 -2084.215A

(2+4) Cu-Q"" 2.013 1.992
C,.-p.. 2.051 2.134

E(SCF, Hartrees) -207I.5842 -2084.219A

EJt llIartrees, (4+2)] -0.3629 -0.0182
EJ:t lHartrees, (.2+4)] -0.3143 -0.0222

<Cu-Q> (4+2) 2.017 2.087
<Cu-qr> l2+4) 2.038 2.086

lcu'?-(oH),14

Basis set: STO-3G+

Holosy'rnrnetric <Cu-(r> 2.1 78
trlSCF, Harlrees) -2066.5677

(4+2) <Cu-S""> 2.427
<Cu-Q..> 2.081

E(SCF, Ilartiees) -2066.5749

(2+4) <Cu-0""> 2.061
<Cu-Q".> 2.24A

EISCF, Hartiees) -2066.5729

E"rt lF{artrees (4+2)] -A.0072
E.it lHartrees (2+4)] -0.0052

<Cu-g> (4+2) 2.180
<Cu-Q> (2+4) 2.L96

* Bond-iengths are in A. *t' 1 trlartree = 2625.4997 kJ/mole
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neuÉr"ahue the clu.ste¡: chacge (e.g. Cilt'i(ûEÌ)r(Ï¿rû)nlo) wiltr i¡rÉroduce a¡r

i¡rtrinsic dislortion into tlae octalzedcon. As the main purpûse of this wor.k is

to caleulaÈe the tendency for Cu"2 ocÈahedrai awangements to disúort, due 6o

ôhe 
"Tahr¡-Tetrtrer effect, ca¡:e retrst he taken tÐ ensilre that the calculations

ãre nc,t biased iry cluster s3'inmetry.

TÌre Jalur-Teltrer stabilization energy predicted for the [Cu2.(Hrû)rJ]

ctrusÈer using the ST'û-SG+ basis-set, is g::eatly overestimated (ira co¡nparison

Éo vatrues given by Eeagley et al., 1989), and the energy obtained using the

3-2trGx basis-sef is abouf two a¡rd a half, times the va,lue expected frorn

experimental studies. The bondJengths obtained using the 3-21G* basis-set

are f,airly similar to those obtained by Beagley et al. (1989). The Cu-O

bond-length predicted for an undistorted Cu2.4u octahed¡on in a Cu2* oxysait

¡nineral (2.083 A, Chapter 2) is in good agreement with the average Cu-$

bond-lengths obtained using the 3-21G* basis-set. None of the calculations

for the [Cu2-(HrO)u]2* ciusters predict copper-oxygen bond.-trengths similar to

ótre averages observed in Cu2* oxysalt rninerals (<Cu-$.'> = 7.97A A, <Ct -
. ^ -^- 9.
Q"n> = 2.505 A). However, Ëhe calculations for the [Cu'-(0]l)Ja' clusters

arsing the STO-3G* basis-set do agree fairly well (Cu-Q* = Z.û81 ¡", Cu-Q"o =

2.427 ÅÐ ¡¡¡ith tFre observed averages in Cu2. oxysalt ¡¡dnerafs (Fig. 2.10).

The predicted Jahn-Telier stabilization energy for ¿he [Cur.(OH)r]a- cluster,

deûer¡rzined usiirg the gTû-3Gx basis-set, is in good agreernent wittr the

value indicated by experiment. Both calculations usiÀg ¿trìe STû-BG* basis-

set i¡rdìcate that, the (4+2)-distortion is favoured over the (2+4)-distorbion.

However, the opposite is predicted by the ealculations for úhe [Cu2-(H2O)6]2.

cluster using the 3-21G* basis-set.
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This work røae done ire order tc ñnd the Þ¡asis-set and ¡¡lotrecu_trar-clusteï"

comb¡i¡latiore thaû glves optimized georrelrres in bes6 agreement, with Cu-Q

octahedratr Ìrond-Iengths in Cu2* oxysatrt minera_trs. The catrcutratio¡rs of

Eeagley et, al. (n989) were redone a¡rd lheir results (given above) were

reproduced; these catrculatiûns \¡rere very ex¡rensive and yeå did not give

optimized geometries comparable to tt¡ose obsef,ved in Cu2* oxysalt ¡niner¿fs.

Instead, due at treasÉ ill pa-rt to the fortuitous ca¡rcellation of erso¡.s

(Davidson and Feller, \986), the SÎO-3G* rninims,l basis-set gaue optimized

geometríes tkat best. øgree with thase obserued in Cuz" orysd¿t, minersls.

4.õ trosú-l{a¡rúå"ee.F ock Caleulaúions f'on [Cu2*(@l{)6ìa CåmsÉers

Post-Ha¡:tree-Fock calculations were done for the [Cur.(OII)u]a cluster

using the STO-SG* mirrimal basis-set to determine the effects of elecúron

correlation on cluste¡. geometry and energy. The geometry of the cluster

was reoptimized based on energy derivatives from configuration interaction,

íncluding double-substitutions (cID) with the same geornetrical co¡rstraints

as the previous caiculations (Section 4.8). The resulting geornetries and

CID, MPz a¡rd MF3 energies for the holos5.'mmetric, (Z+4)-distorted and

(4+2}distorted octahedra are given in Table 4.2.

The optimized geometries obtained usùrg the energy derivatives of the

CIÐ calc'lations (Table 4.2) aye sornewhat different fi:om those of the III{F
Hartree-Fock calculations (Table 4.1). For the (4+2!distorted ocfahedron,

the ûu-g* distances shorten IUIIF = 2.081 A, CIÐ = 2.û69 Al and the Cu-Q,o

distances lengthen IUHF = 2.427 Ì\, CID = 2.475.{l *h"n electron

cor¡:elation is taken i¡rto account. These bond-length changes are toward

the average Cu-Q bond-lengths for (4+2)-dis,uorted octahed¡.a in rninerals
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Table 4.2. Opti-mized geometries' (Å1, clusær e¡¡ergies" (Ë{artrees) and
J ai:-n -Tell er s tabili zatio¡r energ'ies for the lCu2-t ûl{)^J,- clusær.

ûpÉimized Geomeóry

ûu-û"0 Cu-Q"q <Cr.-Q>

F{o}osymeeåric 2.180 2.180 z.LBt
{4+2) 2.475 2.069 2.2t4(2+4) 2.t56 2.244 2.181

Cluster Energy

Holosycrmetric (4+2) (2+4) Err(4+Z) Err(2+4)

ulIF -2A66.5677 -2066.5749 -2A66.5725 0.0072 0.0052

cID -2A66.8922 -2A66.9AL2 -2066.8984 0.0090 û.0062

MP2--. -2066.8913 -2066.9A27 -2066.8983 0.0114 0.0070

MP3 -2066.9194 -2066.9282 -2066.9256 û.0088 0.0062

* Optimized geometries are for the CID calculation.*+ I tr{artree = 2625.4997 kJ/mole:¡** l!ff) = Møtrlet-Ftressert
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[<Cu-4.n> = 1.9?3,&, <Ctt-q"o> =2.5t5 ]t, Cilrapter 21. Th¡js, accounting for

elecÈroÊ cor¡'elatio¡r z.esutrts in a Larger Jahn-TelÌer distortio¡r and a hetter

reproduction of experimenta-tr Cu-f lrond-lengths icl úhis ctrusÉer.

Th,e ClÐ, MF2 and MF3 catrculations give trower cluster energies tharr

the F{a¡t'ree-Fock uÍrF calcuiatior¡s (Table 4.2). The ctrÐ catrculatio¡es nesult

i¡l a corz"eXation energy of about 0.32 I{a¡,crees. Each calculation indicaËes

thaË the (4+Z}distorted octahed¡o¡r is rnore stable than Èhe (Z+4)-distor-ted

octahed¡on. These resulfs are i¡r nine r¡¡ith those obtained using Har-tree-

F ocl< theory, and with the observed Cu-Q octahedral bond-length distribution

in rninerals.

When accounting for etrectron correlation, the calculations favour the

(4+2!distorted octahedron oven the (2+4}distoúed octahedron. The OIÐ

and MF3 calculations indicate that, the (4+2!distorted octahedron is 0.26 to

0.28 Hartrees mo¡:e favourat¡le than the (2+4)-distorted octahedron, whereas

the UI{F calculations g'ive a vaiue of 0.20 }Iartrees. ,41so, the predicted

Jah¡r-Teiler stabilization eûer:gy for either distorfio¡-r is incr.eased wheu

electron correlation is included in fhe calculations.

a 6:, Swror ¡'m a-ry

From these calculations, the foliowing conclusions rnay he made;

These MO calculations indicate that the (2+41 a¡rd (4+2!distorted

Cu2*qu octahedra are more stable than the holosy'rnrnetric

conñguration, in line with the Jal¡¡r-Teiler theorene.

Calculations done for ûhe [Cu,.(OEI)J+ cluster ersing the STO-8G*

basis-set:

(1)

(2)
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(í) erve Cuz--q bond-lerrgths that are in the best ag'reemenl with

6he averages iru ry¡.i¡reratrs

{iÐ índicaÈe Èhat t}re (4+2FdistorÈed Cu2*gu octahedro¡r is favoured

over the (2+4ldistorted Cu.z*çu octahedron

(iü) give .Ïahn-Teller stabilization erlergies in good agreemeut wittl

experirnenÈal values.

(3) Treatrnent of the electron correlation in the [Cu2-(OI{)u]a- cXuster:

(i) resu-lts in a trarger predicted distortior¡ away ftom the

holospnmetric confi gr:ration

(ii) gives lower clusten energies

(iü) {ìrther stabilizes the (4+2}distoded Cu'z.O' octahedron reiative

to the (2+4!distonted Ou2*Q. octahedron.
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Ae A& ïw6tåe PoÉe¡aËåaå"E¡sergy F"taection for Cwz*q. teúe-laedro

S"å äs1ùrod3åc6io¡g

Ûver the past decade, there has heen coi¡siderable effort, spenË on the

simulaûion/calculatio¡r of crysûal structuyes and mineral properties based olr

var"ious forms of interatomic potential-energy funstions (e.g., Abbott, 1991;

Lasaga a¡id Gihbs, 1991; Lam ef a1., X990; Purton and Catlow, tr990;

Br:rr:ham, 1990). This approach allows the calculation of physical

¡rroperties (e.g., vibrational spectra, elastic pnoperties, thermal expansion,

etc.), and generally leads to a more sophisticated understanding of cr"ystal

struc¿ures. This is of particular importance to Earth Sciences as knowledge

of mineral properties (e.g., thermal conductivity, elastic properdies, efc.) is of

g:eat, imporbance in studies of the mantle ârd core of the Earbh (and

planets), as the conditions ofthe systems are beyond our cun'ent

experimental capabilities.

The interato¡¡ric potentials used in these calculations have gellerally

heen semi-empirieal, with parameters derived from oL¡served struc¿i¡res and

physical or spectroscopic measwernents; these have been very successfi-r} in

calctúatiarg minerall structures and their properties. More recently, such

poterrtials have been derived l¡y ab initin MO methods (Kranner et al., tr gg1;

Lasaga and Gibbs, 1987, L988, 1991). With negards to such potentials, work

Lras f,ocused on atoms with sphericatrly sy'mmetricatr electron disôribuÈions

and no degeneråte electron states. However, this is not an intrir¡sic

restrictíon ofthe technique. Such features as 6he spontaneous distorüion of
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a Ci.1'?"(b6 octahedron can be included i¡r such a potential-energv functiori as

trong as there is altrowance for directio¡ral anisolropy.

The developrnent of a potential-energy function that will accounl, for

the energetics of the Cu2.Qu octahedron is of centrai irnportance in the

understanding of, Cuz* oxysalt structu¡es. Such a potential would aliow

calcuiation of the crystal structr.rres of, Cuz* oxysalt minerals, thus bridging

the gap between the localized cluster calculations reported in the previous

chapter and actual mineral structures. Deriving the potential-energv

frinction using Hartree-Fock methods will enswe that the spontaneous

distortion of the octahedron to lift the electronic degeneracy will be

expressed in the potential.

5.2 Oom¡ruúatio¡aal MeúI¡ods of Structure-Elaengy Mi¡dnaizaÉio¡e,

Crystal-stmcture energy-minimization calculations normally begin

with (approximate) atornic positions and u¡it-cell dirnensions of the known

structure. The atomic positions are adjusted such that the energy of the

structure is rninimized, giving a static structure which is, strictÌy speahing,

appropriate for T=0 K and F=0 (Burnham, 1990). The program WMiN

(Busing, 1981) allows the crystal-str-ucture energ-y to be rninimized in an

automated fashion, and has been used in this study.

A complete expression for the structure energ-y must, include terrns

that encompass both bonding and non-t¡onding effects. Bonding descriptions

include terms for bond stretching and bond bending, and are needed to

describe the interaction of any bonded pair if their relative positions are to

be adjusted. Non-bonded interactions include Coulomb energ-y: van der

Waals attraction, and short-range (Born) repulsion.



5.?" f. Büo¡a-&ømded Eaaez.gyr

The non-honded er'ergy in many crystal structures qay be adequateXy

described hy a Coutrombie-type expression (Fost and tsuræ-hørn, tg8?;

Eurrr?¡aa-¿, 199û):

U" = Q;e;4i' (5.1)

wtrlere q is tÌ¡e for¡nal charge of the ions i and.j, and r,, is the interato¡nic

distance. The program \MIMII'{ uses the Ewald (1921) and Eeróaut (1952)

cnethods for su-m-ming the Coulombic parû of the structri¡.e erxergy.

&"2"2 Wøtewtial F or¡ns for tsondireg fi¡aÉeracúåo¡es.

Structr:re calculations have been done with a variety of, interatomic

potential-energy functions to describe bonding interactions. The rigid-ion

two-body r¡lodel is perhaps the rnost, simple, ¿¡d has been used extensively

in mineral calcu-lations (e.g., L"m et, al., 1990; Furton and Catlow, 1gg0).

This model incorporates a sliort-range repulsive interaction that

counterbala¡-¡ces the electrostatic forces givera as Coulomb (UC) energy

(Equation 5.1). The shont-range repulsive energy (UR) may Ìre given as a

Buckingham potential, where

gs = {expGq; /p,,) - C,,no (5.2)

The variatrtres requjred @r, p,, and C;.,) for the Buckingham potential are

obtained either try fitting to obserwed crystai structures (i.e., Miyarooto and

Takeda, 1984; Price and Farher, 1984; Busing and Farker, 1984) or &om

theoretical (either empiri caf or ü.b initia) teehøques. For exampie, Fost and

Eurnham (1987) derived parameters for use in feldspar strueture-energy
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eatrcl¡iaÉions usi:rg etrecfron gas (EG) a¡¡d modiÊed elect¡:orr gas (MEG)

ûlethod.s.

I\4ore eomplex inËeraËomìc potentials have }¡een used for some mine¡:aå

ca-lcu-laôions (e.g., Sanders et atr., 1984; Ftirôon a¡¡d Cattrow, 199û). These

pote¡Ìtiãïs are desig-ned to overcome inadequacies of the two-body approach

(i.e., deviations from 6he tauchy relationship). Extensions of the two-bod.y

potentiai often a-lso include ûhree-body tenris for bond bending.

Lasaga and Gibbs (1987, 1988, 1991) have taken a somel¡¡hat

different approach to obtaining the necessary potential panameters for Si-O

bonds. They began try deriving the strort-range repulsion parameters (.4'

and p1,) fuaw ab initio MA calculations for the IInSiOn tetrahedra-l cluster

using Hantree-Fock techniques a¡rd the STO-3G basis-set. The full electron

øb initio description given by Hartree-Fock theory was used to derive the

paranûeters for a potential which did not include bond-bending terms. The

potential was then used, in cornbination with Mg-O and Al-O potentiais

derived from MEG theory, to calculate the stn¡ctures of, forsterite and

p)ryope. The resulting structures were in fair agreenent with the struc¿uÍ:es

obtained by X-ray diffraction techniques. The same Si-O potenûial also was

txsed to calcutrate the structures of quartz and cristobalite, again i_n fain:

agïeement with the experimentâl structures. These latter calculaÈions

represent the first such calculations done usfurg interatomic potentials

de¡"ived stricÈ}y &om oó i¿iúio ¡nethods. Lasaga and Gibbs (Xg8?) noted,

however, that large errors in Si-O-Si bond-angies resutrted when using tlds

potential-energy function.

A roore delailed description of the Si-û bonds in tnre SiClo tetrahedra

was derived Lry T-.,asaga and Gibbs (1987). To overconae the inadequacies
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essûcia¿Ðd wi¿Ë¿ ûhe previous model, 6hey used a Xrotential derived f,or lhe

tr{6$i2û? clerster using Mû calcuiaÈions at the l{ar"tree-Fock levei ¡¡¡ith the

STÛ-SG tr¡asis-seÈ. TFris r¿ew potenûiatr explicittry included Si-û-Si bor¡d-

bendirag tetwrs, and ú,hu.s had a direcÉional úûmpûrren¿ buüt, in:

Y =312 Y, Ço(r-r'g,6)2 + I/2 T, lQ)sio(8-0"osiof

+U2 Ð IÇ,o.(8-to.,o.,)' + 112 T, Çn(r-n'si6)(8-6osi6g,)

/Ë ?\

The constants in this ¡rew potenúial were derii¡ed by least-squares ffôting tû

potential-energy su¡faces obtained by øb ínitia }t{û techniques. Such a¡r Si-

O potential-energy function is rnarkedly different f¡.om the two-body Si-O

potential, mai-nly because the potentiai function is designed speciûcâily to

ørodel SiO, tetnahedra and Si-O-Si inter-tetrahedral Ìrond-angles rather

than just individual Si-O bonds. This potential improved the results

obtained for the quartz structure.

6.2.3 Meúhods of EnergSr Mi¡ri¡mizatåo¡a.

The program WMIN (Busine, ng8l) allows considerâble operator

{Xexibility during structerre-energ"y noi¡rir¡dzatio¡r. The initial stages of

noininrization usually rely on modifred Rosenbrock searcFr mettrods

(Rosenbrock, 1960) to minimize the strucÈure ene!:gy lly varying structure

pararneters. This approach caicufates the toi,a1 crystatr energy for varjous

trial values of the structune parameters and selects the best, (i.e., lowest,

energy) vâlues (i.e., the Simplex method). .Also inctruded in WMIN is the

me¿hod of steepest descents. This method mi¡rimizes fhe structrire energy

using a gradient vector in parameter space ¿hât is defined try the first
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de¡:ivative of ôhe energy wiÉLr respecÉ to 6he structure parameters" Fot

æodels elose to 6he energy æinimum, Ne¡n4on's method may "he used,

erinimizing the energy using 6he structure pararneters as vâriabtres aød ôhe

energy d.erivaúives with respec¿ to t?rese panaoreûers as oÌ:servaüicns.

6.3 Ða3cwåatåo¡r of a troÉe¡atíaÏ"E¡aergy Surfåee for [Ðrå2*{ûE{)6]4.

A potentiaJ-energy surface was calculated for óhe lCu2.(OII)ula-

octahedno¡r u.sing E{artree-Fock Mû roethods and the STC}-SG* basis-set.

Ttrre calcu-lations were done using the methods described in Chapter 4. The

[Cuh(OH).]4 cluster and STû-3G* l¡asis-set were used because this

combination gives caieutated Cu2-4u geometries irr best agreement with the

geometries ot¡served in ¡nine¡:als.

The Flartree-Fock {IHF SCF energy was calculated for an apical-

equatorial Cu-Q bond-length Srid by fixirg each Cu-Q* bondlength and

iterating through a range of Cu-Q,o distances. This approach gives a two-

dimensional (equatorial-apical) potential-energy su¡:face for the octahedron

fhaf includes hoiosy¡omeÈric as well as (2+4)- and (4+2!distorted ocúahedral

geometries (Fig'. 5.1). Due to the cornputational expense, grid points for any

cluster with less than Ðnn s5rmmetry were not inciuded. Therefo¡:e, tFre

potentiaX-energy su¡rface calculated does not allow f,o¡: hond-bending effects.

The potential-energ'y sarrface calculated for the [Cu2.(OE{)uJ+ ctruster

using the ST0-3G* basis-set shows two energy rninima, conresponding to

t]ne (4+2)- and (2+4)-distorted octahedra, respectively. The enengy minima

are separated by a saddle point (Fig. 5.2) corresponding to the energeticaÌly

unfavourat¡Ie holosy¡ametric octa-hed¡on. The shape of the (4+2)-distorted

octahedron energy-ndnimum is in good qualitative agreennent with bond-
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Figure 5.1. The potential-energy surface calculated for the [Cu2-(OH)r1o' cluster using Hartree-Fock fheory and the
STO-3G* basis-set. The surface is contoured with a 0.008 Hartree interwal. 1 Hartree = 2625.499T KJ/mole.
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Sength distnbutio¡r in Cu2* oxysaXt ¡rdnera-ls (Fig. 3.1û) as indicaËed hy üïre

f,otrtrowing poinÈs:

{î} ?}ee pofenúia3 sr¡rfaee fatr}s away quite slorø}y &'om t}re saddne

axis, ensuring that there lvilå he a sÈrong bimodal distribution

of t6rCu-g bond-lengths.

{2) T'he potential surface has a much stronger curvatuye par.allel to

the equatorial bond-length axis tha¡r parallel to tFre apicaÌ

trond-Ìength axis; this is in line wiòh the ¡nuch lower dispersion

shown by the equaÈorial bond-length population relative to the

apical bond-length population.

(3) The potential surface has a much stronger cr¡rvatu¡e at short

apical bond-lengths than at long apical bond-lengths. This

'softness' in the potential at longer dista¡rces is cornFatible with

the skewed distributio¡r of apicai bond-lengths in Cu2. oxysâlû

cninerals.

5.4 F'itting a Poüentåal-E&ergy F wncÈio¡¡ to ÉÏre,4& f,r¿df¡io trotenúía_["

Emeng¡r Surface,

The øð inítia potenttal-energy su¡-f,ace for lCu'?.(ûHLìu- (Fie.. 5.1) g.ives

the energy of lhe lCu'z.(OI{)Ja cluster for various Cu-0.s - Cu-Q"o bond-

lengths ¡¡¡ithiil the overaU constraint of Ðon sy-rnrnetry. The energy

infor¡nation may then he used to describe the octahedral distortion

geometries of (4+2!distorted Cu2*q. octahedra in Cu2* oxysalt minerals

during strucårre-energ'y mininization. Tn order that the potenÈia}-energy of

the Cu'-Q6 octahedïon may he computer coded, a potential-energy function
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mus¿ ble derived Ìry Ëtûing some analj.'t¿cal {ì¡¡lc6ion ta t]¡¡'e (4+z}-ðtstadted øÍ¡

intt io paterúíatr-ellergy si_:_rfaee"

Various foræs of poteutial-ewergg fu¡letio¡ls may be used to arod.el the

poteratia-I-energy su::face. l{owever, the sr¡_r.face shape for (4+2!disåor¿ed

octahedra (Fie. 5.X) depends o¡r h,oth the Cu-Q"n and ûu-Q* hond-lengths,

a¡rd is distinctly asymmetric. n fou¡d tFrat Llrre following funcüion best

describes the potential-energy surface:

V = K,(r"o-r',n) + Ç(r"n-r'"0)2 + Ç(r.n-r""0)3 (5.4)

+ IÇ(r"n-r'"n) + Ç(r.n-r'"n)2 + IÇ(a-*-r'"n)t

+ Ç(r.r-r'"nXr.o-r'"n) + IÇ

In this function, Kr-& are constants, and r'", and r'"n are the equilibrium

Cu-Q"o and Cu-Q.n bond-lengths, respectively (Table 4.1). The function gives

V (the totatr energy of the octahedron) for a combination of Cu-$"n and Cu-(r*

krond-lengths.

The fi¡¡¡etion (Equation 5.4) was ñtted to tlte ab initio potential-

energy surface for (4+2)-distorted Cu-O octahedral geometries using least-

squares analysis as outlined hy ûi-vis (1390). T'he constants (K) thus

obtained are given in Table 5.1.



Table 5.1 Ab fnòtia ûcóahedsal Cu-g FotenûiaX
FaranaeÈe¿"s

Value (E{artrees) Value (Ëlard;rees)

5'tr,
r<^
K-

-t.412!
0.x288

-û.1033
û.0218

t.Bå95
-1.1191
t.3647
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Ða3ac¡Åatåo¡a of Cæs* &x-5rsalú &{i¡seraå Sfi¿ï¡eÉu-res €Jsång Èåae,å&

Ewåtéø 161ü'øt-þ trote¡aÉåaå F z¿¡¡c6åqrt"

6.å 6mnpÏe@eætståoæ of tåre trot-e¡aúüa3.

The potential-energy f,r:-nction for Cu.z*Qu octahedra derived in Chapter

5 using a,b initio Mû ealculations wi}tr, in principle, allow caleulation of tlre

energ-y of a Cu2-{, octa&edron embedded in a crystal stn¡cture. Torvards

this goai, the potential-energy function roay be compuûer coded a¡d included

in \I,&{tr}{ calculations of tbe stmctr:¡.e energy of Cu2* oxysalt nr¡inerals as an

expression of the bonding interaction in úhe Cu2-Q, octahed¡on. In

combination with other cation-anion and anion-anion potentials, the

Cu-Q potential wiltr aUow calculation of Crl2* oxysalt structr¡res.

The applieabiüty of this potential to structure calculations is trimiþd

by fhe techniques used in its derivation. The ab initia calculations were

done for clusters that were rest¡{cted to Don sy'ørmetry in order to reduce

cornputational expense. This limitation is reflected in the potential

fi.mction, as it, serggests that ühe cluster has four equivalent equatoriatr and

Éwo equivalent apical Cu.-Q bond-lengths. The sym:netry restu"ictions

included in Éhe ø& initia eaTeulations also dictate that the resultant Cu-(r

potential does not, include any terrns for bond bending.

These limifations hãve been soneewhat offset by the way that the Cu-

g potential has been coded. Each Cu-Q bond has been included in the code

as a separafe entiúy, rather than using average values of Cu-S bondJengths.

For example, the term Kr(r"n-r.'"r) (Equation 5.4) has been coded as Kr/Z(r"o.r-

r'"o) + tr{r/2(x^r,r-n",n). The tack of Cu-Q bond-trending ter¡ns in the Cu-$

r20
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poËenúiaÌ-energy filnction has heesr parbly accounted for by includlag û-û

re¡rulsion tersrs for ûxygen pairs i& the same octahedron.

6,* ÐeÈermå¡ratåozr of tpúima-& PoÉe¡aûåaÌ..Energy F*rsç*¡etea"s.

T'he potenfian for Cu2*qu octahedra was obtained by fittine Equation

5.4 to the ab initia potential-surfaee calculated for tire [Cu'?.(û]I\Ja- clusùer.

This cluster has an excess charge of, -4 which is expecfed to destabilize ôÏre

com¡rlex, thus iengthening the Cu-ûH bond-lengths and resulting in a

Xlotential-energy su-rface with slopes that are too shaÌlow in ttre area of the

mi¡drnur¡r. To offseú these effects, the location of the minimurn in the (4+2)-

distorted octahedron energy surface may be varied Lry changing the values

of r""n and ro* used in the fi:¡lction. Slopes of the surface in the area of the

energy miniroum may be varied by scaling the entine potential, such that I!
= Cï!, where C is a scaling constant.

As v¡ith other bonding potential-energy firnctions, it is desirable to

select vatrues of ro,n, ro* and C tl¡aÉ wiltr result in the rnaximum

'i;ransferability of the potentiaX between various Cu2* stru.ctures. Th,e

purpose of, this section is to derive ttre rnost appropriate values for ttrese

consta¡lts from str-uctu-re-energy n"rinimizations of, a setrection of Cuz*

minerals.

Miyrin:rization for each of the Cuz* oxysalt ¡nineratr structr.¡-res was

done with the Cu-(r bonding interaction described by the aå initia C.u-þ

potential function. Non-tronding interactions were assumed to be Coulonrbic

f,or Cu2., S6n, Mo6*, û2- and H" and also included additional short-range û-O

repulsion terrns of the Born-t3pe with parameters de¡'ived by Fost and

Eurriham (1987) from MEG theory. The O-I{ interactions were modelled
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alsing CouJombic attraclion balarrced by shroz-t-range û-H repulsion lero¡s of

the Eorar-type derived f,6y' ¿naFlaiboSes by.åhbott (1991) using hydrogen

positioirs and the principaå ûf{-streÉch,ing frequencies. The Sû, teôrahedra

in chalcocyareite and bo¡rnaúite, and the Mûn ûetratredron in lindgrenite,

-were constrained óo Ìre rigid boúies vùith ful} translationa-tr a¡rd rotationa_l

¡novement atrtrowed during energy mirrimization. Structure-energy

¡nininrizations were done using the Rosenbrock search meÉþ¡od followed bry

ldewtor¡'s ¡nethod.

6.2. I T'e¡aorife (C¡!'"@) : SÉ¿"¡¡e6ure-E¡rergr Måm i ¡m ize6iola.

The sirnplest, Cu2*-oxide mineral, from the point of view of st¡.uetu:re-

energy minimization, is tenorite (Cu'-û), as the only bonded inte¡.actions in

this mineral ane Cu-O interactions. The crystal structr¡re of tenorite was

nefined by Åsbrink and Norrby (1970). Tenorite is monoclinic, space g"oup

CZlc. The copper and oxygen atoms are both on special positions, such that

only the y coordinate of the oxygen posi¿ion is not fixed by symmetry

constnaints. Tenorite conl,ains Cu-O octahedra distorted such that, there are

f,or¡¡ short (equatorial) distances and two long (apical) distances, a (4+Z)-

distoition. The teno¡"ite structure is an infinite three-dimensional linkage of

lhese octahed¡a, as shown iu Figure 6.1; the structure parameters are given

in Table 6.1.

Str-ucfi:¡e-energy rririirnizatioûs were done for the tenorite structure

using 150 different combinations of the o& initin Cu-þ potential function

constants ro.p, ro.q and C, wi¿h ranges ro"o -- 2.2A-2.5A Å, r..n = 1.90-2.00 Â,

ü = 6-24. ln total, only 15 of the structure-energy minimizations resulted in

converger¡ce to structt¡res in agreement with ôhe X-ray strucôure (Table 6.2).
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Figure 6.1. The crysi,al structure of tenorite projected onto (010). Copper
atoms are large open circles and ox;/gen ato¡¡rs are s¡.na,Itrer circles nith
shading in the lower left corners.
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Tal¡}e 6.X Structure parame¿ers for tenorite. (Cut)

Spaee Group CZlc

a = 4.6837(5) A 0 = 99.5a(1)""
trt =3.4226(5) V = 81.08(2) A'
e=5.1288(6) Z=4

4 Cu at 4(c) : (Xl 4,U 4,A ; il 4,3 / 4,t ; 1,/ 4,3/ 4,71 2; 3 / 4,U 4,XJ 2)

4 Û at 4(e): (t,y,L/a; il2,L/2+y,1/4; A,y,3/4;112,312-yg/a)

Cu-O x2 1.961(1) Á
Cu-û(iii) z2 1.951(3)
Cu-O(i) x2 2.784(4)

* Froxr¡ Asbrink and Noryby (1970)
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Table 6.2 Stçrctural ¡rarametez.s for Èeraorite catrcutrated using
various ro"n (A), r'* (A) ai:d C values.

