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GENERAL INTRODUCTION 

There has been remarkable progress in the chemistry of reduced ternary or 

quaternary molybdenum oxides containing infinite chains of trans edge shared MO4O0 

octahedral cluster units since the discovery of the milestone compound NaMo^Og  ̂ by 

Torardi in 1979. Six different crystallographic structure types have been Identified as 

belonging to this class of compounds. Type I, M^M04OQ (M = Na, In, Pb, Sn, Ba)̂  is 

characterized by [Mo^Og] infinite octahedral cluster chains extended along the 

tetragonal c-axis.̂  These chains are then coupled through Mo-O-Mo interchain 

linkages to weave a square pattern and form channels parallel to c-axis in which the 

ternary metal ions are located. 

Type II, *A°A.| .x-y^By^MOyMo^Oy (A = Fe, Zn; B = AI, So, Ti),® where the 

superscripts t and o refer to tetrahedral and octahedral sites, respectively, are 

orthorhombic with the infinite cluster chains extending along the b-axIs. The repeat unit 

along the chains is doubled compared to that In compounds of type I. A consequence of 

this doubling Is that the octahedral cluster units are tilted slightly about the edge-shared 

Mo-Mo bonds to give an alternating long-short pattern of apex-apex Mo-Mo distances 

along the chain. Infinite chains are interlinked in the ab plane through unique O atoms 

having square planar geometry and forming bonds to two Mo (waist) atoms of each 

adjacent chain. In the c direction the Infinite chains of one layer are shifted by 1/2 c with 

respect to the layers above and below and the layers are coupled through Mo-O-A and 

Mo-O-B interlayer linkages. 
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Only one compound has been found that belongs to the structure type III, 

Mn-| gMogO  ̂•] In this monoclfnic structure, the infinite chains composed of highly 

distorted M04O5 5 octahedral repeat units run parallel to the c-axis. The odd 

stolchiometry Is introduced by the unique coupling of adjacent chains through three 

oxygen atoms with different coordination geometries around them: trigonal planar, 

square planar, and sawhorse. 

Structure type IV is represented by Cag 4gMo^g032'̂  This monoclinic compound 

is unique in having three kinds of infinite chains, each of which mn parallel to the b-axis. 

These three kinds of chains are indicated by the formula 

('%.45(̂ °^3)2(̂ °2^3.5)4(̂ °4^6)2 repeat units (M0O3) consisting of single Mo 

atom chains like those found In the rutile structure, repeat units (M02O3 5) composed of 

trans edge-shared rhomboidal clusters like those found in NaMo204,̂  and repeat units 

(MO4O0) like those In NaMo^Og.̂  

Compounds of type V are UMogO^g and ZnMogO^g.® The outstanding feature of 

this structure type is that the Infinite octahedral cluster chains run in two orthogonal 

directions, parallel to the a and b tetragonal axes. 

Staicture type Vi, M4M04O1 ̂ (M = Nd, Sm, Eu, Qd, Tb, Dy, Ho, Er, Tm, Yb, and 

Lu),̂  are orthorhombic with the Infinite cluster chains extending along the c-axis. The 

most prominent structural feature of this structure type Is that the molybdenum oxide 

cluster chains are "diluted" within the ternary metal oxide lattice. Consequently, there 

are no direct Mo-O-Mo interchain linkages. 
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In comparison to the large number of compounds containing Infinite chains of trans-

edge-shared MO4O0 octahedral cluster units, examples of compounds containing 

discrete ollgomeric cluster units are rather scarce, in 1986, In  ̂1 Mo4qOq2  ̂was the first 

compound reported having finite chains of octahedral cluster units; in this case units with 

both four and five trans-edge-shared Mog octahedra were observed. A compound 

containing a discrete Mog octahedron is realized In the structure of BaMogO^g.̂  The 

compound Tig gSng gMoyO-f containing a chain fragment of three trans-edge-

shared Mog octahedra has been more recently discovered by Simon and coworkers. 

An x-ray powder Investigation of LaMogOg  ̂̂  indicated that the stmcture was composed 

of trans-edge-shared Mo-|o bioctahedral units. Recently, with a slightly different 

electron balance, the compound PbMogOg^  ̂was reported to be isostructural with 

LaMogOg. 

All the examples of ollgomeric cluster units thus far reported, where the fragments 

of the Mo^Og infinite chain (n = 1 to 5 condensed octahedra) have been identified as 

building blocks, show an identical coupling of the clusters and can be described by the 

general fonnula ̂ ^04n+2(̂ 6n+2(̂ 4/2' where n Is the number of Mog octahedra trans-

edge-fused together. However, the physical properties of these compounds having 

ollgomeric cluster units were not reported and thus required further study. 

In order to better understand the chemistry of highly reduced ternary molybdenum 

oxides, this research emphasized the preparation of compounds containing ollgomeric 

cluster units and compounds containing potassium (up to now only K2MogO-|g^  ̂ is 

known) as the counterion. As a result of it, compounds containing units of three trans-
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edge-shared Mog octahedra (n = 3), K3M0-14O22 (Section 1), and units of two trans-

edge-shared Mog octahedra (n = 2), Ba2^^o^QO^g (Section 2) were discovered. In 

attempts to prepare K2Sr2Mo-|g028 (n = 4) In the temperature range between 1250 and 

1280 °C, the compound SrQ 02MO4O0 (Section 3) was discovered. Compound 

KM04OQ prepared at much higher temperature of 1430 °C Is also reported in Section 3. 

Aiifoxides of copper(ll) are of Interest as molecular precursors to solid state 

materials such as the hIgh-Tc superconducting copper oxide complexes. Unfortunately, 

the chemistry of copper(ll) alkoxides has not been well-developed. Most of these 

compounds have been found to be insoluble and polymeric, with essentially unknown 

structures.̂  ̂  Structural information has been derived in most cases from studies of 

spectroscopic and physical properties. As a consequence of this insoluble, polymeric 

nature of copper(ll) alkoxides, efforts In the preparation of high-Tc superconductors from 

solutions of alkoxide precursors were hampered by a lack of soluble copper(ll) 

alkoxides. There is thus a need to prepare new copper(ll) alkoxide derivatives 

which are soluble In a range of organic solvents and which can be definitively 

structurally characterized. With such soluble alkoxides in hand it might then be possible 

to apply sol-gel technology  ̂̂  to the preparation of the complex copper oxide hIgh-Tc 

superconducting compounds. 

In 1989, McMullen et al. structurally characterized a soluble monomerlc copper(ll) 

siloxide complex, Cu[OSi(OCMe3)3]2(py)2(1) but its use as a precursor to high-Tc 

superconducting copper oxides has not been tested.In the same year, Horowitz et 

al. reported the preparation of two soluble copper(ll) alkoxides, Cu(0CH2CH2NEj2)2(2) 
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and Cu(0CH2CH20Bu)2(3), and their use in the solution route to high-Tc 

superconductors.̂  About the same time, Qoei et ai. aiso reported the preparation of a 

soiubie copper(il) all<oxlde, [Cu(0CIH2CIH20Ci-l2CH20Me)2]n(4) where n ̂  5, and its 

use in the hydroiytic synthesis of YBa2Cu30y.x.̂  ̂ However, the structure of 2,3, and 

4 were undetermined. Two voiatiie monomeric copper(ii) ail̂ oxides, 

Cu[OCHMeCH2NMe2]2(5) and Cu[OCH2CI-l2NMeCH2CIH2NMe2]2(6), have been more 

recently structurally characterized by Buhro and coworkers.̂  ̂

The insoluble, polymeric structures of conventional copper(ll) alkoxides are due to 

extensive alkoxide bridglng.̂  ̂ The tendencies for bridging may be decreased and 

solubilities Increased by using chelating alkoxide llgands.̂  ̂ Sections 4 and 5 present 

the synthesis and characterization of four new copper(ll) alkoxide complexes containing 

the bidentate chelating alkoxide llgand, hep, the anion of 2-(2-hydroxyethyl)pyr1dine. 

Section 6 reports some partially characterized reduced molybdenum oxides and a novel 

copper(il) alkoxide complex. 

Explanation of Dissertation Format 

This dissertation consists of six sections, the first five sections are formatted for 

publication In a technical journal and the last section details the incomplete work on 

several compounds. While the references cited in the general introduction may be 

found at the end of the dissertation, each section contains an independent listing of 

references cited in that section. 
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SECTION 1. SYNTHESIS, STRUCTURE, AND PHYSICAL PROPERTIES 

OF K3M014O22 - AN OXIDE CONTAINING Mo  ̂4 EDGE-

SHARED TRIOCTAHEDRAL CLUSTERS 
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INTRODUCTION 

Synthesis of new reduced ternary molybdenum oxides has been an active research 

area in this laboratory for the past decade. Since the discovery of the first reduced 

ternary molybdenum oxide, NaMo^Og,̂  In 1979, a series of compounds analogous to 

NaMo^Og have been prepared In this laboratory, where the counterlons are K,̂  in,̂  

Pb,̂  Sn,̂  Sr,̂  and Ba.̂  The structure of NaMo^Og contains infinite chains of Mog 

octahedra trans-edge-fused together and can be described by the general formula 

^°4n+2^6n+2(̂ 4/2 n « «>, where n Is the number of Mog octahedra trans-edge 

fused together. 

Compounds containing discrete ollgomeric cluster units cut from these chains have 

been prepared, but so feir only a few members are known. The ollgomeric segments 

can be represented by the fbnnula Mo4p^2^6n-i4- The first member containing Mog 

octahedral clusters (n « 1) is realized only in the structure of BaMogO^g.® Compounds 

containing the discrete Mo-|o trans-edge-shared bioctahedral cluster (n - 2) are î nown 

for l_aMogOg  ̂and PbMogOg® (M2Mo-|oO-| g with M-La or Pb). Tî  gSn  ̂.2^°14^22® 

Is the only compound known that contains the discrete ollgomeric cluster unit with n = 3. 

The clusters Mo-|g02g '̂ and M022O34®' with n = 4 and 5, respectively, were 

discovered together In the structure of in-j 1 Mo^Og2.̂  By means of Extended Hiickel 

calculations the metal-metal bonding in the reduced ternary molybdenum oxides 

containing either the infinite chains  ̂̂  or the discrete ollgomeric clusters  ̂̂  of Mog 

octahedra has been studied in detailed by Hoffmann et al. This section describes the 
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synthesis, structure, and physical properties of KgMo^^022' oxide that contains the 

discrete oligomerlc cluster unit with n « 3. 
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EXPERIMENTAL 

Materials and Mettiods 

The reduced nature of these molybdenum oxides requires that precautions be 

taken during preparation. In general it was necessary that all reactants be dried to 

minimize the amount of adventitious water in the reactions. Reactions were carried out 

In sealed molybdenum, nlcl<el, or fused-sillca tubes to ensure that the corect 

stolchiometiy was maintained. Reactants were mixed together and thoroughly ground 

to obtain a homogeneous mixture before being pressed Into pellets. In cases where 

optimum crystal growth was desired, the reactants were left as the mixed powders, 

which increased the size of crystals that were grown. 

Molybdenum powder (99.99%) was used as obtained from Aldrich Chemical 

Company. Prior to use, the powder was dried at 120° C under dynamic vacuum for 24 

hrs and stored in a desiccator. M0O3 (Fisher Certified A.C.S.) was fired at 550°C for 12 

hrs and stored in a desiccator. Potassium molybdate was prepared by the reaction of 

KOH (Fisher Certified A.C.S.) with a stoichiometric quantity of M0O3 In deionlzed water. 

The molybdate solution was filtered. Its volume reduced by heating, and the precipitate 

collected on a glass frit. The product was then dried at 120° C for 10 hrs and stored In 

a dry box. Molybdenum tubing was obtained from Thermo-Electron Corp. (99.97%) and 

M0O2 powder from Alfa Products (99.0%). 
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Physical Measurements 

The magnetic susceptibility measurements were canied out on a powdered sample 

with a SQUID magnetosusceptometer. The magnetic field strength was set at 30 KG. 

The experimental data were corrected for the diamagnetic contribution from quartz tube 

In which a powdered sample of KgMo^^022 was held. X-band ESR spectra were 

recorded on powdered samples with a Bruker ER200-SRC Instrument equipped with an 

Oxford Instruments ESR 900 flow-through ciyostat and a DTC-2 digital temperature 

controller. A Hewlett-Packard 5342 A microwave frequency counter was used to 

accurately measure the frequency of the spectrometer. A nominal frequency of 9.767 

GHz and a modulation frequency of 100 KHz was used. 

