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Structure of new porous compounds cobalt which take place when the qumands are annealed under
after annea"ng in vacuum vacuum at temperatures up to 260
S.B. Erenburg*, N.V. Bausk, N.G. Naumov, 2. Experimental
V.A. Chutornoi, V.E. Fedorov, L.N. Mazalov The compound (50).Co3[ResSey(CN)¢] 2[14.5H,0

_ _ _ ' (Compound 1) was prepared by the interaction of aqueous
Institute of Inorganic Chemistry RAS, Lavrentiev av.3, solutions of K[Re;S&(CN)g-3.5H0 and CoGIBH,O by the
Novosibirsk 630090, RUSSIA, Email: simon@che.nsk.su procedure described elsewhere (Naunmv al, 1998). The

compound Cg£Lo[ReS(CN)g]-2H,O (Compound 2) was

Dehydration process in recently synthesized porous inorganiobtained by the interaction of aqueous solutions of
salts formed by large cluster anions {RgCN)s]* (X= S, Se), CsK[ResS((CN)g]-2H,O and CoG.  The  compound
transition metal cations and water molecules has beerCo(DMF)[MogBrg(NCS)] (Compound 3) was prepared by the
investigated.  Desolvation  process of the complexinteraction of (BuN);[MogBrg(NCS)] and CoCjBH,O in a
Co(DMF)[MogBrg(NCS)], where DMF — dimethylformamide, solution of dimethyl formamide (DMF).
has been studied. & MoK and Ré&; XAFS measurements of The samples were fixed inside a specially fabricated cell with
these new complicated compounds before and after annealing ieryllium windows and heated under vacuum for 2 hr after which
vacuum at temperature up to 260were performed. Changes of the cell was slowly cooled down and the EXAFS and XANES
electronic and spatial structure of these compounds under thgpectra were measured without sample contact with air. The
heating process have been established and adequate structuaainealing temperatures were found to be equal to: for Samples
models of the amorphous compounds obtained are suggested ab@® — 200C, for Sample 3 — 25C from the decomposition
discussed. curves of the materials in a vacuum under the conditions of a
differential thermal analysis (DTA) experiment.

The C&, MoK and Re_; EXAFS and XANES spectra were
measured using the synchrotron radiation of the VEPP-3 storage
ring of the Budker Institute of Nuclear Physics of the Siberian

1. Introduction
In the recent vears a number of polvnuclear cl StelrBranch of the Russian Academy of Sciences, Novosibirsk. A
Y u polynu USteT channel-cut Si (111) monochromator was used.

compounds of different nuclearity containing chalcogen atoms The obtained data were processed using the EXCURV92
and terminal cyanide ligands were obtained. Such Compoundﬁackage (Binstedt al, 1991). In the data processing the phase

usually have a complex composition and structure and show a . o A
amazing diversity of coordination modes of elements, a Iarge"’md amplitude characteristics were calculated in theDW

variety of spatial structures and unique sorption, magnetic angpproxmatlon (Binstedt al, 1991). For the analysis of the local

optical properties (Dunbar and Heintz, 1997). Recently, noVelenvwonmgnt_of C_Se atorr_ls the fitting of Fourier-filtered data with

. ; the kK* weighing in the interval of photoelectron wave vectors
synthetic approaches to obtainment of such compounds Wecrﬁom 3 A'to 12 A was used. The error of determination of the
developed and a series of compounds containing chalcocyani .

e . ; -
cluster anions and cations of different types (alkali, alkali earth'nteratom'c distances in the fitting procedure was01 A. The

; ; 2
metals and @transition elements) were obtained for the first time value of the qmplltude damping factog, Slue to the many-quy
(Naumovet al, 1997: Naumowet al, 1998). Solvent removal effects was fixed to be equal to 0.8 and was checked against the

