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Metal-Ligand bonding theoretical aspects
The electrostatic crystal field theory
The spin S of a 3d° Fe(III) free ion, as involved in a ligand field, can have three possible values: high-spin state (S="/,, S

as free ion term), low-spin state (S=1/2,  as free ion term), intermediate-spin state (S=3/2, 4G as free ion term). For a Fe’*
cation in octahedral (Oy) and tetrahedral (T4) coordination the energies of the crystal field states can be schematically

described by the same energy level diagram, E vs Dq, where E is the energy, and Dq represents the strength of the crystal

field.
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Scheme 1. The free-ion terms, the field states, the associated configurations and the spin states for the ground and the two excited states for the
d° configuration in regular O, and Ty symmetries. For the O, field states add the g subscripts, and for Ty symmetry drop the g subscripts and
reverse the order of t, and e orbitals.

The effective ground state of a d°> Fe** configuration is: in O, symmetry-high-spin (S=/,, 6A1g((’S), t2g3eg2) or low-spin
(S=1,, szg(zl), tzgs) depending on the strength of the ligand-field, whereas in Ty symmetry the orbitally no-degenerate

(CAI(°S), e’t),
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As direct consequence of the ligand-field theory, regular Oy, and T4 centres cannot possess a ground state of intermediate
spin (S=3/2, 4T1(g)(4G), tz(g)4e(g)l). However, when the molecular symmetry becomes lower than the octahedral and
tetrahedral ones (i.e. in a distorted cubic environment), iron(III) centres might have a ground state of intermediate spin.

The only one sextet 6A1(g)(6S) ground state arises from the ground state (tz(g))3(e(g))2 configuration. All the excited
states are a quartet ligand field states. The first excited state configuration is (tz(g))4(e(g))1 that gives the 4T1(g)(4G) state
(with the (“tz(g))3(ﬁt2(g))I(O‘e(g))l configuration) and the *T(*G) state (with the (“tz(g))3(ﬁt2(g))I(Be(g))l configuration). The
second excited state configuration (tz(g))3(e(g))2 with the two possible “spin-flip” excited configurations (“tz(g))z(ﬁtz(g))l(ae
(g))z and (“tz(g))3(°‘e (g))l(ﬁe (g))1 give the other excited quartet states. The doublet 2T2g (*T) ground state arises from the
ground state (tzg)5 low-spin configuration (O, symmetry only).

Several factors determine which of the possible spin configurations a Fe(IIl) ion will assume, and they may influence
an equilibrium between the spin states, so that a crossover situation is to be expected. In the crossover region ground and
excited states are very close in energy. The ligand field theory predicts that the 4T1(g) state of intermediate spin is never
the lowest, and typically the 2T2<g) low-spin state is slightly lower in energy than the GAl(g) high-spin state. The external
influence of the temperature can produce discontinuities in the magnetic behaviour modifying the relative positions of the
term levels and inducing a phase change, so that upon cooling the sample from ambient temperature a conversion from
different spin-state might occur.

Molecular orbital theory

The molecular orbital diagrams with 6—r character for octahedral ML¢ and tetrahedral ML, complexes show the possible
ligand—to-metal charge transfer (LMCT) transitions. The irreducible components of the reducible representations I'; and
[y are: in Oy, symmetry I's = aj, + t;, + g and I'; = t), + tp, + ty, + tp,, whereas in Ty symmetry I's =a; + ; and I'; = e + 1
+ t. For an O, complex of Fe*"two distinct LMCT transition can be present: L(t;g) — M(t:*); L(tig) — M(e*). For a Ty
complex there are four possible LMCT transitions: L(t;) — M(e); L(t;) = M(t;*); L(t,) = M(e); L(ty) = M(t,*), which
can or cannot be observed. For a d® system in Ty symmetry high-spin configurations e’t,’ are always favoured and

preferred respect to the e*t,', and ligand-to-metal transitions L(t;) — M(t,*) and L(t;) — M(e) are, typically, observed.

EPR Spectroscopy

The number and position of EPR transitions for isolated Fe*" ions in a site of well defined symmetry observable in a
powder spectrum depends sensitively on the local ligand-field symmetry of the sites (reflected by the magnitude of the
zero-field splitting (zfs) parameters D and E) and possible magnetic interactions between them.
The spin-Hamiltonian operator H, at the second-order approximation, is
H=pgB g S+ D{S%- 5(S(S+1))} + E(S%.- 52)
where Ug is the Bohr magneton, and B the external magnetic field vector, S is the spin vector, of components S, , S, , and
S, ,and S =7/, is the spin of the Fe*" jons. D is the axial zfs parameter, E characterizes the rhombic distortion, making all

three axes distinct from each other. The non zero value for E activates the S, and S, operators in the zfs Hamiltonian. E/D

shows the degree of rhombic distortion in the electronic environment and has a limited range, which in this case is 0-
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!/5.The zfs is quantified as a correction to the energies of the individual spin states from spin-orbit coupling. A purely
axial distortion (E/D = 0) leads to a differential stability of the three pair of spin configuration (ms = £ 5/2, + 3/2, + %)
proportionally to S?, in unity of the zfs D parameter.