Electrical resistivity measurements were canied out on a pressed pellet sintered In 

an evacuated fused quartz ampoule at 1200° C for one day. The measurement Is based 

on the Van der Pauw four-probe method for electrical conductivity measurement.̂  ̂ The 

method entails passage of a constant curent through the sample using two contacts 

while measuring the concun^ent potential drop with the remaining two leads. The sample 

was prepared by attaching four platinum wires, which served as the voltage and cun'ent 

leads, to the pellet with Epo-Tech silver epoxy. The voltage drops across the sample 

were recorded as a function of temperature. The temperature readings were provided 

by platinum and carbon glass resistance thermometers. The voltage across a standard 

calibrated resistor was measured periodically to Insure a constant cunent throughout the 

experiment. 
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Synthesis and Analysis 

This crystalline compound was first discovered In a multiphase product obtained 

from a reaction of stoichiometric amounts of M0O3, Mo, and a two-fold excess of 

K2M0O4 for the target compound KMo  ̂̂  7. The reactants were ground together in a 

dry box, sealed in an electron-beam welded, evacuated molybdenum tube (3 cm long x 

0.8 cm inner diameter), and fired under Ar(g) at 1430°C for 4 days. The outer surface 

of the Mo-tube was oxidized to MoOg but the inner surfece was still shiny and remained 

as Mo. The reaction mixture was washed with water to remove the unreacted K2M0O4. 

Crystals observed in the product mixture were found to have needle (to be discussed In 

Section 3), hexagonal pyramidal, and truncated pyramidal morphologies. 

A Gulnler powder diffraction pattern of the built product indicated the presence of 

"*^2+x^°12^19'" ̂  phase previously Investigated and fomiulated by Charlie Torardî  ̂

and Lorraine Aleandrt.̂  ̂ Weak lines due to Mo were also observed in the powder 

pattern. Preliminary film work on several crystals indicated that they were either twins or 

poiycrystals. An x-ray single crystal diffraction data set was collected on a crystal (0.08 

X 0.04 X 0.01 mm) cut off from a hexagonal pyramidal crystal. The data were collected 

with a RIgaku AFC6R diffractometer at 22°C. The unit cell was indexed as monociinic 

with the space group P2 /̂a (#14) and the lattice parameters a = 9.916À,b = 9.325 A, c 

= 10.439 A, and p = 103.96°. Because of overall weak intensities and the consequently 

limited data set, it was not possible to refine the crystal structure. 

Good quality crystals of this compound were later prepared by reacting a mixture of 

K2M0O4, M0O2, and Mo In a mole ratio of 3:11:8 (i.e. aiming at K^Mo  ̂̂  7) in a 
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molybdenum tube which, In turn, was sealed In a quartz tube and fired at 1250°C for 8 

days. The resulting product was washed with water to remove unreacted K2M0O4. A 

Quinler powder pattern of the bulk product was identical to the previous preparations. 

X-ray single crystal data collection and structure solution were thus performed on a 

crystal selected from this reaction product. Subsequently, a single-phase sample of 

K3Mo-|4022 was prepared by heating a pressed pellet containing stoichiometric 

amounts of M0O3, Mo, and a two-fold excess of K2M0O4 In a quartz tube at 1200°G for 

8 days. The excess K2M0O4 was removed by washing thoroughly with H2O. The 

excess K2M0O4 here was used as a molten salt medium to kicllltate the formation of 

*̂ 3 °̂14(̂ 22-

X-ray Powder Diffraction Data 

An Enraf Nonius Delft triple focusing Quinler x-ray powder diffraction camera was 

used with Cu Ka  ̂ radiation (X = 1.54056 A) to obtain d-spaclngs. National Bureau of 

Standards silicon powder was mixed with the sample as an internal standard. The 

observed versus calculated d-spacings are listed in Table 1.1. The diffraction pattern 

could be indexed based on cell dimensions determined from the single crystal diffraction 

data. The cell parameters computed by a least-squares method using 31 strongest 

diffraction lines are a = 9.930(3) A, b » 9.323(5) A, c = 10.444(5) A, and p = 103.93(4)°. 

As shown in Table 1.1, the relatively poor precision of ceil parameters is presumably 

due to some very weal( diffraction lines, such as (1 2 0) and (-1 2 1), that are barely 

seen on the Quinler powder pattern and can not be read precisely. 
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Table 1.1. X-ray powder diffraction data for KgMo  ̂4^22 

d-spacings (A) intensities^ hi k I 
observed calculated*^ 

6.70(1) 6.697 S 1 1 0 
6.077(9) 6.075 w -1 1 0 
5.211(6) 5.199 vw 1 1 1 
4.414(4) 4.412 vw -1 1 2 
4.207(4) 4.196 vw 1 20 
4.036(4) 4.029 vw -121  
3.426(3) 3.430 w 022  
3.108(2) 3.108 m 0 3 0, -31 1 
3.039(2) 3.038 w -222  
2.963(2) 2.969 s 212  
2.899(2) 2.898 vw -131  
2.832(2) 2.830 vw 1 1 3 
2.781(2) 2.784 vw 131  
2.693(2) 2.691 ms -3 21 
2.505(1) 2.505 m 1 23 
2.482(1) 2.479 m -401  
2.413(1) 2.411 s 213  
2.399(1) 2.396 m -41  1  
2.335(1) 2.333 m -412  
2.277(1) 2.277 w -12  4  
2.262(1) 2.261 vw -3 31 
2.224(1) 2.223 m 401  
2.205(1) 2.206 w -2 2 4 
2.192(1) 2.189 w -421  
2.078(1) 2.074 vw 1 24 
2.044(1) 2.043 w -324  
1.948(1) 1.946 s 2 3 3, -2 3 4 
1.941(1) 1.938 s -431  
1.909(1) 1.905 w 323  
1.833(1) 1.834 w 1 43 
1.826(1) 1.823 w -5 21 

Întensities: s = strong, ms = medium strong, m = medium, w = weak, and vw = 
very weak 

"Refined monocllnic cell parameters a = 9.930(3) A, b > 9.323(5) A, c = 
10.444(5) A, and p = 103.93(4)® 
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X-ray Single Crystal Data Collection 

A black trigonal prismatic crystal of K3Mo^^022 having approximate dimensions of 

0.06 X 0.06 X 0.08 mm was mounted on a glass fber. Data were collected with a RIgaku 

AFC6R diffractometer at room temperature up to 28 = 50° by using graphite-

monochromated Mo Ka radiation and a 12 KW rotating anode generator. A scan mode 

of {0-29 was used. Lattice parameters and orientation matrix for data collection were 

measured from 15 carefully centered reflections with 13° < 29< 17°. The lattice was 

found to belong to the monoclinic system with cell dimensions: a - 9.916(2) A, b > 

9.325(2) A, c -10.439(2) A, p - 103.96(1)° and V - 936.7(5) A .̂ Three standard 

reflections which were measured after every 150 reflections showed no apparent 

variation In Intensity during the data collection. The linear absorption coefficient number 

for Mo Ka is 96.0 cm'̂ . An empirical absorption correction was applied, based upon 

azimuthal scans of several reflections with transmission factors in the range from 0.873 

to 1.000. The Intensity data were corrected for Lorentz and polarization effects. A 

conection for secondary extinction was also applied and gave a coefficient of 2.946(1) x 

10 ®. Of the 1878 reflections which were collected In the quadrant (h, k, ±i), 1771 were 

unique (Rĵ t = 0.003) and 1060 were considered as observed (I > 3 a(i)). 
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Structure Solution and Refinement 

The space group P2-|/a (#14) was chosen based on the systematic absences of 

hOI: h#2n and OkO: k * 2n. The structure was solved by direct methods (MULTAN)̂  ̂  

and refined on I F| by full matrix least-square techniques in the TEXSAN^® package of 

programs. Three oxygen atoms (04,010, and 011) could not be refined anisotroplcally 

and the least square refinement scale factor was fixed at 0.4007; all other atoms were 

refined anisotroplcally to give R = 0.052 and Rw = 0.068. A O-dependent numerical 

conectlon for absorption was then applied and the structure was refined in 

CHES.CAT^ '̂̂ ® programs. The subsequent structure was refined anisotroplcally to R 

= 0.034 and Rw = 0.0412. At this stage, the temperature factors of the oxygen atoms 

were highly anisotropic. When a conection for secondary extinction was applied, the 

temperature factors for oxygen atoms Improved and the refinement converged to give R 

= 0.0314 and Rw = 0.0369 with a secondary extinction coefficient of 2.946(1 ) x 10'̂ . 

The final electron density difference map was fiat with a highest peak of 2.0 e'M  ̂near 

Mo3. 

Details of the data collection and refinement of K3Mo^^022 are given in Table 1.2. 

Final positional parameters are listed in Table 1.3 and corresponding selected bond 

distances and angles (based on the single crystal lattice parameters) are given in Table 

1.4 and 1.5, respectively. The anisotropic themial parameters of atoms are listed In 

Table 1.6. Observed and calculated structure factors are available as supplementary 

materials. 
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Table 1.2. X-ray ctystallographic data for K3M014O22 

formula 

formula weight 

crystal system 

space group 

a, A 

b, A 

c, A 

P,deg 
V,A3 

Z 

calcd density, g/cm  ̂

FOOO 

crystal size, mm 

H(Mo Ka), cm"̂  

dlffractometer 

X, A, graphlte-monochromated 

T,OC 

26, deg 

scan mode 

No. reflections collected 

No. observations (I > 3 o(l)) 

No. variables 

goodness of fit indicator̂  

max. shift in final cycle 

largest peak In final diff. map, e/A  ̂

transmission coefficient 
PB, RYYC 

K3M014O22 
1812.46 

monocilnic 

P2I/A(#14) 

9.916(2) 

9.325(2) 

10.439(2) 

103.96(1) 

936.7(5) 

2 
6.425 

1634 

0.06 X 0.06 X 0.08 

95.966 

RIgaku AFC6R 

0.71069 

23 

0-50 

0-28 

1771 

1060 

176 

1.62 

0.005 

2.0 
0.87-1.00 

0.031,0.037 

®Quaiity-of-fit • [r<o(l Fol -I Fcl )̂ /(N(jbs"'̂ parameters l̂̂ ^  ̂

^R-lIlFol-lFcll/ïlFol 

®Rw « (Za>(l Fol -I Fcl )̂ /Z(ol Fol a> = 1/o (̂l Fol ) 
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Table 1.3. Atomic coordinates (x 10 )̂ for K3M014O22 

ATOM X Y Z (103) UEQ« 

M0I 1227.(1) 3885.(1) 1400.(1) 12. 

Mo2 9146.(1) 3774.(1) 2748.(1) 13. 

Mo3 2282.(1) 6263.(1) 2876.(1) 13. 

Mo4 8473.(1) 3706.(1) 144.(1) 13. 

Mo5 1906.(1) 3843.(1) 4104.(1) 13. 

M06 474.(1) 3814.(1) 8647.(1) 13. 

Mo7 9754.(1) 3719.(1) 5934.(1) 13. 

K1 0.0(0) 0.0(0) 0.0(0) 21. 

K2 667.(3) 119.(4) 3136.(3) 21. 

01 3254.(12) 7596.(12) 9945.(9) 19. 

02 4017.(10) 7559.(11) 2812.(8) 14. 

03 3143.(12) 2555.(10) 5722.(8) 16. 

04 1340.(10) 5049.(11) 5630.(8) 12. 

05 2235.(10) 5011.(11) 8571.(8) 13. 

06 7154.(10) 4799.(10) 8580.(9) 13. 

07 3864.(13) 2511.(10) 8593.(10) 15. 

08 6527.(10) 4899.(11) 5753.(9) 15. 

09 9694.(11) 7323.(11) 5627.(9) 14. 

010 2536.(11) 7580.(10) 7128.(8) 12. 

Oil 9694.(12) 2373.(10) 1502.(9) 12. 