. . results of data fitting for the initial complex
from such compounds at low (<1W) temperatures gives rise to H.O1.ColRE-Sa(CNY1,[14 5H0
poorly crystallized compounds with large unfilled cavities (H30)2C0:[RES&(CN)q]o[14.5H0.
leading to a coordination unsaturation of the metal centers - .
S . e 3. Results and discussion
unusual coordination numbers and creation of conditions for an

interaction between the paramagnetic ions. 3.1. XRD data . )
In the present work the structural changes are studied which The coordination environments of cobalt atoms in compounds

take placeupon the formation of new complexes of such type 1 and 2 are similar and are formed by four nitrogen atoms qf the
(poorly crystallized amorphous) as a result of annealing andYan© groups and two oxygen atoms of the water molecules in the
dehydration of the initial crystals. EXAFS (extended X-ray CiS-@nd trans-position (Table 1).

absorption fine structure) and XANES (X-ray absorption near-Table 1.

edge structure) spectroscopy which are capable of studying thl@tera.tomlc distances between cobalt and oxygen atoms R(Co-O), cobalt
local environment of atoms and characterizing noncrystalling®”d nitrogen atoms R(Co-N) from X-ray structural analyses.

Keywords: XAFS; cluster anions; annealing

objects with no long-range ordering provide a unique possibility | Compound R(Co-0),A  R(Co-N), A
to solve such problems (Koninsberger and Prins, 1988). | (HsO):COIRES&(CN)]-14.5HO (1) 2.157, 2.279 23;3754,2(2)-;58
However, we do not know any other studies in which these |cocRasCNg2r0 @ 2036 2002 2161
methods were used to investigate such and similar objects. Co(DMF)[M0gBrs(NCS)] (3) 2.086 -

In recent years, these methods were successfully employed, in
particular, by the authors of this paper, to determine the structur
of different coordination compounds in solutions (Mazadbel.,
1997; Erenburget al, 1999) and in solid state at different
temperatures (Erenburg, Bausk, Lavrenova and Maz&899).

The cobalt atoms bridge the [fXg(CN)g]* anions to form a
Solymer framework. Compound 2 has a close-packed layered
structure whereas Compound 1 has a rather loose covalently
bonded framework {Cg§Re;Se(CN)gl,} 2, with cavities are filled

In this work, the EXAFS and XANES spectroscopy are by water molecules. The environment of the cobalt atoms in

- Compound 3 consists of six oxygen atoms of the dimethyl
emplo_y_ed to study the structural_changes |n_complex Conlpoundf%rmamide ligands at a distance of 2.086 A. Such complex
containing octahedral cluster anions of rh(;nlum,sme:_N)d ’ cations [Co(DMR}] 2* are packed into a unit cell with the cluster
X=S, Se, or molybdenum, [MBrg(NCS)]~, and cations of anions [MaBrs(NCS)]?
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Figure 1

Experimental CK XANFS spectra for the Compound 1 before
annealing - solid line, after annealing - dashed line.

Figure 2
Experimental CK EXAFS spectra for the Compound 2 before
annealing — upper curve, after annealing — lower curve.

3.2. XANES spectra after annealing the first coordination sphere could not be isolated
For Compound 1 Fig. 1 shows radical changes in the X-rayprobably because of a chemical reaction that took place during
absorption spectrum in the Radge region (XANES Q¢ after annealing as a result of which there additionally appeared atoms
annealing in vacuum at 200. The amplitude of the after-edge at rather short distances of about 3.0 A and shorter.
resonance, the relative intensity of the white liBein the Table 2
absorption spectrum corresponding to the electron transition frongrycture parameters obtained by fitting procedure for models of
the Is level to thep- states is decreased by a factor of two. This compounds 1, 2 and 3 after annealing in vacuum. R(N, O, S, C) () —
may indicate a substantially reduced symmetry for the first sphernteratomic distances between Co atoms and N, O, S, C atgms, m,
of the Co environment and a nonuniformity of the sample. Thens — coordination numbers of N, O, S and C by 6% Debye-Wallers
noticeable increase of the intensity of the pre-edge resorance factors (&), F — value of the fitting quality (Binstezt al, 1991).