ûk)
Cu-O xZ
Cu-û(iii) x2
Cu-û(í) x2

0(v)
Cu-O x2
Cu-O(iü) x2
Cu-O(i) x2

û(v)
Cu-O x2
Cu-O(iii) xZ
Cu-O(i) x2

o(v)
Cu-O x2
Cu-û(üi) x2
Cu-O(i) x2

ûbsersed

t.4184(X3) t.4183 0.4L84 û.4185
1.9608(13) 1.96û8 1.9610 f..9611
1.9509(26) X.95X2 1.9508 L.S5û7
2.784t(37) 2.7839 2.7845 2.7846

ro ro da! aPrr eqr'v

24 27 1û

û.4186 û.4180 8.4792
x.9612 1.9606 1.9617
1.9505 1.9516 L.94922.7849 2.7833 2.7864

T2

0.4180
x.9606
L.9577
2.7832

a.4LB2 0.41811.9608 1.9606
L.95t2 1.9516
¿. I 0ðö z,- I ó.14

r"oo,r,o.n,C

lc T4 14 10

4.4L82 0.4180
1.9608 1.9607
1 0Ã 19 1 0Àx7
2.7839 2.7834

rorn,r""n,C

17 L2 1? 10

0.4183 0.4183 û.4180 t.41821.9609 1.9609 X.9606 1.96081.9510 1.951û 1.9517 1.95132.7841 2.784L 2.7833 2.7837
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Vatrues of roun, t:o* and C outside of ôÏre above ranges did ¡rot lead to

cû&vergence. Thus, there are 15 equãtrly gcod choices for tl¡ese thEee

potential-eiaergy function parary¡eters when onXy tenorite is eoinsidered.

8,2.2 ChaÍeoeyalaåúe (CÌå'*St4) : Súrueture-Energy &1.Ë¡aå¡.¡.¡ i za6io¡a.

Chatrcocyarrite ís a rare minerai ûhat occu¡s as a volcâïlic exhalatiop-

The crystal stmctu¡e of chatrcoeyanite was reported by Kokkoros and

Rentzeperis (1958) and subsequently refined by Rao (1g61), A_lrnodovar et, aI.

(1965) a¡rd Wildner and Giesúer (1988). Chalcocyanite is o¡.thorhombic,

space $:oup Fnma, and Cu2* is in (4+2!dis¿orted octahed¡a.l eoordinâtion.

The octahedra shar.e edges to forrn chains para-llel ø 10101; these chains are

linked by SOu tetrahedra to forrn the framework of the structr¡re (Fig. 6.2).

The struct¡:-re ¡rarameters are given in Table 6.3.

Minimizations were attempted for the 15 combinations of roue, no", and.

C that, gave satisfactory results for the tenorite sÉructure (Tabie 6.2). ûf
Éhe attempted minirnizations, only four combinations of ero,n, a:oun and C tred

to a reasonable stnuctirre. Crf these cornbinations, all had r."n = 2.S0 Å and

C > L6 (Table 6.4). In each of these cases, the apical Cu-O bond-lengths are

sornewhat long. ÍIowever, the potentiatr does a¡ excellentjob of predicting

ttre distorted nat¡:¡e of the Cu2* environrnent.

6"9"3 Bo¡-¡¡latiúe (Cu2*S@4.fit{"@), SúmlcÉu¡"e-ElaergV &lå¡ri¡n izaûåe¡e.

The crystai structure of bonnatite (Cu2-SO4.3H2O) was determined try

Zahrobsky and Eaur (1968). Bonnatite is monoclinic, space group Cc. The

Cu2* cation is in (4+2ldistorted octahed¡al coordination, and copper

polyhedra do not share any anions with other copper polyhedra. Both apical
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Figure 6.2. Foìyhedral structu¡e representations of chalcocyanite. Copper
octahcdra are crcss-hgtched and suìphur- terr.ahed¡:a ar-c shaded r':th
crosses. a) structure projected onto (010), b) str-ucture projected onto (001)
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Figure 6.2. Continueci
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ffii-.?ä|, 
Str'¡-zcóure parameters* for chaXcocyanióe

Space Grou¡r Fnxla

a=E.4û9(n)Å V=2?2.65A3b=6.7t9(1) Z=4
^ ,4 A.jt/1\L - '*.(Jù(J\ rL./

xYz
ûu0t0q. 0.18363(10) L/4 ø.4497s(L8)q(1] 0.12e3(3) 1t4 û.735s(5)q(2) 0.3646(3) 1t4 0.4385(6)û(3) Ð.L328(2) 0.0674(3) 0.3083(4)

Ç"-Q(r) x2 2.373Q) Ì+ S-o(1) 1.41ae) Å\
Ç"-9(?) x2 2.a4e(.1) s-o(z) L.E%(2i
Cu-O(S) x2 1.916(1) S-O(3) x2 1.462(x)

* From Wildner and Giester (1988)
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Table 6.4. Stl:lctr:yes of cÞralcocya*.ite catrcutraÉed using
va¡"iores tro"o, r:o* and t vaår¡es.

'f 09K
2.3t

foro

C'
i..9û
¿}an

16

1.95 1.975
L.t-tV h-¿W

22 24

S (x) û.1951
S (z) û.4318
O(1) (x) 0.1366
û(1) (z) 0.?148
O(2) (x) a,3762
a(Ð @) û.4287
O(3) (x) A.7464
O(3) (z) 0.2881

Cu-O(l) x2. 2.456
Cu-O(z) x2 2.0A4
Cu-O(3) x2 1.913

Ave lÁ1.- 0.A44

ûbserved'

û.18S6(X)
û.4498(2)
û.1293(3)
û.7353(5)
0.3646(3)
0.4385(6)
t.L328(2)
0.3083(4)

2.373(1)
2.t49(L)
1.916(1)

0.1966 0.1966 0.1952
0.4335 û.4389 0.4475
0.1384 0.1414 t.1456
t.7167 A.7239 A.7357
0.3777 0.3776 0.3759
Ð.4297 A.4294 t.4271
4.L477 A.\462 0.742A
0.2899 0.2969 0.3087

2.458 2.45L 2.438
1.997 1.997 2.007
1.926 1.943 "L.964

0.049 0.052 a.052

* Wildner and Giester {1988)
+ Bond distances are in A** Á = ca-lculated - observed bond-length
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ligands of lhe (4+2ldistortêd copper octahedrûh ar.e ûxJ¡gen atoms shared

with adjacent, Sû, teËrahede-a. ûne equatûriâl ligand is shared with a¡¡

adjacent S{3n tetrahedron, and the other lh¡.ee are }Irt groups. The aopper

ÐcÉahedr'â a-re trinl¡ed via Sûu tetrahed¡'a and lrydrogeri bondíng to form a

framework stn"lrcôure (!'ig. 6.3). The stn:.cture parameters ar.e lisled in

Tabie 6.5.

Structr¡-re-energy mininnizations were done using values of roun, ro*

and C that, gave good results for both tenorite and chalcocyanite (Tabtre 6.4).

Ûonvergence was ot¡tained for three of these combinations. The calcu-lated

Cu'O bond-iengths and hyd-rogen bonding for each minimu-m-energy

structure are given in Table 6.6.

6.2.4 f-åndgrelIåte [Cu!.(Mo@o)r(@S{)"1 : Strucüur:e-Eieergy

&fini¡mizaúio¡a.

I-indgrenite, Cu!.(MoO)r(OH)r, occurs in massive quartz veins as the

result of oxidation of primary molybde¡dte. TFre structure was reponted by

Catrvert, and Earses (1957) and reñned by ÏIawthorne and Eby (1985).

Lindgrenile is monoclinic, space grûup F2rln, with two distinct copper

octahedra, both of which show (4+2)-distorted geometry. Ttre octahedra

share edges to forrn strips which ane cross-linked by MoO, tetrahedra (Fig.

6.4). The structure ¡rarar'øeters a-re given i¡r Table 6.?.

Structure-energy rninimizations 'were done using the three

combínations of ro.r, I'o"o and C that resuited in the best structune-energy

mininrizations for tenorite, chalcocyanife a¡rd b¡onnatite. The resu_lting Cu-û

and hydrogen bonds are glveu in Tabie 6.8.
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Figure 6.3. Polyhedral structure representations of bonnatite. Copper octahedra are cross-hatched and sulphate
tetrahedra a¡e shaded with crosses. a) structure projected onto (00L), b) stnxcture projected onto (100). 
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Figurer 6.3. Continued.



Tab-ie 6.5 Structüre parame{,ers' for bonnatíte
(ûu'"Sû..3Hrû)

Space Group

a = 5.5s26) jt
b = 13.129(1û)
c = 7.341(6)

Cc

$ = s7.û5(11)'
V = 531(r) A3
t7_,1

v

0.3640(1)
0.1115(1)
0.1639(5)
0.3057(5)
0.0536(5)
0.9562(5)
4.3725(4)
0.0911(4)
0.304i (5)
4.397
0.355
0.093
0.040
4.276
0.304

Cu
c
o(1)
o(2)
o(3)
o(4)
oIM(1)
ow(z)
ow(s)
H(1)
F{(2)
H(3)
Ir(4)
H(5)
r{(6)

Cu-O(1)
Cu-O(2)
Cu-O(4)
Cu-OW(1)
Cu-OW(2)
Cu-OW(3)

x

llo
a.2643(2)
0.1618(10)
û.831e(9)
0.4788(9)
0.0866(B)
0.3360(e)
0.6940(B)
0.7840(7)
4.428
0.174
0.635
0.604
0.930
4.795

1.943(5) A
2.448(6)
2.3e9(6)
L.976(7)
1.968(5)
1.955(5)

z

'L/2

0.4168(2)
t.2446(7)
0.0505(6)
0.3805(B)
0.9825(7)
a.2462ß)
0.0809(7)
0.4103(6)
0.L51
0.L92
0.200
û.003
0.476
0.280

s-û(1) 1.48S(5) ,&
s-o(2) 1.476(5)
s-o(3) 1.46e(5)
s-o(4) 7.¿,55(f')

* F"ro¡n Zahrobsky and Eaur (1968).
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Table 6.6. Seleeted }:ond-trengths {1,) fur
¡uini¡¡r¡¡¡:t-e¡¡ergy strueüures of bo¡r¡raËite

ûbserved*

1.e43(5)
2.448(6)
2.3e9(6)
1.e76(7)
1.968(5)
1.e55(5)

2.30, 2.30,
1.90, 1.925,
16 19

2.3t,
1.95,
22

Cti-O(1)
Cu-0(2)
Cu-O(4)
Cu-OW(1)
Cu-OW(z)
Cu-û\M(3)

Ave lÅl-

H(1)-O\{/(1)
H(1)-O(4)
rj(z)-OW(1)
H(2)-O(1)
H(3)-OW(2)
H(3)-O(3)
H(4)-OW(2)
H(4)-O(3)
H(5)-OW(3)
H(5)-OW(2)
H(6)-OW(3)
H(1)-H(2)
H(3)-H(4)
H(5)-H(6)

1.932 1.943 7.95'.t
2.451 2.45A 2.45A
2.438 2.439 2.439
L.925 tr.939 n.953
7.927 1.939 1.954
1.925 1.938 1.953

0.029 t.a27 0.û16

1.119 7.714 1.723
L.645 1.629 '1".644

1.113 1.119 1.115
L.872 1.880 1.891
1.090 1.090 1.084
1.789 L.784 't.74A

1.188 1.189 1.L97
1.510 1.506 1.519
1.104 1.118 1.080
1.731 L.744 1.837
1.L42 1.136 'J..145

1.960 1.959 -t".962

L.952 L.992 2.018
1.960 1.959 1.954

+ Eond-trengths are füom Zahrobsky and Ear:r (1968).
* Â = calculated - observed bondleñeth
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Figure 6.4. Polyhedral structure representations of lindgrenite. Copper octahedra are cross-hatched and
molybdenum tetrahedra are shaded with dashed lines.

Cú
Õ



l\f,¡

h)

&a

s-**1.-- s

Figure 6.4. Continued



L38

Table _6. 7. StrricËr¡-re pararnet ers' fcr lin d grenite
lCu!.iMoo_)rtOHLl. -

Space Group

a =5.39a(x) Á
b å4.023(s)
a = 5.608(1)

P2r/rt

F = 98.50(1)'"
V = 419.5(t) A3

Cu(1)
Ðu(2)
Mo
o(1)
o(2)
o(3)
o(4)
o(5)
H(5)

X

û
0.8638(1)
4.45592(7)
0.9801(7)
0.6505(7)
0.5532(6)
0.1448(6)
0.1312(6)
a.27(L)

v

û.0e393(4)
û.15456(3)
0.2234(2)
0.0918(3)
0.1299(3)
0.1130(3)
0.0306(2)
t.048(4)

z

û
t.4B7t(1)
0.87716(7)
û.4å58(7)
0.1009(7)
0.5e38(6)
0.8730(6)
0.3405(6)
0.35(1)

cu(1)-O(2) x2 2.4],8@) Ã cu(2)_o(1) 1.956(4) ÅCu(1)-o(4) x2 1.e47\4) c"tii_oiãj ä.2óe(ai--
cu(1)-o(5) x2 1.e84(s) c"(t)-oiãi l.stiri4i
y".ell¿ 1z4q!q) 3t[å]:3[áì ?:á93[3ìMo-u(z) L.749(4) cu(2)_O(5) 1.995(3iMo-O(3) 7.77si4\
Mo-O(4) L.774(3j

* From }fawÉhorne and Ebv (19S5).



Tab'ie 6.8 SeXecfed hond-trengths iÅ) for lindgrenite mi¡umum_
energ3r sór-ucÉul.es.

Cu(1!û(2)x2
Cu(1)-O(a)x2
Cu(1)-û(5)xg

Cu(2!o(1)
Cu(zl0(2)
Cu(z!O(3)
Cu(zlo(a)
Cu(2!O(5)
Cu(2)-O(5)

Ave lÂ1.

H(1)-O(5)
H(1)-O(3)

ûbservedt

2.418(4)
L.947(4)
1.e48(3)

1.956(4)
2.298(4)
L.928(4)
2.466(3)
1.e78(3)
1.995(3)

0.79(6)

2.3û,1.90
-tt)

2.572
1.901,
x.912

2.447
2.390
2.45L
2.390
2.A22
2.028

0.073

1.115
I.72L

2.30,1.925

2.4&2
L.92't
1000

2.031
o 1ô1
2.038
2.397
2.013
2.019

2.38,3-"gb
22

2.48A
1.941
1,.947

2.027
2.44A
2.435
2.405
2.4L4
2.019

0.0510.058

1.109
1.719

1.109
7.692

+ tr'rom.I{awth¡rne and Eby (19g5).
+ Â = ealculaÉed - observed tõoi¿-iuleth
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&"2,& Øpbiwñ r""o, ro** s¡td C Fara¡qeÉers f.os, R&axi¡¡¡ nçs
Tbansfe¿"ahiåiûy of ÉÏae Ðtx2.4, trotentia_E.

There are three ¿ombinaÉions of ro"n, ro", and C (2.30, L.gA, ß;2,3t,
1.925, 19; 2.30, 1.95, 22) t]r,Lzt result in reasonaL¡le calculated struclu¡es fo¡"

lenorite, chaicocyanite, bonnaôite and iindgrenite. The combination that
gives the Ìrest results for each rnineral may be selected on the basis of the
rnea¡r atisolute difierence betwee¡r óhe calcurated and oÏ:served bond-iengths
(lÅ1, Tables 6.4,6.6 and 6.8). Each of the three combinations give

equivalent results for Éenorite; r""p = 2.30,Â, r".n = 1.g0 A, C = 16 gives the
best ¡:esults for chalcocyanite (lÅl = A.A44 < 0.049 < 0.052) and r."o = 2.fQ
Å, r'"n = 1.95 Å, C = 22 gives the best results for both bonnatite (lÂl =
0.016 < 0.021 < 0.029) a¡rd lindgrenite (l^l = 0.051 < 0.058 < 0.02g).

Therefore, the constant values are ñxed at r."p = 2.80 Å, r".o = 1.g5 A, C =
22 to obtain maximum transferab ity of the cu2-qu potential between

various Cu2* oxysalt structr¡¡es.

6.3 &iscr¡ssion.

The structure-energ'y minirnizations reported in the previous sections
indicate that the ab initiø Cu-Q potential function for ûu2.Qu ocúahedra, as

derived directly fro¡n Hartree-Fock calculations for the [Cur-(OH)u]". fluster
(Chapter 5), is not effective in rnodelling Cu2*Qu ocÉahedra in Cu2n oxysalt
mi¡rerals. I{owever, when the location of the ¡ninimum is moved to r.o
2.30, r.o = 1.95 A and the function is scaled by a factor of ZZ, thepotential
fu¡rction adequateiy describes Cu2*Qu octahedra occurring i¡l minera_ls, and. is
reasonably trar¡sferaÌ¡le frorn one structure to another.



t4n
The va.lues of ro,o = 2.&A, r"*= X.g$ A a¡rd C = ZZ d.a wat, agree with

üL¡e vatru.es o-htai¡¡ed úhr'ugh ab initia neolecular-orhitatr ctrusúer geornetry

optimizaôionsfo¡.[ûu,-(û]I]eÏr(Tab]e 4.J.,r",0=Z.4ZT Á.,ro.r=2.ûgX,&a¡rd
C = 1). ?Ìris is noú exacttry unexpected as the neô charge of _4 on åhe

[cu'z.16¡¡¡r1+ clusÉer wit] ]rave a destabiiizing effect in com¡rarison to a
cu2.Qu octahedron e¡abedded in a crystal struclure. This destahitrizatíon

sbrould be neflected by (1) le¡rethened Cu-Q bond-iengths, a¡rd (2) a shallower
energy rnir¡i¡61¡¡1x in t'he potenúial-energy surface. Arso, the incrusion of û-û
repulsions for cu2.qu octahed-ra during the minimization resuxts in some of
úhe repulsion energy being counted twice, as úhe all-electron Hartree-Fock

calculations used to derive the potentiatr function ar-ready incruded some of
these effects. Thus, the value ofc=22 has no physicatr ureaning. The need,

ta adjust r"*, r""n snd C in order to obtain a good description of Cu_þ

actahedral bond,ing in crystals d,oes not d.etract from the fact that a
trwtsferable Cuz*þu octahedral potentin\ functian has been abtained.

l{owever, the potential shou-ld no longer be referred Éo as a¡:r ab initia
potential, but rather as ar empirical ab initi,o potential function.

The Cu2.qu octahedratr potential function reported here is the Êrsl
reported Lronding-interaction function that incorporates a Jahn-Teller
distortion. Ttre required directionatr anisotropy makes the potenúiar fu¡rction
capable of, describing the Jah¡r-Tener distortion of cu2.$, octahedra. This

¡:laces somewhat of a restriction on the use of the potenûiatr function, as trre

user anust define the direction of octahed¡ar erongation before attempting an
energy minimization. r{owever, the'e are only three possible orientaúions,

and calculations may be done for all three possibitrities.
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The structure,eûergy ¡ni¡rimizations for tenorite, chalcocyardte,

J¡onnatite and lindgreaíte indicate Ëhat this cu2.Qu poÉeníiar ¡"esu-lts in (4+z)-

distorted octahedra in the caiculated structures- The magnitude of Éhe

octalredrai distortion is also quite weitr predicted (Tal¡tres 6.2, 6.4,6.6, 6.s),

fndividual ûu-o l¡ond-trengths ca-lculated using the cu2.r¡u potentiai show

only fair agreement with íhe observed bond-iengths for the respective

structures, with Éhe âverage absoiuÉe difference between calculated and x-
ray bond-lengths generally fariing in the range û.0-0.05 Å, m¿r, a maximurn

average error of L.B - 2.6 Vo.

Improvements to the cu2tQu octahedrar potential-energy function w l
result if oó initio caTalations for lower-symmetry clusters are incorporated.

Lower s¡,'rnmetry coordinations such as (4+ 1+1)-distorted octahedra [i.e., as

observed in agardite (Aragu and Nakai, 1985) and spertiniite (Oswald et at.,

1990)l may be better represented by such a potential. Inclusion of Cu_Q

bond-bending terrns, also Lry co.sidering lower-syrnmetry clusters, should

also improve the overall description of the copper environ¡:oent. These

lower-syrnmetry calculations require huge a:nounts of computer cpu tiure,

and are cur.rently impracticai.
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Sixûee¡l Ûu2' oxysalt rninera-ls contain Cu2* i¡¡ five eoordinatio¡r (Table

?.1). Tl:ere al.e two five-coord.inate geor*eôries shown: elongated square_

pyranrridal and courpressed triangular-bip3"rainidat (Fig.. 7.1). As shown by
Eby and l{awthorne (1gg0), the angurar characteristics of these two
geometries are quite distinct, a¡d in Cu2* oxysalt, minerals, Éhere seem to be

no transitional inter"¡nediates between trre two coordination geometries. Eby
and }lawthorne (1990) suggested úhis apparent lack of transitional
geometries as possitrly being due t'o (x) an energy bartier between the ûwo

geometries; or (2) lack of sufficient sarnples.

A m¡¡nber of inorganic compo'nds (in addition Éo rninerars) contain
cu2* in both square-pyramidar and triangurar-bipyramidal coordination
geoneeûz'ies (r{athaway, 1984). Effenberger (lgg8a) considered a number of
inorganic cornpounds (including some mi¡reraÌs) containing 6ve-coordinate

cu2., and showed that there is a continuous transition between the two
ideal coordination polyhed_ra. I{athaway (19g4) st"ates that the cation
distortion isomers of [Cur.(bipy)zCl]x, nIIzû and [Cu2-(dienXbipyam)]X,

series represent individual structures arong Éhe st¡'ueturar pathway of the
regr,ria-r triangular-bipynamidatr to square_p5,ramidal stereochemist¡:ies.

Thus, in light ofthese studies, it is not elea¡ as to why minerals containiug
ñve-coordinate Cu2.{r. polyhedra do not also s}row fhe complete range of
transitional geornetries beÉween square_pj¡rami dal and tr"ians-ular_

L43
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Tabtre 7.1 Cu2* oxysa-lÉ r,¡inerals with (ûu?-Qr) polyhedra.

Square-try'rarnida-1

C¿r-ú.s Cu-Q"n F,ef.

Ctri¡loclase

ï-,itídioaite

Callaghanite

Kir¡oite

Teinite

Ziesite

Blossite

tsalyakinite

Chalcomerrite

Fedotovite

tu(2)

Cu(3)

Cu

Cu(1)

Cu(2)

Cu

Cu

Cu

utl

Cu

r.u( rJ

Cu(2)

1.905 A 1.956 Å 2.5x9 ,Å1.907 2.0161.916 2.000 2.2751.976 2.0331.931 L.944 2.2651.948 1.9531.926 1.959 2.483L.934 L.9571.942 1.944 2.4531.942 7.9441.959 1.968 2.2401.959 1.9681.926 1.961 2.3471.953 L.9671.931 1.953 2.2651.948 1.9501.880 1.955 2.5427.943 L.972L.94 1.97 2.387.97 1.981.934 1.965 2.3331.955 1.986
1 O1a 1 øF¡e .ì i^ô¿.!JO1.963 2.t267.912 L.978 2.333L.928 2.036

o

4

6

7

I
a

,t L,
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Tal¡le 7.1 üonfinuerT

Triang'uI ar-tsip9"rarøida1

Cu-Q"o Cu-Q"c Cu-0.s Þ^f

Stoiberite Cu(3)

Cti(5)

Ðotrerophaniåe Cu(Z)

F'ingerite

Olivenite

Libethenite

Mcbirneyite Cu(2)

Cu(6)

Cu(1)

Cu(z)

10e<}
L.924
1.890
1.930
1.906
1.907
'1 .929
1.907
1.92
r..98
7.927
1.939
1.914
L.923

1.969
2.Ð34
1.964
2.034
2.755
2.000
'J_.97L

2.L47
1.99
2.16
2.tAL
2.053
2.4L4q 10A

2.287

2.23t

2.155

2.1A2

2.t5

2.t53

2.097

í3

'19

1a

'1 1

15

Tr}

References 1: Ebv and Ha,wthorne (1990); 2: pozas et al. (1975);
3.: Brunton (1973); 4:Laugh"" ilSiiI l-Efî"tffi, ß977):6: Hushes ândtsrown ( 1 ege); ? : catvo añqraggi ani r r g7ÐJ'a ïi;å.iùìl (í sïzï -e:^ p;öJ;
a¡d Ferchiazzi (legg); to:-Staröîa er, n. iló'el).lilSÏralìil;"¡lä öJtr"'"(.1e73); 12: Effenberger {198.5_} 1.3: }r"tb";;;ã H;di¿ã.ãì r-læslIîä1"Tornan (1977t; L5: Cordsen ríézsl; ri:Sh;"r;;;ä C"Ë; iigtãj: 
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Ficure 7.1. Five-coordinated copper polyhedra: a) square-pyramidai; b) triangular-bipwamidal. Apical Èronds aredrawn as two parallel lines and equatorial bonds are dra*ïu. h.^Ç h;r. -*-- '¡*-!/re^.-¡qs4' 'rtlru¡ 
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bipyra-rordai. Shis apparent lack of Éransitionatr geometries in cu2o cxysart

rainerals w:ay ør&y be a reflecfio¡l of ôhe srrrali sarn¡:le size. E{owever, tlee

üu2*Qu sqelare-pyramid coordinatlo¡l is favouïed over the trianguia_r-

bípynawdd coordination in rdnerals, suggesÉing thaô sq*ane_pyramidatr

geometry is more enengeticatrly favourat¡le than trrangular-bipyramidal

geometry. Ab initir) 1üo calcurations should g:ive an indicatio¡r of the

relative energies of ttre fwo coordination geometr.ies.

7,2 &loåecwlar-@rbåtaå CaÅeulafio¡rs f,on Cuz*g. poåyhedra.

,4b initia l{artree-Fock caleulations were done for the [Cu](OI{)uls-
and [cu2.(l{ro)u]2* clusters (Fig.7.z) using Gaussian 86 (Frisch er a1., 19g4).

T'he calculations are TrlrF (spin unrestricted) calculations with rao spin

contamination observed in the finat ¡vavef,¡.rntions. calculatio¡rs using sro-
3G* and 3-21G* basis-sets (described in Chapter 3) were done on ùhe

[cu2*(H2o)5]2. ctruster in both square-p3,ra¡nidal and triangulan-bipSramidai

geometries. However, convergence probiems arose in the 3_2lG*

calcutrations for the triangular-bipyr.amidai geometry, and those results are

not repor'ûed. caiculations using the sro-3G* basis-set were done fon the

[cu'z-¡o}¡u1s- c]uster in both triangular-bippamida] and squaa.e-py,ramidar

geometries.

Ðuring geowretry optimization of Éhe square,pyr..amid, each of the Cu_

Q* hond-lengtlis were corrstrained to hre equivalent, &s were the foi:_r $"'_Cu_

Q* bond-angles' Triangi:lar-bipy'annidar geometries were constrained sueh

Éhat, the Cu-$., bond-lengths were equivalent; the same co¡rstraint was

placed on the Cu-Q"o brond-lengths, and the Q-Cu-rþ bond_aneles were helcl

fixed at g0o and 120., respectively (Figure 7.1). The Cu_O_H bond_angle



Figr:re 7.2. The [Cu'?-(OH)oJ3' clusters used to model the_(a) square-pyramidal and (b) triangular-bipr.ryamidalcu'*Q, geometries. Apical Ëb"ds a'ã d'añ ä'i.iäi"ñ.iii#'ïä'"'öäÏrl ¡;"ä'. ä;'ä"rä;;äSrdeavy rines. *¡
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:nras frxed ãt X1t'and óhe û-H disüances at û.gg À fûr Éhe [Cu2.(ûT{)b]s-

elwstæv; the I{-c¡-ÊT !:ond-angle ,u¡as frxed at 1t4.5" and úhe Er-û bond-nength

at, t.g5T A for ¿he [Cu2-¡Hr6¡u1z- clus¿er. In each case, geometries were
optiinized r¡¡¡fi1 the ¡naxlmr:-m forces on aary aúone did not exceed û.0û045

l{artrees/Eoh-r a¡rd the ¡naximun dispracement of any aÉoø' in t}re previous

eycle did ¡rot exceed û.0009 Á. The optimized georneùries and ctruster

energ:ies are given in Table 7.2.

?he opúimized geometries obtair¡ed for each cu2*qu cluster (Tabte 2.2)

are in reasrnabtre agreement with 
'ypical 

Cu2*Q, geornetries in Cu2* oxysalt
minerals (Table 7.1). All optimized triangular-bipyramidal ciusters indicate
that a triangutrar-bip5z'¡rni d compressed down the unique axis is preferred.
All calculations also indicate that the triangrrlar.-bipyramidal Cu2-Qu

coordination is energetically favourable over square-py¡arnidal geometry.

These resulÈs contrast with the observation that square-pyramids are the
more common frve-coordinate Cu2* geornetries in Cu2* oxysalt rninerals
(Table 7.1). As a further check of these resulÉs, the calculations were
repeated for the [Cu2-(HrO)u]2* ctrusters in botir the square-pyramidal and
triangrilan-bipy.oamida-l geometries using the more robust, double_zeta basis_

set given try Gianolio et a}. (1g7g); these calcr.dations (T'abtre 7.2) verifred the
previous results.

?.S trossåble &xpÏa*eaúåøns of Why $quare-Fyranníds Seenm to Ele

B'avoured @ver ?b"iarag.natran.Eip5,wa¡mi @s.

Kepert (1982) reports that electron-pain nepulsion calculations show
'i;hat, the most energetically favourable ûve_coordinate geometry is an
elongated triangular-bipyramid, which is stightly prefen ed to a co¡npressed
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Easis Seú ST'O-3G* g-216'* Double_Zeúa

s* 1 qq? 2.A64 z.tssR"; rses t.õ66 z.asl3qC_ 1q-1j28. L01,.47" 98.9t.E(SCF, Ïlae-trees) -1996.9858 _zaoa".Xøzz lùOitã.SoeZ

l:ll:Í, ûptimized geometries" a¡rd }lartree-Fock eoerg.ies f,cr (Cti2.$u)
trusters.

Square-pyraaoidal [Cur-(I{2û)s]r.