^The complete temperature factor Is exp(-8R^U@q sln^e/X )̂, where = 1/3 

£|jU|ja|*aj*a|*aj In units of 
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Table 1.4. Selected bond distances (A) for K3Mo^4022 

Mo1-Mo2' 2.765(2) M0I -Mo3 2.758(2) 
Mo1-Mo4' 2.735(2) M0I -Mo4 2.822(20 
Mol -Mo5 2.739(2) M0I-M06' 2.722(2) 
M0I-M06 2.791(2) Mo2-Mo4 2.639(2) 
Mo2-Mo5' 2.761(2) Mo2-Mo6 2.754(2) 
Mo2-Mo7 2.797(2) Mo2-Mo7(lnter) 3.234(2) 
Mo3-Mo4 3.060(2) Mo3*Mo5 2.666(2) 
M03-M06' 2.811(2) Mo3-Mo7' 2.613(2) 
Mo4-Mo6 2.720(2) Mo4-Mo6' 2.808(2) 
Mo5-Mo7(lnter) 3.191(2) Mo5-Mo7' 2.801(2) 
Mo6-Mo7 2.750(2) Mo7-Mo7'(inter) 3.194(2) 
M0I-OI 2.01(1) M0I-O6 2.02(1) 
M0I-OIO 2.11(1) M0I-OII 2.10(1) 
Mo2-04 2.17(1) Mo2-05 2.04(1) 
Mo2-09 2.07(1) Mp2-010 2.12(1) 
M02-O11 2.01(1) M03-O2 2.12(1) 
Mo3-03 2.02(1) Mo3-06 2.00(1) 
M03-07 2.04(1) M03-O8 1.95(1) 
M04-O1 2.08(1) Mo4-05 2.04(1) 
Mo4-06 2.09(1) Mo4-07 2.09(1) 
M04-011 2.05(1) Mo5-03 2.19(1) 
Mo5-04 2.13(1) Mo5*08 1.92(1) 
Mo5-09 2.00(1) M05-OIO 1.92(1) 
M06-OI 2.04(1) M06-O2 2.08(1) 
M06-O5 2.09(1) M06-O7 2.01(1) 
Mo7-02 1.90(1) Mo7-03 1.97(1) 
M07-O4 2.09(1) Mo7-04(inter) 2.06(1) 
Mo7-09 2.08(1) K1#.#K2 3.181(3) 
K1-01 2.97(1) K1-05 2.79(1) 
K1-06 2.89(1) K1-07 2.83(1) 
K1-011 2.771(9) K2-02 2.96(1) 
K2-03 2.80(1) K2-04 2.94(1) 
K2-05 3.05(1) K2-06 2.95(1) 
K2-07 3.13(1) K2-08 2.71(1) 
K2-08' 2.658(9) K2-09 2.78(1) 
K2-010 2.96(1) K2-011 2.73(1) 
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Table 1.6. Anisotropic temperature factors (A  ̂x 10®) for K3Mo.|4022® 

ATOM U11 U22 U33 U12 U13 U23 

Mol 11.5(6) 10.5(6) 15.3(5) 0.5(6) 2.5(4) 0.2(5) 

Mo2 11.3(6) 11.6(6) 14.9(6) -1.2(5) 2.5(4) 0.2(5) 

Mo3 11.9(6) 11.6(6) 15.9(6) -0.9(5) 2.9(4) -0.6(5) 

Mo4 11.0(6) 12.2(6) 15.6(6) -0.3(5) 2.4(4) 0.9(5) 

Mo5 12.2(6) 11.7(7) 15.7(5) -0.4(6) 2.0(4) 0.4(5) 

Mo6 12.4(6) 11.8(6) 15.3(5) 0.6(5) 3.2(4) 0.2(5) 

Mo7 12.5(5) 10.6(6) 15.1(5) 0.2(5) 2.4(4) -0.1(5) 

K1 24.(2) 17.(2) 21.(2) -1.(2) 4.(2) -5.(2) 

K2 21.(2) 20.(2) 23.(2) 0.(1) 3.(1) 2.(1) 

01 24.(7) 22.(6) 11.(4) 0.(5) 6.(5) 4.(4) 

02 6.(6) 13.(6) 22.(5) -5.(4) -2.(4) 2.(4) 

03 16.(6) 18.(6) 11.(5) -5.(4) 1.(4) -1.(4) 

04 11.(5) 8.(5) 16.(4) 1.(4) 2.(4) 0.(4) 

05 13.(5) 17.(5) 10.(4) 3.(4) 6.(4) -1.(4) 

06 10.(5) 7.(5) 21.(5) 5.(4) 5.(4) 6.(4) 

07 17.(6) 8.(4) 20.(4) 0.(4) 1.(4) 3.(4) 

08 12.(5) 16.(5) 19.(5) -2.(4) 1.(4) -2.(4) 

09 14.(6) 10.(5) 19.(5) 1.(4) 5.(4) -1.(4) 

010 13.(6) 9.(5) 16.(4) 2.(4) 2.(4) 1.(4) 

Oil 11.(5) 8.(5) 18.(4) 3.(4) -4.(4) 3.(4) 

^The form of the anisotropic displacement parameter is exp[-2n {̂h^a  ̂U(1,1) + 
U(2,2) + |2c2 U(3,3) + 2hkab U(1,2) + 2hlac U(1,3) + 2klbc U(2,3)}], where a, 

b, and c are reciprocal lattice constants 
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RESULTS AND DISCUSSION 

Description of Structure 

Fig. 1.1 is an ORTEP drawing of a Mo-|4 trans-edge-siiared trioctahedrai cluster 

unit in K3Mo.|4022 showing the complete coordination by oxygen to give M014O34. 

The cluster is centrosymmetrical and has a veiy Interesting pairing between apical Mo 

atoms. The apical Mo atoms of the same octahedron are moved In an opposite 

direction along the chain axis to give an alternating long-short pattern of the Mo-Mo 

distances. This results also In short bonds on top when the corresponding bonds on 

bottom are long. This alternating pairing is different from the simple pairing observed in 

the discrete ollgomeric cluster units of n = 4 and 5 In In  ̂̂  ̂ ^40^62' where the apical 

Mo atoms of the same octahedron are shifted in the same direction along the chain axis 

and give the bond alternations between apical Mo atoms reminiscent of the C-C bond 

alternations in butadiene and 1,4-pentadlenyl anion, respectively. Fig. 1.2(a) and (b) 

illustrate the simple pairing of apical Mo atoms in the latter compound. The Mo5-Mo1-

M06 bond angle of 177.47(6)° and M0I -Mo6-Mo7 of 179.35(6)° Indicate that Mo atoms 

in the basal planes of the octahedra are In the same plane. The apical Mo atoms In 

K3M014O22 are simply shifted to each other without any tilting of the octahedra around 

the shared edges, as opposed to the structure of Scg ygZn  ̂.25^4^7  ̂̂  shown in Fig. 

1.2(c), where the octahedra are tilted around the shared edges to give alternating apical 

Mo-Mo bond lengths along the Infinite chain. This preference for an alternating pairing 

of the apical molybdenum atoms over a tilting of the Mog octahedra showed by 
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Fig. 1.1. ORTEP drawing (50 %thennateipsoids) of a trans-edge-shared triodahedrai duster in K3Mo-|4022 

showing the complete coordination by oxygen to form the Mo^^Og  ̂unit Sold fnes represent Mo-Mo 

bonds and open fnes represent Mo-O bonds. 
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2.66Â 3.1 lÂ 
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2.76A 2.8IA 

2.71 A 2.97A 

2.84Â 2.83Â 

3.I4A 2.63 A 

FIg. 1.2. Alternating apex-apex Mo-Mo bond lengths In (a) Mo-| @028 "̂, 

(b) M022034®', and (c) ScQjsZn  ̂.25^°A^7- The structures 

shown In (a) and (b) occur In the compound In-i •|Mo4oOg2. 
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MOI4022 '̂ IS also suggested by Extended Huckel calculations of the total energy 

changes for the idealized Mo.|4022 '̂ cluster.̂  ̂ The total energy difference between 

alternating pairing and tilting distortions of the Mo  ̂4^22 '̂ cluster with a shorter apical 

Mo-Mo distance of 2.65 A is 0.14 e.v.. 

Distances between Mo atoms located in the basal planes of the octahedra also 

show an alternating pattern along the chain axis. The Mo pairs at the ends are 

separated by 2.750(2) A (Mo6-Mo7) and 2.739(2) A (Mo1-Mo5), whereas the inner Mo 

pairs (M0I-M06 and M0I'-M06') have a bond distance of 2.791 (2) A. The bond 

distance between Mo atoms In the shared edges of the octahedra (or edges 

perpendicular to the chain axis) shows a similar alternating pattern, longer on the ends 

and shorter In the middle of the molecule. Similar bond length alternations between Mo 

atoms in the basal plane and between shared edges of the octahedra were observed in 

the discrete Mo^gOgg "̂ and M022O34®" cluster units of In  ̂  ̂MO4QO02. 

All of the Mo atoms in K3Mo-|4022 are bonded to five O atoms, except M0I, M0I ', 

M06 and M06', which are coordinated to four O atoms. The Mo-O bond distances in 

K3M014O22 range from 1.90 to 2.19 A (average 2.05 A). The shortest Mo-O bond is 

between Mo7 and 02, and the longest one is between Mo5 and 03. These unusually 

short and long distances do not seem to be correlated in any particular way with the 

stmctural distortion of the Mo^4022 "̂ cluster, the intercluster connection, or the 

coordination number around the O atoms. The relatively long distances (ave. 2.12 A ) of 

Mo-04 bonds, as compared to the average Mo-O distance of 2.05 A, most likely arise 

from the higher coordination number (CN = 4) around 04 atoms due to the Intercluster 
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connections. A similar reason may explain the rather short bond distances (ave. 1.935 

A) of Mo-08, namely that the 08 atoms are only 2-coordinated. 

The intra-cluster Mo-Mo distances In the Moĵ  cluster unit lie between 2.613 and 

3.060 A (average 2.764 A). It Is suiprlsing that the shortest Intra-cluster Mo-Mo distance 

in K3Mo^^022 Is the outer edge Mo3-Mo7', whereas the shortest Intra-cluster Mo-Mo 

distance In BaMgOg^  ̂Is the apical Mo-Mo distance. This unusually short bond 

distance between apex and waist Mo atoms may be a result of the structural distortion 

leading to the alternating pairing between the apical Mo atoms. The average bond 

distances of Mo-O and Mo-Mo In KgMo^^022 do not differ significantly from those In 

BaMogO^O (8ve. Mo-O = 2.05 A; ave. Mo-Mo • 2.759 A), BaMogOg (ave. Mo-O = 2.06 

A; ave. Mo-Mo > 2.752 A), PbMogOg (ave. Mo-O - 2.06 A; ave. Mo-Mo » 2.752 A), 

^0.8^^0.6^^7^11 Mo-O » 2.06 A; Ave. Mo-Mo • 2.78 A), and In  ̂̂  Mo^Og2 

(ave. Mo-O = 2.07 A; ave. Mo-Mo = 2.79 A). 

Perspective views of the structure of KgMo^^022 perpendicular to the c-axis and 

along the b-axls showing the Intercluster connections are provided In Figs. 1.3 and 1.4, 

respectively. The oxygen atoms 05,06,07,08 and 011 are edge-bridging only within 

the cluster unit (o'). 01,02,03,09, and 010 are either edge-bridging between Mo 

atoms or terminal to Mo atoms and coordinate neighboring clusters at either terminal or 

edge-sharing positions (o''̂  or O '̂'). 04 atoms are edge-sharing between two 

neighboring cluster units (O'''). Therefore, both inter-and Intra-cluster sharing of O 

atoms can be described by the connectivity formula 

K [̂Moi 4(0  ̂J04/J'hi o/J'̂ )Oi 0/2® O' special note is the peculiar teeter-toter 

geometry around 04 which Is bonded to four Mo atoms between cluster units with 
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Rg. 1.3. ORTEP drawing (50 % thermal eKpsoids) of a perspective view of the K3M014O22 structure showing 

ttie interduster connections along the c-axis. Soid Ines are Mo-Mo bonds and open ines are Mo-O 

bonds. 
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Rg. 1.4. A perspective view of the stiucture of K3Mo^^022 along the b-axis showing the interduster 

connections. For danty the inner oxygens OS, 06,07,06, and Oil are not shown here. 

I 
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respect to Mo-O bonding. 08 Is only two coordinated and the rest of the O atoms are 

three coordinated. A similar fashion of Intercluster connection along the chain axis is 

also observed in the structure of Ygl̂ gRu,̂  ̂In which Ru atoms are encapsulated at 

centers of the * clusters, and the edge-bridging positions In the 

octahedron are occupied by I atoms. The shortest Inter-cluster Mo-Mo distances of 

3.191(2) A (Mo5-Mo7), 3.194(2) A (Mo7-Mo7), and 3.234(2) A (Mo2-Mo7) are much 

longer than corresponding distances in BaMogO^g and BaMogOg. This suggests that 

the Mo-|4 cluster units in this compound should behave more or less as isolated units 

with very weak metal-metal coupling, as illustrated In Fig. 1.5. 