When D = 0 there is no zfs and a single EPR line is expected at g = 2.0, being the orbital angular momentum of high-
spin Fe(III) L = 0. When 0 < D < hv the three pair of levels are split in zero field, but the separation is smaller than hv
and the typical EPR spectrum is broad and unresolved. In the case D >> hv the individual pair of ms levels are separated
and transitions between the pair levels occur, but for the usual selection rule (Amg = + 1) only within the ms £ % levels of
the ground doublet.

In the presence of a rhombic distortion of the ligand-field the g values of the three doublets of the S = %/, system
change as a function of E/D, and depending of its value it becomes possible to observe ESR signal arising from the + */,
and. + °/, doublet of the excited states. Assuming that £ and D are small (E/D < 0.1, usual approximation for Fe3+) g

becomes isotropic.

UV/Visible Diffuse Reflectance Spectroscopy

For a d° ion all the transitions from the ground °A,(°S) state to the excited quartet ligand field states are, in principle,
forbidden for both spin and Laporte selection rules. When in Fe-doped synthetic chrysotile iron occupies Mg site and/or
in the Si site, these no-spin-allowed transitions can occur with a definite transition probability becoming allowed or
assisted through the magnetic coupling of electronic spins of next-nearest neighbour Fe®' cation. In the presence of
magnetic coupling, it becomes necessary to consider the spectroscopic selection rules for the Fe’*-Fe®*pairs.
The Heisenberg Hamiltonian operator H, accounting for the coupling between the two ferric centres, is
H=1JS,S

where J is the Heisenberg exchange integral and S, and S, are the electronic spin of the two Fe* cations. Assuming that
this Hamiltonian perturbs the ligand field states of the uncoupled ferric cations, the energies of the states for the Fe’'-
Fe*" pair are given by

E = (J/2)[S(S+1) = Sa(Sa +1) = Sp(Sp +1)]
where S is the net spin of the pair with values |S,+Sy), [SatSy-1], ...... 5 1Sa=Sy)-
The single excitation processes
Qualitatively, a pair Fe,”"(°A)-Fe,**(°A,), in ground state with S, = S, = °/, will have the resulting pair-states with § =
5,4,3,2,1, 0. If one of the two Fe*' cations in the pair is excited to a quartet ligand field state, S, = 5, Sy = 3/, the
resulting spin of the Fe, "(°A))-Fe,” (*T)) pair will be S = 4, 3, 2, 1. Transitions among S = 1,2,3,4 states in the pair
Fe, " (°A))-Fe,”*(°A;) and in the pair Fe,”*(°A})-Fe,” (*T,) can occur with AS = 0 and be spin allowed, but Laporte-
forbidden. In doped chrysotile, as in doped silica materials and in iron oxides, the Laporte selection rule can be relaxed
by covalent bonding with oxygen trough the 3d orbitals of the magnetically coupled Fe pair and O 2p orbitals.
The double excitation processes
The two adjacent Fe** cations in Fe,”"(°A;)-Fe,’" (°A,) pairs magnetically coupled can be simultaneously excited to a

quartet ligand field state. If both Fe*' cations have an excited quartet state, S, = S, = /5, for the Fe,*"(*T,)-Fey’ (*T))

3



Supplementary Material (ESI) for PCCP
This journal is © the Owner Societies 2009

double excited pair the resulting pair-states will have S = 3,2,1,0. From the S = 0,1,2,3 states in the Fe,”"(°A))-Fe,”*(°A))
ground state transitions to the same states in the Fe,”"(*T;)-Fe,"(“T;) double excited quartet state can occur with AS = 0.
The double excitation processes occur at energies that are approximately the sum of two single-ion Fe** ligand field
transitions.

Deconvolution of DRS spectra

The whole region from 200 to 750 nm of UV-Visible-DRS spectra for the Fe-doped chrysotile samples is shown.

M
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Figure 1. Experimental DRS spectra of Fe-doped chrysotile samples in region 200-750 nm

Conforming to literature data it can be considered correct to deconvolve the experimental DRS spectra of iron-doped

chrysotile samples considering the four regions as reported in Table 1.