Triangulan-BiFFrpm idai ICu2.(]lrO)rl 2-

tsasis Set, STO-SG* S-znG* Ðouble_Zeta

R"" 1.931R* t.976E(SCF,Ilartrees) -1996.9958

2.009
2.100
-2012.3ã1'9

Icu'?.(oH)5]3'

Square-py,rarnidal Triangrilar_Bipyramidal

Basis Set ST'O-3G* STO_3G*

F,, 2.L12 2.8L7r(eq 2.A4A 2.079âng ß7.14"
E(SCF Hantrees) -1992.9160 _1992.920g

* tsond-lengths are in A. oo 1 Ha"l"e e = Z62E.4gg7 k.I/rnole
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squâïe-plyä.,'id. }Towever, c*2* oxysart rainerars co¡rtai¡¡ eiÈher conapressed
tria-agular-hipyramids ûr., c¡lûn:e conemonly, elongated squar.e_pyramids
(Tabte 5.1) The r{artree-}'oek calcu-}ations fcr ûus*qu crusÉers reporûed ín
the preuious sectio¡l iadicate ttrrat the corn}.uressed triangrrlar-bipyn an'id is
ereergetically f,avourable over Éhe elongated triangritra::_bip3,rarnid, as is Éhe

elongated square-py'raraid over the compressed square-pyralrdd. T,he

r{artree-F ock calcurations also indicaÉed that the compressed triangutar-
bipyramid is more energeticaily favourable than the elongated square_
py.llaroid.

The grorind states of Cu2* in triangular_tripyramidal and square_
py'arnidal coordinations do not contain energetically degenerate erectronic
states, and the¡:e is no Jahn-Te'er effect. r{owever, Reimin and ,{tansov
(1989) arsue tliat the vibronic ínteraction t¡etween the Ar, gror:nd state and
the excited E'st'ate reads to a stab*ization of the elongated square-pyramid,
as úhe excited state is Jahn-Te er active. Therefone, a quasi-Jah¡r-Tefler

effect in cu2* square-pyrarnids rnay read to a net stabilization of erongated
square-plramidal geomerries. The Ha¡tree-Fock calcufations reported in
the previous section were specifically for the ground states of Cu2*Q,

geometries, ar¡d tlds effecÉ was not i¡rcluded in the calculations_
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Ðoosdí¡aaÉio*lr GeomeÉry Súr¡¡aÉ¡¡¿.al Faúåzwzays å¡¡ Cuz*

ûxysa!É Må¡¡e¡:aÈs

E"Í {¡a6¡.oducúio¡r

rt^-t-2+,t"'tne Uu'-Q6 (n = 4,5 or 6) coordination geometries observed in a
nu¡nber of Cu2' oxysalt minerals are significantlv distorted fionn the
principal ideatr types (i.e. (4+2!distorted octahed¡al, squar.e_pyrarnidal,

triang.lar-bipy'amidal and square-pranar)- These interrnediate geometries

¡nav be considered as intermediates between the different neg.ular

coordination geometries and may define structural pathways between the
different (ideal) coordination arrangernents. The concept of structural
pathways in cu2*-bearing inorganic compounds has been discussed

previously (IIathaway, 1984), but has not been applied specifically to
milerals-

E,2 Súnucûuratr FaúFrways i¡l Cr¡2* Oxysa}Ë M'i¡aenals

Str-uctu-ral data for about 100 refined Cu2* oxysalt minerals have t¡een

examined to deterrnine whìch specific structurar pathways are represented.

The relative energetics and nrinirnurn-energy geometries of the possitrre

structural pathways were examineti using MO calculations for Cu2.Q" cluster
georoetries designed to model these pathways. The different, possible

pathways are shown in Fígr-r_re g.l
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E "2 "1 f,4+2j -Ø óahed,a:aå <--- > Sqaraz.e-Fyrsrl¡ ldp¡

The rnost comraorl Cu2. coordinatron geoinetry o.bse¡ved is @+2)_

disto¡ted octahedral (Chapfer 2). Square-p:ryamìdal geometry rnay be

derived fro¡n the (4+2ldistorted octahedrar georoetr¡r hy r:emoving one of the
apica"l ligands and moving the Cu2* caúion to above the equatonal plane in
the direction of the remaining apical tigand (Fig. g.2). This pathway
intrinsically contains (4+1+ l)-distorted octahedral geometries, such that
there are four short Cu-Q", bonds, one long Cu_Q,n bond and one very long
Cu-g apical bond (Fig. 8.2).

The division between (4+2)_distorted a¡rd (4+ 1+ l)-distorted octahed¡al
geometries is talcen as the (arbitrary but reasonable) point, at which one Cu_

Q"o bond is 12.5vo longer than the other. with this criterion, there are a
number of (4+1+lldistorted octahedra in cu2* oxysart ¡ninera-rs (Tabre 8.1).

There is ø continuous series of cu2*$u geomztries between (4+2)-octahed.ro.r.

and, square-py ram.idal, and the (4+2) _ octahedral to square_pyramidal

st¡rrctural pathway is well represented i¡¡ Cu2* oxysalt rninera-ls.

8.2.2 {4+2J"Øcúa_hedran <---> Triangu-lan_ts:åpyra¡r¡idal

Ideally, the Cuz.(ru friangular_bipyramid may be derived from a (4+2!
distorted Cu2*Qu octahedron by removing one equatorial ligand and allowing
the three remaining ligands to move to the corners of an equ ateral tria'gre
centered on the Cu2* ion (Fig. g.J). This is a potential structur-atr pathway
which includes (3+1+2)-distorted, (B+S)-distorted and (3+2+i!distorted

octahedral geometries. There are no examples offhese geornetries in Cur-
oxysalt minerals, and this st¡uctural pathway is not represented. The
equatorial ligands are more tightly bonded to the Cuz* ion i,han the apical



(4+2)*distorted
octañredra$

f ntermediate
(4+r+tr)

Fizu¡e 8.2. The (4+2)'distorted octahefual to square-pyramidal transition. The copper atoms are open circles andthe oxygen atoms are shaded with a random-doi pãru-.
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Table 8.t Cu-ó hondlenøhs- tÅ,} in Cu2- oxysalt, mineratrs containingt.4+l +l)-drstorted tlr2-0" ãctahedrá. 
- -

ûer-0* Cu2*-C)"e Ref

T,a¡rimerite Cu(z)

Euchroite Cu(z)

Co¡'netìte Cu(l)

Cu(3)

Flancheite Cu(2)

l,ikasite Cu(2)

Agardite Cu

Kipushite Cu(l)

Cu(2)

Clinoctrase Cu(l)

Cu(2)

Cu(3)

Wroewolfeite Ou(3)

Posnjakite Cu(2)

\-ut4l

Pseudo- Cu(Z)
malachite

1.e41 (Å)
1 ø19
j,.922
1.983
1.923
1.984
f o.)Ã

1.988
1.934
2.AL7
1.96
1.98
1.908
1.991
I.97
1.98
1.99
2.03
r..895
7.992
1.905
1.956
1.916
2.000
t.92
100
1.95
1.99
t.9L
1o.1
1.939
L.974

\.947
2.t28
-LYbf)
2.0a4
L94A
1.996
1.930
2.t23
'i Õ'7Ã

2.A54
1.96
1.98
7.924
z.ALL
1.97
2.03
1.99
2.05
1.938
2.074
1.907
2.016
L.976
2.033
L.ì'14
2.41
10n
2.At
1.96
2.A'J-
1.958
1.985

.J OO.}

2.394

2.47t

2..úöv

2.310

2.42

2.321

2.24

2.1,5

á.,4;sz

2.5r9

2.272

à.a1J-

2.28

2.3L

2.395

2.782 1

2.794 2

3.087 3

2.82L

2.6L7 4

o oe Ê

3.14 6

2.94 7

9 t7a

2.87! I
3.321

2.995

2.72 I
2.95 10

o nF.

2.755 11
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lahtre 8.1 Ccntinued

Spertilurte

Azu¡:ite

Fapagoite

ûu t.g$E
L.572

Cw(z) 1.938
r.yÐð

fl". x.ì7Ðo
1.964

1.948
7.972
't a/|.)
1.990
1.936
1.964

2.856

2.358

2.442

2.915

2 76L

3.û16

L2

11

L4

ff f iÍffiïö*ËîiJ#i"îå:'f_f s,,;'f il4ffi*iñH3lä",!i"îT3;"';å8"u,,
e,_4rse+ and Nakai oeÉìs)i?: Þ;ì"r ãi;l. iiedsi'8, bty;;ä-H;ilî,ò*;",'(-1990);9: Hawr,horne and G"oat-ilgss); id, í,i'"iíñ'rnd Merlino 0979): 11:S-ho_e^maker_er aI. (lez?); rz: ûÀwatd ãi'i. iiöõbïis,Fi;;;ä S.h;;;";'(L972);'L4:- Groat and Hâwtho¡"ne (198i)
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ligands, and the removatr ofan equator"ia? trigaad cray he eoergeÈically

u¡favol-lraÌ¡le.

E"g.S {4+2}-&cÉa_hedra} <--"> Square-p}a¡sa¡¡

Square-planal' geometry is retrativetry ¡:ane in Cu2* oxysatrÉ rn.inerajls,

È¡uÈ ðt¡er.e are a f,ew examples (Eby and Hawthorne, trgg3). Square_planar
georoehy may Ï:e derived f¡om (4+2!distorted ocóahedral geometry try
removing both of ttre apical ligands (Fie. S.a). The stru.ctr¡ral pa¿hway

between (4+2f distorted octahedraf and square-pranar geometries incrudes
(4+2!dis¿6o¿"¿ octahedral geometries r¡rith two cu-$"n bonds that are ionger
than the normal Cu-Q,o bond-length observed in (4+2}distorbed octahedra.

A nurnber of cu2* oxysalt minerals contain such octahedra, and øre næ.mbers

of a structural pathway betueen (4+2) -d,istorted. octahed,rar and, square-

planar geomcfries. Examples with Cu-Q"p > 2.70 A arc given in Tabte 8.2.

8.2,4 Sqtaare-Fyrs¡mida} <*-> SEuare-F}a¡m-r

Rernoval of the apicai iigand from the elongated square_pyrarnid

allows the remaining atoms to rean"ang.e into a square_plarrar geometry
(Fig. 8.5). Eoth of these geometries ar.e u¡rusuaÌ i¡r cu2* oxysalt urinerals.

ÏIowever, Cu2*qu square-pyramids show a considerat¡le range of Cu_Q,o trond_

trength (Chapter 7, 2.24 tu 2.52 jÐ (aXl of which are longer than the
geonoetr:ies predicted by the r{artree-Fock catrculations of chapter z),

indicating tfrat the structurar patkway from sEuare-pyrarrtidar to souare-

planar is represented in Cu2* oxysølt minerals.
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Figure B'4' The (4+2)'distorted octahed¡al to souare-planar transition. The copper atoms are open circles and theoxygen atoms âre shaded with a random-dot pattern.

wW#W

Square*
p[ånår

tl

ll

lt

tl

ö

&

feq

"-Á
Õ)
Õ



161

Tahle 8.2 Cu-q bondleneths (Âl i_n exaq,Fles of Cu_(r coordinationgeomet'riesint'e*ediate'6etwee¡:r¿+zl-*-s-ø"te¿*fuï¿r"r^J"ä.i'r*"-
planar.

f.n .!. Ìfet.

I-,nr¿r¡nerite

Likasite

StringharoiÉe

Azurite

Henrnilite

Buttenbachite

Stransküte

Ûu(1) 1.933
L.974

Cu(3) 1.96
't ô9

Cu(1) 1.918
1.918

Cu(2) L.934
1.960

Cu(1) X.930
1.946Cu 1.939
L.949

Cu(x) 1.967
1.967

Cu 1.907
2.005

1.933
1 An ,4

1.96
1.93
1.972
n.972
1.934
1.960
1.93û
1.946
1.939
1.949
L.967
1.967
1.907
2.005

2.923
2.923
2.83
2.83
3.383
Ð..f öÐ
3.053
3.053
2.983

3.067
3.067

3.134
3.134

1

2

t4

5

6

7

fief9ry-4ces 1: Ilawthorne (tr986); 
.2^: Effenbergen (1986); B: Hawthorne(1e85b); 4: Fieân and schusrer (rszzÌ 5, ñàî;ìïãi.'irés6''äîËääï 

"taI. (1973); 7: Keller et al. t19Z9l.--
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8.2,õ $quare-Fy.rn¡¡aida} <*"> TÞåømg.måar-tsåpp"t"amidaå

The elorrgated square-pyraltdd may be derived. f,roro the coropressed

triang'uXar*bipyr.a:aid by S-ûu-q adjusÈments a¡rd small changes in Cu-Q

bond-Ï.engtkrs (Fig. S.6). Ðue to lhe simpie str-ucËural pafhway between
these two coordination geomeÉries, examples of i¡rtesmediates might be

expected in mine¡:als. However, Eby and Hawthorne (1gg0) did noË find ôrre

cornple6e range of transitionar intemediates in ct¡2* oxysart roinera-rs,

alútrough they do occu¡. in synthetic compoi:nds (Effenberger, lg88a).

8"2"6 Tbearegular-Bipyrn¡¡.¡ i fr eå <*-> Squa_ne-Ftravl ar
R'emovatr of an equatorial rigand from the triangurar-bip3r.amid arows

6he rernaining Cu2*Qo group to rearrange into square_planar geometry (Fig.

8.7). Examination of cu2*qu ftiang'rar-bipyramids in cu2* oxysart ¡ninerars
(Table 7.1) shows that there is a considerabre range of cu-Q.n bond-lengths,
and there are examples (i.e., stoiberite) which have one Cu-Q.n bond
considerably longer fhan the othen two bonds. These tria_ngular_bipyrannids

møy belang to a triangr"rlar-bipy,ranriidai to square_planar st¡:ucturai
pathway, t¡ut there are too few exarnples to be certain.

8"8 A,ë* Ewiti,ø EÍartree-Fock MoneeuIar.0¡.Ï¡iúaÍ Exs¡¡rínafío¡l of
sËrucÉura?. traüxaways BeÉw¡ee¡n Ðuåoq* coordimatåo¡l Geomeúries.

Moiecuiar-orbitar cancuÌatio¡rs for cu2*Q" crusters wiûFr geometries that
map the structr¡¡:al pathways hetween various Cuz*Q" coordination
geometries will provide both optimized geometries and the energetics of the
stn¡ct¿rral pathways.
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The f,ollowing ¿alcurafioas were done wittrr Gaussia,u g6 (Frisch et ar..

1984) a.'d Gaussian g2 (Frisch et ar., lggz), Irf{F catrcurations we'e done

using the grû-8G* basis-set, and no spin co¡rtarn irration was obsenved i¡r
the ñnal wavefurctions. Where cluster. geoæetries were optimized,

ûo&vergeTlee c¡'ite¡:ia were the same â.s fon ttrre c*2.{. caxculations (see

Chapter 7); all Cu-û-F{ bond-angles were frxed at tr1û" and H-û bond-

leng6hs at û.98 -.&.

Harlree-Fock calcu-lations sometimes tend to give poor descriptions of
systems when bond breaking occurs (Chapter 3). Ttre use of IIfIF (spit
unrestricted) calculations resurt in hetter perf,ormance for such systerns

than do closed-shetl calcurations. However, the lack ofa proper treatrnent
of electron correlation, parbicularry of the bonding erectrons, may result in
poorly estimated energies. In order to úest the validity of the rlartree-Fock
calculations reported here fon Cu2*Q, structural pathways, pal.tial

confrguration inÉeraction (CIÐ) and Møller_Flesset, (Mp2 and MFB)

calculaÈions (Chapter 3) were dor¡e for a selection of points atrong sorne of
Èhe structural pathways. Arthough ttre absolute varues of the energies are

different, the electron-co'relation calculations give similar trends (Tables g.5

and 8.6)' and do not aiter the concrusio's drawn fuo¡n the uHF carculations.

E,S.n (4+2)-tcÉa-needraÊ <*-> Square-Fyramidal

The starting point for exa-mination of this pathway was tlie
[cu'9-1o¡J¡u1o- cluster [(4+2!distorted octahedron] with cu-Q bond-rengths

obtained from Hartree-!'ock calcurations with the sro-sG* basis-set
(chapter 4). The structwal pathway was rnodeltred bv increasing one of tl¡e
cu-Q"n Èrond-lengths in a stepwise fashion, sucrr that the apica-r ligand is
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llao¡¡ed ãwaJ¡ ñ"om the copper ion i¡l a directio¡r perpendicr:-lar. to ihe
equatoriaÌ plane (Fig. 8.2). F-or each súep, thre Cu-$"* hondlength was 6xed

and tke ¡'esÈ of É}¡e cl*ster geoureÉry was e.eoBrti¡.r.rized using Ï{ar&ree-F.ock

calc¡rlaÈions. Included in the reoptimization we¡.e the four cu-$.n bond-

Iengths (constrained to be equivalenú), the remaining Cu_Q"n hond_iength,

and the four Q"r-Cti-Q* angles (constrained to be equívalenó) (labelied r"n, r.,o

and ang ín Fig. 8.2). The optimized geornetr{es and ciuster enee.gies are
given in Tat¡le 8.3 and Figures g.g and 9.9.

These calcuiatior¡s show Éhat as úhe apicat oxygen moves away frorn
ífs eqrdlibrirrrn position at 2.427 Å f'ooor the coppen cation, the remaining
atorns rapidly reãrrange towards square_pyramidal geometry (Fie. B.B).

Ilúost ofthe rearra'gement occurs before the apicar oxygen is 8.0 A frorn the
copper cation, ând it is virtuafly complete before the oxygen is 8.5 Å frorn
the copper catton. There is na energjt barrier alang this pathway (Fíg. B.g).

These resunts support the proposed structura-} pathway L¡etween (4+2)_

distorfed octahed-r'al arad square-pyrarnidal geometries in cu2* oxysal.t

rni-rierals, as suggested by t'he presence of (4+ x+ 1)-distorted octahedrai

geometries.

E "&"2 (4+2j-&ctahedraÅ <*.> TbiaraEular-tsip5rrs¡æidat

The starfing poin6 for exa¡oination of lhe (4+2!disËorted octahedyal to
triangular-bipyramidatr st¡l-rctu¡.al pathway was the [Cu2-{û}.¡;o1r- o1rr.*"
with optimized (4+2!distorted octahedral Cu-Q bond-lengths from Hartree_

Fock calculations with the STO-BG* t¡asis-set (Chapter 4). The structu¡:al
pathway was modelled by extending one cu-Q.n t¡ond in a stepwise fashion
while reoptimizing the remaining cluster geometry using Hartree-Fock
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Table 8.3 ]leoptiraized lfiu'?'tûI{)u]+ cluster geornetries along Éhe structuralpathway fro¡¡ r 4+2 i-dis¿ìrt*¿ ããtâ"1lu¿";i ä ri*#; ;sramid ai.

Clptimízed'

Step r,r(6xed t r. lÃ) r"n lA) ans lo) Flnan-c"*,
(Hartrees'.)

(4+2)-
ûctahedron 2.427 A1 2.502 2.603 2.704 2.85

5 3.0û6 3.207 3.50
I 5.00I 7.0010 8.00

Square Pyramid

2.081
¿.uttJ
2.t7a
2.063
2.055
2.047
2.04A
2.033
2.026
2.027
2.028
2.040

2.427

2.373
2.35A

2.298
2.274
2.248
2.187
2.755
2.146
2.L12

qno+

9A.41
9û.93
9L.42
92.12
92.76
93.49
o,1 tn
96.87
98.52
98.99
101.15

-2466.575A
-2t66.575A
-2066.5749
-2t66.5752
-2066.5769
-2066.5804
-2066.5880
-2066.6042
-2066.6935
-2066.7653
-2466.7947

* Refer to Fieïre 8.2 lor ¿¡_ s¡planalion of optimized parameters.** tr Hartree = ZîZS.+gSZ klÄãi;-**"" v\ vt'úLutt¿'

+ Held 6xed at 90. for the (4+Z)-octahedron optimization
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t}c,eaty. Is¡ciuded in the reoptin:ization were Ëhe remairring tu-Q* bond-

trengths (co¡rsórai¡red ôo be equrvalent), the Cu-Q"o bond-leregths (constrained

Éo be equivaient), and úhe Q"n-Cu-Q"n angles (trabelied r*, roo and ang in Fig.

8.3). The optiwized georneúries and er'stei: ener.gies are given ii¡ Table g.4

and S'igirres 8.1û a¡d 8.11.

As the Cu-Q* distance inæ:eases, the remair.ring ctruster geometry

distorts towaÍds a triangutrar-hipyramidatr arrangement (Fig. g.10).

Ífowever, óhis pathway has a steep energy bawier (Fig. g.1l), which

explains why fhe complete range of transitional geometries ane no6 observed

ín Cu2* oxysatrt mine¡"ais.

8"S,8 (A+2 )-tcúaÏ¡edral <"--> Sqana_re-FÏana.r

The starbing point for exa¡rrination of the structurar pathway tretween
(4+2)flis¿6¿.¿ octahedral and square-planar geometries was the

lc"\oH)614' cluster wiúh optimized (4+2!distorted octahedral boird-lengths

&'om Hartree-Fock calcurations witþ¡ Éhe sro-BG* basis-seå (chapter 4).

The pathway was ¡nodelled by increasing both Cu-$"' bond-lengths in a
stepwise fashion and reoptimizing ttre Cu-(r.o bond-lengths for each step
(Fig. 8.4)' T'Ìre optindzed geometries ar¡d cluster energies are given i', Tabie

8.5 and in F igure 8.12.

The remaining atoms rea¡:ra¡rge towards a square-plaraar

arraragement as the apical oxygens move âlvay &.om the copper ion (Fig.

8.12). The majority of the transforæation to the (contracted) square-pianar

arr"angement occu¡:s before Cu-Q"n = 9.0 A. The calcuiations indicate that
there is a shallow energy barrier arong the (4+2!distorted oeËahedrar to
squ.are-¡rlanar structwal paÉhway (Fig. s.12) which reaches a maximum at
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Table 8.4 . Reoptimized lcur-(tll)J, clu_ster geometries alcng the structuratrpathwav frone (4+21-&sto"t.d 
".iaiedrrl iä t"";-*"crl.;-rrie;äirüî. - *"-" -'

Clptimized-

Step r*(fixed) r", (Å) r"o iÁ) ang (') Energy
(Hartrees..)

(4+2)-
0ctahedron
t
2

4

Triangrrlar
Eipwamidal

2.0s1 Á
2.30
2.5A
2.7A
2.90
3.10

2.t81
2.088
2.065
2.065
2.06û
2.Ð55
2.479

2.427
oo1 A

2.189
z- tÐö
2.136
2.118
2.t17

ûn*

97.42
9L.84
ûe ot
94.75
96.25
120.0

-2066.575A
-2t66.5704
-2066.5694
-2066.5671
-2066.5676
-2066.5718

f _"_u{e1 !o Fjgure 8.3 for an.explanation of oplimized parametersx Hel_d fixed at 90" for the t4+Þ)_ocrahã¿ràl ãpïi*tã"uo".+* 1 Hartree = 2625.499T kJ/móle- 
-- -*
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n;gy¡e..8. tO. Optimized geometries along the sLr-ucl,u:.al pathwav from(4+2)-distorted octahedrai to tnanguJar-Ë;p-'*a* ; àrt- lf,nã;;;;"ä;;"r*
deñned in Figure 8.3.
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-2066.565

ft)
d)
oJ¡-
¡-
(g
ï

Ð)
L-

c
tlt

-2066_570

-2066_580 2.2 2.+ 2.6 2.A

Cu-@(iong ap¡ (Ã)
3,0 3.2

{jSure 8.11. Cluster energ'ies ?long the str-ucturaf pathway from (4+2}
*¡,T1:¿ocrahedraløtriãnsular_t'tp.;;ìd;;*'iÉ**il".,=ÞeË.+ssî



Tabtre 8.5- Eeoptìniz-ed lCur-tO]l)J" cTus¿er geouretri es' along the
s tru ct rrya-l p athway fro m {4 + 2 )- di sïc r¿e d o cta-hãã-"ar to sq uarelpÌ anar

Step o"n (Ä) r.n(optiroized, Å) E(SCF,, 
_

Hartrees'")

1
2
3
4

(4+2!tctahedron
o

I
a
10
1L
12
r.f
!4
15
Square-pianar

2.û0
2.7A
2.2A
2.3A
2.4A
2.427
2.54
2.6Aqnf\
2.80
2.9A
3.00
3.10

3.30
3.40

I tae
2.164
2.L34
2.LAg
2.086
2.481,
2.067
2.45A
2.A34
2.021
2.009
1.999
1.990
1.983
1.976
1.971
1.931

-2t66.5234
-2466.562L
-2066.5699
-2066.5737
-2066.5750
-2468.575A
-2066.5748
-2A66.574t
-2066.5735
-2066.5736
-2066.5748
-2066.5773
,2066.5812
-2066.5865
-2066.5931
-2066.6008

Electron-Correlation Calculations

Step

Lì

1tr
15

E(UHF) E(CTÐ)

-2A66.57 47'r -2a66.9tL2t
-2066.57732 -2066.90549
-2û66.60076 -2066.93065

E(MPz) E(MF3)

-2066.90285 -2066.92818
-2066.91045 -2066.93161
-2066.93733 -2A66.95672

i_ T"#:_n jiey:$4, fgl E". F.planati on of r,he oprimized param erers
-[ i ¡.1.r Lree = zÐ¿õ.+w I KJ/rnole
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alrcuú û*-$"n = 2'7t Ã, where åhe energy cf the cl*ster is û.t016 Har-trees

great'er than 6Fie energy of ôhe (++2)-distcr¿ed ocËahedro¡r. Exa¡a¡nation *f
Cu-g hrond4engtÌrs in Cuz* oxysalt rni¡re¡.a-ts (Fie.. Z.lû) shows that threy do

eeem tc reftrecå the prese&ce of, this energy barrier. ?he apicatr bood-tengttrs

sÞ¡ow a bimodal distributior witl¡ maxi_ryra at Z.45 &and 2.75 ,&, and a
minineuro at -2.65 a. Tluis minimurn presumably reflects the smartr enea.gy

b¡a.rier atrong the sóructurar pathway beÉween the (4+2!distorted octahedral
(\Ã/ith identicai apical bond-lengths) to square-planar geometry.

TÏ¡e conûinuous rarlge of Cu-Q"o distances fram Z.Z to 8.1 Å suggests a

co¡rtinuous path from (4+Zloctahedral to square_planar geometry.

However, the trimodal nature of the distribution (Fis. 2.10) indicates that
geometries with both cu-Q"n distances at -2.65 Å are avoided, in 1ine with
tr;he (smali) energy barrier for¡nd for this speciñc conformation. This

suggests that a (4+2!octahed¡at to square-pianar structr¡ral pathway

prefers a (4+1+1)-octahed¡ai intermediate. Note that this is in line with the
lack of energy ba¡¡'iers in the pathways frorn (4+Zloctahedratr to square_

py"ranridaÌ and (showa in tÌre next section) square_pyramidal to square_

planar.

E.$,4 Squar"e-tryrE¡måda} <*-> Sqware-Flanar

The stading point was tjhe [Cixr.(C]H)5Js- cXuster with optiæized

square-¡ry"ramidaï geometay &o¡n Ha¡-tree-Fock calculations with ttre sro_
3G+ basis-set (Chapter ?). The pathway was modelled by extending the Cu_

Q.o bondlength in a stepwise fashion and neoptin'rizing the nemaining ctruster

geornetry. The Cu-Q* bond-lengths (constrai¡ed to be equivalent) and Q,"-

Cu-Q"n angles (consûrained to be equivalent) were inctuded in the
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epti*,izãÈirn (shown as r* and ang i', Fig. 9.5). ?å¡e optrmized geometries

and cluster ereergies are given in Table g.6 a¡rd Figi¡re g.1S.

Tå¡e remaiÌriÞg aåoms gradualXy reaÉange towards square-ptranar

georneÉry wÌrile Éhe apicatr Ìigand is ¡:emoved (Fig.. S.13), a¡¡d ûhere is no

energy Ïrarrier atrong rhis structural pathway (Fie. s.13). Tirese calculatio¡rs

support fhe idea tkøt the square-pyrønzidnl geametries obserued, in cuz"

axysalt miners{'s (Tøble 7.i), in at \east som.e e$,ses, belong to th,is structuratr
patllway.

8.S.5 Sqraare-trp'a-*m !S¿! <*-> gk-iã y¡ glt¡lar.tsåpyram idaå

This structura-l pathway was modelred. using Èhe opúimized geometries

for the [cu2.(or{)u]3' cluster fi'o¡:a }Iartree-Fock calculations with Éhe sro-
3Gx basis-seú (Chapter ?). The UIIF (spin-urirest¡.icted) Hartree_Fock

energies were calculated for nine equaliy spaced steps along the most direct
geometrical pathway between the two coordination geometries (Tabre B.T,

Fic. B'14)- The caicu-lated }lartree-Fock scF energies for each step arong

óhe sf'uctural pathway show that th.ere is na eneì-gy ba*ier between the two

ûu2"þu geometries .

LS.6 9bialagu-[ar.tsi¡rya"ena i dan <*-> Square-Fnarear

The starting point was the [Cur-(OH)rJs- cluster with optimized

triangutrar-bip3rarnidal geonetl1y from Ha¡-tree-F ock catculations with the

STû-3G* l¡asis-seú (Chapter 7). The pathway was modelled by extending

one of the cu-Q* trond-trengths in a stepwise fashion and reoptirnizing the

remaining cluster geometry. The rerraining Ou_Q"o bond_lengths

(constrained Éo be equivalent), the cu-Q"" trond-lengths (constraíned to be
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Table 8.6" Ræay¡timtzeó [tur-16¡J1u3s- elus_ter geometries atrong thestmcÉuraX pafhway frocr square-pþa*ådatá;A;áie-ela*ari ----

ûptirnized-

Sfep r,n (frxed) s- lÂ I ang (") Energy
(Ilartrees")

Square-Fy'rami åal 2.I\Z A7 2.2A2 2.3A3 2.4A4 z.5A5 2.606 2.7A7 2.BAI 2.9AI 3.0010 3.2A11 3.40
Square-Planar.

2.44t
2.033
2.t27
2.AzL
2.075
2.AAg
2.003
1.998
1.993
1.988
L.978
1.973
1.931

101.14
100.79
100.39
99-99
99.59
99.79
98.75
98.38
07 00
97.6L
96.86
96.23
90.00

-1992.9160
-L592.9149
-1992.9L1.5
-1992.9066
-1992.9009
-1992.8949
-1992.8891
-1992.8838
-1992.8792
-1992.8756
-L992.8715
-1992.8714

Electron-Correlation Calculations

Step EGIf{F) E(CID)

-7992.9L49 -1993.2292
-1992.8838 -1993.X976
-L992.87'i.4 -1993.1835

E(MPz) E(MP3)

-L993.2345 -1993.2528
-1993.2058 -1993.2211
-1993.1922 -1993.2056

1
7
11

J F:F. ø Figure 8.5 for an,expianation of the optimized parameters.+ 1 l{arì,nee = 2625.4997 k¿rmore
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Sable 8.7 Í{a¡:Èree-Fock energies of cluster geometries traasiûio¡laå
betweecr ccnïpressed tria&gulãr-bipyr"*lauï -*rrã;Ë"g.;6"d 

;A;;;_pwariddâl coordinations.