The coordination around the K atoms Is shown in Fig. 1.6, where it Is seen that K1 

is surrounded by 10 oxygen atoms (at distances of 2.77(9) to 2.97(1) A) and K2 by 11 

oxygen atoms (at 2.658(9) to 2.96(1) A.) Oxygen atoms 05,06,07, and 011 are In 

bridging positions between K1 and K2 atoms. The K-0 distances are a little shorter 

than the calculated K-O distances (2.97 and 3.02 A) based on crystal radii for K+ (1.59 

A, CN » 10; 1.64 A, CN » 12) and O "̂ (1.38 A, CN » 4)̂ ® and accordingly the K+ ions 

are tightly bonded to the oxygen atoms and do not exhibit large thennal parameters. 

Fig. 1.7 is an ORTEP drawing (50% thennal ellipsoids) of the unit ceil of K3M014O22 as 

viewed down the c-axIs showing the cross-linking of clusters. Four trans-edge-shared 

trloctahedral cluster units are coupled through Mo-O-Mo Inter-cluster linkage to form 

channels where the K+ Ions are located. This Inter-cluster linking arrangement Is quite 

similar to that found In the Infinite chain compounds, e.g. NaMo^Og.̂  
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Fig. 1.5. ORTEP drawing (50 % tliermai eillpsoids) of a perspective view of the 

condensed cluster units and K atoms in KgMo^^022 along [010]; Mo 

atoms are small ellipsoids, K atoms are large eillpsoids. Clusters are 

centered at (0,1/2,0) and (1/2,0,0). 
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Fig. 1.7. ORTEP drawing (50 % thermal ellipsoids) of the unit cell of KgMo  ̂4O22 

as viewed down the c-axis showing the cross-linldng of clusters by Mo-O-

Mo bridge bonding and the pockets formed for the K atoms ( shown as 

unconnected ellipsoids). Mo-Mo bondings are represented by solid lines 

and Mo-O bondings by open lines. 
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Bond Length-Bond Order Relationships 

The application of bond length-bond order relationships has provided Interesting 

insights into the structure and bonding of the reduced molybdenum oxides synthesized 

In this research iaboratoiy.̂  ̂ The bond order of the metal-metal bonds is determined 

by use of Pauling's bond order equation^  ̂eq. 1, 

d(n) «d(1)-0.61 log n, (1) 

where d(n) and d(1) are the bond distances for bonds with orders of n and 1, 

respectively, and n Is the bond order. The distance used for d(1) is 2.614 A, based on 

calculation of distances to the nearest neighbors and the next nearest neighbors in bcc 

molybdenum metai.̂  ̂ Bond strengths(s) of Mo-0 bonds are calculated from the 

empirical relation (eq.2) developed by Brown and Wu^® and used by Bart and 

RAGALNL.27 

s(Mo-O) = [d(Mo-0)/1.882]-̂ 0 (2) 

where s is the bond length in valence units (v.u.) and d(Mo-O) is the obsen/ed Mo-0 

bond distance (A). Since 8(Mo-0) Is given in v.u. the sum of all Mo-O bond orders about 

a given Mo atom shall give the valence of that atom. The numerical values of these 

calculations are tabulated In Table 1.7. 
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Table 1.7. Bond length - bond order relationships for KgMo  ̂4^22 

Atom d(Mo-Mo) n d(Mo-O) 8 

M0I 2.765(2) 0.560(4) 2.01(1) 0.67(2) 

2.758(2) 0.576(4) 2.02(1) 0.65(2) 

2.735(2) 0.628(4) 2.10(1) 0.52(2) 

2.822(2) 0.450(4) 2.11(1) 0.50(2) 

2.739(2) 0.619(4) £8 2.34(8) 

2.722(2) 0.660(4) 

2.791(2) 0.507(4) 

2n 4.00(3) 

Mo2 2.765(2) 0.560(4) 2.17(1) 0.43(1) 

2.639(2) 0.908(8) 2.04(1) 0.62(2) 

2.761(2) 0.569(4) 2.07(1) 0.57(2) 

2.754(2) 0.584(4) 2.12(1) 0.49(2) 

2.797(2) 0.496(4) 2.01(1) 0.67(2) 

£n 3.12(2) £8 2.78(9) 

Mo3 2.758(2) 0.576(4) 2.12(1) 0.49(2) 

3.060(2) 0.180(2) 2.02(1) 0.65(2) 

2.666(2) 0.819(6) 2.00(1) 0.69(2) 

2.811(2) 0.470(4) 2.04(1) 0.62(2) 

2.613(2) 1.00(1) 1.95(1) 0.81(2) 

£n 3.05(3) £8 3.3(1) 

Mo4 2.735(2) 0.628(4) 2.08(1) 0.55(2) 

2.822(2) 0.450(4) 2.04(1) 0.62(2) 

2.639(2) 0.908(8) 2.09(1) 0.53(2) 

3.060(2) 0.180(2) 2.09(1) 0.53(2) 

2.720(2) 0.666(4) 2.05(1) 0.60(2) 

2.808(2) 0.475(4) £8 2.8(1) 

£n 3.31(3) 
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Atom d(Mo-Mo) n d(Mo-O) s 

2.739(2) 0.619(4) 2.19(1) 0.40(1) 

2.761(2) 0.569(4) 2.13(1) 0.48(1) 
2.666(2) 0.819(4) 1.92(1) 0.89(2) 
2.801(2) 0.488(4) 2.00(1) 0.69(2) 

£n 2.50(2) 1.92(1) 0.89(2) 

£8 3.35(8) 

2.722(2) 0.660(4) 2.04(1) 0.62(2) 

2.791(2) 0.507(4) 2.08(1) 0.55(2) 

2.754(2) 0.584(4) 2.09(1) 0.53(2) 
2.811(2) 0.470(4) 2.01(1) 0.67(2) 
2.720(2) 0.666(4) £s 2.37(8) 
2.808(2) 0.475(4) 

2.750(2) 0.594(4) 
£n 3.96(3) 

• 

2.797(2) 0.496(4) 1.90(1) 0.94(3) 

2.613(2) 1.00(1) 1.97(1) 0.76(2) 
2.801(2) 0.488(4) 2.09(1) 0.53(2) 
2.750(2) 0.594(4) 2.08(1) 0.55(2) 

£n 2.58(2) 2.08(1) 0.55(2) 

Is 3.3(1) 

Metal-Metal MCE(2:n) = 2 Z(Zn) = 45.0(4) e" 

Total valence of Mo^  ̂unit = 2 £(£s) = 42(1) v.u. 

MCE(Zs) » 6 e" X14 - 42(1) » 42(1) e" 
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The number of metal-centered electrons (MCE) per Mo^^022 '̂ cluster unit may be 

estimated from the sum of the metal-metal bond orders and results in MCE(Zn) • 

45.0(4) e". The total valence of the Mo  ̂4^22 '̂ duster unit Is 42(1 ) v.u., obtained by 

summing the Individual valences of the Mo atoms In the Mo^4022 '̂ cluster unit. The 

number of electrons utilized for metal-metal bonding Is then calculated by subtraction of 

42(1) from 84, the maximum number of valence electrons for fourteen molybdenum 

atoms. The resulting MCE(£8) of 42(1 ) e' Is consistent with the MCE(f) of 43 e', derived 

from the formula and the expected valences of K and O in KgMo^4022. The unusually 

high total Mo-Mo bond order derived from MCE(Zn) Is about two electrons more than 

those derived from MCE(Zs) and MCE(f). 

While It Is possible that the Mo-Mo bonding is unusually strong In this compound, 

the high total bond order given by £n may also arise from the selection of a value for 

d(1)(Mo-Mo) which is slightly too large. The value used In these calculations, d(1) » 

2.614 A, has been found as most suitable for the infinite chain compounds liî e 

NaMo^Og. In discrete cluster compounds this value may be somewhat too long 

because the average coordination number of the Mo atoms Is lower. Further Indication 

that the total Mo-Mo bond orders about each Mo are slightly too high Is provided by the 

total valence electron count obtained from the sum N(e) -Zn + Zs, which should be 

equal to 6.00 for Mo. In K3Mo^4022 an average value of 6.1(1) for N(e) was found. 
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Magnetic Properties 

Molar magnetic susceptibility data of KgMo^^022 collected on a powdered sample 

over the temperature range of 5-400 K are given in Fig. 1.8. The dotted line drawn 

through the data Is derived from the isest least squares fitting to the Curie-Weiss law. 

The small hump at 50 K results from the antifenomagnetic transition in crystalline O2, a 

trace amount of which was condensed on the sample and very difficult to be removed 

completely. The calculated effective moment of 0.54 |ig is too low for one unpaired 

electron per cluster unit as calculated from the formula of K3Mo^^022 and can not be 

explained by the spin-orbital coupling effects because of the low symmetry (CI) in the 

M014022 '̂ cluster unit. And yet this value of 0.54 pg Is reproducible for samples from 

different preparations. Investigation of ESR spectra at room temperature resulted in the 

observation of a signal from an unpaired electron with g » 1.912. Based upon this value 

a moment of 1.66 is calculated for one mole. The observed moment of 0.54 pg 

indicates that it arises from an impurity In the sample or that unpaired electrons reside 

on only a small fraction of the cluster units. The latter could occur if either some divalent 

Ion M^+ or some vacancies occur on the K+ sites of the structure. The g value of 1.912 

calculated from the ESR signal Indicates that the unpaired electron may reside on the 

Mo atom of an MoO^+ containing impurity^® which is commonly observed in the 

molybdenum compounds. We conclude that this low apparent magnetic moment of 

0.54 pg most likely arises from the paramagnetic impurity and that the pure compound 

K3M014O22 is spin-coupled between cluster units to give a diamagnetic susceptibility, 

even though the inter-cluster Mo-Mo bondings are weak. One possibility for this 
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dlamagnetic behavior is the association with a charge dtsproportionation, forming 

ciusters with 42 and 44 vaience electrons. Further work, such as electron diffraction 

and low temperature x-ray diffraction, will be necessary to test this interpretation. 

Resistivity Study 

Fig. 1.9 shows the pressed pellet resistivity data of K3Mo^^022 In the temperature 

range of 5 - 297 K. The pressed pellet resistivity at room temperature is ça. 2.0 x 10'̂  

ohm-cm, which fails into the resistivity range of a semiconductor, it can be seen from 

this figure that the resistivities are almost constant In the temperature range of 100 - 297 

K and increase more rapidly with the decrease of temperature at T < 100 K. This 

increase of resistivity with the decrease of temperature is characteristic of a 

semiconductor and the leveling at higher temperatures (100 - 297 K) suggests that the 

band gap energy is small. 
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CONCLUSION 

Discrete ollgomeric cluster units In the Mo4p^206n-f2^4/2 series with n in the 

range from 3 to 5 show the similar bond alternations between Mo atoms located In the 

basal planes and between shared edges of the Mog octahedra along the chain axis. 

The Mo^4022 '̂ cluster unit is more favorable in the staicture of the alternating pairing 

between apical molybdenum atoms by a sliding motion than by a tilting distortion of the 

octahedra. Although It is possible that the Mo-Mo bonding is unusually strong in this 

compound, the selection of a value for d(1 )(Mo-Mo) > 2.614 A which is too large for the 

lower average coordination number of Mo atoms may be responsible for the unusually 

high total Mo-Mo bond order in KgMo^4022 calculated from bond order - bond length 

relations. From the magnetic susceptibility and ESR studies, it appears that the low 

apparent magnetic moment of 0.54 pg In KgMo  ̂4O22 most likely arises from a 

paramagnetic Impurity and that the pure compound K3Mo-|4022 is spin-coupled 

between cluster units to give a diamagnetic susceptibility. 

