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Abstract. ‘Fe isomer shifts and the electron density on iron nucleus for a range of tetraoxoferrate ions have
been analyzed by means of DFT calculations. The bond lengths and the electron density on the nuclei obtained by
our calculations substantially corresponded to the known structural and Mossbauer data. For ferrates the isomer shift
depends on the 4s-orbital population. The results obtained allowed us to estimate the isomer shifts for
tetraoxoferrate(VI1I), KFeQ,, and iron(VI11) oxide, FeO,.

1. Introduction

There is constantly growing interest in iron in high oxidation states primarily due to its high potential in water
treatment [1, 2]. Ferrates of alkali metals contain complex tetraoxoferrate anions [FeO,]" (n=4+2), which give
ferrate(V1)-anion, FeO,?", when come into water. FeO,* -ion is a very powerful oxidant. They are able to neutralize
extremely toxic substances, whereas common oxidizing agents used in water treatment, such as chlorine and ozone,
often result in more toxic products. Ferrates (VII) and (VIII) are exotic part of modern inorganic chemistry. But
these compounds could be much stronger oxidizers than ferrate (VI). That is why it is very important to know their
Mossbauer parameters. This could allow us to detect iron (VII) and (VIII) in the reaction mixture betimes and to
optimize the synthetic way.

2. Calculations

To calculate the geometrical parameters of the isolated ions [Fe™0,]™® (m>3) obtained with using
Amsterdam Density Functional. Geometry optimisation for ions calculated with using exchange
functional OPTX [3] conjunction with PBE correlation functional [4] and all-electron TZP basis set of
Slater’s o-orbitals, using approximation of frozen core in attitude to core electrons. A scalar relativistic
effect was considered with using regular approximation of zero-order ZORA [5]. The applying of this
basis set is better with respect to accuracy and efficiency. The analysis of the atomic charge and
populations of atomic orbitals has been done using the NBO [6] approximation within the GAUSSIAN’03
[7] program.
Isomer shifts in this paper are related to o-iron and are presented in [mm-s™].
3. Results and discussion

First, the geometries of ions [FeO,]"™ (n=0+4) were optimized by the above mentioned procedure. The
calculated Fe-O bond lengths are presented in Table 1. To check the accuracy of our quantum-chemical
calculations it is necessary to compare the experimental and calculated geometries of molecules. For the
comparison we used the structural data for the following known ferrates: Na,FeO, [8], KsFeO, [9],
K,FeO, [10, 11]. In these compounds iron is in practically regular tetrahedral oxygen arrangement. The
average Fe-O distances used for comparison are presented in Figure 1.

The correlation diagram is presented in Figure 1 and gives us very good results:

R;tp_'ﬂ [A]=-0.5+ 1.3R‘1§3E,1'_D [A]  (r=0.999; s=0.004; n=3)
Obtained earlier [15] by B3LYP/DGDZVP method with using Gaussian 03 program suchcorrelation

— 9 —


mailto:poleshch@tspu.edu.ru
mailto:myrza1964@mail.ru
mailto:timpf_ukgu@mail.ru
mailto:nurmarat75@mail.ru

Jloxnaovl Hayuonanvhoti akademuu nayk Pecnyoauxu Kazaxcman

wasapproximatelythe same quality
Reo o[Al=-0.2+ LIRE ([A] (r=0.987; 5=0.02; n=3)

In this and subsequent correlation equations r is a correlation coefficient, s is the standard curve fit
error, and n is the number of compounds.

1,824

<.. 1,80

1,78 - Fe(lV)
1,76
1,74
1,72
1,70
1,68
1,66 |

1,64

Fe(VI)
1,62

Experimental Fe-O bond length

T T T T T T T T T T T
166 168 1,70 1,72 1,74 1,76 1,78 180 182 1,84 186

Calculated Fe-O bond length,A

Figure 1.Dependence between experimental and calculated by BP86/TZ2P+ method Fe-O bond length

Basically, for obtaining of dependences between formal degrees of oxidation of the iron ions it is
possible to use various schemes of the calculation of different effective charge on atoms. In this paper we
used the analysis of an effective charge by Voronoi scheme [16] which is considered one of optimal for
estimation atomic charges.

The calculations showed that the increasing of the iron oxidation state (OS) lead to decreasing both

natural charge on the oxygen atom (Qg)and natural charge of the iron atom (QFE). The respective
dependencies are described by the following correlation equations:

Qo [e] =-2.0+0.240S (r=0.9999;s=0.007;n=7)
QFe [€] = 0.1+0.030S (r=0.982;s=0.01;n=7)

Increasing of the oxidation state is also accompanied by the increase of the electron density on the
iron nucleus(@g) (Figure 2.)