Geomeúry

Step Cu-ûl Cu-02 Cu-O3 ü,(o) dr(') Energy
(IIa¡trees")

Triangular
Eipyrarnid

I
2
¿-l

4
È

[)
7
I
q

Square
Fyramid

2.t79
2.A82
2.086
2.089
2.092
2.096
2.099
2.L82
2.106
2.109
2.172

-L992.92A3
-1992.9196
-x992.9190
-1992.9185
-1992.9179
-\992.9773
-1992.9169
-1992.9165
-1992.9163
-1992.9161
-1992.9160

2.A17 2.A79
2.AL9 2.075
2.42tr 2.t71
2.024 2.067
2.A26 2.063
2.028 2.059
2.03A 2.055
2.033 2.051
2.t35 2.047
2.037 2.044
2.tAA 2.A4A

9û 1.2A91.11 118.11
92.23 116.2393.34 114.34
94.46 Lr2.46
95.57 110.5796.68 108.6897.80 106.8098.91 104.91
100.03 103.03
101.14 n01.14

* 
,Fig. 8.6 gives the stmcturål pathway geomel,ries used for thesecarc attons, dlstances in A** 1 Hartree = 2625.4997 kJ/moie
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C

LU

-1992-915

-1992.916

- 1992.9 17

-19S2.918

-1992.91I

- 1992_920

-loa? o"1

-1qat oØ

M-*
f *-æ.-
I 'e

squâre

pyr¡rnid¿]

\
&

I
I

triangular
bip3"rami dal

6 1210

*{:j P:11,. Clusigl ge¡eies for the rra¡rsil.ion from square-p3,.rarnidat rol"lra¡gular-brpyramidal along the most direel goo¡not-¡.ic'patl1.i:áy. TUrårc.
= 2625.4997 kJ/mole.
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equivãlent) â¡ld ¿he $"r-Cu-qr., borrd-angies (constrained to be equivaleat)

were included rn the optimizaÉiotr (shown âs Fnq, r"p and ang in F,ig. g.?).

The optircìzed geometries a¡:rd cruster energies are given i* Tabre B.g and

F igr:re 8.15.

?he remaj¡.riag clustel. g::adually distorts towards square_planar

geornetry as the equaÉorial ligand is rernoved (Fig. 8.15), and there is no

energy barrier along Éhis pathway. Thus, it is probabìe that the tria*gular-
blp3r'amidat to square-planar stnuctural pathway occurs in Cuz* oxysalt

¡ninerals.

8.4 ÐiscÌ¡ssio¡1

The Hartree-Fock calculations reported here indicate that there is no

energy barrier between the square-pyramidal and triangrilar_tripyrarnidaì

cu2*Qo geomet'ies. It remains unclear as to why representative geometries

of the square-py'r'aroidal 6o triangrrlar-biplr.amidal structural pathway have

not, fieen observed in Cu2* oxysalt rninerals; this rnay be due to tl¡e

relatively small nurnber of exaruples found so fal., as fhe fact that a
complete range is found in synthetic compounds indicates that there are no

intrinsic restrict'ions from the topologicavenergetic aspec.us of the overali

st¡:ucturatr ar-rangen-rents.

A summary of the Mû investigations of Cur.4r, str-uctural pathways is
given in Figure 8.16, where ar-rows i¡rdicate continuous pathways as

indicated by the caiculations, and b¡.otr<en lines indicate energy barriers. Of
the possible structuraì pathways indicated, representatives of the (4+2)-

octahedral to squar"e-py'rarnidal, (4+2loctahedral to square_planar [with
(4+1+1) intermediatesl and square-p3taanidal to square_planar pathways



TabÌe 8.E. Reoptímiz,ed [Cur.(ûFT)Jt -cluster geornetries af ong fhe
structæ:a? irathway fronn tnangulår-b;py,ran"ídal tã- squa:re_plr..amidatr

ûpÉimized-

Step r*(fixed) r.*{,Å") r,n{Å) and') Energy
(I{arÈrees")

Triangular
bipyranddal 2.A79 i\1 2.302 2.403 2.5A4 2.605 2.7A6 2.807 2.90I 3.00

o

10
Square
planar

2.t79 2.A17
2.066 2.000
2.A56 1.996
2.446 1.99.3
2.039 1.988
2-030 1.985
2.023 1.980
2.076 1.976
2.A\r 1.97å
1.998 1.965
1.987 1.959
1.931 1.931

120
11Q rr,4

116.13
L14.2A
1L2.62
111.37
110.12
109.10
108.26
106.09
L04.52
90

-1992.92A3
-1992.9134
-1992.9077
-L992.9A]¿
-1992.8948
-1992.8885
-1992.8827
-L992.8776
-1992.8735
-L992.8678
-1992.8684

+ Refer Ëo Figure 8.7 for an erplanation of the optirnizedparameters
* n Hartree = 2625.4997 kJ/mole
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have thus far been observed in Cu2* oxysalf r:lrine¡:als. lilote, ho-,vever, that
EffenL,erger (1988a) ¡:otes that there are inl.errnediates betwee* squâre_

py'ramidal and triangular-bip3rarnidal Cu2rQ" geometries in s5-nthetic Cu2-

oxysalls.

ft1iany Cu2* oxysalt ¡ninerals contain Cu2*Q" coordination polyhedra

that are members of o*e of the structural pathways shown in Fig're 8.16,

rather than one of the principal coordinatioir types. In past studies of Cu2.

oxysalt minerals, these structural pathways have not been explicitly
recognized, and considerable confusion has arisen concerning the naming of
these interrnediate coordination geometries. This work suggests that Cu2r

coordinatio' geornetries should be described out to perhaps 8.2 A (without

necessarily implying that a specific lo'g interaction is significant), and

interpreted accordíng to the idea of structurar pathways before necessar v
assigning a specific coordination nu¡nber.



ü&zaptew *
&[åxed-l-igalad C&åo@6 üe1"øhe&ya. å¡a &Eå¡¡era-ås

9"å Þ¡Íåxed"Ligamd Cuz*@u &eúa_fuedra.

Many Ðer2* oxysaiÉ rn.inerans conùai¡r Cre2.q. wiÉh 0 = ûr,, OH- and Hrû
only. Such octahed-ra are almost invariably distorbed into a (4+2)

arrangement, due Èo the .]a_b¡r-Tetrler effect, (ChapÈer Z). The previous

ehaptens of Éhis thesis have considered such cu2" ¡'oinerals in detait, and

þrave shown that úhe octahedrat trond-length disüributio¡r can t¡e

quarrtit'atively rationalized uía tbe.lahn-Telier effect alone. cornparison of

sueh coordination geomet'ies, as well as the application of the Jahn-Teller

theory, are facilitated by the similarity of each of the six coordinating

ligands.

Many Cu2* oxysalt minenals contain Cu2*@u octahedra where d¡ = Or-,

Oll-, HrO a.'d L,2 or 4 Cl ligands. Due to the rrrixture of ligands in these

octahedra, the cu2* ion can¡¡ot achieve a holosynr-nnetric environment, and

út¡e 
"Tahn-Tellen argu:nents are not directtry applicable to such polyhedra.

However, a near'-degenerate electnonic state may occur., and distortion of the

oct'ahedron may lead to a significant neË stabilization of the mixed-ligand

octahedron. This effect rs referred tn as a pseud,a-,f ahn_Teller effeet

(Ïfathaway, 1984). In Cu2*Õu octahedya with mixed iigands, the bond_length

variations are less straight forwa¡'d to inÉerpret tha¡r in the case of oxygen

trigands (Q = û", OF{', }Ir0), as there is Ðlso an intrinsic conúrih¡utio¡r to

bond-lengt'h var-iations that arises f¡'o¡n the differe¡rce in size of the (oz',

ûH, Il,t) [r = 1.36 A] and Cl' þ - 1.67 Ål a*orrs.

188



18S

9.9 Rietweld &e&¡te¡æe¡aú øf tFee crysÉø3 súrueÉc¡re øË Toåfuachåte"

ÐFazoÐ&".

TolbacFrite, Üu2*c12, rc¿.¡ïs as e¡rcr*srations on hasaltic ølagrna flows

fro¡n lhe ?olliachia eruption of 1g?5-1g26, and was described as a r¡e¡tr

mi¡rera1 by Bez'gasova ar¡d Finafuv (19s4). It is hyg:noscopic and Ïryd_rares

rapidly to eriochatreite (cuhcår"zH2t) on continued contact witl¡ air. This

feaËr:-ne, along with Éhe genera-l track of good crystals, presenôs special

problems dr.rring stn-ictu-re charaeterization. The crystal stroctlrre of
s3,rrthetie Cu2.Ctrs was deËe¡ærined hy lVells (1g47), but, due to the

af,o¡:eme¡rtioned problems, v¡as not refined. The unit-celt ¡:arameters and

spâce group given by Wells (1947) and Bergosova and Filatov (1g84)

indicate that Èolbachite is ísostructr¡ral with sy,nthetic Cuz*Clr.

Tolbachite is the only ¡'nìneral that ís know¡r úo contai¡r Cu2*Clu

octahedra, and is thus of considerable interest as it will give the bond-

lengt'h ir:fonriation, iir combination wittr sy'nthetic conepounds, ¡reeded to

evalu.ate Jahn-Telier relaxatio¡r in Cu2*Ciu and Cuz*@u mixed_iigand

octahedra.

9"9.1 Exglerime¡etal

Synthetic folhachite was prepared by heating CuhCt2.zI{2û in air: at
105'c for a week. Ttrre resutûing powder was genúly back-pressed ir¡to an

aiurnirurm holder and the upper surface ¡¡.¡as serrated with a razor l¡lade to

reduce preferred orientation effects during data collection. After sample

preparation, ühe alurmnum holder contairring ûhe powder was heated to

105'C for tr Frou¡" to dehydrate âï!y Cuz.Cl2.ZIIrO thaË may have formed

during sample preparation.
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leit¡achite is extreruetry Þrygroscopic and qurckny hydrates in air.
l$itrogen was used to provide aou i¡rerá atmosphe*e dwrng daÈa collectio¡r.

?he difllactomeÉer sample ehamÈ¡er was modiffed úo ¡rrovide spaces for. inlet
and o¿rtxet pipes. Nite"oge¡r was dsied by pumping through a Leco roÉometer,
q¡ith 6he gas passing througtr concentrated su_lphul"ic acid, ascarite arrd

u'eagnesii:m perchxorate befo¡'e entering the sample chamber. scans L¡efore

and after data collection showed no detectabie ûuhC}r.2ÏIrt.
The diffractio¡r data for Rietveld reñnement were colrected at 25"c on

a Fhilips FWl?nû X-ray ¡rowder diffractometer with Eragg_Brentano

geometry using cuKa x-radiation, fixed v2' stiús a-nd a diffracted-bearn

monoch¡omator. Data were collected over the raage (14 < 20 < trsO.) with a
súep interval of 0.05.20 and a count time of 5 s per step.

9"9"2 St¡'ucf¡¡re Refi¡ae¡ne¡lt

The Rietvetrd (Rietveld, 1969, 1962) stn-r.cture ¡:efinernent was done

using the prograrn LI{FMI (Howard and r{íü, 1gg6; a modiñed version of
tire program by Wiles and young, lggl). Refrneinent wâs ìnitiated in the
space gllorlp CZ/m with the són-rcturatr pararneters of Wells (1g47) as the
starbing model" The refineørent inci¿ided artr of the daÈa over the range (14

< 28 < 130'). Scattering factor.s for neutral aôoms wer.e talçen frora the
lntennational Tables For X-Ray Crystallography (lg?4). ps¿þs \rys.s

modelled using a pseudo-voigt profile function whictrr was corzected for
asymmetry ûo 30"20. Ttre pattern background was modelled using a
refr nable four-th-o'der porynomial. Individual isotropic-disprace¡nent

facto¡'s were unstabie during órre finar cycres of reñnement, and were âxed
at' Éypical single-crystal values; an overali displacemerit factor was refined_
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The ñ¡ral R-i&dices were R* = 2.4Vo, Re = 3.5Vo, &wp = $.gV. wit\t
R*o(expecûed) = 3.2Va; refi¡red st¡"usóu¡al Sraraeeters are givee in Tal¡le g.1

and 6he ol¡senlied powder paÉtertr is compared åo the paÉterrl catculated

using the refr¡red struetu-re Þarameters ín Figrrre g.X. Tt¡e oL¡served sten_

searì dala is given irl Appendix A.

$.*.S S Ér¡¿cú¡¡-re Ðesaråpúåon

Tolt¡achite ¿or¡tains cu2*ctr6 octa-hredra distorted sucÏ¡ that there are

four Cu-Cl equatorial bond-leirgths tZ.Z6å(6) rtl a¡rd two much longer Cu_Cl

apical bond-lengths t2.991(6) ¿1, a (¿+Zl¿istortion; this distorted

environment is a result of the Jat¡n-Te1ler effect (chapter 2). Each cu2*cl6

octatred¡on shares two cu-cl* edges with adjacent octahedra, and each of
ii,s apical Cl ions ane equatorial ligands for adjacent octahedra. This
linkage results in corrr,rgated sheets (Fig. g.2) of composition Cu2.Clz pa_rallei

to (001). Each sheet is electnostatically neutral, and linkage between

adjacent sheets is ujs van der waars forces, expraireing why totrÊ¡achite

qaici<iy Ïrydrates in air.

9"*"4 SpaúIeeüíe Compøralads Co&taiî?i¡-s g. Cur.ÐÌ" tetalaed¡ra.

crystal-structure data is ava abtre for severaf non-minerar inorganic

cornpounds eontaining Cu2*Ctru octahedra (Table g.2). AItr Cu2.Ci6 octahed¡a

show distorted (4+2f geometries, with cu-cn.n ranging fuarn z.z}4 ¿o 2.381 Å
(nrean = 2.29T Åù and Cu-C1"0 ranging from 2.706 ¿o 3.19 A (mean = 2.919

Å). ff," Cu-Cl bond-ler¡gths obtained for tolbachite (Table g.l) are ín these

ranges.
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?able- 9. I Firrd structure parameters, R-i¡¡djces,

$if%f:*utt 
("4) a¡rd !:ond-a-ngles (') in rotbachüe

Space Group

ûeitr

Fositional para-meters

xy
0

0.5048(B)

Ã-xndlces

R" 2.4
RP 3.5
R*o 4.9
&r"(exp.) 3.2

a (,&)
h
c
ß (")
v Ì¿'l

û
0

Cu

C2/m.

6.9û38(9)
3.2995(4)
6.824(1)
L22.rgX(B)
131.54(5)
2

Eond Ðista¡rces

Cu-CI x2 2.991(6)
Cu-Cla x4 2.263t6)
<Cu-CI> 250-6-

z

0
a.2294(s)

Eond Angles

Cl-Cu-Cla x4 8?.6(2)
Clb-Cu-Clc x4 92.4(2)
Cla-Cu-Cld x2 86.4(2)
A!c_-C-u-Ç!d x2 e3.6(2)
<CX-Cu-Ci> -3o-ft

ri
='(:-*,y -V3-zi ¡, = -x, J, -z;c=8.-1/z,y+Vz,z;
=Y2-x,y*7/2,-z

* Ite = Rietveld Bnagg-agreement index
& = Rietveld profiXõ-agreement index
Swe.= Hretveld weighted profiie-agreement index
Fðe¿¡( exp) = expec!,ed (i.e., optimallvaìue for R.uo
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U

Fig'ure 9.2. The tolbachite struci,u¡e projected along [0trO]. Copper atoms
liî,:i,*1.:tîfl":i::l::: .H."' 

" 
uro*s u.ä l u'e",' 

"pË; 
ci r;les \#ih ;h;ät ".rlr !r¡ç ruwEl relL çuI'Ile¡-s
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?abne 9.2 Cû2*Cå6 octaÂed¡:al geometries in inorganic compoureds

R"" (1") R", (.8) Ref

CsCu2.Cl^
Cu'"Ai,Cf"
Rb.Cul.Cf"
Kd,t'?-ót-'
NH,Cu'?ì'Ctr"
Rbdu'?-Cl" "

Tolhachite 2.263

Mear¡

2.28 2"35 2.35
2.29 2.3A 2.30
2.234 2.325 2.981
2.267 2.3'J-4 2.322
2.26 2.32 2.32
2.3A7 2.365 2.ts65

2.263 2.263 2.263

2.297

2.78
2.96
2.87t
2.941qoo
2.746

t oG1

2.9n8

2.28
2.29
2.234
2.248
.) 9X

2.3A7

2.78
2.96
2.87t
3.113
3.19
2.7Ð6

I;
¿

4
4

Reþrences: _7: Fchlueter ei 31. 
(1966J; Z: Schd.fer et al. (1980); 3: Craroa(x981b); 4: Willen er al. (x963j; s, diu-ã figSirl. 

-
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Are estimate of the Cu-Ctr bond-Xength i¡e an u&dis¿ûrÉed Cukû}.
octahedro¡¡ may Ï:e obÉained. by prottiog <cm-ûi> versus Á (eq*aûioe z.L) far
Ëhe octahedra. Tlee ináereept of the besÉ-fit li¡re at Å = 0.û (F,ie:r-lÍ.e S.B) g:ives

<Cu-ûT> = 2.43 .Å" for the ¡:¡rdistcrted ocóa}¡ed_ro¡r.

9,3 &flåsed.S-,ågalad Cu2o@" tcúa-l¿edra í¡s Þfii¡aer"afs,

Xn the case of Cu2*@u octahedra with mixed ligands, eiútrer an

elongation [(4+2)-distortion] or a compression [(2+4!distoúion] of the
pseudo-octahed-ral enr¡iro¡rment v¡ilt re.&ove the near-degene¡:ate electronic

state and will resu-lt i¡r a net, stabilizatior¡ of the octahredron.

The Cu-O and Cu-Ct bond-lengths expected for mixed_ligand Cu2*@6

octahedra tFrat have not bee¡r distorted by the pseudo-Jahn-Telier effect may
be estimated by sr:m-ming tlee respective ionic radü. This approach gives

Cu2+-O2- = 2.09 Å and Cu2*-Cl- = 2.4A Å\,[Cu2- = 0.?g A, Or- = 1.36,À
(Shannon, 1975); Cl' = 1.67 A (esti¡naóed by Whittaken a¡rd Mu¡rtus, 1970)1.

Independent estimates of, expected <C¿r2*-O2-, OH-, tr{r0> ãld <Cu2*-Cl->

bond-le*gths f,or undistorted oetahed¡a are 2.0g8 A a¡rd 2.48 Å, respectively,

as obtained by extrapolating A (octahedral distortion) _ <C"_$> relationships

to zero distor-üion (Sections 2.5.2 a¡ed 9.2.4). These borid_lengths, as well as

expected Cu-CÌ hond-lengths for (4+2!distorted octahed-ra ot¡tained from fhe
tolÈ¡achite s6ructt're refi¡re¡nent (seetio¡r g.2), aliow the identiÊcation and

classifrcat'ioTx of distortion geometries i:r mixedligand cu2*Õ6 octahedra.
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squares line intcrcept is at <Cu-Cl> = 2.45 i\.
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9.8.É C-E¡2"@6 &VåÉfu @ * 4(æ, tEå", gãr&) gir¿&2 üß..

?he most cûEruno& roi-xed-Iigand Cu2"@, octahedra} arnangemenl ilr
Ðu2" oxysalt nrinerals involves @ = 4(Or-, ûH-, Hrû) and 2 Ci (Table 9.S).

compae-ison of t'hese geometries wíth Ël¡e (4+2)-disûor¿ed cu.2*ctr6 octahedra

ol¡served in tolÌiachite (Table 9.1), (4+zldistorted cu2*Qu octahedra (Q = or',

ÛF{', Hrt; Chapter 2), and undisto'ted octahed¡:al bond-lengths derived from

io¡rie radii s¡rÌns (p¡svi6x1s section) show ttrrat each of these mixed-ligand

ocÉahed¡'a a-re (4+2ldistorfed. rn each case, úhe equatorial positions are

occupied by the 4(û'z', OH-, HrO) ligands and the two Cl ligands occi¡¡ at ttre
apical posifions (Table 9.3). As was the case with Cu2*q. octahedra, these

mixed-ligand octahedra show considerable variabiiity in disúortion,

parbicularly in t'he apicaL cu-cl bond-Ìengths, which range from 2.55 to s.21

Å. vuoi.tior of the equatorial cu-@ distances is more restricted, with an

observed range of 1.90 to 2.11 Â. trre lowen trimit of, the apical ûu-cl bonil,

lengths (2.55 Å in nabokoite) is close to the expected cu-cl undistorted

octahedral trond-tength (2.ü A). I{owever, the equaÉorial ocËahed¡:al Cu-@

bond-lengths in nabokoite (1.971 Å) indicate that the octahedron is (4+2)_

distorted.

s.s"g c¡r2oÕ6 &våeh Õ * 6(02, oE{-, ï{"@) a¡ad I cÍ.
Six Cu':" oxysalt ¡-ninerals contain Cu2"@u ocfahedra wrth @ = 5(Or-,

û¡I-, FlrO) and 1 Cl (TabIe 9.4). Cornparisore of these mixed-lígand

geometries with the (4+Zldistorted cir2*c16 ocÈahedral bond-lengths in
tolbachite (Table 9.1), (4+Zldistorted Cur-Qu octahedra with Q = (Or-, OH.,

F{ro) (chapten 2), and undistoded cu-d¡ octahed¡al trond-trengths derived

from ionic radii sums (section g.s) indicate ôhat the mixed-ligand octahedra



ä*Ï, å f, , ##:å,,å-,Tå 
cu* @. o ctaåe ðv a ín c z!* cxys atÈ mi&erat s wtÞ,

()'z', ûH-, Hrû (Á) û1(A) Ref,

Cu-mengéiÈe

Eotallackite
df¿¿:mìþ
Chlororiphite
tsandylite
Ðiaboleite
Nat¡ohoi.te
F rancisite

tsoleite
Parataca¡nite

Buttgenbachite

Üu(1) 1.99 1.96 1.95ûu(2) 1.96 1.S6 1.96
Cu(Z) 1.928 t.gza 2.0tLCu(l) 1.94A L.94t z.ûL7Cu 1.98 1.98 1.ggCu 1.98 1.98 L.g8Cu 2.A5 2.t5 2.A5
Cu(z) L.971 L.97L L.97L
Cu(1) 1.917 X.91? 1.96
Ûu(2) 1.96 1.96 1.98Cu 1.90 1.90 2.LL
Cu(3) 1.93 1.97 1.98
Cu(a) 1.93 1.99 1.99
Cu(z) L.949 1.949 L.s74

2.993 2.855 1
2.75 2.75
2.789 2.789 2
2.776 2.776 32.97 2.97 4
2.80 2.80 5
2.55 2.95 6
2.553 2.553 7
3.078 3.078 I
3.206 3.206
2.85 2.9r I
2.77t 2.81-8 10
2.753 2.778
2.968 2.968 11

1.95
1.96
2.Atn
2.017
1.99
1.98
2.A5
t.971
n.96
1.98
2.tI
2.00
2.07
L.q'.t4

Reþrerrces: tr: Hawthorne a¡d Groat (1g86): 2: Hawthorne I t9R5a). I. pqrca
and.Ilyde (1986); 4: Finney et, at. (leiz); s,'c"iii" iibãilî6, ñää äg?î, ?,l"tli.t and_Zemá¡n (ie88l;^8: pring 

"tãr. 
rretiöi; à, ñ!; (ib?Ð; i-0; Ftä";(1975); 11: Fanfani et al. (l97g).

Table.9'4 Mi,xed-ligand cu2*@. octahedra in cu2* oxysalú neinera.rs w-ith
@ = 5(Oz', ûH-, H,d) + Ct.

o'z-,0H', HrO (A) CI te) nef.

Atacamite
tsotallackite
Spangolite
Ka¡nchatkite

l{abokoite
Euttgenbachite

Cu(2) 1.993 1.993
Cu(1) 1.995 1.995Cu 1.935 1.958Cu(l) L.928 L.929
Cu(z) 1.921 n.940
Cti(1) 1.935 1.988
Cu(4) n.963 1.963

2.A2A 2358 2.750
1.998 2.367 2.732
L.979 2.425 2.8352.37 2.3L 2.3882.35 2.36 2.4A1
2.AA2 2.2AA 2.765
1.983 2.9].2 2.8AI

2.010
1.998
7.979
2.080
2.069
1.998'! ooe

l
2
3
4

5
r)

References: tr: Farse and I{yde (1g86); 2: Hawthorne (19g5a); B: Har¡,thorne
:! #:_t"le_?31i4;Y?11\li.* uit al. Ges0'); 5:Þe"dti. ard'-2"*"ffliesäi'""'"
o: _r anråtu et, âI. (iy/J).
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in ataca¡nite, &:otal,trackite, sparagcriúe, buttgenbachte au'd naboreoite are
(4+2ldisûo{t'ed v¡iúh the trone c} iou au apical position. These m¡nerals sþlolv

equator"ial Cu{02-, ûH-, Hrû) bond-lengths Í}om I.9S5 6o 1.g98 Å, typíca}

values f,o¡' Cu2* oxysalt minerals (Chapter S). ?he single apical C* - (û",
ÛE{', HrC}) bond-length ranges from Z.ZA{J tu 2.36? Å (excluding the ho¡rd-

length of 2.912 A in buttgenft¡acÏ¡iúe), vafues that are iong enough to be

identiËed as apicatr ligands, hut, that are generaEy sho¡.ter than average cu-

Q apical bond-lengt'hs ia non-mixed-rigand cu2.Q, octa-hedra. Apicar cu-cl
bond-lengths nange from z.7\z tÐ z.gås A in these five minerars, vatues that
are within the rarrge observed in Ëhe prewious group of noixed-ligand cu2-

oxysalt rurinerals (Section g.S. 1).

Altr rnixed-ligand Cu2*Õu octahedra with Õ = 4(A2-, OH., HrO) a¡d 2 Cl
have the two cI ligands at apical positions in a (4+2)-distor.ted ocúahedron

(Table 9.3). Furthermore, five of these six minerals have the single Cl

located at t'he apical position of the (4+z)-distorôed octahed¡on. However,

the two mixed-ligand cu2*@, octahedr-a i¡¡ kamchatkite do not foltrow the
pattern ot¡served in the rest of lhe ¡nixed-ligand copper octahedra (Tat¡xe

9.4): Here, the singie Cl iigands are at equatorial posiûions in the (4+2!

dislorted cu2*@. octahedra. I¡r both of these octahedra, three equatoriatr cu-
@ bo¡rds i¡rvolve O2', ûI{', Hrt, with hondJengths from 1.g21 óo 2.080 ,&.

The fourth equatorial trigand in each of úhese octahedra is ci, with cu-cr*
distanees of 2.388 and 2.40L "{. FinalXy, the apicatr trigands are û2-, OI{-,

HrO, with Cu-@", distanees f"rorn Z.BL ta 2.87 A, values in the range of.Cu_

0,, (Q = û'z-, OH', ÍIrO) distances in no¡r-¡,nixed-ligand Cu.2*Qu octaÀedra
(ûhapter 2)"
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The Cu(l) and üu(2) octahedra iu kamchaÉkiÉe (FiC. 9.4) each L¡ave

lhe two skrortes'r, cu-o equatoriar honds in a trans ar.eranger:'ent. r.!re ronger

Cu-û eqr.ratorial bo¡rds tZ.0Bû Å in Cu(l) and 2.û69 Å m Cur(Z)l are ir¡ a
froøs an:ange¡nen' with the equato*al cr iigands. ,4xso, Éhe two equatorial

Cu'C1 bonds 12.388 Å ir¡, Cu(1) aøå Z.4AX Å i* Co(Z)l a¡e considerably longer

åhat the average Cu-Cl"o bonds i¡r Cu2*Cl6 octahedra (2.297 |\). These two

octahedra may therefore be classified as (2+2+Z!distorted, and the

possitrility of a d5mamic distortion ¡nust È¡e add¡essed (ì.e., similar to those

obser-ved in cyanochroite and trayidonite, chapter 2). IIowever, anisotropic-

displacernent parameters are not avaiÌabre for karnchatkite, so there is no

way to assess the possibitrity of d5mamic distortion in the c.r(l) and cu(2)
mixed-ligand octahedra.

9.3.3 Ðus*Õ6 WiÉIn Õ = z(Ø2-, OEf, HrO) a¡rd 4 Ctr.

ûnly two Cu2' oxysalt minerajs contain Cu2*Õu octahedra with Õ =
2(a2', ûÞr',IIro) and 4 cì: eriochalcite and chlorofhionite (Tabie 9.5) both
conlain (4+2)-distorted Cu2*Õu octahed¡a. In each case, the 2(Or-, OH-, HrO)

ligands are in a trans aw:arrge¡nent in the equatorial positions of fhe

distorted octahed-ra; the rernaining eqnatoriar positions, as wefi as the apicai

positions, ar.e occupied Lry Cl. Equatorial Cu_(Or-, OH-, IfrO) and Ou_Cl

distances are i'the ranges obserwed in other mixed-rigand octahedra. as are

lhe apical Cu-ûtr bond-lengths (?at¡tre 9.5).

9.4 Ðiscl¡ssío¡¡

Mixedìigand Cu2*@u octa-hedra with L, Z ar 4 Cl ligands occur in
minerals, and ocfahedra ivith 3 or 5 Cl are conspicuously absent. For
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Tabie 9.5 Mi_xed.-ligand Cg2"&u octahedra i¡l Cuz oxysait, rcin:enaÏs wilhã\ - q(l\z' tr\Er' Lr l'!-\ ,{ rì\e - ¿\1r ,,--rrrr -r:rt_r J + +ul.

c¡2-, ûH-, FIrt (Å) ci (,Â)

Þriochatreite Cu f.gZE L.gZ\ 2.275 Z.ZT5 Z.g3g 2.g3gChlorothionite Cu 2.U:lig ZfiAL Z.ZEZ Z.ZSZ B.t4i g.047

References: 1: Engberg (19?0); Z: Giacavazza el a}. (1g?6).

Ref.

L
2
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Cuz*@u octa-hedra with @ = 4(ûr', ûH-, Hr(]) + Z(Cl), the Cl nigarads are

always Ìocat'ed at, ÉËre apica-l positrons of {4+zfdisüovted oeta}redsa. There

are no exarnples of octahedra r¡¡ith one o¡. hoth cl ligands at an equatorial

position- Fu.r-themoore, tLtere are no exam¡rles of (Z+4ldistorÈed Cu2*Õu

ocÉahedra with Õ = 4(O'z', ûH', E{rt) + Z(Ci).

ln Cuz*@, octahed-ra with @ = 5(Or', ûE{., Hrû) + l(Cl), the sing}e Cl

trigand occurs al an apical posiûiora of óhe (4+2!disüorred octahedron; the

othen apical ligand is (O,', ûH', Hrû), and the Cu-Õ". trond-length is usually

considerably shorter than the ãverage in cu2*q. octahedr.a. As in the case

for roixed-ligand Cuz*Õ. oetahedra with two Cl ligands, (Z+4ldistorted

octahed¡a do not occu¡. Kamchatkite shows two mixed_ligand (2+2+2)-

distorbed Cu2*@u octahedra with Õ = 5(Or-, ûH-, HrO) a¡rd l(Ci) that do not
con-form to these rules. t¡ut, these octa.ired_ra cray result fi:om a dyÞarnis

"lahn-Te1ler effect.