The comparisons of Mo-Mo bond distances in compounds containing the discrete 

ollgomeric cluster unit with n -> 1 to 5 in the ^^04n+2^6n+2^4/2 series, as given In Table 

1.8, suggest that the Intra-cluster Mo-Mo distances are scarcely affected by the degree 

of cluster condensation, whereas the inter-cluster Mo-Mo distances markedly increase 

as the degree of cluster condensation increase and the size of the counterions increase 

(or their charge decreases). 
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Tabid 1.8. Intra- and Inter-cluster Mo-Mo distances In Mo4n.f2^6n-(-2^4/2 sedes 

withn«1,2,3,4, andS 

n Compound Mo-Mo(intra)̂  A Mo-Mo(lnter) A 

1 BaMogOio 2.759 2.727,2.890,3.015 

2 BaMogOg 2.752 2.778,3.053,3.099 

PbMogOg 2.75 2.78,3.03,3.08 

LaMogOg 2.733,2.921,3.085 

3 K3MO14O22 2.764 3.191,3.194,3.234 

TIO^8®'̂ .6^®7®1 1 2.78 2.99,3.04,3.12 

4&5 In-f-I Mo2}QOg2 2.79 2:3.20 

^Average Intra-cluster Mo-Mo distance 
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SECTION 2. SYNTHESIS, STRUCTURE, AND PHYSICAL 

PROPERTIES OF BaMogOg - AN OXIDE CONTAINING 

Mo^q EDGE-SHARED BIOCTAHEDRAL CLUSTERS 



www.manaraa.com

46 

INTRODUCTION 

The formation of reduced ternary molybdenum oxides containing Infinite chains of 

trans-edge-shared octahedra Is well established.̂  Six different crystallographic structure 

types have been discovered In this class of compounds, which Include 

MyMo^Og,̂  M2M04O7,® MjjMo0O-j -J ^®5.45^®18®32'̂  MMogO'̂ Q,® and 

M4M04O-1 -j ? Each of these structures Is dominated by Mo-Mo bonding In Infinite chains 

composed of trans-edge-shared octahedral cluster repeat units. But examples of discrete 

oligomeric clusters are rather scarce. In 1986, In  ̂̂  ̂ 40^^62  ̂was the first compound 

reported having finite chains of octahedral cluster units; In this case units with both four 

and five trans-edge-shared Mog octahedra (n - 4 and 5) were observed. The compound 

BaMogO^O  ̂containing a discrete Mog octahedron (n - 1) has been more recently 

discovered by Lii and Wang. Compounds containing a chain fragment of n-3 are 

realized In the structure of KgMo^4022^  ̂and Tig gSno gMoyO  ̂̂   ̂ An x-ray powder 

Investigation on LaMogOg^  ̂Indicated that this compound featured the existence of a 

chain fragment with n = 2. A further compound analogous to LaMogOg with a slightly 

different electron balance, PbMogOg,̂  ̂ , was recently reported containing the discrete 

oligomeric cluster with n > 2. 

All the examples of oligomeric cluster units thus feir reported, where the fragments of 

the Mo^Og chain (n > 1 to 5 condensed octahedra) have been Identified as building 

blocks, show an Identical coupling of the clusters and can be described by the general 

formula Mo4p^206n-f 2^4/2' where n Is the number of Mog octahedra trans-edge shared 

together. The synthesis, structure, and physical properties of BaMogOg, an oxide 
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containing discrete Mo^g trans-edge-shared bioctahedral clusters, will be discussed In 

this section. 
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EXPERIMENTAL 

Materials 

Molybdenum powder (99.99%) was used as obtained from Aldrlch Chemical 

Company. Molybdenum tubing was obtained from Thermo-Electron Corp. (99.97%), and 

molybdenum sheet from Rembar Co. (99.95%). Prior to use, the powder was dried at 

120°C under dynamic vacuum for 24 hrs and stored in a desiccator. M0O3 (Fisher 

Certified A.C.S.) was fired at 550  ̂C for 12 hrs and stored in a desiccator. Barium 

molybdate was prepared by mixing an aqueous solution of BaCl2*2H20 (Baker Analyzed 

Reagent, 99.6%) with an aqueous solution containing the stoichiometric quantity of 

sodium molybdate dlhydrate (Fischer Certified A.C.S.). The white precipitate was filtered, 

washed with water, dried at 120° C under dynamic vacuum overnight, and then stored In 

a desiccator. 

Physical Measurements 

The magnetic susceptibility measurements were canted out on a sintered pressed 

pellet sample with a SQUID magnetosusceptometer. The magnetic field strength was set 

at 10 KG. Prior to the measurement, the pellet was demagnetized first by manually 

bringing the magnetic field to 40 KG, then to -40 KG, and then back to zero G in 

oscillation mode, in the nomial procedure, before data-taking was begun the pellet was 

held at 380 K for 3 hrs under vacuum to remove the O2 molecules adsortwd on the 
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surface of the pellet. The magnetic data were measured every 3 degrees from 5 to 45 K 

and every 5 degrees from 50 to 400 K. Measurements of magnetization versus field 

strength at constant temperature were also taken and the resulting data were later used 

to calculate the amount of ferromagnetic impurity In the sample. The temperatures were 

set at 10,100,150,200,300, and 380 K and the field strength was varied in the following 

order, 100, 400, 700,1000, 2000, 3000,4000, 7000,10000,15000, 20000,25000, 

30000,35000, and 40000 Q. X band ESR spectra were recorded on both single crystal 

and powdered sample with a Bruker ER200-SRC Instrument equipped with an Oxford 

Instruments ESR 900 flow through cryostat and a DTC-2 digital temperature controller. A 

Hewlett-Packard 5342 A microwave frequency counter was used to accurately measure 

the frequency of the spectrometer. Data were taken at 107,292, and 400 K. 

Electrical resistivity measurements were carried out on a pressed pellet sintered In 

an evacuated quartz tube at 1100° C for 1 day using a standard four-probe a.c. method. 

Four platinum wires, which served as the voltage and current leads, were attached to the 

pellet with Epo-Tech silver epoxy. The temperature was monitored by means of platinum 

and carton glass resistance thermometers. The voltage across a standard calibrated 

resistor was measured periodically and showed no significant change during the course 

of the experiment. 
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Synthesis 

In an attempt to prepare BaMogOg, barium molybdate, molybdenum trioxide, and 

molybdenum powder, In mole ratio 3:4:8 (I.e. aiming at BaMogOg), were ground together 

In a mortar, pressed into a pellet, placed in a basket made from Mo sheet, sealed in an 

evacuated quartz tube which, in turn, was sealed in another evacuated quartz tube, and 

then held at 1180° C for 8 days. Needle crystals of Bao.62^°4^6 hexagonal 

pyramidal crystals of Mo metal were found to be transported to the cold end of the 

reaction tube and left the pellet behind at the hot end. A Gulnier x-ray powder diffraction 

pattern of this pellet indicated a single phase. Chunk crystals of BaMogOg were obtained 

from the further reaction of k)ose powder from this pellet held in evacuated double quartz 

tubes at 1180° C for 8 days. Crystals had grown on the wall of the reaction tube. 

Gulnier x-ray powder patterns of the bulk powder and crystals were thus taken 

individually to assure that a single phase product was obtained. A single phase 

BaMogOg can also be prepared by the same procedure at 1200°C for 5 days. 

X-ray Powder Diffraction Data 

An Enraf Nonius Delft triple focusing Gulnier x-ray powder diffraction camera was 

used with Cu Ka  ̂ radiation (X = 1.54056 A) to obtain d-spaclngs. National Bureau of 

Standards silicon powder was mixed with the sample as an internal standard. The 

observed versus calculated d-spacings are listed In Table 2.1. The diffraction pattern 

could be Indexed based on cell dimensions detennlned from the single crystal diffraction 
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data. The cell parameters computed by a least squares method using the 15 strongest 

diffraction tines are a - 7.55(2) A, b > 9.26(2) A, c > 10.03(3) A, and p > 108.6(2)°. The 

relatively broad diffraction lines and the line overlap are most likely responsible for this 

poor precision of cell parameters. 
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Table 2.1. X-ray powder diffraction data for BaMogOg 

d-spacings (A) intensities  ̂ h k l  

observed calculated'̂  

6.79(1) 6.878 s - 1 0 1  

4.913(6) 5.001 vw 1 0 1  

4.660(5) 4.638 w 0 2 0  

2.963(2) 2.940 m(br) 0 3 1  

2.705(2) 2.697 m -1 23 

2.489(1) 2.500 w 2 0 2  

2.401(1) 2.392 s - 3 1 2  

2.300(1) 2.300 m 0 1 4  

2.099(1) 2.101 wm(br) - 2 2 4  

2.083(1) 2.084 w 0 4 2  

2.029(1) 2.017 w(br) 2 1 3  

1.942(1) 1.944 s 2 3 2  

1.827(1) 1.831 w(br) - 4 0 3 , 0 5 1  

1.805(1) 1.804 w -243,-2 25 

1.701(1) 1.700 m 2 4 2  

Întensities: s - strong, m = medium, wm = weak medium, w > weak, and vw » 

very weak, br-broad 

''Refined monocllnic cell parameters a - 7.55(2) A, b - 9.28(2) A, c • 10.03(3) 

A, and p -108.6(2)° 
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X-ray Single Crystal Data Collection 

A black rectangular crystal of BaMogOg having approximate dimensions of 0.09 x 

0.04 X 0.02 mm was mounted on a glass fiber. Data were collected with a Rigaku 

AFC6R diffractometer at room temperature up to 28 - 50° by using graphite-

monochromated Mo Ka radiation and a 12 KW rotating anode generator. A scan mode 

of «>-28 was used. Cell constants and an orientation matrix for data collection, obtained 

from a least-squares refinement of 20 carefully centered reflections with 14° <28< 17°, 

corresponded to a monoclinic cell with dimensions: a - 7.566(1) A, b • 9.276(2) A, c = 

10.025(1) A, pmi 08.70(1)°, and V = 666.4(2) A .̂ Three standard reflections which were 

measured after every 150 reflections showed no apparent variation in intensity during 

the data collection. The linear absoiption coefficient fbr Mo Ka is 73.6 cm'̂ . The 

intensity data were corrected for Lorentz and polarization effects. An empirical 

absorption correction, based on azimuthal scans of several reflections, was applied 

which resulted in transmission factors in the range from 0.62 to 1.00. A correction for 

secondary extinction was also applied and gave a coefficient of 0.342(1 ) x 10'̂ . In the 

quadrant (h, k, ±i), 1255 reflections were collected, and 856 of them were considered as 

observed (i > 3 a(l)). 
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Structure Solution and Refinement 

The space group of P2j/c (#14) was chosen based on the systematic absences of 

hOI: I ̂  2n and OKO: K * 2n. All efforts to solve the staicture by direct methods (MITHRlU ̂  

and SHELXS"'̂ ) using the TEXRAY Structure Analysis Pacltage (TEXSAN)"'® failed. The 

structure was then solved using the (SHELXS 86)̂  ̂direct methods In the CAD4-SDP 

program package and refined on I F| by using the full matrix least-square techniques In the 

TEXSAN program package. All the atoms were refined anisotropicaliy except 0(4), 0(5), 

0(6), 0(7), and 0(8) which were refined isotropicaily. The structure, based on 856 

observed reflections and 104 variable parameters,was then refined to R - 0.032 and Rw = 

0.039. The final electron density difference map was fiat with a maximum of 

1.46 e'/A  ̂close to Ba and a minimum of -1.59 e'/A  ̂next to the symmetry related Ba. 

Details of the data collection and refinement of BaMogOg are given In Table 2.2. 

Final positional parameters of BaMogOg are listed in Table 2.3 and corresponding 

selected bond distances and angles are given In Table 2.4 and 2.5, respectively. In 

Table 2.6 are given the anisotropic thermal parameters of atoms. Tables of observed 

and calculated structure factors are available as supplementary materials. 
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Table 2.2. X-ray ciystallographlc data for BaMogOg 

empirical formula 

fomfiula weight 

crystal system 

space group 

a, A 

b, A 

c, A 

% deg 

V,A3 

Z 

calcd density, g/cm® 

FOOO 

crystal size, mm 

H(Mo Ka), cm"̂  

diffractometer 

X, A, graphlte-monochromated 

T,®C 

20 range, deg 

scan mode 

No. reflections collected 

No. observations (I > 3 o(l)) 

No. variables 

goodness of fit Indicator̂  

max. shift In final cycle 

largest peak In final diff. map, e/A  ̂

transmission coefficient 
R^RW® 

BaMogOg 

745.03 

monocllnic 

P2i/c(#14) 

7.566(1) 

9.276(2) 

10.025(1) 

108.696(9) 

666.4(4) 

4 

7.426 

660 

0.09 X 0.04 X 0.02 

73.81 

RIgaku AFC6R 

0.71069 

23 

0-50 

00-20 

1255 

856 

104 

1.31 

0.02 

1.46 

0.62-1.00 

0.032,0.039 

aQuallty-of-fIt - (I©(l Fol -I Fcl )2/(Nobs-Nparameters)]̂ ^  ̂
bR.zllFol-lFcll/zlFol 

®Rw . [Zcod Fol -I Fcl )2/Zm| Fo| q, . i/g2(| po| ) 
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Table 2.3. Positional parameters and B^q for BaMogOg 

ATOM X Y Z Beq®, 

Ba 0.7449(1) 0.5030(1) 0.54394(8) 0.63(4) 

Mo1 0.5025(2) 0.1209(1) 0.4138(1) 0.44(5) 

Mo2 0.8888(2) 0.1130(1) 0.5173(1) 0.44(4) 

IVIo3 0.3208(2) 0.1247(1) 0.6121(1) 0.42(5) 

Mo4 0.1231(2) 0.1173(1) 0.3197(1) 0.44(5) 