Table 1. Regions and their theoretical bands expected in DRS spectra of Fe(IlI) doped materials

Region 200-400 nm Region 400-600 nm
Mainly LMCT transitions Contributions possibly overlapped of d-d transitions
te(T*) < tig(T) *E, Ai(*G) < °A,(°S) at ~ 430 nm,

*
e@(0™) — tig(m) . _ - .
Pair excitation processes resulting from the Fe’"-Fe’" pairs

Partially d-d transitions Ti(*G) + *Ti(*G) — *AI(°S) + *Ai(°S)
T, (*P) « °A(°S) at 290-310 nm
“E (*D) and *T, (*D) « °A,(°S) at 360-380 nm Charge-transfer band tail
Region 600-750 nm Region 750-900 nm *
d-d transition d-d transition
*T,(*G) — °A,(°S) at ~ 640 nm *T,(*G) « °A,(°S) at ~ 900 nm

“Fe-doped chrysotile samples do not show bands in this region

Magnetic susceptibility

Being Fe-doped chrysotile a polynuclear material with tetrahedral and octahedral layers, where in the minimal
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Mg;Si,05(OH), trioctahedral unit five paramagnetic iron centres in exchange coupling are expected, the Heisenberg,
Dirac, and Van Vleck (HDVV) Hamiltonian must be considered.
The following equation describes the HDVV Hamiltonian
H= EjJij(Si )
where the J;; indicates the exchange coupling parameter between two neighbouring ions and has the dimension of energy.

The interactions between the electronic spin of each Fe(IIl) ion creates several energy levels that are usually accessible
at normal temperatures and can give rise to a non-Curie behaviour for the magnetic properties of the doped-chrysotile
samples. When the resulting ground state of the exchanged coupled Fe-system has S = 0 (diamagnetic singlet state), the
material it is said to be antiferromagnetically coupled (EPR silent). On the contrary a paramagnetic state (S # 0) indicates
ferromagnetic coupling (EPR detectable).

A further complication to the understanding of the magnetic aspects of iron-doped chrysotile could arise from the
presence of a ferrimagnetic sub lattice in mixed octahedral-tetrahedral layers with uncompensated magnetic spins (i.e. in
presence of an antiparallel coupling the number of moments, or size of the moments, or both, can be not equal). The
simplest comparable example is the magnetite, Fe;0,, an inverse spinel [(Fe*")1q (Fe* Fe*)on O4] with two chemical and
structural similar centres of iron (III) ions in T4 and Oy, coordination to oxygen. Ferrimagnetism is found in the magnetite,
as in general is found when the crystal structure of a compound is complicated. Considering that a ferrimagnetic
transition presents usually a weak moment, this could explain the discontinuities observed at high iron loading.

Curie behaviour can be represented as a line parallel to the T axis in a yyT versus T plot, where the ordinate gives the
Curie constant C, or as a straight line passing through the origin in a %' versus T plot whose slope gives C™'.

The Curie constant and the effective magnetic moment, [L.¢ in Bohr magneton (ug), are defined for a molecule with no
orbital angular momentum as follows:

C =ymT = Ng?B?/3k -[S(S+1)] = 0.125g> -[S(S+1)] emu mol™' K
Merr = (3k/ NB)'2 (1)1 = 2.828 (xT)" iy

where N is Avogadro’s number, k is Boltzmann’s constant, f is the Bohr magneton of the electron, g is the electron Landé
g factor can be used to characterize the magnetic properties of the system, are depending on the value of electronic spin
S.

For a Fe** ion in ground state A, with S=%/,, L=0, J=°/,, where g =2.0023, the value expected is C = 4.377 emu mol™!
K calculates both with the spin-only formula, and with the spin-orbit coupling formula for a free Fe** ion, 3d°, °Ss/, term.
The values of the Curie constant become with g = 2.0 C = 0.375 emu mol K, when S = '/,, and C = 1.876 emu mol' K,
when S = 3/,.

For a Fe*" ion in high-spin ground state the expected value is [ = 5.916 pg calculated with both the spin-only and the
spin-orbit coupling formula. The values of ¢, with g = 2.0, become 1.732 ug when S = 1, and 3.873 Ug when S = 3.
Being the chrysotile a poly-nuclear material, for the presence of five not-interacting Fe(III), distributed in both sites of

the minimal Mg;Si,05(OH), trioctahedral unit of chrysotile, a theoretical value of the magnetic moment larger than 1 X 5



Supplementary Material (ESI) for PCCP
This journal is © the Owner Societies 2009

is expected.

General References

A. B. Lever, Inorganic Electronic Spectroscopy, ed. Elsevier, Amsterdam, 2™ edn., 1984.

A. Abragam and B. Bleaney, Electron Paramagnetic Resonance of Transition Metal ions, ed. Oxford University Press, Oxford, 1970.
R. L. Carlin, Magnetochemistry, ed. Springer-Verlag, Berlin, 1986.

R. L. Martin and A. H. White, Trans. Met. Chem., 1968, 4, 113-198.

0. Kahn, Molecular Magnetism, ed. VCH Publishers, Inc., New York, 1993.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