Cuz* ¡nì¡¡s¡¿s containing Ouk@6 rrith @ = 2(ûr-, C)Ït-, HrO) + 4(Cl) are

a:are, ontry two exarnples are know¡r. Eoth n¡i¡1sya]s contain Cu2*Õ,

octahedra wiúh ci ligands at the apícat positions and at Èwo frons equatoriai

positions.

Exanrinaticn of mixed-ligand Cu2*@6 octahed_ra1 geometries in ûu2"

ai¡eraxs has again íllustrated the inûuence of the Jafui-Teller effiect on the

detailed stereoche¡nistry of, Cuz" minerals. Every mixed-ligand Cu2*@,

octahed-ron in rninerals shows a strong pseudo-Jahn-Teller distortion,

althougla this observation is somewhat w¡asked by the complex nat're of

these octahed¡a. Also notable is Éhe very stnong preferences of cl trigands

for the apical posítions of (4+2!distorted ocôahedra. Wíth ¿Ìre exception of
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áF¿e octahedra iw kawrcfuatkite, Ðl Ìiga-nds a¡.e åoc¿ted at tfue awcax posifior¡s

wÌ¡eneve¡: possible.



Chageúer lû
&b {røÈ.tÊ.s &følecuåac-&rl¡åtaå Êfu¡dÉes ûf C¿vzo@¡i &{åsed-l-åg.altd

&cÈaËaedrs

It.Í. ã¡lt¡'øductåø¡a

Molecular-o¡'bit'a-tr calculatíons desig'ned to study the Jah¡r-Teiler

distortio¡r of Cu2*çiru (0 = t'-, ûH-, Hrt) ocÉahed¡a are quite successfuj in

¡rredicting the general cu2*Qu geometries obse¡"ved iir minerals (chapter 4).

Hart¡:ee-Fock ca-leutrations for the [cu'z*(o[I\J+ cluster done using the sro,
3G* basis-sef provided a xrotential-energy surface for the octahed¡on that
included .trat¡n-Teller effects. This potentiatr surface was tLren used to derive

a potential-energy f,,nction designed to describe the energetics of a cu2*qu

ocúahedron emhedded in a crystal. The potential proved effecri.ve in the

calc¡¡lation of Cu2* oxysalt, mineral structu¡es (Chapten 6). In the MO

calcu-lations, each of ttre octahedral ligands were equivalent and the Jahn-

Teller óheory was applicable to Èhese systems.

I\fixed-ligand Cur.@, (@ = ûr-" OH', Hrû and a least I Cl) octahed¡a

are the subject of this chapter.. As the ligands in these octahedra are

generally not equivalent, a sûrictty h,olosymmetric octahedrai coordinafion

about cu2* cannot occur, and .lahn-Tetler theoa-y is not directly applicaLrle to

these systerns. Howeven, the near-degenerate elecÈnonic state present in
tu2*@. octahed-ra may cause significant, distorbio¡r of ocåahedratr georaetries,

wittr the effect ref,erred tc as tÞre pseudo-.ïahn-T'eller effiect. The mixed-

trigand nature of these octahed¡a mahes identification of the distortion types

rat'her tricky. frowever, compa'ison with ideatr undistorted octahed¡ai bond-

Xengths a¡rd the (4+2)-distcrû,ed Cu2*Cl6 octa"I.¡ed-ra1 bond-lene-bhs in

2t6
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tolbacl¡it'e has allowed identificalion of the disÈor-tion types of a}l mixed-

ligand Cu2-@u geometries occurring in ¡ninerals (ûhapter g).

?8"2 ß6øleeuåa_r.&r?¡itså SÉudies of Míxed-9,ågamd Cu2*@* @eúal¡edra

Harüree-F ock Mû calcutratioxts ìA¡ere done fo¡. various cnusters and

basis-set co¡¡¡binations designed to model cu2*@u mixed-ligand octahedra in
mi¡erals. T'he purpose of these calcutrations ¿s to:

Ðetermine if Hartree-Fock &{O calculations are able to predict

the distortion geometries observed for Cu2*@u niNed-ligand

octahed¡a in minerals.

Deter¡nine the relative energetics of the various possible

distortion geometries of, Cu2*@u ocÉahedra.

Calculate potential-energy surfaces for Cu2.@. octahedra. These

surf,aces may later be used to denive potential fugrctions for

these octat¡edra, allowing the calculaÈion of mixed-ligand

Cuz*Õ. structue-es.

All calculations reported in this chapten were done with Gaussian g6

(Frisch et, ai., tg84) and Gaussian g2 (Friscir ef an., 1992). T'Fre llartree_

Fock calculatiores reporled are altr trf{s' (spfu.r-u-nrestr"icåed) catreulatio¡rs witFr

no spin contnrn'ination present i* the fina1 wavefu¡letic¡r. Convergence

criteria for opÉimized geametries were the same a.s pneviously reported
(chapùers 4 aw& 7); the basis-sets used in ül¡ese calculatiûïls å'.e described
i* lìÌ.-*+^- t
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Xú "2.n NLø1.et:¿¿åar.ûrå¡åáaå ÐaåewåaËåolns foc Cna*n@, &åixed-åigarad

€}cåalaedra wåûã¡ @ = d(ú, tE{", ã{åû} + Z{üL}.

severatr EIart¡"ee-Fock calculations were done for cxusters desipaed to

ørodetr Cuz*Õu r¡¡ith @ = 4(û2 , ûH-, IÌrû) + Z(CI). As tl¡is cornbination is the

mosÈ co¡nmon type of Cu2*@. øixed-ligand ocûahed¡on ìn urineraXs,

co¡asiderable effort ¡vas expereded in order to fir¡d Éhe cluster and basis-seÈ

combinafron that best predicfs the geometries of these oetahed-ra.

The fi¡st clusúer chosen was the neutratr [Cu2-(Hrû)4C12] cluster (F,ig.

10.1). Geometry optimizations for this eluster were done witir the

constraint that both cu-cl apical bond-Iengths be equivaleert, and that each

Cu-(IIrO) equatorial bond-length be eqtivalent. f'he H-O_H bond_angles

were fixed at 104.5' and the H-O bond-lengths at û.95T Å. Optimized

geometries (Table 1û.1) were obtai''ed using val.ious basis-set combinations:

ST0-3G* on altr atoms; 3-21G* on all atoms; STD-SET(I) on Cu2* and 3_

21G* o¡r all other aÈoms; ÐZC-SET(I) on Cu2* and B-21G* on all the other

atoms-

The opbinrized geometries fo¡" the [cu2-(H2o)4crr] eruster are cornpared

üo Cu2*óu [Õ = 4(û'?', ûi{', Hrû) + z(Cl)] octahedral geometries in nrinerals

in Table 1û'1. wittÌ the exception of the calculation dor¡e using the 3-z1G*

basis-seû on all atoms, aJl geornetries have cu-ûi distances that are sÞ¡orter

t'han the range observed i¡r ¡ninenals. The sro-3G* hasís-set performs Èhe

poorest in this z:ega'd, g¡vinc a cu-cl distâ&ce 0.5? Å shor¿er than the

corresponding average distacice ohserved ir¡ r¡rinerals. Geometries obtai¡ed

using the STO-3G* basis-set, the STÐ-SET(I) and S-ZIG* hasis_set
nÀ*À;* - À:^- ^*.! ¿r-^ rr.?¡_!.itirfl/i4'rr(.! r¡r¡c rr¿rLl_ùû _L t _[J anG ó_z-LLi* bâ.sts_set comblnation a_U

have cu.-(Hrû) disûances withi¡r rhe nange observed in mi¡rerals (Table 1û.1).
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Figure 10.1. The [Cu2-(HrO)aCir] cluster. Chlorine atoms a¡e shaded with
oarallel lines n-.'rrøon ainrnc :¡ro nn¿- ^i*^!^. t-,,Å-^^^-çrt aLUrf tÞ <1! e ù¡r¿1ueu
with a regular doi pattern and the copper atom is an open ci¡cle with
shading in the lower left corner.



Table_f 0.1 Optlryiz^_4 C^eomf.ries flor Cu:*@u mixed_lìgand octahedra
riTrlu'! @ = 4(U-, UH-, FÍrû) + 2(Cl).

lCu'z-(HrO),(ClLl Cluster

Easis Set ûu-t Cu-Cl Energy (Hartrees")
gTo-3G* 2.û55 (A) 2.287 (Ã) -2831.159r

3-21G* 2.192 2.955 _2848.2778

Þq9js-Eq(1) (çu,l) 2.t25 2.5L6 _2848.0676
3-21G* (Cl', Or-, H.)

Ðzc-FET(r) (Çu,.) 2.053 2.4s5 _2848.6847
3-21G* (Cl, Or-, H-)

[Cu'z.(Hrû)n(Cl]I)J'. Cluster

Basis Set Cu-O Cu-Cl Energy (Ha¡,úrees)

sTo-3G* 1.951 2.600 _2831.9120

3-21Gx 1.895 3.t23 _2848.A344

ÞqD-^sEqLl) (Çìi':.) 1.9û4 z.sgg -zB4B.Tx6t
3-21G* (Cl', Or-, H.)

LANL1ÐZ 2.t23 3.72t

&{í¡rera} Ðata

Cu-O Cu-Ct

Range 1.9û-2.X1 2.559-3.2t6

,4verage 1.9?B Z.B5"l

ls û.t45 û.1Tt

+ tr Ha¡tree = 2625.4997 kJ/mote
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caleulations using åhe B-zxG* basis-seÈ resurt ir¿ a reasopable description of
the Cu-Cl bond-leng.ths, hut fail to give Cu{trfrû) dista¡rces wiåhin the range

obse¡'ved in mine¡'aås (Table 1û.1). Tlaus, none of the calcutrations for the

lcu2.¡Hrç¡uçnrl cluster resulË in geometz'ies compatíble with those observed

i¡r roineral strurtitres.

Ttree inadequacy of the [Cu2.(Hrû)4Clr] cnuster for describing Cu2*Õu

mixed-ligand octahed-raÌ geoznetn"ies may be rationalized on tbe basis of bond

strengths. The equatoria-l nigands are HrO groups, and the o:rygen aÈoms

must contribute about 0.8 varence units to each H atorn. This treaves onry

about 0.4 va-lence unirs for the cu-o bond. r{owever, the apical cl ligand.s

may cont'ribute up to a flrll valence unit to the cu-cl hond. The caleulations

for this cluster resuit in shorter cu-cl a¡d longer cu-o distances than
expected, in nesponse to the unba-lanced bond-strengths associated with each

cu-ligand pair. This inadeqlraey in the moden carl be, at ieast, par.tiaJly,

¡'emoved by attaching H to the cr ligands, effectively rowering the valence

units associated ï¡ith the cu-cl bor¡ds and simulating i¡"¡teractions that
occur when the polyhedron is emt¡edded ir¡ the stn¡cture.

Ilartree-Fock MrJ calcutratiorrs were done for the [Cuz.(H2û)4(Cl}{)r]r.

cluster (Fíg. 1û.2). Geometry optimizations were done using the same

constrai¡rts as for the [Cu2.(]nrO)4(CUl ctruster, with optimizaÈion including
lhe cl-H bond-lengttrrs ar¡d the cu-cr-H angles. opti*rized. gecmeÈries

(Table 10'1) were obtained using the foüowing t¡asis-set combinations: sro-
3G* o¡r altr atcnns;8-21G* on a3tr atoms; STD-SET(X) on Cu2- a_ud B_21Gx on

the otÈ¡er at'oms; the LÁNLlÐZ Los .A-lnrnos National Labarataw effiective

no!'ê ñôfêrr*;ql q*"{ 
".t^*.^ ,¡^,,1,T^ -^¿- L^^i^ --1ÁJd,Þ¡Þ-¡ieL-
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Figure 10.2. The [Cu'?.(HrO)n(ClH)r]r" cluster. I-egend as in Fig. 10.1
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ûptimized geometries for the lCu2.(Hrû)4(ClE{)r1'z" ctr¡¡steq are

compar:ed to üu2"@, octa-hedral geornetrles observed in mínerals in Table

1û.1. Each basis-seð combinaòio¡r resu-lted in optimized Cu-û and Cr¡-Cl

bondlengths that fall w'ithin the range ohserved i¡ nrinerals. Considerable

variability i¡r Éhe calculated hond-trengths occr.us, with the Cu-û åista&ces

ranging &om 1.895 ¿ (g-ZrG*) ta 2.023 Å G-¿mlnZl and Cu-tl bond-

trengths from 2.600 a (S?O-SO*) to 3.12û Â 0,¿frlI,rnÐ (Tab]e n0.t). The

ST'O-SG* basis-seÉ calculatior¡s gave Cu-O Lrondlengths that agree with the

average Cu.-O bond-length in Cu2*Õ, [<Þ = 4(O2', OH-, HrO) and Z(C])l

octahedra in rninerals, but the Cu-Cl distance is 0.257 Å s}¡orter than the

average observed f,or minerals. The I-,ANLIDZ basis-set resulted in Cu-O

and Cu-Ci bond-lengths that are consistently longer than those observed irì

rni¡rerals. The calculations using the 3-21G* basis-set, on aJl atoms, a¡rd the

calculation using the STD-SET(I) basis-set on Cu2n with the 3-21G* hasis-

set, on the other atoms lead to si¡¡rila¡' optimized geometries. The calc¡¡lated

Cu-Ctr E¡o¡rd-trengths are ctrose to tFre average observed in Cu2*@u [@ = 4(ûr-,

OH', IIrO) a¡rd z(Cl)l octahedra in mirerals, but the calculated Cu-û

distances are somewhat shorter than the average obsenved. ir¡ ¡ninerals.

Eased upon the mean absolute deviation of canculated octahed-ral bond-

leragths from the âverage observed in Cu2*@, [@ = 4(t,', ûH', HrO) and

Z(Cl)l ocËaÌredra in mireerals, it may be co¡rcluded that the co¡nbinaôion of

the STD-SET(tr) basis-set on Cuz* and 3-2LG* basís-seÉ o¡r the rest, of the

atoms results irr the best geometry. Furthelæore, the lowest cluster energy

is obtained ¡v?re¡r this basís-set comhinatio¡r is used-

¿1^^L ^¡ ¿!- ^ ^-¿.:-:--lll4L_r¡ (,l rr¡c up¡/,!ù¡-¡¿eu Ëe!¡u!eu'¡es uuuäl]leu llsrllg ,Fl¿lïLFee-F ocK

calculations for the [Cu'?-(Hrû)4(ClE{)r]'- cluster ínclu.de pseudo-Jalrn-Teüer
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distortions, as they are all-elecrron Mo caiculations. ?he bondìeragths

expected for a Cu2*<Þu l@ = 4(C.)r-, ûË{-, HrO) + 2(û1)l octahedron that is not

distorted by a pseudo-Jahn-Teller effect are <Cu2*_(O2-, OH-, Hrû)> = 2.08g

A (Chap¿er 2) and <Cu-Cl> = Z.4B Å (Chapter g). Co¡nparison ofthese

bond-lengths and those of the optimized clusrers (Table 10.1) shows that atr!

of the optimized cluster geornetries a¡e (4+2!dìstorted octahedra. Searches

were conducted fur a second energy rninimlu&, corresponding to a e+4)-
distorted octahedron, but none was found.

A potential-energy surface was calculated for the lcu2.(Hrû)4(ClH)rlr-

cluster using Hartree-Fock theory arrd the STÐ-SET(I) basis-set on Cu2*

and the 3-21G* basis-set on the other atoms (Fig. 10.S). The potential

su¡'face was calculated for a cu-(Hro) - cu-cl bondìength grid containing

160 points, with Cu{HrO) distances ranging fro¡n L.B0 to 2.15 Å and Cu_Cl

distances ranging from 2.35 to J.S0 A. Only one energy rninimurn,

corresponding to a (4+2ldistorted octahedron, occurs on the potential_

energy surface (FiC. 10.3). Ttre potential has a much stronger curvatu¡:e

parallel to the cu-(rIro) equatoriai axis than parallel to the apica-l axis.

This is in iine with the narrow range of cu-(o', ûH', Hro) equator-ial Ìrond-

lengths compared to the broad range of cu-ci apical bond-lengths ot¡served

in Cu2*Õu l@ = 4(Oz-, OH-, HrO) + 2(Cl)l in ndneratrs.

The potentiai-energy surf,ace for the [Cur,.(I{rû)*(Cl}Ðr]r- cluster rnay

be compared to the potential-energy surface reported earlier for the

[Cu"(ûf{)u]* cluster (Fig. 5.1). Most notably, the n¡inimurn corresponding to

a (2+4)-distorted octahedvon and the saddle axis separating the (4+2) and
(2+4loctahedrai-distortion roi¡r'ima in ¿he [cu'?r(ûH)s]" potential are atrser¡t,

in the [Cu'z-(t{rO)4(ClH)r],- potential surface. Both potenf,ial sudaces have
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Figure 10.3. The pof ential-energy sur{ace calculated for the [Cu2.(HrO).(ClH)r]t- cluster using the STD-SET(1)
basis set on copper and the 3-21G* basis-set on oxygen, chlorine and hydrogen. The contor¡¡ interval is 0.01
Hartrees. 1 Har-tree = 2625.4997 KJlmoIe. 
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simi.lar shapes i¡I tYye axea af ll'.e (4+2)-ð¡,s¿orÈiox¡ minimum. T{owe',"er, the

(4+2) miraimu¡n i¡r ôhe iCu'z.(I{rû)r(û1H)rl'- patentia3 stuface ûccrlr:s ãt

consìderably shorten equâÈûriãtr alrd longer apicaX hond-XengtXrs than the

(4+2) mi¡rimum in the [Cu''((]H).la potentia] surface. ?he longer apicatr

bond-lengtkrs cornespond to Cu-Ci tronds, com.pared to C¡¡-OI{ ho¡rds in t}re

[Ou*(OH)J" cluster. I{owever, iÈ is noÈ clear why the equatorial ûu-(Hrû)

bond-lengths in the [Cu2.(HrOL(C1H)r]'?. cluste¡: are sigrtificantly shorter

than the equaÈoria-l C¡r-OlI Lrond-trengths in the [Cu2-(O]tr)ula cluster. Iô

seems probable that the discrepancy results from a combination of hasis-seå

differences and. cluster-charge variation. The negative charge on the

[Cu'.(OH)Jt cluste¡' is expected to resu]t in sonewhat longer octahedral

bond-iengths than would a neutral cluster.

The calculations for the [Cu'z-(HrO)4(Cl]IlJ,. cluster were done in ¡rart

to exami¡.¡e the relative staÈ¡ilities of va¡"ious octahedraÌ.-distorhio¡r

geometries. As already noted, there is no (2+4)-distorted octahedral energy-

mi¡rimum in ûhe poûential surface, and seayches to ñÐd sueh a rulirrimum

were u¡successfi.il. Calculations were aJso done in search of, a minimum

conresponding to a (4+Zldistorôed geometry with Hrû grûups in the apican

positiorrs, wiôh equatorial positions occupied by two trans Ct tigands and

two trens Ë{rO trigands. The calculations fourrd no such minimr.rm, and

geometryr o¡ltimization of tfrre triaX stn.l:.r¿ures resulted l¡¡ Éhe sar:ae (4+Zl

disto¡'"úed orÉ.ahedra with apical Ctr ligands as reporled earlier (Table 1û.1).
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X8 "2"2 ß{løLeæsxåå-r-&rh?Éâl Calcuåatåo¡ae foz, Cuz*@u &€åaed-g_ågarad

ûcËalneds:a wåth @ * 5(ût-, @yÃ'"W2&j + LtÐLj.

ïfarrree-Fock Mû calaulafiol'rs \Àrere done for ¿he [tu,.(Hzû)s(clH)]r-
eluster (Fig'. 1û.4) using tlie STÐ-SET(1) basis-set on Cu2o a¡ld the A-ZIG*

basis-seË on 6lae other a6oms, ared. also with the S-2lG*'!¡asis-set, on a1tr

atoms. These catrculations were do¡re in an attempt to find a ¡nodel that,

would give optin*ized geometries simìl¿¡ ¿o Ci12*@6 t@ = 5(Orl OH-, Hrû) +
l(Cl)l oetahedra in minerals (Table 9.4). Geoøretry optiraizaôions were dor¡e

with ihe a:equirernent thaf all fou-r of the equatorial Cu{Hrû) bondJengths

be equivalent. The H-O-H angles were ñxed at tr04.5. and the H_0 T¡ond_

trengths at 0.957 g. ry'he cl-rI hond-tength and cu-cl-fí angle were inciuded

in the optimization.

The optimized geometries for the [Cu2.(HrO)s(ClH)]r. cluster a¡.e

compa-red to the Cu2"@6 [@ = 5(Or-, ûH-, FIrt) + l(Cl)] octahed¡a in mi¡¡sx.¿lg

in Tat¡le tr0.2. Both of, Èhese calcu_lations give results that, are fairly
consistenú with observed Cu2.@6 [@ = 5(Or-, OH-, ]Irt) + l(C]X geometries ira

minerals (Table 10.2). The clusters opfimized to (4+Zldisto¡-ted octahedra,

and the cl ligand is at the apieal position in eacËr case. T'F¡e optimized t*-
Û"n distances fa}l welt below the averâge dista¡rce in ¡ni¡¡sÌ.als, but, the

opÈimized distances are within that range observed lr¡ ¡ninenals. The

optimized Cu-0"0 disbanres are considerably shorter than 6he a\¡e¡rage

observed i¡¡ mine¡'als and tFeey fail hetrow thaf raoge" ÍIowever, úhe shorå

Cu-O". distances predicted by the ea_tcedations are i¡l li¡re with tË¡e

obsefl/ation that the Cu-û", dista¡rces in Cu.2*@u [@ = 5(Or,, OH., Í{rû) +

l lfllll nl"Éqha¡{eq Ée*.t +^ l-^ -!-^*.{ ^* .rL^* +?-^^^ ^!-^^--- ! | /\ 2. ,Lrldl¿ û!Il..rÈ,ú ùrjse¿ vetx ¡.[! tJl¿ {p6 oc¿ã.-neora

(ctr¡apter 9). calculated cu-ci l¡ond-lengths are close to, hut outside, úhe
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Iììgure 10.4. The [Cu,-(HzO).(ClH)]r. clusfer. Legend as in Fig. 10.1.



279

Table 10.2 ûptimized geomerries for Cu:-ó" míxed-iigand octahedra v¿ith6 = grû'z-, OH-, H,O)+i(Cli

icu*(T{rû)5(CtH)11,

Easis Set Cu-û"n Cu-û,n Cu-Cl Energy
(Hartrees-)

STD-SET(i) (Cu'z.)
3-21G* (CL, O?', Í{-)

Range in Minera}s**

,tverage

1.e33 (A)

x.gzt
'1 0c) o .l^

1.582

2 1s0 (Å)

,à-7Lt

2.2A-2.97

2.452

2 RX1

3.056

q nQ.t a oqÈ4, t úlJ-A-lJúi:)

2.777

-2486.A795

-2465.4tû4

+ 1 l{artree = 2625.499'l kJ/mole
++ Excluding the octahed¡a in kamchatkite
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range o¡lserved in rdnez"als" ?Ìre opt*nized tu-cl d.istances *båairred usizlg

the STÐ-SE?(l) hasis-set on Cu2u and the S-21G* basis-set oa Cl, C-)2-, ïl* are

quite simitrar to ttre vanues ok¡seryed in ¡ninenals. A-lso, tÞie cluster energy

obtai¡red using this b¡asis-seô comh¡ination is considerat)ly lower åhan that
obtained using the 3-2XG* basis-sel on a}tr atoms (Tabie 1û.2i.

.A.s was the case with ¿he Cuh@6 [Õ = 4(û2-, OH-, Hrû) + 2(Cl)]

calculations, these caxculations indicate that there is no errergy minåmue

corresponding to a (Z+4ldistorted Cuz*@u Ió = 5(Or-, OH-, Hrû) + l(Cl)l
octahed¡or¡. searches for such a miniroum were uns'ccessfirl, and geometry

optirnization cornmencing frorn various starting geometries ail resu_lted. in a
(4+2}distodced oetahed'atr geometry. Attempts to optirnize the geonoetr-y for

a clusÈer having the Cl iigand at an equatorial position were also

unsuccessfuI.

,4 th¡ee-dimensional potential-energ.y surface was calculated for the

lCu'z.(HrO)u(ClI{)12. clusten using the STD-SET(I) l¡asis-set, on Cu2" and È}re

3-21G* basis-set on the otf¡er atoms. The Hartree-Foek energies were

calculated for 520 cou¡binations of Cu-t*, Cu-O"n and Cu-Ctr. Slices of

const'a¡rt cu-cl through tFie three-dimensional potential are given ín Figure

10.5. The ¡rotential-energy rninimu_m is strongly anisotropic, witlr
eonsiderable elongation aiong the Cu-t,o direcbion. îhis elongaüon is

consistent with the range of Cu-û"n bond-lengths in Cu2*@u l@ = 516r-, *tU.,

l{rû) + l(c})l octahedra in rr¡ineraJs. Ttre relative}y steep potenôia"l shape in
fhe c.r-t* hond direcûion is åfso eonsis¿ent with the relatively nar-ror¡/ ¡:ange

of, Éhese bond-ieiagths in Cu2.@u [@ = 5(ûr-, OH-, E{rO} + X{CIX octahedya in
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-cl = 2-6s ¡
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-cl = 2.9¡ 6

Fig'-re 1û'5 slices of the pote*tiår-energy surf,ace eafcu-trated for Éhe
[Cu'z-1Hr6¡u1ç1H)]2* clustei using the STö-SET(1) basis-set, o* coppe, ,od
the 3-21'G* basis-set on oxygen, chrorine aqd hyd-rogen. The snicèÃ are for
constant, Cu-Cl distances: a) Cu-Ci = 2.50 A: bi Cu_ól = 2 65 Å. n) C,,_r.j _
2.80.{; d) Cu-Ci = 2.90 A. the con¿our ini.i.rl;, O.ilOräi{#;;-i' -
Ilartree = 2625.4997 KJ/mole.
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lû"& Ðiscrtssior?

T'he MO calculaüions reported here show that the Hartree_Foclc

t'reat¡¡rent predicts nc-rxed-ligand cuz-@u geomefries consistent with those

oÌrserved in minerals. The pseudo-.Tahn-Teller effecÈ ?ras generally been

appropriately described by these calcutrations, and the calcu-lated potential

surfaces agree well with the c*z*@u octahedral geornetry trends obsefi/ed in
minera-ls.

.4-ll the Mo calculations for mixed-rigand octahedra indicate that
there is no enen'g'y minirnum corresponding to a (2+4!distortion, unlike the

caiculations for Cu2*q, octahedra (Chapten 4) whicÌi preðicted potential

miniroa corresponding to both (4+2)- and (2+4!distorted geomete.ies.



{JÊzaptuv nl

Soiictr-Sol¡¿tioyt iut Ðw2* C}rysa_åË &ãi¡ce¡:aås

1l.l E¡ctrodnncôiora

Subrstitutional solid-solutìon is comrnon in mineratrs, and is largely

dependent upon the ionic radii ofthe io¡¡s ínvolved. The solid-solution raay

b'e cornpiete if the substituents have radii within L1a/o a{ eacï other. This

treing the case, substitution of Mgz*, Ni2* and ZrÌn {ar Cu2* ia oxysait

minerals is pnedicted; Each ofthese cations is divale¡rt and the radii are

similar to that of Cu2* [Mg,- = -I.4Vo, Niz. = -E.gVo, Znz* = +L. V,.Shannon

(1976)1. However, examination of chemicaÌ analyses and structure

refinements available in the literature shows that such extensive solid-

solution is nof evident in Cuz* oxysalt ¡ninera-ls. With a few conspicuous

exceptions, Cu2* oxysalt minerals do ¿of show sigr-rificant substitutional

solid-solution involving the Cu2* site.

None of the Mgi-, Ni'z. (hieh spin) or Zn2* cations have an

energeticaily degenerate electronic ground state in an octahedral Êeid, and

thus the Jahl-Teller theore¡n does not, apply. In the absence of steric

effects, these catíons will occr:r in regular octahedral envirorunents, in

contrast with the strongly (4+2ldistorted octahedral environment typicatr of

cuz.. I¿ is t'his difference in oclahedrai geometries that leads ùo the track of

substitutional solid-solution in Cu2* oxysalt ¡ninerals.

The structurai relationship betweer¡ a Cu2* oxysalt a¡rd its non-Cu2*

anaJogrre will dictate the arnou¡rt of substitu{,ional solid-solutio¿r that, mav

occur. Tl¡ere a¡.e four possibilities:



224

Type (l) Struclures: Ttrre Cu2* oxysalt, struclu¡e is str"ictly

isosáructu¡'al wi1;h the ¡¡orr-Cu2* analogue. This may occu¡i for

one of two reâsorls (Eby, 1988):

(a) ?he bonding within the stmctures is su_fficiently tlexible

Èo aÌlow consider"able octahedrai-site geonaetry

variability.

(b) The no¡r-Cuz* structu¡.e contains a (4+2!dist¿ried

octahedron due to bond-valence effects.

In either case, cornplete or nearly complete solid-solutior¡

involving the Cu2* site may occur.

Tvpe (Il) Structures: The Cu2* oxysalt structure is a lower-

symmetry distortion of the non-Cu2* structure, and the

connecùivity of the stru.ctr¡_res is identicaÌ. trn this case, ¿he

structural connectivity is compatible with eiûher a regular or

(4+2}distonted octahedral environroent, but, the trower

sym-metry of the Cu2* phase is required to acco¡nmodate the

(4+2ldisÈorted ocfahedx'ûil. StrbstitutionaÌ sotrid-solu6io¡r

involving the ûu2* site may ûcc¡xr, and a second-order phase

transitio¡t must occur at some point in the series.

Twe (III) Structu¡esl The Cuz" str¡rctu¡:e shows a óiffe¡:ent

coreneeúiviÈy Ëhay¡ tl¡e ¡:¡o¡l-Cu2* anatrogue. Regu-lar a¡d (4+Z)-

distorüed octahedra are not compatible with the sa¡-ae

strrrcfirral enn n eclì ¡¡i f.v Thrre carhe*i È':+i nn +l .^!;.] -^1,,¿;..^

involving the Cu2* siûe witrtr be nímited ûï. âbsent.
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?we (trV) StrucÈures: The Cu2* struchlre shows a ditïereet

comecbivity tha¡¡ the ¡lon-Cu2o analogue, but, the con-necÈivii;y

atrlows so¡ne (but not altr) of the octahedral sites tc be either

(4+2ldistorted or" flxore regular. More extensive (but limited)

solid-soì¡.rtio¡l mãy occur, ¡¡ntil such fiexil¡le ocôahedraf si¿es a-re

fiüed with öt¡e subsÈiüuent ion.