Lo [aa3 ]=14824+1.0605 (r=0.982;5=05;n=7)

Oxidation degree of Fe atom

Figure 2. Dependence between electron density on Fe nuclei (calculated by BP86/TZ2P+ method) and ions oxidations state
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Table 1.0ptimized by BP86/TZ2P+ method and experimental parameters for tetraoxoferrates (1V) — (VII1I)

Oxidation state | RSl , RIH® Seal. mmes 8 mmes —3

of iron Fe—0O Fe—0 L a—Fe , a—Fe Pa. 3p N, e
1.804 -0.22

+4 1.848 for Na,FeO, -0.18 for NaFeO, 14827.0 0.223
1.695 -0.55

+5 1.736 for KaFeO, -0.55 for KaFeO, 14828.7 0.241
1.640 -0.90

+6 1.668 for K,FeO, -0.87 for K,FeO, 14830.1 0.255

+7 1.619 - -1.18 - 14831.3 0.268

+8 1.586 - -1.40 - 14832.3 0.277

The similar correlation presented earlier [15] had a few more correlation parameter, but ions Fe(ll)
and Fe (111) are excluded from correlation dependence calculated by B3LYP/dgdzvp

p[3,71=116136+0980S  (r=0.996;s=0.16;n ="5)

Finally p, has been compared with experimental isomer shifts of well-known ferrates (Figure 3).
This dependency has also good correlation parameters:

5 [mnr s =2997020215p,[3,Y]  (r=0.980;5=0.07;n=3)

<024

031 Feqv)
04

-0,54

-1

-0,6 4

8., MMC

-0,7
0,8

0.9 Fe(VI)

-10 T T T T T 1
11617,0 11617,5 11618,0 11618,5 11619,0 11619,5 11620,0

p(0)2,"

Figure 3. Dependence between experimental shift and calculated relativistic electronic densities at the 3’Fe nucleus (by
BP86/TZ2P+ method)

The correlation dependences obtained by both methods have allowed to use calculated electronic
density on Fe nucleus to estimate of isomer shifts for tetraoxoferrate (VII) and (VIII) (-1.18 and -1.40
mm:s™ from B3LYP/dgdzvp method [15], as well as -1.15 and -1.35 mm-s™from BP86/TZ2P+ method, in
this paper, relative to a-Fe respectively). Obviously, using of different methods of calculation has allowed
obtaining almost identical isomer shifts which indicates asufficientlyprecisionof these calculationsandtheir
proximityto the experimental values.

It will be noted that absorption lines in the respective range were already observed formerly at the
spectra of NasFeO, [12]. This compound decomposes at room temperature by disproportionation
mechanism. During this multistage process several higher oxidation states of iron can be observed.
Interaction of NasFeO, with Na,O, also allowed us to synthesized iron derivatives showing absorption
lines with extremely low shifts [12]. The line with isomer shift -1.52 mm-s™ (at 78 K) was also observed
in the frozen solutions, obtained by anodic dissolution of metallic iron in concentrated NaOH (14M
NaOH) at high current densities [17]. This line was assigned to Fe(VIII).

It is well known that for Mdssbauer atoms the magnitude of the isomer shift depends simultaneously
on the s-, p- and d-orbital populations of these atoms [18]. Earlier for various so-called M&ssbauer atoms
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very good correlations between isomer shifts and orbital populations calculated at B3LYP/3-21G(d) by
similar procedure have been found [19-22]. For iodine compounds the main contribution to isomer shift
comes from the 5s-orbital population, but for tin and antimony compounds a considerable contribution
comes from the shielding by Sp-orbitals. For the Au(l) and Au(l1l) compounds the dependences between
the isomer shift and the orbital populations include the direct effect of the valence-shell s-electrons and
their shielding of the d-electrons. According to these results it was possible to confirm the conclusion
about the greater contribution of the 6s-orbital than 5d-orbital of a gold atom to the isomer shift. If in
Au(l) compounds the chemical bonding is determined basically by s- and to a lower extent by d-orbitals
of the central atom, in Au(lll) compounds the contribution of d-orbital is considerably increased, that is
coordinated by a natural image with the increase of the number gold atom bonds. The similar results were
obtained by us at B3LYP/LanL2DZ level of Pt(Il) and Pt(1V) compounds [20]. For Pt(ll) compounds the
main contribution to isomer shift comes from the 6s-orbital population, but for Pt(IVV) compounds the
shielding of the nucleus by 5d-orbitals brings in the greater contribution.

The main observed trends in the variations of the isomer shifts for ferrates can now be interpreted in
terms of the valence electronic populations, which depend on iron oxidation state. Our calculation leads to
the conclusion that in tetraoxoferrate ions the main contribution to isomer shift brings the 4s-electrons,
which is confirmed by the excellent correlation equation:

d[mms']=-0.214 - 0.045Ns[e]  (r=0.999; s=0.001; n=5)

This correlation is valid for both calculated and experimental isomer shifts of ferrates (IV)-(VIII).