associated with the increasing probability of the quadrupoie 1 Sample RN) n o’ RO) n o’ F
3d transition also indicates a decreased symmetry of the Co | (1)before  2.06 0.005 216 1  0.005 4.0
environment. Such changes in the spectrum appear to be due t a’(‘;‘)e:'f'g? i-gg g 8-882 228 1 0005 1
the fact that annealing leads to the removal of the water | jicaing 198 2 0005
molecules which chemically bound to the Co atoms. Exposing | (2) before 2.16 4 0.005 204 1 0.003 28
the annealed sample to the air for several hours leads to a slightly annealing 2.09 1 0.005
increase in the after-edge maxim@nntensity. a(r2121 ;‘;‘lﬁ:g 207 4 0.005 23
The changes in the ®OXANES spectrum for Compound 2 @) after 209 4 0005 204 0003 2.
annealed under the same conditions are analogous although they annealing
are much less pronounced. (3) before 2.08 6 0005 09
Annealing Compound 3 at 2%0 leads to a three-fold ansnaesgg RS » & RO n & =
decrease of the amplitude in the region of the after-edge " @yaer 214 2 007 323 2 0005 46
resonancd3 of the C& XANES spectrum while the intensity of annealing  2.33 2 006 323 2  0.005

_the pre-edge res_ona}néeis noticeably_ increased. Such changes As is seen from Table 1 and Table 2, for Compounds 1 and 2
in the spectrum indicate a substantially decreased symmetry Qf, e injtial state the use of interatomic distances from Co to
the flrst coordination sphere of the Co environment and_ can b%xygen atoms R(C0-0) and nitrogen atoms R(Co-N) taken from
explaln(_ed only_ by the removal from the sample of the d'memylx-ray structural analysis gives reasonable values of the Debye-
formamide Wh.'Ch was found at the same temperature in thG?/Vf;\llerfactor and an acceptable values of the fitting quality F. For
thermal analysis experiments. Compounds 1 and 2 after annealing fitting of the analogous
model with fixed coordination numbers; rand Debye-Waller
factor values @) without oxygen (for Compounds 1 and 2) and
with one oxygen atom ¢nl for Compound 2) in the first sphere
9f the Co environment gives four equal distances R(Co-N) and

3.2. EXAFS spectra
After annealing at 20@ the experimental functior€y (k) of
CoK and the form of the radial structural function F(R) for
Compounds 1,2 were changed (Fig. 2). The results for differen
acceptable values of F.

structural models of the studied compounds are given in Table 2. To study the possible changes in the spatial structure of the

For the Fourier-filtration of the experimental radial structural complex anions [RXg(CN)g*, (X=S, Se), in Compounds 1 and
functions for Co the interval of interatomic distances 2 during their annealing, Rg were measured for these samples.
corresponding to the first coordination sphere of Co atoms wagomparing the experimental functiokix(k) of ReLs for Sample
used in most of the cases: 0.75<R< 2.35 A. This allowed @ 1 and 2 before and after annealing shows that they are practically

simplification of the fitting procedure and made possible toidentical whereas the amplitude of the main maximum of the
obtain true data about the nearest environments. For Compound,gdial structural function F(R) was decreased by 5-8% after
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Fourier transform magnitude |F(R)| kix(k) CoK EXAFS data for
Compound 3: before annealing — upper curve, after annealing — lower
curve.