3.L,2 T'Íre Substíú¡rúio¡r &l2o <+ Cu2* ile Cu2u Oxysatrt &lå¡rerals.

The substitution Mzo <+ Cot (Mr- = divalent cation) iras been

obserr¡ed in a small m:-mbe¡: of Cuz* oxysalt mineratrs. The substilution Zn

<+ Cu2o is by far the rnost common, and constitutes the only cases of M2" <+

Cu2* substitution in Cu2* oxysalt minerals that have been verified try a

crystal-st'ucture refinement. othen possible s)ramples of solid-solution in
Cu2* oxysalt ¡.,r'inerals invotrve M2* = Fe2*, Ni and Mg.

j- L.iå.L M"' = &n

Ferhaps the best documented example of Zn ++ Cu.z* substiÈufion is in
the descloiøite IFbØ¡r(OH)VûJ - mottramiôe [FbCur.(OH)VûnJ series, in
which t'he sotrid-soluËion seems to tre complete cvan der westhuizen eù a1.,

1986). OnÌy fhe crystal structure of descloizite has bee¡r refined, but, X-ray

data i¡rdicates that the end membe¡'s are isostz.uctural (van der westhuizen

e¿ a1., 1986), a¡rd thus tleey are type (I) stn-uctures.

Kipushite, (C¡.r2*,Zn)6(p0lL(Oll¡u"¡9r6, shows a range of Cuz*:Zn ta1ias

froro 2"6:l- to 1.tr:L (Firet et a1., lg85). The str¿¡cture co¡¡tains a sFreeÈ of

tetrahedr: nf nnrnrrosii-inr¡ tZr¡{ Þû ìtrìTd] 2û' qnl +*,^ *:-^.+ -Ì^^^+^ ^c

[(Ûu'?.,Zn)u(OH)s(tr{rO)PtJ","' composition which contain ñve tu2*p,
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octahedr:a â¡xd o&e 'üetrahedra1ly aoon"dinated. F (FireÉ et al., 19g5)- ??re

chemical analyses gave ãft excess of Zï! ove¡.what is required to ûlI the

tetral¡edral site, a¡rd a d.eûcrency ¡¡r the amount of'Cu2* needed to fill åhe

octa&edral sites. The excess Zn rnust occl;-¡: at the octahedral sites, and

there is partiai oa"dering at three ofåhe possibie five sites (Firet et al.,

1985). The Zn analogue of kipushite is noû Ì<nown; presumably this is an

example of a type (IV) sÈructrlre.

Fhihpsburgite, (Cu'z.,Zn)u(As04,POn)2(OH)6.IIr0, is isostr.uctural with

kipushite, and also contains Zn in excess of the tetrahedral*site

reqainements (Feacor et a1., 1gB5). The additional Zn must substitute at,

the Cu2* octahedral sites, but the stru.cture has not been refined. Again,

philipsburgite is presumably a type (W) structure.

Veszelyite, (Ð:u2* r.rrZ,no.ru)ZnP04(OlI)s.21{rû, is structr:rally related to

kipushite and philipsburgite. trt aXso contains Zn i¡ excess of the amount

required to fill t'he single tetrahed-rai site, and the excess zn substitutes for

Cu'* i¡l octahedral coordination; structu¡:e ¡:efinemenÈ showed that tÏ¡e

excess Zn is distrit¡uted equa_liy over'úhe octahedral sites (Ghose et al.,

1974).

The sulfates serpierite, kter¡asite and rarnsbeckite ali show

considerabie zr¡ <+ cuz* substitutíon. T'tre zn analogues are not k¡¡ow"¡r for

any of ttrese minera-ls, suggesting that they all have type (IV) st¡.ucÈuÍ.es.

Sabelli and Zanazn (1968) determined the sËructure of serpierite with

composition ûa(Cuz"o uuZno 3J4(OH)6(Stt2.gH2û. Serçierite co¡rÈair¡s

oetahedraiiy coordinaÉed cations which share six edges with adjacent

nntnher{r"* f¡rrrn i"''o' ¡l^cê----L^J ^L^^+^ trr-+;^^ ^*.¡^--:--.:^ ^:*:-È---¿- - - -! uruc¡ Iì-LË 15 ÞrËrlltrud-tlL. utle

octahedral site contains only zrr, and Ëhe remaining zn is distributed over
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the other fou.r octahed-ral siÈes, possihly in a pa-rtially ordened arïãngemen¿

(sabelli au''d zanazzí, 1968). The kte¡rasite stz"r¡cture (Metli¡ri and Merlino,

1978) was sotrved. for a crystal with composiôion

Zør(Cw2*u'Zw,sXSClJ4(ûF{)rr.12I{20. It is roade up of corzugated sheets of

Cuz* octahedra iinked to Sûu tetrahedra by corner sharing. Isoìated ZnQu

octahedra are sa¡rdwiched between these con:ugated composite layers.

There is also zn substitution at the two octal¡edratr cuz* sites, raith crdering

of Zn at, the Cu(1) site suggested by the observed bond-lengths (Mellini and

Merlino, 1978). The stracture of rarnsbeckite, (Cur-,Zn¡,u1OI{)rr(SOr)1.6HrO

with Cu:Zn = 2.9:L was solved Lry Effenberger (1989b). ?he structure

contains eight octahedral sites con¡ected hy edge sharing to forrn sheets,

which in turn are interconnected tfu.ough SOn tetrahedra and hydrogen

bonding. Of the eight octahed¡atr sites, bond-length considerations show

that for¡' contain cu2*, àwo contain on-1y zn, and the other two contain both

Cu2* and Zn.

Fubtrished chemical anaJyses i¡rdicate that a r¡r¡mber of adúitional

Cu2" oxysalt minerals show Zn €+ Cu2* sutrstitution, but r¡one ofthese

analyses are accompanied by struclural data, and it, is nol possible to be

sure of the extent ofzn <+ cuz* substitutio¡l at any site in the structure-

@a¿mf¡les incnude clareíte [(Cu2or.urZno.rrMr¡ o6)COs(OH)4.4H:û j (Waienta a¡rd

Du¡m, 1982), orthoserpierite [Ca(Cuz*r.uoØr]'5sXSttr(OH)5.3tr{rûl (S33.p,

1985i, namuwite [(znr.uocu2*r 4Jso4(o]l)6.4tr{zû1, rvhich is isostmctura} with
Ø¡lnSOn(ûH)u'4I{rû (Eevins et a1., j.9BZ), and auricha-leite

[(C¿r'",2n)u(CO3L(OH)6, Cr¡:Z¡¡ = 2.4:l] ("]amhor and Fou_liot, 1965), whic]r is
cÈn"a+"'*-!Ì'" *^l^+^.i +^ !^..¿ *^¿ .:^^^¿---^------!ùr.,¡, uL¿ü ¡¡uü rÞùÞu-! Llutu.¿ d_t wtLfr, flyûÌ.ozlIlclEe.
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W,.9.2 Wï2" * F"ezo, ¡{å eed &€g

îhe only exaneple of Fe2* <+ Cuz- sutlstitutio¡r ìn a Cu2- oxysal.i;

,"nineratr oc¿r¡rs in poitevinite, with coniposition (Cu2*,Fe2*,2¡l)Sûn-F{20 a¡rd

Cr¡.:Fe:Zn = 100:92:17 (Jambor eÈ al., 1968). troitevinite has the lcieserite

structi:-re* a¡rd is an example of a type (I) stc"rlctuïe (atthough ôhe sÈrucÉure

has r¡ot yet been refined).

The subsúituùion Ni ++ Cu2* is exüensive in glaukosphaedte

[(Cu'?.,Ni)r(OH)rûO3] in which Cu:Ni ratios vary from 4:1 to J:Z (Fryce and

Just, 1974). The structu¡e has not yeË been refined, but, it, is probably

isostmctura-tr with matrachite, rnaking it a type (I) st¡"ucture.

À{cguinessite, (Mg,Cu'z)r(COsXOH)r, with Mg:Cu = 54:46,57:43 and

46:54 (Erd et al., 1981) is the only mineral that shows Mg <+ Cuz*

substitution. &rcguinessite is isostructr¡-nal with rosasite, l¡ut the structu¡'e

has not, been refiraed.

ål"S SprÉhetic C¿n2o-Bearålag gonåd Solutio¡as

Substitutiona-l solid-solution in ûu2* oxysait srinerals may be

indirectly studied using syntheÉic tuz.-bea¡:ing compounds, a¡rd ttre solid-

solutio¡r stability fretrds may thus be estabiished. Many experimenlatr

techniques that are applied to ¡ninerals a-re plagued Ìry a lack of ¡naterial.

The examination of synthetie cu2o corlpour-rd.s has the advantage that they

may be synthesized in lar"ge quanüities; however, the producüs tend to be

fine grained, preeludi*g studies which nequire single crystatrs. It is for this
reason tha6 strrreture refine¡nents have not yeË been reported fcl.any

s.vnthef.i c so |id-solulion series i nvnlu¡in s. fl :r 2*
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Studies of Cu2*-?¡ea¡-ing seríes have 'been 
do¡re fos lwles (I), (II) and

(ItrI) structures. Type (tr) slrucåures give an isoroorphous series, such as

observed in (Zn,_,.û{.)(OH)sNOs (Markov et at., tr990) and Ç(Zn,,"Cd.)Fu
(.Ias¡et et al., 1987). cu2"-bearing solid-solutio¡1 series of type (Ir) sÈructures

have a phase transitio¡¡ at socle value x=x", such as í¡r the series

(Zn,.*Cul.)WOo (Schofietrd and Redforna, 1992), Lar(Ni,-_Cui.)O*

(Rarnanujachary and Swam¡ 1gB5), K(Mgr_,.CL{")Fa, K(Znr..Cid' )F3,

(Mg,..C14.)F, and (2n,.-Crd.)F, (schnaitz,Ðumont and Grimm, tr96?). Cur.-

bearing solid-solution series of, ty'¡re (III) [or type (W)J structures do not

form cornplete series; typical exarnples are cr{Mgr.*Cr{.)Fr0? v¡i¿tr! the }imits

0 < x < 0.70 (Nord et al., 1,990), (Mgr."C{.XPûn), where values of 0 < x <

1.70 give the Mgr(POn), structure, 2.30 < x < 8.00 gives the Cu3.GOJ,

structure, and X.70 < x < 2.30 gives two phases (Moqine et al., 1gB?), and

(Ni1-,.Cr4.)0 with limi¿s 0.65 < x < 1.00 (Davies, 1986).

Tl¡e interaction of "lah¡r-Teller distortio¡r centres within a crysôai

structure, such that the distortions act in a cotrlective ñrarxxner, is ter¡¡eed the

cooperative Jahn-TeEer effect (Chapter 2). This effect is apparent i¡r Cu2*-

bearing solid-soXutions of type (lI) structu.res, in which Èhe cooperative

Jah¡r-TeiÌer effect, lir¡ks the úistortions of independent Cu2* octahedra,

leading to a phase transitior¡ at x=4. To date, there has ontry been one

detailed study of such a sysÉem. A t¿tal of, 2L sarnptres i¡l ôhe seazes

(Znr.,Cr4.)WOu (sarma.rti-nite-cuproscheenite) were reported by Schofield and

Redfemn (1992). X-ray powder-dif&-action studíes showed that, a ¡rtrrase

t¡:ansítion &oør the spâce group F2lc (sa¡rmacti¡úte st¡-uctüre) to pl
/^----^- -L ^ ^l:! - -r(cuilrûsc&eetlce s¿!-ueÊLr.re] occurs at z" = {i.22. The pirase ÈransiËio¡:r was

r¿odeltred i¡l te¡:øs of a second-onder T-,andau-type phenomenological
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psferrtial. However, no stfllcturatr studies \Ã/ere dûne íor senes

inåeruediates a¡ld ûÌ¡e precise ¡¡ature of the transition ¡"eulains obscure.

The foilowang chapters i¡t lhis lhesis report, d.etailed s3,,nthesis work

for the type (IIlsÈructure series (li{r_*C{.)F, anc! K(M,..Cd.)Fe (M =
divalent cation)- x-ray powder-diffraction data and fhe Rietveld techmque

were used to reËne ûhe crystal structures of series intermediates in order to

characterize lhe phase fu'ansition in each series.



Ðbaaptew L2

*9alua-T'e3åec" Ðrive¡a Fhase"?-ra&såÈioæs: Tlze MF.,

R æËif e.Tþpe Stra¿cËcÅre.

L2"1 V¡¿.trø&ttaÉåo¡a s¡rd Frevåsus Work.

The crystai st¡.ucture of, Cu2*F, is a ruonoclirdc derivative of Éhe

teüragonal À'{F, ß{ = Øn, Ni, Fe2", Co, ]l{g) mtitre-type strucÈure (Fig. 1.a).

The Éetragonal MF, stn-rcture has metar íons in fairly regular octahedrar

eoor:dination, whereas the Cu2*F. octahed¡on in the monoclinic Cu2*F,

stnxcÈr¡¡'e is (4+2!dist¡rted (Fig. trZ.1), as expected for.Cu2* ín octahed¡atr

eoondination. The connectivi.ties of the teúragonal MF, and mo¡roclinic

Cu2*!', structures are identical, suggesting that the series (Mr_*Cul.)F,

should exist a¡d that iú will undergo a tetragonal-to-n-ronoclinic phase

transition at some value x=x" along the solid-soh.rtio¡¡ se¡.ies.

The tetragonal MF, stnucture contains two crystallographicaliy

distínct M-F bondJengths Éhat are usuaüy of approrimatery the same

trength. I¡r monoclirric cu2*F2, the l¡o¡¡d corinectivity of the rutitre structu'e-

úype is mainfajned but the decrease .in sylnnetly ¡.esu-trts in three

ca"ystallographically distinct bond-lengths. trn principtre, tlte (4+Z)_

disto¡:t'ion ofûhe cu2*Fu oetahedron could occu¡'in the tetragonal structure,

as there ís one symmetricaliy equivarent set, of fou-r úisúances and anotlrer

s¡mrnetricaily equivalent sef of two distances, allowing the usuai (4+2)-

dist'ortiop shown Êry octahedrally coordi¡rated cu2*. However, what, actuatrtry

happens is rathe¡: d_ifferent. The Cu2*F, structure is rnonoctrinic, and

although the local distorbion around the cu2. ion sho\Ã,s the usual (4+z)

a'r'angement, this does not conf,o¡m to the constraints of tetragonal

231
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ÊyûrmeÉqy. The pair of elongated Ci¡-F" hoûds i¡e Ëhe roonoclinic structure

corresponds Éo lwo of the four bonds equivatrent ìc} bhe tetragonal stnucôure,

and not È.o the set of two equivale¡rt, -[¡onds. ûalcu]aüions show that

approxirreately Èhe snff'e (4+2) distortion of Éhe octahed-ral envinor'ment i¡¡

the tetragonatr rutile str¡.¡cture ís ohtained by distorting ÉFre unit-ceLl to ø =
5.45, c = 2.45 Å (Cu-F-e = 2.34, Cu-F.s = n.g5 Å). F{ovøever, this distortie¡r of

the ôetragonal celtr ¡:esulÉs in a cu-cu sepanation øt anly z.4E A, whereas the

cu-cu dista'ce in monoelinic cu2*F, is B.g0 Å. Evidentiy the connectivity of

6he structure does not altrow strong (4+2!distorúion in Éhe direction required

hy tetragonai s3mmetly, thus causing the change to monoclinic symrnetry.

Substitution of Cuzo into ûhe (Mr..Ct{")F, stn:.cúure for smalt values of

x should not cause a phase transition, as ttre lolv cor¡centrations of

independent Jahn-Teller distorted Cuz*!'. octahedra enobedded in the

tetragonal MI', stmcture will not interact constrtctively. It is proposed

lhat a critical concentration of distorhion centr.es is neached (x=x"), where

Ëhe distortåons of independent Cu2.Q6 octahed¡:a wiil eouple rria a phonon,

treading to a tetragonal-to-monoclinic phase üransition.

Previous work was done o¡-¡ the systems (Mgr-,Ct{.)F, and

(Zn,..C{-)F, by Schmitz-Ðumont, and Grimln (1g6?). They sSrnthesized only

five samples i¡r each series. More deÈaixed syrrthesis work wiltr iead to a

hetter r¡nderstanding of how cu2* distor-tio¡r centres interact in a crysÉal

structure.

12.2 Syruáhesis of (&ãgu.,t¡4-)Fr, (Ømu_Ðr{.)F., and ûqi1._Crd")F,,

The (Mg,_-Ct{-)Fr, (Zn,-.Cr.çr.)F, and (Ni1._Cu?-)F, series were

sy'nthesized using anal¡rtical grad.e Cu.F2 (gBZo pure), ZnF, (gg7o pur.e), l{iF,
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(997o p¡¡re) and MgF, (99.97o puse) supplied hy the .Aldrich Chemical

Coruparey" Fowders were dried at, ltt.C, carefully weighed to + t.û002

g-ranes for earh s5.r¡tËresis ru¡r, rnixed and úhol.cughly grcund (dry) in an

agâte mrz'tåtr' and the¡l remixed and ground again.

Fowders were gerltly pressed into petlets and placed in plaóiar:_ar foil

Ê¡askets" Each petrlet was an¡¡eafed in a vertical úubu-las furarace, at

atmospheric ¡lressur"e in an inert atmosphere prûvided by a steady flow of

argon from 6he bottom of the fi¡rnace. The temperature of ûhe f,urnace (at

the sample location) was mo¡ritored using a Ft-Rh thermocouple prior to

eaclì ru.ll. T'he series (Mg,__Cr4.)F, was heafed at 765-g1g.C for 2 hours,

(Zn,,"Cr{.)F, at 75t-755.C for 15 minutes, and (Ni,-,Cul.)F, at ZB5-?BT.C fur

tr5 ¡ninutes. Sarnples were quenched in air. X-ray powder-dif&action

paûterns (Section 12.3) indicate tlut, reactions were complete and Éhat a

single phase was present, with the exception of minor impurities of tenorite

and cuprite which were present in about the same amounts (- EVo) in all
^-^1", ^+^

l2"S Ckceå.aeterüzatioæ of (Mg'r."Cr4.)F r, (Zrau-"Cul*)F, and

ûqål.*cr4")Es.

Fowders of (Mg,_"C¡{.)Fr, (Unr__Cx4.)F, a¡rd (l{i,,.Cd*)F, were ground

ín an agate mo¡.tar and fr.ont-loaded into brass sample holde¡"s f.or X-ray

examinatio¡r. X-ray powder-diffraction ¡latterns we¡.e collected at ZE"C

using a Phiiips PW171û automated X-ray powder diffractometen with Eragg_

E¡:entano geometry, CuKø X-radiatron (40 kV and 40 mA), fixed 1. slits and

a diffracted-beam rronochromafo¡: over the range 10-100"20. A scan speed of

x.8'20/min. and ar¡ integration úime of ls were used. The diffractometer
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\¡/as sôândåx'dized usiûg a silico¡¡ stendard (I{ationa} Eureau of standard.s

SH.h4 64th, a = 5.43t94t + û.0ûûû35 Å); to avoid contamì¿¡ation of, the

samples, ¡lo i¡r:ternal standa¡'d was t¡sed.

Visuan exnnlinatio¡r of ôhe X-ray diffraction patterns revealed Èhe

locaôíons of; ttre tetragonal to ¡'nonocli¡-ic phase transition in eacle series.

The powder patterns were indexed using óhe JCFDS cards for MgFr, ZnFr,

I*triF, and Cu2*Fr. The uniÈ-celtr dimensio¡rs of, each member of the series

we¡'e refined using ,A.pplema¡r a¡rd Evans (1g7S) celtr-refi¡remení prograwr (as

modiñed by tsurns and r-rembath). Tl¡e reñned cell dimensions for each

series are given in Tables 12.1, trp.2 and 12.S and shown in Figures 12.2,

L2.3 and 72.4"

Ï.2.4 F}¡ase TþsnsiÈio¡as ín (&fg.1._Crd")Fr, (Znr_"Cr{*)$', and
(hTåx,"cn4)F,r.

Fíg'ures 12.2, L2.3 anð. LZ.4 show phase transitions in (Me,,_,.C¡d.)Fr,

(2n,.-Crd')F, and (Nir-"C4.)F, at x-x". The onset of Èhe monoclinic structure

is indicated by an atrrupt depar-ture of p from g0. and comparison of B

shows that each series has a different x=x" (Fig. 12.5). The onset of the

ruonoclirlic stn¡etu¡e occurs at x" = û.45 for the (Znr.*Cr{.)F, series, x" =

t.475 for tkre (Me,.*C14.)l-, series and 4 = û.50 for the (Nir.C{.)F, series.

The ionic radä of Ør¡, Mg and Ni in octahedra-l coordination are 0.740, û.?20

a-nd û.69û,&, respecôively (Shannon, t9?6); the sma-ll va¡:iatioru of x" foe.ôhese

three series is apparently a function of the ionic radius of the fuf ion.

The X-ray powder-diíftaction study ve¡:rËes that a single

homogeneous (to X-rays) phase was sy,nthesized í¡l each of the synthesis
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T4lS J2.l TJnit-cell ,paremgters from leasl-squar.es ¡-efiner,"¡e¡-rÈ of powder
daËå fûr ¡,ne serles {Mgr_"ur4")¡'r.

T(") t(¡n) at,4) b(Å) ct,&) F(') V(A3)

û.û00
8.25t 844
û.275 785
0.300 785
t.325 785
û.35G 785
û.375 785
0.4û0 785
8.425 785
0.450 785
t.475 785
0.500 818
4.525 785
0.550 818
4.575 785
0.600 818
0.625 785
0.650 B1B
0.675 775
0.700 785
4.725 775
0.750 765
0.775 775
û.80û 765
û.825 769
û.850 769
0.875 769
û.900 77L
4.925 765
0.950 785
1.000

- 3.0516(3)
12û 3.0837(9)
120 3.0932(6)
120 3.0982(9)
na 3.L024(9)
120 3.1û70(8)
120 3.111(1)
120 3.1179(8)
LzA 3.122(L)
120 3.1273(6)
135 3.134(1)
120 3.1433(4)
120 3.1465(7)
120 3.1530(4)
x20 3.1576(8)
120 3.1651(4)
LzA 3.L745(4)
120 3.1782(3)
120 3.1882(8)
120 3.190(1)
120 3.2013(6)
120 3.2093(5)
LzA 3.2L2(r)
x20 3.2268(6)
72t 3.2334(7)
128 3.2449(7)
LzA 3.2577(9)
140 3.2595(5)
DA 3.2727(7)
tzt 3.2792(6)- 3.2er(2)

4.6215(3)
4.6122(4)
4.6A52@)
4.6067(7)
4.6A5L(7)
4.6û39(7)
4.6019(9)
4.6t22(6)
4.6015(3)
4.5994(2)
4.5e7(2)
4.5969(6)
4.594(r)
4.5947(9)
4.5e0(2)
4.5924(7)
4.5907(6)
4.5890(6)
4.583(1)
4.582(2)
4.5782(9)
4.5786(9)
4.581(2)
4.574-tß)
4.5688(8)
4.5709(8)
4.564(2)
4.5665(6)
4.5584(6)
4.555(1)
4.543(3)

4.6215(3)
4.6122(4j
4.6A92@)
4.6A87(7)
4.6051(7)
4.6039(7)
4.6019(9)
4.6A22(6)
4.6015(3)
4.59e4(2)
4.557(2)
4.5975(6)
4.596(1)
4.5e7(r)
4.594(2)
4.5e76(8)
4.5990(e)
4.5968(7)
4.591(1)
4.580(3)
4.5e39(5)
4.5934(7)
4.596(2)
4.5958(7)
4.5934(9)
4.5986(9)
4.597(r)
4.5999(6)
4.6003(6)
4.5e8(1)
4.595(3)

9û 65.18(1)
9û 65.60(2)90 65.71(1)90 65.75(2)90 65.79(2)90 65.85(2)90 65.89(3)90 66.04(2)
90 66.10(3)
90 66.15(1)
8e.68(7) 66.23(3)
88.33(1) 66.40(1)
88.08(2) 66.40(2)
87.85(1) 66.55(1)
87.54(2) 66.52(2)
87.41(1) 66.76(1)
87.06(1) 66.e3(1)
86.92(1) 66.95(1)
86.60(2) 66.96(2)
86.35(5) 66.81(4)
86.09(1) 67.17(1)
85.86(1) 67.32(7)
85.60(5) 67.42(s)
85.39(1) 87.67(2)
85.16(2) 67.61(2)
84.94(2) 67.94(2)
84.72(3) 68.07(3)
84.53(1) 68.16(1)
84.22(7) 68.28(n)
84.02(2) 68.31(2)
83.37(6) 68.23(5)

+ Fowder-difftaction patterns are given in Appendix B.+ unit-celtr dimensions of the tetragonal-strrr?iure materials have bee¡r
Éransfo¡:rned by 6þ maûrix (û,û,1; t,-û,0; û,1,0) to give co;éspon?enã. *imfhe monoclinic cell.
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Tabl'e L2.2 u¡út-ceit parameters from Ïeast-squaves refi¡reme¡:r of powder
dala- fo¡: Éhe series (Zn,__CÌ-\j')Fr.

T(') t(m) a(Å) b(Â) c(Å) F(") v(Å.)

û.000
n oÃn È7ÃA 1tr

t.275 753 15
û.30û T 58 15
0.325 753 L5
t.350 ?53 L5
0.375 753 t_5
0.400 753 1,5
Ð.425 753 15
0.450 753 15
4.475 753 15
0.500 753 15
4.525 753 15
0.550 753 15
4.575 753 15
0.600 753 15
4.625 753 15
0.650 753 15
4.675 753 !5
û.700 753 15
4.725 753 15
0.750 753 15
ñ nnÉ P7 Ë.1 1F

0.800 753 t5
0.825 753 15
0.850 753 15
1.00û

3.1248(8)
3.1568(7)
3.1610(7)
3.1640(6)
3.1678(5)
3.1708(7)
3.1758(7)
3.1783(7
3.1,822(7
3.1859(9
3.1919(7
3.1957(6
3.2018(5
3.2047(7
3.2702(5
3.2138(5
3.2794(4
3.2246(4
3.2294(4
3.2339(5
3.2395(4
3.244(L)

4.7t78(7)
4.8657(6)
4.6650(7)
4.6609(6)
4.6572(5)
4.6528(7)
4.6487(7)
4.6479(6)
4.6423(7)
4.6380(6)
4.631(1)
4.62e4(B)
4.623(1)
4.6232(8)
4.6185(e)
4.6146(9)
4.6108(8)
4.6072(9)
4.6034(8)
4.5997(S)
4.5952(8)
4.590(1)
4.5860(9)
4.579(3)
4,.5775(5)
4.5735(7)
4.543(3)

4.7A7g(',r)
4.6657(6)
4.6650(7)
4.6609(6)
4.6572(5)
4.6528(7)
4.6487(7)
4.6469(6)
4.6423(7)
4.6380(6)
4.632(1)
4.632(L)
4.6308(7)
4.624(7)
4.6219(9)
4.6227(9)
4.6191(e)
4.6185(B)
4.6164(8)
4.6139(8)
4.6116(5)
4.609(1)
4.6078(7)
4.60s(1)
4.6065(4)
4.604r(7)
4.595(3)

9û 69.26(2)91 68.84(2)s0 68.79(2)90 68.74(2)90 68.71(2)
9û 68.64(2)90 86.63(2)90 68.63(2)90 68.58(2)
90 68.53(2)
88.26(3) 68.43(2)
87.94(2) 68.48(2)
87.67(r) 68.48(2)
87.42(2) 68.44(2)
87.09(1) 68.44(2)
86.86(2) 68.45(1)
86.61(1) 68.45(1)
86.41(1) 68.48(1)
86.18(1) 68.48(1)
85.90(1) 68.46(2)
85.71(1) 68.46(1)
85.4e(2) 88.42(2)
85.29(2) 68.4S(1)
85.t1(3) 68.49(3)
84.82(1) 68.41(1)
84.63(x) 68.50(2)
83.37(6) 68.23(5)

3.2523(7)
3.257(2)
3.2576(4)
3.2672(9)
3.291(2)

. 
Ppry$uo;S$action patterns are given in Appendix C.+ uxnt'-celr drmensrons of the tefragonal-st¡ucture materials have been

transformed by tþ matrix (0,0,1; ff0,0; 0,1,0) to give correspondenr" *ltl,the mo¡loclinic ceil.
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Table 12 3 Unit-ceXi parameters û-om Ieast-sqt¡a¡es refinement, of powder
daLa tor the se¡:ies (Nir."t{")Fr.