An addition of the N4 population increment to the last equation impairs the quality of the correlation;
the standard curve fit error being 0.01 mm-s™. Thus, our calculations show that the shielding of the iron
nucleus by d-electrons does not influence on the isomer shift.

YAK541.1+530.145
OneHka N30MePHBIXMeCCOAYIPOBCKUXCIBUTOB JIUISI TETPaokcodeppaToB ¢ momombio ADF makera

O. X. Moaemyxk?*, C.K. I[euylnemcoz, M.H. EpMaxaHons,
I.A. Cangaxmeros’, M.A. Hypy.1aes®

"HarmonaneHsiit nccnenoBarenbekmii TOMCKHIA TTOTHTEX HAYCCKHIT yHuBepcuret, Tomck, Poccus
ZMOCKOBCKHﬁFOCyI[apCTBeHHbIﬁyHHBepCHTeT, Mocksa, Poccust
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KawueBbie ciioBa: teopus ¢yHKnuoHana tmioTHOcTH, ADF(Amcrepmamckuii QyHKIIMOHAN IIIOTHOCTH),
MeccOayIpoBCKask CIIEKTPOCKOTHS, (heppaThl

Annoranusa.C momomplo pacuetoB DFT (Teopus ¢yHKIMOHaNA TUIOTHOCTH) OBLTH TPOAHAIN3UPOBAHBI
M30MEpHBIE CIBHIH ° FeH 3JeKTpOHHAs [IOTHOCTh Ha SIpAaxiKele3a [yl HOHOB TeTpaokcodepparos. Ilomyuennbre
[0 HAaIIMM pacyeTaM]UIMHbI CBs3eil M IJIOTHOCTh 3JEKTPOHOB Ha spax XOPOUIO COIIACYIOTCS C M3BECTHBIMU
CTPYKTYPHBIMH M MeccOaydpOBCKUMH JaHHbIMH. [yt (eppaToB M30MEPHBICCIBUTU3ABUCAT OT 3aCEJICHHOCTH 4S-
opburamu. Ilomy4eHHBIe pe3yNbTAaThl MMO3BOJIMIIM OICHUTH H30MEpHBIC caBUTH it Terpaokcodepparos (VII),
KFeO, u okcuna xenesa (VIII), FeO,.
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ADF nakeTiHin kemeriMen TeTpaokcogeppaTTTap YUIiH H30Mepiaik MeccOaydpiiik bIFbICYJIapAbl faFanay

0. X. HOJIelllyKl, C.K. I[euylnemcoz, M.H. EpMaXﬁHOBS, ILA. CanzlaXMeTOB4,
M.A. Hypy.H.JIaeB5

“Tomck YITTHIK 3€pTTEy MOJIUTEXHUKAIBIK YHUBepcHuTeTi, ToMck, Pecceit
ZXnumus kabeapacsr, Mockey MEMIEKeTTIK yHIBepcHTeTI, Mockey, Pecceii
3M.8y63013 ateiHnarel OHTYCTiK Ka3zakctaH MeMileKeTTik yHuBepcHuTeTi, LIIBIMKeHT K.,
Kazaxcran PecrryOnukacst
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Tyiiin ce3mep: THIFBI3ABIK QYHKIHOHATBIHBIH Teopusichl, ADF (TBIFBI3ABIKTHIH AMCTepaaM (pyHKIIMOHANbI), MeccOaysp
CIIEKTPOCKOIIHACHI, (eppaTTap.

Annotauusi. DFT(TBIFBI3ABIK (DYHKIHOHATBI TEOPHACH) €CElTeylIep KoMeriMeH ° Fe H30MEpIiK BIFBICYTAphl JKOHE
TeTpaokcodeppaTTap HOHIAAPHI YIIiH TEMIp SAPOCHIHAAFHI IEKTPOH/IBIK THIFBI3ABIKTApBI TaNAaH bl bi3niH ecenteynep GoibIHIIA
aybIHFaH OAaJIaHBIC Y3BIHABIFBI MEH SAPONAPAAFEl AJIEKTPOHAAPIBIH THIFBI3IBIKTAPEI OENTrisli KYpPBUIBIMIBIK JKOHE MeccOayIp
MOJIIMETTEPMEH HKaKCHI colikec keneni. deppaTrap yIIiH H30MEpIIK BIFBICYTIap 4s-OpOUTANIHIH THIFBI3IBIFBIHA TOYENIi OOMabL.
AnpiaraH HoTIOKenep teTpaokcodepparrap (VII), KFeOsxone temip okcipinig (VII), FeO4 nzoMepik BIFBICYTaphIH €cenTeyre
MYMKIiHZIK Oepi.
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