Mo5 0.6864(2) 0.1305(1) 0.7004(1) 0.44(5) 

01 0.494(1) 0.000(1) 0.240(1) 0.7(3) 

02 0.891(1) 0.496(1) . 0.335(1) 0.7(3) 

03 0.902(1) 0.256(1) 0.678(1) 0.7(4) 

04 0.097(1) 0.238(1) 0.481(1) 0.8(2) 

05 0.304(1) 0.249(1) 0.284(1) 0.6(2) 

06 0.700(1) 0.246(1) 0.379(1) 0.5(2) 

07 0.890(1) -0.001(1) 0.3362(9) 0.4(2) 

08 0.495(1) 0.270(1) 0.565(1) 0.5(2) 

®Bgq = 8 ic /̂3 £U|ja|*aj*a|«aj, where the temperature factors are defined as 

exp(-2«2 zh|hja|*aj*U|j) 
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Table 2.4. Selected bond distances (A) for BaMogOg 

Mol-Mol' 2.839(2) M0I-M02 2.771(2) 

Mo1-Mo3 2.756(2) M0I -Mo3 2.695(2) 

Mo1-Mo4 2.719(2) Mo1-Mo5 2.763(2) 

Mo1-Mo5 2.783(2) Mo2-Mo2(lnter)̂  2.778(3) 

Mo2-Mo3(lnter) 3.099(2) Mo2-Mo3 2.782(2) 

Mo2-Mo4(lnter) 3.053(2) Mo2-Mo4 2.708(2) 

Mo2-Mo5 2.747(2) Mo3-Mo4 2.833(2) 

Mo3-Mo5 2.621(2) Mo4-Mo5 2.755(2) 

Mol-OI 2.06(1) M0I-O5 2.03(1) 

M0I-O6 2.01(1) M0I-O8 2.066(9) 

Mo2-03 2.06(1) M02-O4 2.08(1) 

M02O6 2.05(1) M02-07 2.105(9) 

Mo2-07(lnter) 2.111(9) M03-OI 2.05(1) 

Mo3-04 2.07(1) M03-05 2.120(9) 

Mo3-07 2.155(9) M03-O8 2.04(1) 

Mo4-02 1.89(1) M04-03 2.16(1) 

Mo4-04 2.03(1) M04-05 1.95(1) 

Mo4-07 2.131(9) M05-OI 2.06(1) 

M05-O2 2.06(1) Mo5-03 2.08(1) 

Mo5-06 2.10(1) M05-O8 2.08(1) 

Ba-01 3.135(9) Ba-01' 2.84(1) 

Ba-02 2.666(9) Ba-02' 2.631(9) 

Ba-03 2.73(1) Ba-04 2.73(1) 

Ba-05 2.968(9) Ba-06 2.86(1) 

Ba-07 2.780(9) Ba-08 2.93(1) 

Ba-Os' 2.77(1) Ba*#*Ba 3.524(2) 

Înter-cluster bond distance 
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Table 2.5. Selected bond angles (deg) for BaMogOg 

Mol -Mo1*Mo2 88.26(6) Mol -Mo1Mo3' 57.58(5) 

Mol-Mo1-Mo3 59.66(5) Mol -Mo1-Mo4 89.02(6) 

Mol -Mo1*Mo5 59.55(5) Mol -Mo1-Mo5 58.88(5) 

Mo2-Mo1 Mo3 116.14(6) Mo2-Mo1 -Mo3 61.16(5) 

Mo2-Mo1 -Mo4 117.28(6) Mo2-Mo1 -Mo5 59.51(4) 

Mo2-Mo1 'Mo5 118.22(6) Mo3 -Moi -Mo3 117.25(5) 

Mo3 -Mol -Mo4 62.31(4) Mo3 -Mol -Mo5 56.70(4) 

Mo3 -Mo1 -Mo5 89.91(5) Mo4-Mo1 -Mo5 119.00(5) 

Mo4-Mo1 -Mo5 60.07(4) Mo5-Mo1 -Mo5 118.44(5) 

Mol -Mo2-Mo2 125.54(7)(lnter)® Mo1-Mo2-Mo3 58.07(4) 

Mo1-Mo2-Mo4 90.66(5) Mol -Mo2-Mo5 60.10(5) 

Mo3-Mo2-Mo4 54.84(4) Mo3-Mo2-Mo5 123.51(6) 

Mo4 -Mo2-Mo5 60.65(4) Mol -Mo3 Mo1 62.75(5) 

Mol -Mo3-Mo2 89.73(5) Mol -Mo3-Mo4 58.22(4) 

Mol -Mo3-Mo5 61.80(5) Mo1-Mo3-Mo2 60.76(5) 

Mol -Mo3-Mo4 89.62(5) Mol -Mo3-Mo5 63.11(5) 

Mo2-Mo3-Mo4 57.68(4) Mo2-Mo3-Mo5 123.80(6) 

Mo4-Mo3-Mo5 120.02(5) Mo1-Mo4-Mo2 92.06(5) 

Mol -Mo4-Mo2 122.87(6)(lnter) Mol -Mo4-Mo3 59.47(4) 

Mol -Mo4-Mo5 61.11(5) Mo2-Mo4-Mo3 60.22(4) 

Mo2-Mo4-Mo2 57.29(5)(lnter) Mo2 -Mo4-Mo5 60.36(4) 

Mo3 -Mo4-Mo5 88.91(5) Mol -Mo5-Mo1 61.56(5) 

Mol -Mo5 Mo2 60.39(4) Mol -Mo5-Mo3 61.50(5) 

Mol -Mo5-Mo4 89.86(5) Mol -Mo5-Mo2 89.89(5) 

Mol -Mo5-Mo3 59.75(4) Mol -Mo5-Mo4 58.82(5) 

® Inter-cluster bond angle 
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Table 2.5. (continued) 

Mo2 -Mo5-Mo3 121.81(6) Mo2 -Mo5-Mo4 58.99(4) 

Mo3-Mo5-Mo4 118.57(6) Mol -01 -Mo3 82.1(4) 

Mo2-03-Mo4 134.3(5)(inter) Mol -01 -Mo5 85.1(3) 

Mo4-03-Mo5 134.5(5)(inter) Mo3-O1-Mo5 79.4(4) 

Mo2-04-Mo3 96.7(4)(inter) Mo4-02-Mo5 88.3(4) 

Mo2-04-Mo4 95.9(4)(inter) Mo2-03-Mo5 83.1(4) 

Mo1-05-Mo3 128.2(5)(inter) Mo3"04-Mo4 87.5(4) 

Mo3-05-Mo4 136.5(5)(lnter) Mol -05'Mo4 86.2(4) 

Mo1-06-1^5 128.8(5)(inter) Mol •06*Mo2 86.0(4) 

iy/lo2-06-Mo5 137.7(5)(inter) Mo2-07-Mo3 81.5(3) 

Mo2-07-Mo2 82.4(3)(inter) Mo2 -07-Mo4 79.3(3) 

Mo2-07-Mo4 92.2(4)(inter) Mol -08-Mo3 84.3(4) 

Mo2-07-Mo3 93.2(4)(lnter) Mol -08"Mo5 83.5(4) 

Mo3 -07-Mo4 170.9(5)(inter) Mo3-08-Mo5 78.9(3) 
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Table 2.6. Anisotropic temperature factors (A )̂ for BaMogOg® 

ATOM U11 U22 U33 U12 U13 U23 

Ba 0.0072(5) 0.0075(5) 0.0079(5) 0.0002(4) 0.0007(3) -0.0001(4) 

Mol 0.0055(7) 0.0051(7) 0.0056(6) -0.0006(5) 0.0012(5) 0.0000(5) 

Mo2 0.0055(6) 0.0054(6) 0.0056(6) 0.0000(5) 0.0015(5) 0.0002(5) 

Mo3 0.0041(6) 0.0051(7) 0.0059(6) -0.0005(5) 0.0007(5) -0.0001(5) 

Mo4 0.0059(7) 0.0045(7) 0.0055(6) -0.0001(5) 0.0008(5) -0.0007(5) 

Mo5 0.0055(6) 0.0057(7) 0.0050(6) 0.0001(5) 0.0009(5) -0.0004(5) 

01 0.002(5) 0.016(5) 0.011(5) -0.002(5) 0.003(4) -0.002(5) 

02 0.001(5) 0.012(5) 0.010(5) -0.001(4) -0.001(4) 0.000(5) 

03 0.012(6) 0.007(5) 0.007(5) -0.001(4) 0.003(4) 0.002(4) 

04 0.010(2) 

05 0.007(2) 

06 0.006(2) 

07 0.006(2) 

08 0.007(2) 

®Tfie form of the anisotropic displacement parameter Is exp[-2re {̂h^a  ̂U(1,1) + 

U(2,2) + |2c2 U(3,3) + 2hkab U(1,2) + 2hlac U(1,3) + 2klbc U(2,3)}], where a, b, and 

c are reciprocal lattice constants 
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RESULTS AND DISCUSSION 

Description of Staicture 

As sliown in Fig. 2.1, tiie molecular structure of tiie trans-edge-siiared Mo^q 

bioctahedral cluster in BaMogOg Is centrosymmetric. The structure of Mo^gO^g '̂ 

shows that the cluster is distorted such that the aplcai Mo atoms are moved toward each 

other to give a short bond distance of 2.621 (2) A between Mo3 and Mo5. This Mo3-

Mo5 bond distance is the shortest Mo-Mo bond distance in BaMogOg. The longest Mo-

Mo bond distance is that of 2.839(2) A for Mol -Mol '. The structure of the Mo  ̂ g '̂ 

cluster unit (n > 2) shows the alternating long-short Mo-Mo bond distance along the 

chain axis both between the shared edges and between the Mo atoms located in the 

basal planes of the octahedra. The Mo2-Mo4' bond distance of 2.708(2) A is 0.131 A 

shorter than the shared edge of Mol -Mol ' and results in an alternating S-L-S pattern of 

Mo-Mo bonds along the chain axis. The bond distance of 2.771 (2) A between Mol and 

Mo2 is longer than that between Mol and Mo4,2.719(2) A. Similar structural distortions 

are observed in the discrete oligomeric cluster units with n»3ĵ '̂  ̂4,® and 5® In the 

(^^04n+2^6n+2)^4/2 series. The Mo-O distances In BaMogOg range from 1.89(1) A 

(Mo4-02) to 2.16(1) A (Mo4-03) and are averaged to a distance of 2.06 A. The 

unusually short bond distance of Mo4-02 most likely arises from the low coordination 

number of 2 around the 02 atoms. The longer Mo5-02 distance of 2.06(1 ) A may be 

explained by the displacement of Mo5 toward Mo3. The relatively long Mo-07 bond 

distances (ave. 2.125 A) can be understood In terms of the higher coordination number 
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ORTEP drawing (50 % thennal eipsoids) of a trans-edge-shared tNoctahedral duster in BalVbgOg 

showing the complete coordination by oxygen to fbrni the Mo^o02G unit Sold ines represent iVIo-Mo 

bonds and open ines represent Mo-O bonds. 
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(CN > 4) around 07 atoms. A long distance like that of Mo4-03 Is also observed In the 

structure of K0Mo^^O22' The average distances of Mo-0 and of Mo-Mo In BaMogOg 

are the same as those In the analogous compound PbMogOg  ̂̂  and agree well with 

those In KgMo^4^22'̂  ̂̂ 0.8®^0.6^^7^11  ̂ and In  ̂̂  Mo^Og2'̂  

Fig. 2.2 shows the Intercluster connection In BaMogOg. The Mo^gO^g "̂ clusters 

are connected through a short Inter-cluster Mo2-Mo2 bond distance of 2.778(3) A to 

give an Infinite chain along the a-axis. Notably, such short Inter-cluster Mo-Mo bonding 

in the stnictures of members In the ̂ ^04n+2^6n+2^4/2 series is only observed when n 

-and Other Inter-cluster Mo-Mo distances in BaMogOg are 3.053(2) (Mo2-

Mo4) and 3.099(2) A (Mo2-Mo3). These Inter-cluster Mo-Mo distances are longer than 

those In BaMogO^g (n » 1) but shorter than those In the discrete ollgomeric clusters with 

n " 3,4, and 5. As previously noted J ̂  this comparison Indicates that the Intra-ciuster 

Mo-Mo distances are scarcely affected by the degree of cluster condensation, whereas 

the Inter-cluster Mo-Mo distances significantly decrease with a lower degree of cluster 

condensation. 