T(") ¿(m) a(,4) b(Å) c(Å) i1(,À,)0(")

û.000
t.25t 735 L5
t.275 735 L5
0.300 735 L5
t.325 735 15
0.350 735 l_5
0.375 735 75
0.400 735 1_6

0.425 735 15
0.450 735 15
4.475 735 l_5
0.500 735 15
0.525 735 15
0.550 735 1_5

0.575 735 15
0.600 735 15
û.625 735 L5
0.650 735 15
0.675 735 15
0.700 735 15
4.725 ?35 L5
0.750 735 15
4.775 735 15
0.800 735 15
0.825 735 15
0.850 735 t7
0.875 735 L6
0.900 735 L"î
0.925 735 15
0.950 735 16
0.975 735 15
n.000

3-08û1(2)
3.100(2)
3.1131(9)
s.117( 1)
3.122Gj
3.1259(S)
3.127(1)
3.12s8(8)
3.1380(9)
3.14r-0(B)
3.1458(6)
3.1460(9)
3.1632(6)
3.166(1)
3.1740(5)
3.7740(6)
3.1856(8)
3.1953(6)
3.1969(8)
3.205(1)
3.22AG)
3.2216(6)
3.230(3)
3.2434(9)
,f .z+Ðo(o,
3.26AQ)
3.2662(9)
3.279L(9)
3.28X2(7)
3.2927(5)
3.3004(5)
3.257(2)

4.6622(9)
4.6379(S)
4.6356(6)
4.6308(8)
4.6275(s)
4.6261(7j
4.6265(B)
4.6247(6)
4.62L7(5)
4.6188(6)
4.6134(5)
4.6120(7)
4.6064(9)
4.612(2)
4.6067(e)
4.6034(7)
4.5991(6)
4.5939(6)
4.5942(9)
4.588(1)
4.5815(7)
4.5828(8)
4.577(3)
4.575(1)
4.5685(8)
4.567(2)
4.5635(9)
4.5603(5)
4.5588(4)
4.5543(5)
4.5503(B)
4.543(3)

4..6622(9)
4.6379(9)
4.6356(6)
4.6308(B)
4.6275(9)
4.626L(7)
4.6265(8)
4.6247(6)
4.62t7(5)
4.6188(6)
4.6134(5)
4.612A(7)
4.6120(7)
4.609(2)
4.6082(7)
4.613(1)
4.6116(6)
4.605(1)
4.6030(6)
4.605(1)
4.602(r)
4.6007(7)
4.595(4)
4.602(L)
4.5988(6)
4.595(2)
4.6020(8)
4.6021(6)
4.604(1)
4.6A77(7)
4.6016(B)
4.595(3)

o^
90
90
90
90
90
90
90
90
90
90
90
88.22(3)
87.e8(4)
87.75(L)
87.71(2)
87.26(2)
86.80(1)
86.75(2)
86.42(3)
85.e3(2)
85.85(1)
85.50(7)
85.13(3)
84.97(1)
84.70(4)
84.42(2)
84.A7Q)
83.93(2)
83.74(1)
83.56(1)
83.37(6)

66.95(4)
66.6e(4)
66.90(2)
66.83(3)
66.86(3)
66.90(2)
66.93(5
66.94(3
67.t3Ø
67.01(4
66.95(2
66.92(4
67.t7(4
67.26(9
67.33(4
67.35(4
67.49(4
67.49e
67.50(4
67.58(5
67.72(5
67.75@
67.7(2)
68.04(5)
67.93(4)
68.2(1)
68.27(4)
68.45(4)
68.61(4)
68.60(3)
68.67(3)
68.23(5)

+ Fowde¡'-diffraction patterns are given in -Appendix Ð.+ IInit-cell dimensíons of the tetrãgonat-struìiu¡'e mate¡:ials have l¡een
transformed þv fþ matrix (0,0,1; 1;0,0; 0,1,0) to give cooésponãerrã. ø*,
Éhe monoclinic eell.
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ruErs ' Examptres of senect'ed diflracóío¡r patterns near the phase transition in
the (Znr_"û{')}l, senes are givezr in Figure 12.6.

n2.6 Rietveåd SË¿"¡¡eÉ¡¡-re &.effi¡¡eree¡aús for (ft6gr"=Ðr{*}F, a¡ad

(øÌrr-*Ðì4")Ã"r.

n¡¡ order to ob¿ain detajis of the crystal strucúures of selected

me¡nbers of the se¡"ies (Mgr__Cr4.)F, and (Zrar.*Ct{.)Fr, Rietveld str¡xcture

refinements we¡:e done using X-ray powder-diffraction data. Samples were

genËÌy track-pressed into aftr¡"r¡i¡¡1¡¡1 holders f,or X-ray study. The surface of
each sar¡''ple was seri:ated witl¡ a ¡:azor blade to reduce prefem.ed orientation

effects. Ðata wene collecÈed at 25"C with a Fhilips pW1Z10 X_ray powder

diffractornete¡: with Eragg-Erentano geometry using cuKc, x-radiation (40

kv and 40 mA), fixed 1o slits and a diffracted-beam monoch¡:omator. Data

were collected over the rcl¡tge 2a-72\oz0 with a step interval of 0.05.20 and

a count time of 5s per step.

Each Rietvetrd strr_rcture refinement was done using the progïârn

LIIFM1 (Howa-rd and Hiü, 1986, a modified version of the program by nViles

and Young, 1981).

å2"5"f RieÉveld R-efrneme¡aûs of MgE.r, Zn-g', and I{i-F,

Tlie crysÉaÌ stmctures of MgF, (Bai.u, ng76), ZnF, and NiF, (Eaur and

IGran, X971) were ¡.efined using single-crystal X-ray dif,&actio¡r data. The

structures of each of'these compou'ds have been reñned here using the

Rietveld techrrique t'o obtain stading sets of profile parameters for the

Rietveld str¡¡cti¡-¡:e ¡:efinements of the (Ådr...crd*)F, series. This work also
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prûi¡ides the opportuaity to corcpare tfue e.esults o'!¡Èained using the Rietveld

method t'o Èhe sû¡'ucËu-res previously reported. using singtre-crysÉal roethods.

Each reÊne¡ne¡:rt was done ín thre space group F4rlm¡m witÌ¡ the

strucÉure parameters of },XgF, (tsau_r, lg76) as starüing Far.arneters.

Scattering factors foz.Mgi., Ni'z., Zn2* a¡rd F1- were taken from the

lnternational, Tøb\es for X-røy Crystallogrüpky (Lg7 4j. peahs were modelled

u.sing a pseudo-Voigt, proËle function which was corrected for peak

asynrmetry to 30'2ê. trsotropic-displacement models were used, and all

three refinemenûs corave'ged to the structures a¡¡d R-indices given i¡l Tabtres

12.4, 12.5 and X2.6. Observed and calct¡_trated powder patterns are in good

agreement (Figures 12.7, 12.8 and 12.g). Observed step-scan patterns are

g'iven in Appendices F, G and lI.

12.õ"2 Standard Ðeviaúions and Riefvetrd Stna.rcture Refirreme¡et

It is well known that positive serial cor¡:elation of adjacent least-

squâres residuals during structnre refinement, of Rietveld data rreay lead to

an unde¡"esÈimration of, parameten standard deviations (Eérar and Lenann,

1991; Hill and Madsen, 1986). The Ðurt¡in-Watson d-statistic is a measure

of 6he seriatr correlatio¡r of adjacent least-squares residuals a¡rd has a value

of - 2.û if no serial corretration of, adjacent least-squanes residuaJs is present,

(Hrtrl a¡d Madsere, 1986). Values of the Ðurbi¡r-Watson d-statistic near 2.0

are in praetice seldom encormtered, due to the p!:ese¡ìce of systerraatic errors

in tFre observed data, and to the systematically incorrect simulation ofpeak

profiles. Reducing 20 step widûhs and increasing the counting tirne per step

will increase the apparent precísion of the data; howeven, it will also

increase the significance of any systematic errors present in the ot¡served
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TabÏe L2.4 Re6¡red et¡:ucture para-r"ceters#, R-inóices
and Èiond-lengths for Ii4gF, compared to singie-
crystal reönement resuits repoz-ted by Eaun ( 19?6.).

" tAl
e
1¡ {A')

Space group F4/wnnl

This Study

Celtr parameters

1r

Eaur (1976)

4.621.3(n)
3.0519(1)
65.18(1)

0
0
0
anisotropic

0.30293(6)
0.30293(6)
0
anisotropic

1.9968(1)
1.9798(2)
1 00r

4.6207(2)
3.0512(1)
65.146(8)

Atomic parazneters

Mg:x0
y0
zû
ts (Ar) 0.32(6)

F: x 0.3035(4)y 0.3035(4)
zA
E (Å'z) o.5B(B)

Eond-iengths (Å)

x.994(4)'I OO O/r \f-:jz]]lf\i!-¿
x.990

Mg-F x4
Mg-F" x2
<Mg-F>

R-indices. (7o)

rl¡
Þ
Ð-w

2.L6 R"
11.08 R*o(exp.)
4.79'J. N-P

# os have beera co¡'¡:ected using equation 12.1
+ Re = Rietveld Eragg-agreemént,-i ndex

Rp = Rietveld profile-agreement index
$*_._= Se@eld weighted profi le-agreement index
Ð-W = Durbin-Watson d-statistic -
N-tr = ¡q1i*5"r of data points

t.\]t
3.60
1983
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Tabtre tr2.5 Refrr¡ed str-¿eture paraøreËers#, H,-i¡ldices and
bond-iengths for NiF, compareã te siregie-crystal
refi¡rement nesulås reþorÉed Ï¡y Eau-r a-"r¿ ¡*ãh"r (f SZ¿¡.

Space group F4rlmr:r"a Z 2

This Study Eau¡"a¡rd Kahn (X971)

Cell parameters

a (Å) 4.6822(E) 4.64s8(s)
c . 3.0801(5) 3.0838(1)
v (,{') 66.95(2) 66.67(1)

Aúomic parametee's

Ni:x00
v00z, 0 0
E (,#) 0.17(?) ãnisotropic

F: x û.3015(5) 0.3012(18)y 0.3015(5) 0.3012(13)z^ 0 0
B (A'z) 0.6(2) ãnisotropic

Bond-lengths (,4)

Ni-F x4 z.AzL@) 2.a22(ú.)
N_i;f'u_x2 1.988(¿1 1.981(9)<Nr-¡'> 2.010 2.008

R-indices. (7¿)

RR t.92 Ro 3.42
R p 4.37 R*n(exp.t 2.56
D-W 0.514 N-P 1983

# os have been corrected using equation lZ.1* Ra = Rietveld Bragg-agreemèntìndex
Re = Rietveld profiIe-agreement index
R*"-= g;gtv.1¿ weighted profile-agleernent index
D-W = ¡¿o5¡t-Watson d-¡tâtis{,ic -
N-F = Number of data points



Table 12.6 Reñ¡red st¡-¡rcture pararneters*, R-indices and
bond-leng{,hs for ZnF" conrpared to sineie-cfl/stâl
refinerne¡:t results rcþorteil by Ea,o añ¿ ¡Calt tf SZtt.

Space group F4/ørnro

This SÉudy

ûelÌ parameters

a (Â)
c
\¡ (As)

4.7L25(2)
3.1277(2)
69.459(9)

.4tomic ¡rara-meters

Zn:x0
yA
zA
B (A,) 0.29(5)

F: x û.3024(7)y 0.3024(7)
zA
E (Ä1 0.6(2)

tsond-lengths (Å)

Zn-F x4 2.045(7)
ZwF"xZ 2.tL5Q)
<Zn-F > 2.t35

ø2
Eaur and Kahn (X97X)

4.7t48(L)
3.1338(2)
6e.37(1)

û
0
0
anisotropic

0.3024(16)
0.3024(16)
0
anisotropic

2.046(7)
2.012(1û)
2.035

R-indices" (%)

RB î.62 Ro
Ilwp 7.76 Sn(exp.)D-W 0.488 N-P

5.67
2.98
1983

# os have been corrected using equation 12.1* Rq = Rietveid Bragg-agreemént index
Rp = Rietveld profi1e-agneement index
&wr = Rielveld weighted proñle-agreemenû index
Ð-W = Du¡bin-Wation d-ètatisf.ic"
N-F = 196*6"r of data points



ti1

!
c
o

:l
o
l]

2A 40 60 B0 100 120

Figure 12.7. the obserwed (middle) and calculated (top) powder pattern for MgFr; bottom: residual (I*,¡I*.),
l\)
CIl
i\å



!
c
c
l
a
c

Firure 12.8. The obsened (middle) and calculated (top) powder pattern for Znl r; bottom: residual (I*r"-l"b"), 
N{¡
ús



¿0

30

25

2A

15

lo

5

0

t¡
¡
o
tJ1

)
a

_(:
l--

Figure 12.9. The observed (mìddle) and calculated (top) powder pattern for NiFr; bottom: residual (I*ì"-Ï"b,).

2ô 40 60 80 r00 120

FJ
Cfr
.N



255

data or ia üLae modetr, thus leading Ëo u¡¡derestimatiore of paraaneôer

sÉandard devialions (Eéray a¡rd tr-enann, lggl) and a Ðuyhin-Watson d-

sÉaÈisbie < 2.û.

Reñneme¡¡ts of t&e sÉructures of &{gFr, NiF, and Zr:d'" were done for

data coiiected with a û.û5'28 step width and 5s spent crunting per step.

The Ðurbin-Watson d-statistìcs obtained f'rom these c.eñnements are

reported in Tabnes 12.4, 12.5 and 12.6 and are eonsiderabtry ]ower than the

optimal va-lue of 2.û. There is sig'rificant, positive serial correlation of,

a-djacent least-squares residuals, and the paraineter E.S.D.s are probably

underestirnated.

The serial cor.relatior¡ of adjacent residuals naay be reduced by

increasing the 20 step width or by reducing the ti¡'oe spent, countirg at, each

step (I{il} and Madsen, i.986). I{oweven, this approach amor¡¡rts to omitting

data that is usefi¡l during ttre refinement of accurate stmctural païamet€rs

in order to get nealistic E.S.Ð.s for the refrned parameters.

-Ar¡other approach is to courptrete the Rietveld refineme¡rt using â

high-quality data set, witLr ar¡ appnopriate correction of the E.S.Ð.s úo

aecoulrt for the serial co¡-nelation of adjacent, least-squares residuals as

indicated by the DurLrin-Watson d-sfatistic. A reiaôionship between the

E.S.D.s and the Durbi¡i-Watsori d-statistic for a given structure type and set

of experimental conditions may be der.ived. {Jsing lhis retrationshp, t}re

appropriate conrecôion of the E.S.Ð.s may be estiryraúed regal'dless of, the

amount of serial correlation of adjacent least-squares residua-ls.

The X-ray powder-difÞaction data for &tIgF, was coilected using a step

v¡idth of 0.01't and 5s spent aourìting per step. A series of Rietveid

reñneme¡rts were done for subsets of tF¡is data a6 different step intewals,
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giïirlg a range of Ðu-r"bi¡r-\HaËsc¡r d-statísúics from û"û84 to tr.951. TF¡e

relaÈionsh{p hetipeeru ttrre Ð¡¡rhín-Watsorr d-statistic a¡rd tke tr.S-Ð.s for

variorxs structu-ral çrararoeters is glven in F igure 12.1û, i& which it has hee&

assu-med thaf the E.S,Ð.s are unaffected hy the seriatr correlation of adjacent

Xeas6-squares nesiduatrs when the Ðurbi¡r-Watson d-staÉistic is 1.951 (- 2.0).

Th.ere is an approximaôely Ïinear relationship (R = 0.9?5) between the

sfructure-¡rarame¿er E.S.D.s and the Durbi¡i-\Matso¡l d-staúistic (Fig. 12.10)

for the Å{gF, refinements, and this relationship is largely independent of tbre

identity of ÉLre structu-re parametens. The best-fit trine is:

y=43442x+A.2529 (12.1)

whene x is the Ðurbin-\Matson d-statistic for the refinernent. The E.S_D.s

derived f,rom the refinement may be scated by Uy to otrtain an estimate of

the E.S.D.s in ttre absence of serial correlation of adjacent least-squares

¡'esíduais,

The E.S.D.s obtained f'or MgFr, l{iF, and ZnF, (Tahles 12.4, L2.5 arlrd

12.6) have been cor.rec¿ed u.sing equation 12.1, giving rnore reasonable

estirnates of the precisicn of the refined stnuctu:e panameters.

The Rietveld ¡.esults for the MgF, strucÉ,u_re are compared to the

singie-crystal refinement results reported by Eaur (1926) in Table 12.5. The

unit-cell di¡nensions and ato¡nic positional parameters obtained using the

two meúhods are ídenticatr wiÉhin 3o and 1.5o, respec¿ively. The bond-

nengths obtajned using each roethod are identical ¡¡¡ittrir¡ 1o.

The u¡üf-cell pae-ameters obtained using the Rietveld technique for

NiF, and ZnF" are in ¡roor agreement "¿¡itÈr those reported by Eaur and
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f4ha¡¡ (1971) as de¡"ived &oro single-crysúa} data (Tat¡les 12.5 a¡rd tr2.6). trt is

unliketry, in view of the e:¡eellent, agteeanent of 6Ì¡e u¡rit-cetl paramelers

derived by the two meùhods for MgF'r, and consideri¡rg that Éhe single-

crystal refinement f,or MgF, is more recent (Baur, trg76), that Éhe unit-cell

dimensio¡rs for NiF, arrd ZnF, reported try Eaur and Khan (XgT1) are

acclt:âte. The atomic positioreal parameters and &{-F bond.-nengths obåained

f,rom the Rietveld nefinement are nlore predse tha¡l those reported by Eaur

and l4ran (1971) and the parameters derived by each method are identical

within 1o'.

It is apparent füom these results fhat the Rietveld method of crystal-

structure refi¡rement gives results comparable to singie-crystal studies for

MgF,, ZnF, and NiFr. It is therefore appropriate to use the rnethod to study

the details of structural changes in the (Mr,_Cr{t)F, series.

f.2.5,S C¿82*Fz.

Refineurent of the Cu2.F, sÉructure was initiated in the space group

P2,/ra with the structural parameters of Bitly and Elaendler (1956) as

starting values. Scattering factors for Cu2* and F1'were taken from the

Internatìona| Tables for X-ray Crystallography (L974). Feaks were modelled

using a pseudo-Voigt profile function which was cornected for peak

as¡zmmetry to 30'20. Refrnement, of the structr:¡e converged to the süructure

¡rarametens given in Table tr2.7. Al anisotropic-displacernent model was

atteø.pted, but resulted in a general instatrility of the refinement. The final

observed and calcuiated pat¿erns are given in Figure 12.11. The observed

step-scan pattern is given in Appendix E.
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Tatrrle 1,2"7 R e6¡¡ed strueËul:e ¡rarameters#, R-i¡¡dices
aud Ì:ond-lengths for Cu2*F r.

Spaee group F2þ
Cel]. paranaeåers
a (A) 3.2973é)
b
e
Ê (")
V (A3i
17

A.tomic parærÌet€rs

ûu:x0
y0
2"0
B (A',) 0.52(4)

F: x -0.042(1)
y 0.2941(9)
z " 0.2941(9)
B (A') 0.5(z)

^ 
4,7

1.99
2.71

exp.) 1.46
0.611
1999

4.5624(8)
4.6157(6)
83.293(6)
68.e6(4)
2

fSond-Iengths (,4.)

üu-F- x2 1.9û2(6)
Cu-F. x2 1.332(6)
Cu-Fn x2 2.318(6)
<Cu-F> 2.051

H,-indices- (û/,)

RB

s
Þwp
R-"(
Ð-\^r
N-P

# ss have t¡ee¡r corrected u.sing equation 12.1* R¡ = Rietveld Bnagg-agreemèntìndex
IL = Rieweld profiIe-agreement index
Rw_p _= Rietveld weighled profile-agreement ir¡dex
Ð-W = Dr¡¡bin-Watson d-statistic -
N-F = gitru5"r of daËa points
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,4s expected, lhe &ietvetrd reñneme¡rt of tÞre Cer2*F, structure i¡rdicates

tÌnat tllre Cer2*F. octahedro& is in a (4+2!distcrted arraragenaent, with Cu-F

x2 = 1.9û2(6), Cu-F" x2 = X.932(6J and tu-F" xZ = 2.3L5,€) Ã,.

I2.ö.4 The (Zûr.*Crli-)F, Seråes.

Variation of the octahed¡'a1 geometry i¡r Éhe series (Uni__Ci4-)F, with

increasing x, caused by the Jahn-Teller effiect, drives ühe tetragonai to

monoclinic phase ôransition. Rietveld structu-re refinements we¡.e done for û

< x < 1 to obtain octahedral M-F distances.

Rietveld refinements for the monoclinic-structure samples (x > 0.475)

'wen'e done in the space $"oup P2rln (the space group of Cu2*Fr) using the

refined Cu2*F, structure pârameters reported in section 72.5.2 as starbing

parameters. Refinement of åetragonal samples (x< 0.475) were done in the

space group P4/rnnm (the space group of ZnFr) wi¿h the refiued structure

parameters of ZnF z (Section tr2.5.1) as the staúing model. Othen

refine¡nent procedures vr'ere as fon the e¡rd ntembers of the series (Section

12.5.1 and t2.5.2). The observed step-scan patterns for l,his series are given

in Appendix tr.

The (Zn,-*C{.)F, series did ¡rot, display crystal quality as high as the

commerciatr Cu2*F, and ZnF, materials, as reflected by consider.abiy higher

refinement lt-indices (Tabie 12.8). The str"ucture nefinements were not as

stat¡Ie as the end-¡ne¡r¡t¡er refineraents, âs indirâted by reiaÉivetry siow

convergence and unrealistic isotropic-displacement pararneters. Final

¡:efine¡nents were the¡'efore done with the isotropic-disptracernent parameters

fixed at fhe values obtained for Cu2*F, and ZaF", with an overaltr



Table tQ.8 ReË¡red súructure parameËers# and R-i¡rdices. {7o} {w tfue
^ 

t-\ h
t ¿nr_xuu; J-tr 2 serles.

x a(Â)

û.ûû 4.7125(2)
r.rû 4.6976(3)
Ð.2t 4.6825(5)
û.30 4.6676(8)
t.4t 4.652(1)
r.50 3.196(3)
0.6û 3.2L2(1)
0.70 3.235(1)
û.80 3.261(1)
0.90 3.2835(5)
1.r0 3.2973(4)

x S.G.

0.û0 F4rlrnnm
û.10 P4rlmrim
A.zt F4rlmnm
0.30 P4rlmnm
0.40 P4"/nnnm
û.50 PZ.,/n
0.60 P2,/n
û.70 P2,/n
û.80 PZ.,/rt
0.90 P2,/m
1.00 FZrln

x F(x)

0.00 t.3024(7)
û.1û û.302(1)
r.20 0.304(1)
0.30 0.302(1)
t.4û 0.304(2)
û.50 û.008(e)
0.60 -û.007(6)
t.70 -0.010(6)
0.80 -0.012(5)
û.90 -û.019(1)
1.00 -û.042(1)

¡r(Å)

t!.7L25(2)
4.6976(3)
4.6825(5)
4.6676(8)
4.652(1)
4.627(3)
4.6]'2(3)
4.599(3)
4.582(2)
4.565(1)
4.5624(8)

R" Rp

1.62 5.6'.t4.18 7.01qãn r o.)

4.08 5.462.28 5.56
6.23 6.44
3.63 4.39
3.56 3.842.82 3.63
1.79 2.99no7 roo

F(y)

0.302(4)
0.302(1)
0.304(1)
0.302(1)
0.304(2)
0.305(6)
0.303(3)
0.300(3)
0.300(2)
û.2971(8)
a.2s4t(9)

c(Å)

3.1277(2)
3.X396(3)
s.1509(5)
3.1636(6)
3.1775(B)
4.640(6)
4.62e(3)
4.617(3)
4.616(2)
4.608(x)
.4.6157(6)

D

t.lu
10.30
9.08
9.08
8.03

10.98
6.97
Ð.¿+.f

6.13
5.10
2.7L

F(z)

0
0
0
0
0

0.305(6)
0.303(3)
û.300(3)
0.300(2)
0.297L(8)
0.2941(9)

Ê(")

ûfr

90
90
90
9û
87.e8(6)
86.95(3)
85.76(3)
84.86(2)
84.12(1)
83.293(6)

Rwp(exp.) Ð-1V

2.98 0.4882.64 0.357
2.35 A,345
2.35 0.2902.05 A.296
L.92 0.160
1.81 0.2001.75 0.1981.65 A.342
1.56 0.381L.46 û.611

Vol(43)

6s.45s(s)
89.28(2)
6e.oe(s)
68.e2(3)
68.75(6)
68.6(2)
68.5(1)
68.5(1)
68.69(8)
68.71(5)
68.e6(4)

-ó.irl
-0.4(1)
-0.6(2)
-0.8(3)
_0.5(4)
-0.7(3)
-0.6(3)
-0.3(3)
-o_.2(3)

# os have t¡een corrected usíng equatioa 12.1
* Ã," 

^=-Rietvetr*P?qg;"e"ç"mènt 
indp¡; Rp = RietveXd=proåle--agre_ement

ür_ûeli; j:Wp = _mieleiú we¡gliied ¡-rroÍiie-ag:eemenc index; Ð_\ñ¿ = Du¡bin"
Watson d-statistic
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displacearenü facûor refir¡ed. Tlee refined sfrtrcture ¡rarameters are lieted i¡.

Tahle tr2.8 and the M-F' !:ond-lengths in Tahtre n2.9.

LJnit-cell prara¡'nefers oË,tained for ¿he (Znr_*C{.)F, series by RieÈvetrd

refinement are in good agz'eemerrf with ûhose derived by Xeast-squares

refinement of peak-positio¡ral data reported in secÈicn 12.3 (TaÌ¡le LZ.E,

F igure 12.X2). The M-F' Ìrond-lengtlis oÏ:tained by Rietveld refrnement for

the se¡:ies (Tal¡ie 12.9) are shown in Figt-re 12.13.

For values ofx < t.50, the structu¡'e is úetragonatr with ôwo sets of

r-udque M-F boud-lengtfrs (Fie. 12.13). A smâItr increase i¡r Éïre four

equivalent M-F distances, coupled with a small decrease of the two

equivatrent M-F bond-iengths occt¡rs with i¡rcreasing x in the tetragonal

structure mate!'ial. For values of x > 0.50, the stmcture has three sets of

equivalent M-F bond-lengths, two of which decrease whiìe the other set

increases in length with increasing x, givìng a (4+2!distarted octahed¡al

eoordinatio¡l of ligands arot¡¡rd the wretal cation for values ofx > û.50. The

(4+Zldist¡riion is obtained by decreasing two a¡rd increasing two of the

bond-trengths of, the f,ouy I4-F 'lropds that were equJvaXent in the tetragonal

structure (Fie.. 12.13).

12.ã.5 T'&¡e (Mg,."Cr.4-)F, Series.

Rietveld st¡-ucture refinenûents were d.one for seiected valu.es of x in

tire se¡"ies (Me, 
"Cd.)Fz 

to verifu that the Lf-F octahedral bond,lengths vary

in the same fashion as ol¡served in the (Zn,_*Cr{*)F, series (Section 12.5.3).

The Rietveid refinements were done as for the (Zn,_-Cr.{.)F, series (Section

12.5.3); otiserved step-scan patterns are given in Appendix J.
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?abte 12"9 Ëond-lengths (À) for ¿he (Eo,_"C{.)F,
sef'1es.

M-F x2 &4F. x2 It4-Fo xZ

t.Ð0
t.10ntn
0.30
0.40
û.5û
0.60
û.74
0.80
0.90
1.0û

2.015(?)
2.01(X)
2.tl(z)
1.99(2)
2.û0(2)
2.00(6)
1.e8(3)
1.e6(3)
x.e5(2)
t.s2(2)
r.902(6)

2.t45(7)
2.05(1)
2.t4(2)
2.05(2)
2.AíQ)
2.t4(6)
2.û0(3)
2.00(3)
1.ee(2)
1.eB(2)
1.932(6)

2.845(î)
2.05(1)
2.A^Q)
2.o5(2)
2.05(2)
2.05(6)
2.1X(3)
2.15(2)
2.L8(2)
2.23(2)
2.318(6)



a] 4."V é-

4.V2

4"78

4" 68

4.6 6

4"64

+"Ð1

4.60

4.5 6

^ 
qÁ-

YU

B9

88

¿s]3

. 
",e

"&

g"

ÞqÞ ÉÈ.8.68ÞÞqøE'ÞEéc ø

i

g

@

0.0 û, i 0.2 0.J t.4 0"5 t.6 Ð"7 t.8 t"E 1.0

(J

60

-c

o
'-_-,/ ç-7

5tr

85

a4

{:J



o<
'---- 69.0

I .'1-å "- €t1""- l-
-{'

. .r 1-"""SèILé

tt
68.5

3.30

o

fn
J. I U

0"t 0" 1 r"2 0.õ 0"4 t.5 Ð"s t.7 0"8 t"s

x

Figure 12.12 Continued



lCÌ J

-c
-{r
uì
C

J
-o
C
o
m

z"åu

2"25

2"2t

2"15

2.1A

2.û5

2"üA

l.s5

0.0 0.1 0.2 0.3 0"4 0.5 0"6 t"7 t"8 t"9 tr "0

X

Figure 12.13. ûct¿hed¡al bond-ieng1,hs for the (2n,.*Crd-)F, series.



268

The synthesized powders rf {fufgr_,.û&r")F, eomposition were of good

quality as i''dicated trry xow R-iudices (Table 12.10). unlike É?ae refinenenôs

for the (Znr-.C{.)F, serles, {sotropic-displace¡:¡¡eret par"srneters were well

behaved, a¡¡d are reported along wiûtrr the ctFrer refined parameters in ?al¡ie

12.1û. The X-ray scatterixxg Ïrowers of Mgz. and Cuz* are qtrite different,

and so the site occupancies of each sample were refined. T'he refined

occu¡:ancies ag:eed with the nomi¡ra-tr occu¡rancies withi¡¡ 3o. Tþre u¡riÉ-cell

¡rarameters &"o¡¡r the Rietveld ¡"efine¡nents are in good agreernent with those

derived by least-squares reñneroent of peak-positior¡al data (Section 12.3,

T'aÏ¡tre 12.10, Figu-ne 12.n4). The M-F bond-lengths obôajned ft.om the reûned

structu¡:e ¡rararrreters are givere i¡ Table 12.11 and Figure 12.15.

i.9'6 &flec]¡srnis¡ns of the F]¡ase T'rar'¡sition å¡a Érae (Mr.,cr{-)F, series,

Jahn-Telier disto¡.tion of the octahed¡al-Ìigand arrangernenf around

Cu2* results in a phase transition in the (2n,._Ci{-)F, and (Mgr_"Cd-)F,

series. Electron spin !.esonânìce (ESR) specËroscopy strows that dilute

concer¡t¡:ations of cct'ahedrally coordinated cu2* in a irost structu-re show

distortions of their octahedral geometries, acting as distortion centres in the

Ïrost structure (i.e., R.ubins and Ðru.mtreller, l,gBT). ,{6 low concentrations of

Cu2* in (Znr_-Cr4.)F, and (Mg,_-Ci{.)Fr, the }ocaX Cu2*F. octahedrai

distortions do ¡¡ot i¡rte¡.act. E{owever, at x=4 in eachr series, ô}re

independenü Cu2"Fu octahed-ra} distortio¡rs couple to a phonon, resulting in a
tetragonal-to-monocliníc phase Éransiúion.