Experimental M& EXAFS spectra for the Compound 3 before
annealing — solid line, after annealing — dashed line.

i Such ch b lained b I di . the initial complex. It is shown that the cluster anions
annealing. Such changes may be explained by small distortions fiesxs(CN)e]4', X =

; = S, Se do not undergo any appreciable
the Re-CN bond upon removal of oxygen from the first sphere o hanges during dehydration.

the Co environment. For the complex Co(DMEB)MogBrg(NCS)], which was

_ For Compound 3 before annealing the use of the interatomigynthesized and characterized for the first time, annealing under
distance to oxygen R(Co-O) and the coordination number & acuum at 25T was found to lead to removal of oxygen from
taken from X-ray structural analysis gives a reasonable valueé ojq first coordination sphere of Co, i.e. to the removal from the
the Debye-Waller factos? and a good value of the fitting index complex of the dimethyl formamide (DMF) molecules. The
F = 0.9 (Table 2). After annealing at 280the experimental  yeaction gives rise to a compound in which Co coordinates in
functions K’ (k) of CoK and the form of the radial structural pairs four sulfur atoms of the SCN group while the structure of
function F(R) for Compound 3 were radically changed (Fig. 3).  the molybdenum bromide core of the complex anion was not

Attempts to use different models of the first sphere of the Cochanged in any appreciable way.
atom environment only with sulfur or nitrogen atoms of SCN  This work was supported by RFBR grant No. 99-03-33301.
groups of [M@Brg(NCS)]? cluster anions does not give a good
value of the fitting index F. It appears reasonable to include intcReferences
the model also carbon atoms of the SCN groups. In Table 2 argjnsted, N., Campbell, J.W., Gurman, S.J. and Stephenson, P.C.
given the results of fitting of this model with the Fourier filtration  SERC Daresbury Lab. Re{1991).
interval of the experimental radial structural functions of 0.75Dunbar, K.R. and Heintz, R.Rrogress in Inorg. Chentd. By
A<R < 3.3 A. The model gives acceptable value of F. Thus SCN K.D. Karlin, 45,1997.
groups link the anions with the Eccations after the removal of Erenburg, S.B., Bausk, N.V., Zemskova, S.M. and Mazalov, L.N.
dimethyl formamide molecules. Carbon atoms are at a distance ofJournal of Synchrotron Radiatiof(3), 582-584 (1999).
3.23 A from Co atoms, which corresponds to SCN groupSErenburg, S.B., Bausk, N.V., I__a\_/renova, L.G. and Mazalov, L.N.
bending. The added inclusion into the model of two bromine J°urnal of Synchrotron Radiatiofi(3), 576-578 (1999).

_ . . Koninsberger, D.C and Prins, R. Edsray Absorption: Principles
atoms makes for better value of F. =28 put this model with Qo- Applications, Techniques of EXAFS, SEXAFS and XANEBW
Br distances are equal to 3.0 A is unsuitable from geometrical vy Wiley, 1988, p. 710.
consideration. Mazalov, L.N., Erenburg, S.B., Bausk, N.V., Tkachev, S.V.,

To study the possible changes in the spatial structure of the zemskova, S.M. and Larionov, S.Russian J. Struct. Chem
complex cluster anions [MBrg(NCS)]? in Sample 3 upon its 38(4), 601-607 (1997).
annealing under vacuum the Mowere measured for these Naumov, N.G.., Virovets, A.V., Podberezskaya, N.V. and Fedorov,
samples (Fig. 4). Comparing the experimental and model F(R) for V.E.Russian J. Struct. Che®8(5), 898-914 (1997).
this sample before and after annealing indicated a 20% decread&umov, N.G., Virovets, A.V., Sokolov, M.N., Artemkina, S.B. and
of the amplitude of the main maximum of the radial structural ngdé’éov’ V.EAngew. Chem. Int.Ed.Engi7(13/14), 1943-1945
function F(R) after annealing. Such changes may be explained by( ):
distortions of the Mo-NSC bond upon the removal of oxygen
from the first sphere of the Co environment and the formation of
Mo-NCS-Co bonds.

4. Conclusion

It was established that in Compounds 1, 2 the dehydration
leads to removal of water molecules from the first coordination
sphere of cobalt. The coordination environment of the Co atoms
changes from the octahedral (4N+20) to distorted square-planar
(4N). The Co-N distance is decreased by 0.1 A as compared with
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