The oxygen atoms 01, 02, and 08 are edge-bridging only between Mo atoms in the 

same cluster unit (O )̂. 03,04,05, and 06 are either edge-bridging between Mo atoms 

or terminal to apical Mo atoms and also bonded to the neighboring clusters through either 

terminal or edge-bridging positions (O''̂  or O '̂'), as observed in the structure of 

*^3^°14^22' Atom 07 Is edge-shared between two neighboring Mo^gO^g  ̂clusters 

(O'"'). Subsequently, the structure of BaMogOg may be described by the connectivity 

formula of Ba2 '̂*'((Moio®6'̂ 4/2"®8/2''®)®8/2®"'ĵ '-  ̂three-dimenslonai view down the 

a-axis of BaMogOg Is given in Fig. 2.3, showing the Inter-iinkages between clusters. The 
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structure showing the interduster connections. Solid ines are Mo-Mo bonds and open Ines are Mo-0 

bonds. 
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Fig. 2.3. ORTEP drawing (50 % thermal ellipsoids) of the unit cell of BaMogOg as 

viewed down the a-axis showing the cross-iinldng of clusters by Mo-O-Mo 

bridge bonding and the pockets formed for the Ba atoms ( shown as 

unconnected ellipsoids). Mo-Mo bondings are represented by solid lines 

and Mo-0 bondings by open lines. 
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structure of BaMogOg consists of two Mo^oO^g "̂ clusters per unit cell which are linked 

In the b and o directions through trtgonally bonded oxygen atoms. The Ba^+ ions are 

located in the channels provided by four cross llnl<ed clusters. 

Fig. 2.4 shows the [001] projection of metal-atom substructure for BaMogOg, from 

which the layered stacking of bloctahedrai units (Mo^g) and the inter-cluster connection 

leading to the chain stnjcture are clearly recognizable. The MO-|Q clusters are centered 

at (0,1/2,0) and (0,0,1/2) and the Ba atoms are located roughly atz -1/2. The 

coordination around Ba^+ ions is shown in Fig. 2.5. The Ba^+ Ion is 11-coordinated with 

Ba-0 distances between 2.631 (9) and 3.135(9) A. This Is different from BaMogO-jg 

where Ba^+ Is 12-coordinated with Ba-0 distances in the range of 2.757-2.986 A. The 

La atoms In LaBagMog^ are also 11 -coordinated. The average Ba-0 distance of 2.822 A 

Is a little shorter than the calculated Ba-0 distance of 2.95 A, based on Ba^+ (1.57 A, CN 

= 11) and O "̂ (1.38 A, CN • 4).̂  ̂  The Ba^+ Ion is therefore tightly bonded to the 

oxygen atoms and does not exhibit large thermal parameters. The bond valence 

calculations for Ba^+ ion, based on the empirical equation (eq 1.) developed by Brown 

and Wu,̂  ̂give poor sums of 2.78(9) v.u. In BaMogOg and 2.6(1) v.u. In BaMogO^g. 

Poor bond valence sums for Ba^+ ion are frequently observed, especially In the 

perovskite related structure. ̂ ̂  

S(Ba-O) - [ d(Ba-0)/2.297 ]'70 (1) 
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Fig. 2.4. A perspective view of the condensed cluster units and Ba atoms In 

Bah^ogOg along [001]; Mo atoms as small circles, Ba atoms as large 

circles. Clusters are centered at (0,1/2,0) and (0,0,1/2). 
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06 05 

Fig. 2.5. An ORTEP drawing (50% thermal ellipsoids) showing the coordination 

around the Ba^+ Ions In BaMogOg. 
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Bond Length-Bond Order Relationships 

The numerical values resulting from bond length-bond order calculations, as 

discussed In Section 1, for BaMogOg are tabulated In Table 2.7. The number of metal-

centered electrons (MCE) per Mo^gO^g "̂ cluster unit Is estimated from the sum of the 

Intra-cluster metal-metal bond orders and results In MCE(£n) - 30.5(2) e". The total Mo-

O valence of the Mo^gO^g '̂ cluster unit Is 28.0(4) v.u., assessed from the summation 

of Individual Mo-0 valence on each Mo atom in the Mo îoO^g '̂ cluster unit. The 

number of electrons utilized for metal-metal bonding is then calculated by subtraction of 

28.0(4) from 60, the maximum number of valence electrons of ten Mo atoms in the 

Mo^gO^g '̂ cluster. The resulting MCE(Zs) value of 32.0(4) e" agrees well with MCE(f) 

> 32 e', derived from the fbnnula and the expected values of Ba and O In BaMogOg. 

The low value of MCE(£n), as compared to those of MCE(£s) and MCE(f), is in part 

explained by the strong inter-ciuster Mo-Mo bonds observed In this structure. Ideally  ̂

the number of electrons utilized In Inter-cluster Mo-Mo bonding can be estimated from 

the difference (1.5(2) e ) between MCE(Zn) and MCE(f). The utilizing of the metal-

centered electrons In inter-cluster metal-metal bondings Is evidenced by MCE(ln) = 

31.6(2) e", in which the shortest Inter-cluster Mo-Mo bond order is included in 

calculation. From the total number of electrons about each Mo atom estimated from Ne 

3 £n + £s, the calculations show an average Ne/Mo of 5.96(1) (Inter-cluster Mo2-Mo2 

bond included), which agrees well with the ideal value of 6.0. The total valence 

electrons per Mo atom should equal the periodic group number, 6, If ail electrons are 

Involved In the bonding Mo-Mo or Mo-0 interactions. 
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Magnetic Properties 

BaMogOg is ESR siient. This indication of the diamagnetic property of BaMogOg is 

further confirmed by the pressed peiiet magnetic susceptlbiiity data shown In Fig. 2.6. 

The upper data curve is the corrected raw data, which depicts the paramagnetic impurity 

with an apparent moment of 0.0823 pg/Mo (0.324 pg/molecule). The least square fitting 

to the Curie-Weiss law shown by the solid line through the data gives the fitting 

parameter X® -1.17 x 10"® cm®/Mo, c - 8.47 x 10-̂  cm /̂Mo, and 9 - -3.04 K. The lower 

curve shows the data connected for the paramagnetic Impurity. The essentially 

diamagnetic character of BaMogOg is illustrated by the constant susceptibility within the 

temperature range of measurement. The temperature Independent term of susceptibility 

(XTip) was calculated as 3.47 x 10"® cm /̂Mo (5.39 x 10"̂  cm /̂moiecule). The small 

hump around 50 K arises from the antifen'omagnetic transition In crystalline Og, a trace 

amount of which condensed on the sample and was very difficult to remove. The 

ferromagnetic impurity calculated from the plot of magnetic moment vs. field strength 

corresponds to 26.9 ppm Fe/Mo. 

Resistivity Study 

The D.C. resistivity measurements on a pressed peiiet of BaMogOg is given in Fig. 

2.7. The resistivity increases gradually with the decrease of temperature in the 

temperature range of 296-100 K and then Increases dramatically at temperatures below 

100 K. This increase of resistivity with the decrease of temperature Indicates that 
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Fig. 2.6. A plot of gram magnetic susceptibility of BaMogOg as a function of temperature. The upper curve is the 

data corrected for sample holder and ferromagnetic impurity. The lower curve is the data further 

corrected for paramagnetic impurity. The sofid fine represents the best least squares fitting of data. 
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Fig. 2.7. Resistivity ratio (p(TVp(R.T.)) vs. temperature for a pressed and sintered pellet of BaMogOg 
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BaMogOg Is a semiconductor. The room temperature resistivity of BaMogOg is 0.145 

ohm-cm. Fig. 2.8 shows the plot of logarithmic resistivity vs. reciprocal temperature for 

BaMogOg. Ideally, a semiconductor will give a straight line in the plot of log(p) vs. 1/T. 

The nonlinear behavior In the plot of Fig. 2.8 reflects the presence of Impurity levels In the 

semiconductor energy gap. The energy gap calculated from 190 to 296 K is 0.064 ev. 

This value of 0.064 eV is 0.036 eV smaller than the lowest intrinsic semiconductor energy 

gap l<nown in grey Sn and suggests that the value of 0.0641 eV might not be the intrinsic 

energy gap but the energy gap between impurity level and the conduction band. This is 

also reflected by the continued decrease of resistivity at room temperature, as shown in 

Fig. 2.7. High temperature resistivity measurements on BaMogOg may thus allow us to 

elucidate the Intrinsic semiconductor energy gap and to detect any possible transition 

from semiconductor to conductor. 
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Rg. 2.8. A plot erf log(p) vs. 1/T for BaMogOg. 
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CONCLUSION 

A novel compound that consists of discrete ollgomerlc cluster units belong to the 

^°4n+2(̂ 6n+2^4/2 series has been reported, In which the fragment (n - 2, two 

condensed octahedra) of the [Mo^Og] infinite chain has been Identified as the building 

blocl<. Unlil̂ e compounds®'̂ '̂̂  ̂  containing chain fragments of n • 3,4,5, BaMogOg, 

like other compounds  ̂̂  containing chain fragment of n > 2, show a short Mo-Mo bond 

distance (2.778(3) A) Interconnecting clusters and therefore It can be thought of as 

compound that consists of one-dimensional infinite chains. 

Considering the one-dimensional infinite chain structural feature and the low 

semiconducting energy gap (0.064 eV) that BaMogOg have, it is quite possible that 

BaMogOg is actually a metallic conductor and the weak semiconducting behavior 

observed from the sintered pressed pellet resistivity measurements probably arises from 

the energy barriers between the particles. The four-probe d.c. resistivity measurements 

on a single of BaMogOg should be able to depict whether this material Is a conductor or 

not. In view of the difficulty in growing crystals big enough to do single crystal four-probe 

resistivity measurement, the following aitemative ways are thus suggested: solid state Mo 

isotope NMR measurement, in which a linear relationship between the reciprocal 

relaxation time and the temperature (Korriga relation) or, for this particular compound, a 

constant Knight shift with respect to temperature would be observed on electron 

conducting materiais;̂  ̂ Q-factor measurements of the a.c. resistivity. In which the O-

factor measured on the electron conducting materials is lower than the one without 

conductor.̂  ̂
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SECTION 3. SYNTHESES AND CRYSTAL STRUCTURES OF 

TERNARY MOLYBDENUM OXIDES HAVING THE 

NaMo^Og STRUCTURE TYPE: KMo^Og AND 

®''0.62^°4®6 
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INTRODUCTION 

Compounds containing M0 octahedral metal cluster chains may be classified Into 

two different types based on their building blocks, namely the MgXg and the MgX-|2 

clusters. Chains based on MgXg clusters may be subclassifled Into two groups; one Is 

trans-face-sharing octahedra, another Is trans-edge-sharing octahedra. 

Compounds belonging to the former group (well-known as Chevrel phases) can be 

described by the formula of ^^sn+sxsn+s' where X and n represent chalcogenldes and 

number of Mog octahedra, respectively. The end member of this group was discovered 

in MM03X3 (M - LI - Cs, in, Ti, Ag),̂ '̂  in which the Infinite chains of trans-face-sharing 

MogXg octahedra were observed. Infinite chains of trans-edge-sharing MgXg octahedra 

were first found In the prototype compounds Gd2Ci3® and ScyCiiQ.? 

Chains based on MogX^2 building blocks were observed both in reduced 

binary lanthanlde halldes and in reduced temaiy and quaternary molybdenum oxides. 

The first member observed in this oxide system is NaMo^Og,® which is more electron-

rich (13 e'/Mo4) and more tightly bound than the analogous lanthanlde halldes (7 

e7Mo4). The repeat distance along the cluster chain Is considerably shorter in the 

oxides than those in the halldes. 

The discovery of Bao.62^°4^6  ̂along with NaMo^Og indicated that there may be 

a wide variety of new structures present in this family. Experiments have therefore been 

designed to synthesize analogous compounds with different counterions to find the 

upper limit of Metal-Centered Electrons (MCE) per Mo^Og repeat unit. Another reason 
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for this is to investigate the possibie change of structure and physical properties that 

may arise from different counterions, as already seen in the compounds Sng gMo^Og, 

Pbg yyMo^OgJ ̂  and inMo^OgJ ̂  Reported here are the syntheses and structural 

characterizations of KMO4O0 and Srg ggMo^Og whose structures belong to the 

NaMo^Og stmcture type. 
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EXPERIMENTAL 

Materials 

Potassium molybdate was prepared by the reaction of KOH (Fisher Certified 

A.C.S.) with a stoichiometric quantity of M0O3 (Fisher Certified A.C.S.) In delonlzed 

water. The molybdate solution was filtered, its volume reduced by heating, and the 

precipitate collected on a glass frit. The product was finally dried at 120°C and stored In 

a dry box. Strontium molybdate was prepared by the reaction of SrCOg (Baker 

Analyzed, 99.6%) with a stoichiometric quantity of M0O3 at 550°C In an open crudble. 