The fou-r" equivalent M-F bond-lengths of the Èetragonal (U¡Ì,_,.C{.)F,

and (Mg,.-Cr{*)F", sËructures increase wit}r x (Fígs. trZ.l-B and 12.15). This

increase is offset by a decrease of the bond-lengths of the pair of equivalent
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Tahle 1,2.10 St¡"uctu-re pararoeËers# and R-i¡rdices. (Va) tar th,e (Mgr-,Cr{.)F,
sêrxes.

x a(Å)

r.ûû 4.6287(2j
û.30 4.6û92(5)
û.4û 4.6A42@j
û.50 3.1462(4)
û.60 3.1676(n)
û.8û 3.2252(3)
û.s0 3.2592(3)
1.00 3.2573(4)

x ò.r.t-

û.00 P4rharun
0.30 PL/mnm
0.40 P4rlmnm
t.50 P2r/rt
0.60 P2,/n
0.80 P2,/n
û.90 P?.,/rr
1.00 FZJrl

b(Å) c(a)

tk.62t'î(2) 3.85rZQ)
4.6092(5) S.1ûu(2)
4.6t42(4) 3.\212(2)
4.5973(7) 4.6038(7)
4.5903(4) 4.5974(4)
4.5781(8) 4.5978(8)
4.5628(4) 4.5s72(4)
4.5624(E) 4.6X57(6)

Â,8 riP ñ'1vp

2.L6 7.07 11.08
1.36 2.67 4.30
1.83 2.49 3.562.68 2.95 4.44
2.42 2.67 3.752.37 2.89 4.44
1.49 2.46 3.54
û.97 1.99 2.7't

F(v) F(z)

0.3035(4) 0
0.3009(7) 0
0.3011(6) 0
0.3001(7) 0.3001(?)
û.3013(5) 0.3û13(5)
0.2996(9) 0.2996(9)t.2970(7) t.297jg)
t.2947(9) û.2941(9)

E(F)

0.58(B)
0.5(2)
a"7Q)
0.5(3)
0.8(2)
0.e(5)
0.9(5)
0.48(7)

F(") vrt(Å3)

90 65.146(8)
9û 65.88(2)
90 66.LX(2)
88.4X(1) 66.14(3)
87.288(5) 66.77(1)
85.475(g) 67.68(3)
84.457(8) 68.05(1)
83.293(6) 68.36(4)

R(wpXexp.) D-w

3.60 0.791
1.63 0.430
1.59 0.820
1.55 L.274
t.+ö -L.oct)L.47 1.099
1.4'.t 1.308
x.46 û.611

F(x)

0.00 0.3035(4)
0.30 0.3009(7)
û.40 0.3011(6)
0.50 -0.001(2)
r.60 -0.014(1)
û.80 -0.018(2)
0.90 -0.030(1)
1.00 -a.a42&)

x

û.û0
0.30
0.40
û.50
0.60
0.80
0.90
1.00

ts(M)

û.32(6)
0.5(1)
0.2(1)
û.4(1)
0.53(7)
0.4(1)
0.2(9)
0.52e\

# û's have been corrected usrng equation 12.1; + tl" = Rietveld tsragg-
-.fu^-.*^^¿ ;*;^r., Ð 

- 
Ð;^4-,^ll -.-^4!^ ^*^^-^-1 :-r--- T! Ì-ì-:.r¡ruc¡r, ¡ùT, - _rì,¡cr/vs¡u IJr ur¡ ¡c-d.B¿ cvrxcÌt!, lrluex, Ã¡q,o = I\tuLValLÈ

weighted proftle-agieement index; D-l,V : Ðurbin-Watsoí dlli,atistic.
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Table 12.11 Bond-lengi,hs iÂl for ¿he
(Mg,_*Cai.)F, ser:ies.

x lW-F x2

r.m 1.983(4)
û.3û L.962('.t)
r.40 1.961(6)
r.5û r.952(7)
r.6û 1.957(6)
û.80 1.947(9)
r.90 ]..92t(7)
1.00 1.902(6)

M-F" xZ M-F, x2

1.es4(4j 1.9e4(4)
2.t22(7j 2.A22G)

2.AL8(7j 2.t64(7)
1.976(6) 2.11X(6)
x.970(9) 2.174(9)
1.95û(7) 2.241(X)
1.932(6) 2.3x8(6)
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M-F bond-lengths with íncreasir"rg x. Ðsa¡r.rination of Èhe &{-F hond-trengths

for û < x < 4 in the (Zn,,.Cr{-)F, a¡rd (Mg,.-CC')F, series {Figs. 12,15 and

tr2.15) shows that the octa-hedratr site is (2+4)-disóorÉed. ?his resuÌt ís

arnexpected as Cu2* corapounds seldom show a (2+4!distorled static

octah,edron (ûhapter 2).

ûf the three principal axes of the Cu2*Fu octahedron ín the åeíragonal

structure, ûhere are only two synemetricaJly unique directions, Vibrationai

inferaction with the energetically degenerate electronic state Xeads to a

warped Mexican-hat potential (as discussed in Chapter 2, Fig. 2.4). If the

sigr of the Jahn-Teller coupling term is negative, the minima in the

potential-energy surface occur at Q = 0, 120 and 240', and correspond to

(4+2}distorted octahedra wittr the elongatiou direction of the octahedra

pointing in one of the th¡ee directions in each well (Hathaway, 1gB4). The

saddlepoints in the potential-energ-y surface comespond to (2+4)-distor-ted

ocÉahedral geornetries. A circular cross-section th:rough the potential-energy

minimum co¡ltains three energy wetrls (Fig. 2.5), two of ¡¡'hich are equivalent

as required by tetragonal sSrnraetry (Fig. 2.5b). The set of four equivalent

M-F bond-lengths are the longest M-F bonds in the tetragonat (Zn,__Cul-)F,

and (Mgr-*Ci.{*)F, structures, suggesting that m,ore Cu2*Fu octahedra are

elongated in these directions tFran in the åhird direction. The two

equivâtrent energy wells have a lower energy d,han the third well, as shown

in Figure 2.5b.

!'or values of x < x., the Cu2*F6 octahedra in (Zn,-.Cul-)F, and

(Mg1,-Cr4-)F, are probably (4+2ldistonted, with equal populations of

octahedra in each of úhe two s5'rnmetrically equivalent energy wells. This

means that the Cu2*Fu octahedra e¡nÌ¡edded in the host structure may be
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eløwgat eð. ic1 o&e or 6he other of the Èr¡¡o diyeclione tltat, are equivaXent by

syrunetry, w¡th lítt1e or no etrongabion cf oclahed_ra in ühe 6hird direction.

Ant?rough the locan tar2*Fu ocía&ed.ra are (4+2!distorùed, ôhe distribution of

the elongaôion directio¡ls over the two spnmeôrically equivalent directions is

averaged to a (2+4)-distorted octahed¡on by X-ray scattering.

The distortio¡¡ directions of Cu2*Fu octahed_ra in teåragonal

(Znr-*C{.)F, and (Mg,.-C{*)F, roay he staúic if the ttremal energy is less

than the energy bar"rier between the two equivalent wetls (labelled E in F,ig.

2.5). Variable temperatire ESH, sûudies f,or Cu2.-doped ZnT,iFu.6Hrû

(Rubins a¡d Ð¡-umheller, 1987) and MgSiFu.6I{sO (Rubins et al., 1984) show

that it is also possibie that the thermal energy at, room temperature is

higher than the energ'y t¡arrier Ì¡etween the wells (lat¡elled B in Fig. 2.5). In

this case, a continuous inlerchange of Cuz*Fu distortion directions would

ûccu.r as the energy ba¡¡:ier is overco¡rre. X-ray structure refinements will
¡rot resolve whieh of the two possibilities occun in these compounds.

At x=x", independent Cu2*F. octahedra in the (Znr-*Cul*)F, and

(Mg'r.,Cd-)F, structures a¡e linked via a phonora, and. tiris eooperative effect,

disto!:is the structure from tetragonal to monoclinic. The circular cross-

seetio¡l of t'he warped lt{exican-hat potenËial su¡"face corresponding to cu2*F6

octahedra emÌredd.ed in a monoclinic structure contains three energy welis

correspondrng to (4+2!dístorted octahedra (Fig. 2.5c). ,{ll th_ree wells have

a &fTerent' energy, a¡rd the lowest weltr contains most or a of the octahedra.

The nowest energy well is one of úhe two wells that were eqtrivalent in

tetragonal s3¡nn-metr:y, as showryr by bond-length relations (Figs. 12.18 and

12.15). Alttiough the Cu2-F6 octa_hedron is (4+Z)-distorted at ali val¿res ofx
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> x", the rnagx¡iÉude of Éhe &storfion i¡¡creases steaáiny with increasing x

{Figs. 12.13 ar¡d 12.15}"



Chaptec åtr

*la&lw-Te3ler &rix¡eø Ffue,se gba&si6io¡rs: T&.e ld1\Æ&",

PerovskåÉe-Type SÉs:TåcËlzr'e

?$.f. å¡sÉs:ød{åcËåos s¡rd Frevåøus 1Mørk.

The fluoråde perûvskit€-t3?e structures ! \,12*F3, M'z. = (Mg, Mn, Fe2*,

Cc, Ni, Zn), crystaliize in the space grotltr) Fnn3rn. The KCxr2"F3 str"ucture is

a distorted derivative of the *.rhic perovskife stmctu¡e- T'his is a direct

resu-lt of the cooperative Jatr¡r-Teller effect involving (4+2)-distorted Cu2.Fu

octahedra. Two ryrodiñcations of the KCu2*Fs stftxcture a¡:e known (tlpe a

and type d; Okazaki, f967a,b); the type-4 structure (Fig. 13.1) is the more

co¡nmon (Tanaka et ai., 1979), and is the only strrrcËure type encountered in

this study. The tSpe-g strucÈure is tetragonal, space gÌ'onp tr4lmcm. In this

sfrucôure, the F(2) atorn is located on an 8(h) position, such thaf it ís

displaced Ílom the nnidpoint between two neighbouring Cu2. atoms in the

(001) plane, e-ivi¡rg both short (equatoriat) and long (apicat) Cu-F(2)

distances. The Cu-F(l) distance is interrnediate l¡etween the short and the

trong Cu.-F(2) distances, butr; it is much closer to the short distance; Èhus it, is

also designated as an equatorial Cu-F t¡ond, completing the (4+2ldistorted

Cu2*F, octahedron. The direction of the F(2) atom displacements alter-nate

along the g-axis, doutrling the c period of the cut¡ic perovshite stlucture.

This chapter reports the syntheses ar¡d str-¿¡cfures of the series of

compositions K(2n,"-Cr{")F, and K(Mg,..Cr4j.)Fr, 0 < x < 1; ûhese for"rn

complete solid-solutions aË abouÉ 730'C. The room-ferrrper:ature struetu¡.es

show a second-order phase ûransition, where the cooperative Jah¡r-Teller

effect, drives the cubie to tetragonal phase transition åt x = xc.



F igure 13.1. The perovskite-Éy'pe structure. a) cubic, space gyoup pmSm; b)
tetragonal, space grotlp I4lrncm.. ?he divalent-metal cations âre circles shaded
wiöir a dei pai-iÆru, íhe puôassium aiorns are iarge open circies ancl the Íluorine
atoms are small circles with shading in the lower left corners.
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Tke systems K(Zw,,"C{-}F. and K(Mg,__C{*)F, were previoustry

söudied hy Schørtz-Durno¡rt, and Grim¡n (196?) who reported opticaÏ

absorption a*d X-ray powder paÈterars fo¡. ñve inte¡.mediate eompositíons in

eachr series.

n8"2 Sprthesis of K(Znr.*CT4.)ts"* end K(&{g¡.*Ð4-}FB.

T'he K(Zn,_,.Cd-)F, and KG{g,.-û14.)F', series wene synthesized using

Zr$2 (99Vo pure), MgF, (99.9q/o püre) and Cu2"F, (98% pure), and KF

obûained Ì:y lreatiirg KF.2I{20 (99.97o pure} at 350"C for 24 hours. The

powders were weighed to o 0.0002 grams and thoroughly rr¡ixed and ground

together in are agate mortar prior to each synthesis run.

Powders were pressed into pellets and heated in platireurn-foitr baskets

using a verbical drop fr.rrnace. A steady flow of argon from Éhe bottoro ofthe

flrrnace provided an inert atmosphere. The furnace temperature was

morritored using a Pt-Rh thermocouple. Each sample was an¡¡ealed at ?S0-

735"C fon 15 minutes a¡rd thera queneÞred in air.

].8.8 X"R"ay Fowder-Ðiffirectå@m Cha-racúe¿"åzatio¡a.

Products of K(Zn,_,.Cr{-)F, and K(&{g,..C¡-4")Fs compositions were

ground in an agate ¡nortar and front-troaded into l¡rass samptre hotders for X-

ray diffraetion exarni¡ration. X-ray powder diffractograms were coilected at

25oC using a Flailips P1VXTnt automated X-ray powder diffi.acÈometer witir

Bragg-Erentano geometry, CuKø X-radiatio¡r (40 kV and 40 mA), ñxed 1o

slits and a díffracÉed-bearn monochromator. A scan speed of n.8'28lminute

and an inåegration ti¡¡e of tr secor¡d ¡¡¡ere used over the range 1û-n00"28.
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The powder nraåÈerers show K(Znr..Cr{.)F, and K(h{gr_,CC.}Fr iÐ Ìre

ühe major n:hase presenË i¡e eaeh produ.cË, wifk mínor fenorite and-/or cuprite

present {- äVa} íw the copper-ric}a producls as surface oxidatio¡l on Éhe

petrlets. {-Itrit-eeLi ¡rarameters were o}¡tai¡red using Apptrernan a¡d Evans

(1973) treast-squares se}l-refinement program (modified by Eurns and

Trenrbath). Feaks were índexed using the JCPDS cards for KMgn'., KZnF,

ånd KCu2*Fs. Refined uniË-celi ¡rararneters ar.e reporÉed in T'ables tS.l a¡rd

13.2. Variations of u¡dt-cell dimensions with x for each series are shown in

Figures 13.2 and 13.3. Xri each of tFrese figures, the tetragonal r¡.nit-cell

parameters are plotted as a. and e" to relate them to óhose of the cubic t¡¡rit

cell; a" = al"{Z, c" = elL.

The transition fron¡ the cubic perovskite struct¡.ue to the KCu2.F.

structutre occurs at x" = 0.55 in the K(Znr_*C4*)Fs series and x" = 0.65 in the

K(Mg,.Cr{.)F, series based upon diffraction peak splitting. The first

syrithesis prodirct of K(Mgr,,.C14.)F, at this composition seemed dominantly

cubic wiÈh distinct peak broadening, suggesåing úhe presenee of sorne

tetragonal ¡r-raterial. A second product s5'nthesized at the sa¡-ne coroposition

seems fo contain both cut¡ic and tetragonatr rnaterial (dorainantly

üetragonatr), suggesting that the phase transitio¡ì occr¡rs in K(Mg.1_,ti4.)Fs at

x" = 0.65. It is notabie that the cubic to tetragonal phase tra,nsition in

K(M1,"CL{-)F' perovskite-type str-¡¡ctures occ¡.rrs at higher values of x = x"

ôhan in the (M,_"C{.)F, mtile-sta"uctunre series (Chapter 12). -Also, the

phase transition in ¿he series (Znr_*Cr{*)F, occtn"s at a trowe¡: x = x" t}¡an in
(Mg',-"Crú.)Fr, concordant, with the results for the K(M,."Ceil*)F, str.uctures.

This suggests that the location of,the phase transition at room tem.per:atr:re

is hoth structuralTy and, compositiona-Tly dependent.



Tahie 13.1 Unit-ceil Ðarâ-tneters fto¡n treasr-scuares ¡-e$¡ement of
powder data' lor the l{tZr,,,,Cr{*}F. senes.

a(Å)T('C} È(ra) c(¿l l/(.{')

û.û0û
t.xOt
û.200
û.30û
0.400
t.525

t.575
0.600
0.650
0.700
0.750
0.800
0.850
0.900
0.950
1.000

4.û52r(5)
4.t525@j
4.û515(5)
4.Ð532(2)
4.Affizß)
4.A54'i"(3)
4.0529(5)

5.746(4)
5.7700.)
5.781(1)
5.797t(4)
5.8034(7)
5.8162(4)
5.8250(5)
5.833(1)
5.8431(8)
5.850(1)

8.070(4)
B.o1o(4)
7.982(4)
7.968(1)
7.e42(2)
7.924(r)
7-s07(1)
7.888(2)
7.858(2)
7.844(2)

266.5(2)
266.7(L)
266.84(1)
267.76(4)
267.44(B)
268.A4@)
268.28(4)
268.32(B)
¿o0..1¿(Ò,
268.4(1)

n.7 tr

P/etr

nÐF

/óò
ryeÉ

735
4ÐÉ

/.JÐ
735
735
735
735
nÐÈ

735
ntÈ

L5
x5
15
x5
'1Ë

15
n5

4.û52û(5) 66.53(2)
4.t525(4) 66.55(2)
4.0515(5) 66.5\(2)
4.0532(2) 66.59(1)
4.0532(3) 66.59(1)
4.0541(3) 66.63(1)
4.A529(5) 66.57(2)

15
15

15
15

15

15
15

* Fowder pat¿erns for each sample are given in.{ppendix K



?able n3.2 tJniü-cetr! dixrensions froru least-seuares refrnement of,
Þowder data' for lhe K(Mg,_.Cu,'?')Fo series.

T('C) t(m) af,{) c(Á) V(A3)

t.û0û 737
t.10û 737
û.20t 737
0.3ûû 737
û.400 797
0.50û 737
t.575 737
0.650 737

û.70û 737
0.750 737
0.800 737
0.850 737
0.900 737
û.95û 737
1.000 737

9.9859(?)
3.9894(8)
3.9978(3)
3.S987(5)
4.0068(7)
4.A1r2(4)
4.û148(S)
4.û183(6)

5.739(3)
5.753(3)
5.778(3)
5.?91(1)
5.811(1)
5.82e(1)
5.850(1)

26û.7(3)
261.3(3)
263.6(3)
264.8(2)
266.rÍ)
267.0(2)
268.4(7)

15
15

L5
15

1K

l5

3.9859(7) 63.33(4)
3.98e4(8) 63.4e(4)
3.9e78(3) 63.89(2)
3.9987(5) 63.94(2)
4.0068(7) 64.33(4)4.0L12(4) 64.54(2)4.0148(9) 64.7L(5)
4.0183(6) 64.88(3)

7.914(6)
7.8e6(6)
7.892(4)
7.888(2)
7.879(2)
7.858(4)
7.842(2)

1K

1Ã

15
15
1X

15

* Fowder pa¿terns for each sarnple are given in Appendix L.
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ã&.4 RåeÉveld Sôrt¿c6u¡:e Reffiweme¡at

The detailed octahedra-l geometries af eaeþt me¡nber of the series are

rreeded tø cltaracterize the phase transitio¡r. I¡:¡ 6tre case of Ëhe c¡r'bic

¡lerovskíte sôructwe, the metal aation is in a stricttry Ìrotrosym_metric

octahedron, and only the unit-ceil parameters affecl the meÉal-fluorine

dista¡rces" In Èhe tetragonal K(Cu2*,M2*)F, series, it is necessany to refine

tl¡e F(2) positiûn to ot¡tain the metal-fluorine bond-lengths. Rietvetd

structixre refi¡rements å-om X-ray powder data were done for K(Mg.r__Cd-)F,

with x > û.575 and K(Zn,--C{.)F, with x > 0.60 fo obtajn th,is information.

Samples were prepared for data collection by gently back-pnessing the

powders into an aluminu¡n sample holder. The top serrface of the sarnple

was serrated wifh a razor k¡Iade to minimize prefer.red.-orientation effects.

Step-scan data were collected usíng the experimental conditions given in
section 13.3. A step size of 0.05"20 ând a corirìt time of 5 secorìds/step were

used cver the range 2t-L35"28.

A1Ì stnucture reñnements were done using the program i-IlpM1
(Ïloward and Ë{ilt, 1986, a moúified version of the program by Witres and

Young, 1981). Atomie scaÈtering factors for Zn, C,a, Mg, F and K were

tal<e¡.r fi:om ttte Internatiawl Tables far X-Ray Crystaltagrøplry (Lg74).

?he stru.ctures of the teta"agonatr memt¡ers of, each series were refined

in fhe space group l4lmcm using 6he sôructü¡aj parameters of"KCu2*F, given

by Tanaira et al. (1979) as the starting naodel. CuÊ¡ic nne¡nbers of each

series were refined ilr Èhe space grou¡r Frn3m. Peaks were modexled using a

pseudo-Voigt peai<-proÊLe fi¡nction co¡-rected fon asyrrunetry fo 3û.2û.

Isotropic-displacement ¡raralneters were not stable during refinement; úhey
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\ñ.rere fixed aË siiagle-crystal values a¡ad a¡l ovet al?-disptrac ewerzt pasaweter

¡¡¡as reåned.

!'inai Ru*** indices ranged fror¡r 1.8 tn 4"gVa for K(Mg,.,,û{.)F,

refinemenÈs as¡d frcm 3..8 tn 4.5Vo for K(Znr__C{*)F', refinemenôs. Refined

strÌ¡ctuïe ¡rarameÉers, uniô-celX parametens a¡rd R-indices are given in
Tal¡les 13.3 and 13.4. Eondlengths for rneflrbers of each series a¡e nisÈed in
Tat¡les 13.5 and X3.6. Figures 13.4, l-3.5, 13.6 and 13.? show Éhe unit-cell

pararneter and. bond-length variations across each series. The obse¡:ved

powder pattero for KCu2*F, is compar.ed to the pattern catrculated from ûhe

refrned st¡:ucture ¡rarametee.s in Figure n3.8. Obse¡ved step-scan patterns

are given in Appendices M and N.

i.S"5 T'he Fhase Tba¡rsitio¡rs ijl K(Mgr."C!4")F,, and K(Zrar.nC¡4)Fg

The (cubic) unit-cell ¡rarameters for K(Mg,_*C¡.4-)FB (0 < x < 0.575) and

for K(2n,.-Cd")Fs (0 < x < û.55) show a steady but gentle linear increase

wilh x (Figs. l-3.4 and 13.6). At the cubic úo tetnagonal transition, located at

x = 0.65 in the K(Mg,-.C4.)Fs series and x = t.55 in the

K(Zn,--Cr.{.)F, serres, the a" and c" pa-rameters rapidly diverge i¡l a non-

Iinear fashion (Figs. 13.4 a¡rd 13.6). The ¡.mit-cell volume varies lineantry

with increasi¡rg x for the cubic K(Mg,,.Cr{.)f, ana K(Zni..Cu4r)F¡ sedes,

with a rapid change in the wriÈ-cell votrr:¡ne oecur.ring in the vicinity of the

i,ransition (Figs. 13.4 and 13.6).

Tt¡e metan cation is in holosym_meÈricai octahedraÌ coordination in
cubic K(M,..C4.)F, (Figs. 13.5 and 13.?). At the phase transition, ¿he F(Z)

atom, located at the B(h) position in the space group I4lwrcm, rlloves awãy

from the raidpoi:rt, between adjacent, Cu atoms. This resu1ts in a steady



Table 13.3 Rietveld structures# and R-indices- (7o) for the K(Znr.*C{*)F, series.

Space Group l4lmcm

-.n-¡)D-À. IùB Iùp rùlvp

1.00 1.8 2.8 4.0
0.90 3.1 3.2 4.8
0.80 3.1 3.9 5.8
0.70 4.5 4.5 7.0
0.60 3.3 4.7 7.1

Space Group PmSm

x a(Å)

0.525', 4.0541(3)
0.40- 4.0532(3)
0.30- 4.0532(2)
0.20- 4.0515(5)
0.10. 4.0520(4)
0.00. 4.0520(5)

(Zn,Ou) at 0, Vz, A
K ai0,0,l¿

R""(exp.) a(Ä.) c(Å)

2.X 5.8613(6) 7.858(1)
2.'t 5.8355(9) ?.894(1)
2.2 5.814(1) 7.934(2)
2.4 5.791(1) 7.984(3)
2.5 5.755(1) 8.064(3)

(Zn,Cu) at,0, 0, 0
K at Vz, 1/2, lz

v(.{')

66.63(1)
66.59(1)
66.59(1)
66.51(2)
66.55(2)
66.53(2)

# os h.ave been corrected using equation Lz.I. * Ru = Rietveld Bragg-agreement index Rp = Rietveld profrle-
agreement index. R*n = Rietveld weighted profile-agreement index. + Rietveld structure refi¡ements were not
done fbr 0 I x ( 0.50; reported unit-cell parameters were obtained from powder data using Applema.n and E¡'ans
(1973) ceil refinement program.

F(L) at 0, Vz, Va

F(2) at u, a+/u 0

v(l,s) u

270.0(1) 0.226(2)
268.8(1) 0.227(2)
268.2(2) 0.228(3)
267.7(3) 0.231(6)
267.!(3) 0.243(9)

F atVz,0,0

B(overall)

-0.2(2)
0.2(2)

-0.1(3)
-0,?(3)
-0.3(3)

N}ft-{



Table 13.4. Rietveld structures# and R-indices- (7o) for ttre K([4gr.*C4-)Fn series

x

1.000
0.950
0.900
0.850
0.800
0.750
0.700
0.650

DTfIùB flp

1.8 2.8
4.3 4.5
4.2 4.8
3.1 5.6
3.0 5.6
3.7 6.6
3.9 7.1
¿.o Ft f1

úg,Uu) at 0, l
1{ at A,0,la

Space Group

À rag

0.575 1..4
0.500.
0.400'
0.300*
0.200'
0.100"
0.000-

R*o Rwp(exp.) a(.Å)

4.0 2.r6.8 2.-L
t.o à. t

8.7 2.7
8.6 2.L
10.3 2.2
L1.2 2.2
1,2.6 2.3

5.8613(6) 7.858(1)
5.856(1) 7.855(2)
5.849(2) 7.858(3)
5.842(3) 7.865(3)
5.83X(3) 7.875(6)
5.815(6) 7.886(6)
5.802(6) 7.901(e)
5.?75(3) 7.924(4)

1lILP

5.1

F(2) at u, tt+Vz, 0

c(Å) v(A3)

# os corrected using equation Iz.L. * Rp = Rietveld proÊle-agreement index R*" = wdsñte[mtvãð Ðroffi- "

agreernent index. Ru = Rietveld Bragg-agreement inflex. + Ri;tveld structure rähnemeäts were not dohe for
0 Í x :<^0.50; reported unit-cell parameters were obtained from powder data using Appleman and Evans (19?3)
cell refinement program. *+ Refined occupancy va1ue.

R*" R*o(exp.)

8.2 2,4

(Me,Cu) at 0, 0, 0
IÇ at 1/2, Vz, Vz

270.0(1)
269.4(2)
268.8(3
268.4(3
267.7(6
266.7(6
265.9(9
264.4(9

a(Å)

4.023(1,)
4.Ar1,2(4)
4.0068(7)
3.9987(5)
3.9978(3)
3.9894(B)
3.9859(8)

t1

a.226(2
0.225(3
0.22s(3
0.225(6
0.228(6
0.231(9
0.237(9
0.240(9

F atYz,0,0

V(4")

65.09(6)
64.54(2)
64.33(3)
63.94(2)
63.89(1)
63.4e(4)
63.33(4)

B(overall)

-0.2(2
-0.5(3
-0.5(3
-o a(e
-o'r(e
-0.9(6
-o's(o
-1'z(s

f(

0.e2(6)
0.e0(3)
0.87(3)
0.82(6)
0"80(3)
0"75(6)
0.?r.(6)
0.60(6)

B(overall)

-0.5(3)

K."

0.52(3)

h.}
e0
Ç+



Table 13.5. Selected bond-iengths (Å) for the K(Zn,.'Cr{.)F, series

x Cu-F(2) x2 Cu-F(l) x2

1.00- 1.873(4)
0.90. 1.87(1)
0.80. L.B7(2)
0.70. 1.89(5)
0.60" 1.97(13)

x Cu-F x6

0.50" 2.027(1)
0.40" 2.027(1\
0.30. 2.027(ri
0.20' 2.026C\
0.101 2.026(i)
0.00' 2.026(1)

1.964(2)
L.974(2
1.984(2
1.996(3
2.016(3

Cu-F(2a) x2 K-F(2) xB

2.27(7) 2.862(2)2.25(2) 2.867(2)2.24(2) 2.862(2)2.20(5) 2.864(3)
2.09(7) 2.865(3)

+ .Eond-lengths calcnlated usjng the structure parameters refined by the
Riet,veld method (Table 13.3).* BorLd-lengths calculated from the refined unit-cell dimensions (Table 18.1).

K-F x12

2.867(L)
2.866(1)
2.866(1)
2.865(1)
2.866(1)
2.865(1)

K-F(1) x4

2.93r(r)
2.918(1)
2.907(7)
2.895(1)
2.877Q)

tu
cr
CÕ



Table 13.6. Selected h'ond-lengths (^Å) for the K(Mg,..CL4-)f3 series

x Cu-F(Z) x2

1.000. 1.85(2)
0.950. 1.87(3)
0.900* 1.86(3)
0.850* 1.86(6)
0.800* 1.88(3)
0.750. 1.90(6)
0.700. 1.94(9)
0.650' n.96(15)

x Cu-F x6

0.575r 2.011(1)
0.500- 2.006(1)
0.400" 2.003(1)
0.300" 1.999(1)
0.200" 1.999( 1)
0.100" 1.995(1)
0.000' 1.993(1)

Cu-F(1) x2

1.963(2)
1.964(3)
1.965(3)
1.966(3)
1.e69(3)
r.972(3)
1.975(6)
1.981(3)

K-F x12

2.844(r)
2.836(1)
2.833(1)
2.828(1)
2,827(1)
2.821,(1)
2.818(1)

Cu-F(2a) x2 K-F(2) xB

2.30(2)
2.27(3)
2.27(3)
2,27(3)
2.25(6)
2.2L(6)
2.16(e)
2.12(75)

+ Bond-lengths calcrdated using the structure parameters refined by the
Riet,veld method (Table 13.4-).* Bon d-lengths calculated from the refined u¡it-cell dimensions (Table 13.2).

2.863(2)
2.861(3)
2.860(3)
2.85e(3)
2.857(6)
2,853(6)
2.850(3)
2.846(3)

K-F(1) x4

2,930(1)
2.928(1)
2.924(r)
2.92r(1)
2.91,6(2)
2.e07(2)
2.90L(2)
2.887(5)
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decrease in the Cu-F{2) bond-nength, coupned with a sÞrarp inc¡:ease in ihe

Cu-F (2a) hond-leregth. ?b,e Cu-F(1) hond-Xength decreases graduaXly after

åhe phase tra¡rsiÉion (Figs. 15"5 a:ad 13.7). These cl'ianging Cu-F bond-

lengths lead Éo a (4+2!distorÉed octahedsaf environneent atrrout the aopper

ion, as predicôed on the l¡asis of ttre Jaþsl-Tetrier instability associated ç¡ith

Cu'o in an ccfahed¡atr envi¡or¡ment.

Wtren a (4+2)-distorted tuz"F. octahedron is ernbedded in the cul¡ic

perûvskite s¿flreture, lhe octahedron may be elongated in any of Èhe three

symmetricaltry equivalent octatrredral direcbions i¡r the cuhic structr¡re. For

values of x < x", K(M'.,.C{.)F, series roemLrers are cubic, indicating thaË Èhe

CuhF6 (4+2)-distorted ocÉahedra are randomly aligned, rnaintaining long-

range cubic sym,metry. At x = x", the (4+2Þdistorted Cu.2*F6 octahedra have

reached a sufficient concentration to begin to interact r¡ia sonoe phonon

roode. The resutrting cooperative Jahn-Teller effect propels the F(2) position

away frorn the midpoint between adjacent Cu2" ions, such that for all vaXues

ofx 2 x", there is a sigriiñcant nong-range coupling between (4+2ldistor-ôed

Cu2-Qu ocÈalaedra. Increasing x above x. results in a gradual increase in the

a\¡erage (4+2)-distortion of úhe (Cix2.,&[)F. octahedro¡r.