The resulting white powder was air cooled to room temperature and then stored in a 

dessicator. Molybdenum tubing was obtained from Thermo-Electron Corp. (99.97%), 

molybdenum metal powder from Aldrich Chemical Co. (99.99%), and molybdenum 

sheet from Rembar Co. (99.95%). 

Synthesis 

KMo40g 

Needle crystals of KMo^Og were discovered In a mixture resulting from the 

reaction of stoichiometric amounts of M0O3, Mo, and a two-fold excess of K2M0O4 

needed for formation of KMo-f -f 7. The reactants were weighed and ground together 

in a dry box. The loose powder was electron beam welded In an evacuated Mo tube (3 
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cm long x 0.8 cm Inner diameter), and held under Ar(g) at 1430°C for 4 days. The outer 

surface of the Mo-tube was oxidized to M0O2 but the Inner surface was still shiny and 

remained Intact. The reaction mixture was washed with water to remove the unreacted 

K2M0O4. The other phases Identified In the product mixture were 

K3M0-I4O22 (discussed In Section 1) and Mo. 

§£0.62^^2426 

This ciystailine compound was discovered as small needle crystals growing on the 

walls of the quartz tube used in the reaction of K2M0O4, SrMoO ,̂ M0O3, and Mo In mole 

ratio 3:6:16:29 (aiming at K2Sr2Mo-|g02e)' The reactant mixture was ground, peiletlzed 

under 700 Kg/cm ,̂ placed In a basket made from Mo sheet, and sealed In an evacuated 

quartz tube which, In turn, was sealed In an evacuated quartz protection tube. The 

reaction was conducted at 1270°C for 10 days. A Gulnier x-ray powder diffraction 

pattern of the bulk sample Indicated that it was a single phase corresponding to 

* .̂5^1.9^^14^22 which will be discussed In Section 6, and was free of Mo, 

M0O2, K2M0O4, and SrMo04. 

X-ray Single Crystal Analysis for KM04O6 

A black needle crystal of KM04O6 having approximate dimensions of 0.10 x 0.03 x 

0.02 mm was mounted on a glass fiber. Data were collected with a Rigaku AFC6R 

diffractometer at room temperature up to 29 = 50° by using graphlte-monochromated Mo 
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Ka radiation and a 12 KW rotating anode generator. A scan mode of 00-29 was used. 

I_attlce parameters were measured fmm a least-squares refinement of 25 carefully 

centered reflections with 14°<20< 27° and gave a tetragonal cell with dimensions: a = 

b = 9.613(2) A, c > 2.878(1) A, and V = 265.9(2) A .̂ Three standard reflections which 

were measured after every 150 reflections showed no apparent variation in intensity 

during the data collection. The linear absorption coefficient for Mo Ka Is 48.73 cm'̂ . The 

intensity data were conected for Lorentz and polarization effects. An empirical 

absorption conection, based on azimuthai scans of several reflections, was applied which 

resulted in transmission fectors in the range 0.886 -1.000. In the octant (h,k,l), 178 

reflections were collected and 139 of them were considered as observed (i > 3 o(l)). 

The space group of P4/mbm (#127) was chosen based on the systematic absences 

of OKI: k * 2n. The structure was solved by starting with the coordinates of the atoms 

from the Isostmctural compound, NaMo^Og, and reflned on I Fl by full matrix least-square 

techniques. All the atoms were refined anisotropically to R - 0.032 and Rw = 0.039. The 

final electron density difference map was flat with a maximum peak of 0.991 e'/A  ̂and a 

minimum peak of -1.429 eVA ;̂ both are close to Mol. 

X-ray Single Crystal Analysis for Srg 32^0405 

A black needle crystal of Sr̂  g2^°406 having approximate dimensions of 0.34 x 

0.01 X 0.01 mm was mounted on a glass fiber. Data were collected on a RIgaku AFC6R 

diffractometer with graphite monochromated Mo Ka radiation and a 12 KW rotating anode 
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generator. The data were collected at room temperature up to 20 - 50° and a scan mode 

of co-20 was used. Lattice parameters obtained from a least-squares refinement of 15 

carefully centered reflections with 13° < 20 < 21*  ̂con-esponded to a orthorhombic cell 

with dimensions: a = 9.432(4) A,b = 9.706(3) A,c.2.852(4) A, and V- 261.1 (4) A^. 

Three standard reflections which were measured after every 150 reflections showed no 

apparent variation in intensity during the data collection. The linear absorption coefficient 

for Mo Ka Is 94.8 cm'̂ . The Intensity data were corrected for Lorentz and polarization 

effects. An empirical absorption con'ectlon, based on azimuthai scans of several 

reflections, was applied which resulted In transmission fcictors in the range 0.840 -1.000. 

A connection for secondary extinction was applied and gave a coefficient of 0.2968 x 10'̂ . 

In the octant (h,k,l), 326 reflections were collected and 172 of them were considered as 

observed (I > 3 o(l)). 

A space group of Pbam (#55) was chosen based on the systematic absences of Okl: 

k22h and hOi: h = 2n. The structure was solved by inputting the coordinates of the 

atoms from the isostoictural compound, BaQ 02^0409 and refined on I F| by full matrix 

least-square techniques. All the heavy atoms were refined anisotroplcaliy and oxygen 

atoms isotroplcally to R = 0.038 and Rw = 0.041. The final electron density difference 

map was flat with a maximum of 1.42 e'/A  ̂and a minimum of -1.72 e'/A  ̂; both are near 

Mo2. 

Details of the data collection and refinement of KMO4O0 and Srg g2^°406 

given In Table 3.1. and 3.2, respectively. Final positional parameters for both compounds 

are listed in Table 3.3. The selected bond distances and angles of KMo^Og and 
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Sro.62^°4^6 Given in Table 3.4 and 3.5, respectively, and Table 3.6 lists out the 

anisotropic thermal parameters of atoms for both compounds. Tables of observed and 

calculated structure factors are available as supplementary materials. 
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Table 3.1. X-ray ctystallographic data for KMO4O0 

empirical formula 

formula weight 

crystal system 

space group 

a, A 

c, A 
V,A3 

Z 

calcd density, g/cm  ̂

FOOO 

crystal size, mm 

H(Mo Ka), cm'̂  

diffractometer 

A, graphite-monochromated 
T,°C 

20, deg 

scan mode 

No. reflections collected 

No. observations (I > 3 o(l)) 

No. variables 

goodness of fit indicator̂  

max. shift In final cycle 

largest peak in final diff. map, e/A  ̂

transmission coefficient 
R*>, RwC 

KMO4O0 
518.85 

tetragonal 

P4/mbm (#127) 

9.613(2) 

2.878(1) 

265.93(2) 

2 

6.48 

235 

0.10 X 0.03 X 0.02 

48.73 

RIgaku AFC6R 

0.71069 

23 

0-50 

<o-2e 

178 

139 

22 

1.15 

0.00 

0.99 

0.886-1.00 

0.029, 0.038 

aQuallty-of-flt - M Fol -I Fcl )2/(Nobs-Nparameters)l̂ '̂  

bR-zllFol-lFcll/llFol 

®Rw = [Zcad Fol -I Fcl )2/I<b| Fol œ » l/o^d Fol ) 
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Table 3.2. X-ray crystallographic data for SrQ @2^0406 

empirical formula ®'"0.e2^°4®e 
formula weight 534.08 

crystal system orthorhomic 

space group Pbam (#55) 

a, A 9.432(4) 

b.A 9.706(3) 

c, A 2.852(4) 

V,A3 261.1(4) 

z 2 

calcd density, g/cm  ̂ 6.79 

FOOO 254 

crystal size, mm 0.34x0.010x0.010 

|i(Mo Ka), cm'̂  94.77 

diffractometer Rigaku AFC6R 

X, A, graphite-monochromated 0.71069 
T,OC 23 

29, deg 0-50 

scan mode (d-20 

No. reflections collected 326 

No. observations (1 > 3 o(l)) 172 

No. variables 29 

goodness of fit indicator̂  1.00 

max. shift In final cycle 0.00 

largest peak in final diff. map, e/A  ̂ 1.42 

transmission coefficient 0.84-1.00 
Rb, Rw° 0.038, 0.041 

aQuallty-of-fIt - [Kod Fol -I Fcl )2/(Nobs-Nparameters)l̂ ^  ̂
bR.z||Fo|.|Fcll/z|Fo| 

CRw - [SgKI Fol -I Fcl )2/z:(o| Fol 2]1/2; ̂  . i/o^d Fol ) 
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Table 3.3. Atomic coordinates and Bgq  ̂for KMO4O0 and Sro,62^°406 

ATOM Position'» Multiplier X Y Z Bgq, 

KM04OQ 

M01 4g 0.250 0.6010(1) 0.1010 0.00 0.27(4) 

Mo2 4h 0.250 0.1428(1) 0.6428 0.50 0.50(4) 

01 4h 0.250 0.2931(8) 0.7931 0.50 0.7(3) 

02 81 0.50 0.0458(8) 0.7591(9) 0.00 0.8(4) 

K 2b 0.127(8) 0.00 0.00 0.50 1.3(1) 

.̂62^°4®6 

M0I 4g 0.50 0.6089(2) 0.0942(9) 0.00 0.3(1) 

Mo2 4h 0.50 0.3634(2) 0.1492(2) -0.50 0.6(1) 

01 4h 0.50 0.721(2) 0.190(2) -0.50 1.4(5) 

02 4g 0.50 0.476(2) 0.260(2) 0.00 0.3(4) 

03 4g 0.50 0.238(2) 0.058(2) 0.00 1.1(4) 

Sr 4e 0.156(4) 0.00 0.00 0.374(3) 0.9(5) 

^Bgq > 8 K /̂3 £U|ja|*aj*a|*aj, where the temperature tactors are defined as 

exp(-2ji2 Zh|hja|*aj*U|j) 

''Space group P4/mbm (no. 127) for KMo^Og and Pbam (no. 55) for Srg 02^0405 



www.manaraa.com

90 

Table 3.4. Interatomic distances and angles In KMO4O0 

Interatomic Distances (A) 

Mola-Molb 2.745(3) Mo1a-02a 2.074(8) 

Mo1a-Mo2 2.779(1) Mo1a-01a 2.036(8) 

Mola-Molc 2.878(1) Mo2-O1c 2.04(1) 

Mola-Mold 3.977(2) Mo2-02a 2.047(6) 

Mo2-Mo2 3.863(3) 

01a-02a 2.868(8) 01c-02a 2.80(1) 

02a-02b 2.90(2) K-01 3.449(2) 

02a02e 2.878(1) K-02 2.762(7) 

Bond Angles (deg) 

Mola-Molb-Mold 90.00 01a-Mo1a-02a 88.5(2) 

Mo1a-Mo2-Mo1b 59.20(6) 02a-Mo1a-02c 175.7(5) 

Mo1a-Mo2-Mo1c 62.37(3) 01c-Mo2-02a 86.3(2) 

M0I b-Mo1a-Mo2 60.40(3) 02a-Mo2-02b 90.2(3) 

Mo1c-Mo1a-Mo2 58.82(2) 02a-Mo2-02e 89.3(3) 

Mo1a-02a-Mo2 84.8(3) 02a-Mo2-02f 173.2(5) 

Mo1a-01a-Mo1c 69.9(4) 
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Table 3.5. Interatomic distances and angles In Srg 02MO4O0 

Interatomic Distances (A) 

Mola-Molb 2.751(5) Mo1a-02a 2.03(2) 

Mo1a-Mo2a 2.772(3) Mola-Ola 2.00(2) 

Mola-Molc 2.852(5) Mo1a-03b 2.07(2) 

Mola-Mold 3.977(2) Mo2a-01c 2.06(2) 

01a-02a 2.84(2) Mo2a-02a 2.08(1) 

01a-03b 2.82(3) Mo2a-03a 2.05(1) 

01c-02a 2.80(2) Sr-01 3.23(2) 

01c 03a 2.84(3) Sr-02 2.95(1) 

02a-02c 2.852(5) Sr-02 2.58(2) 

02a-03a 2.98(2) Sr-03 2.92(2) 

Sr-03 2.55(2) 

Bond Angles (deg) 

Mo1a-Mo1c-Mo1d 90.00 01a-Mo1a-02a 87.7(7) 

Mo1a-Mo1c-Mo2a 59.04(6) 01a-Mo1a-03b 87.8(7) 

Mo1a-Mo1c-Mo2b 59.04(6) 02a-Mo1a-03b 173.6(7) 

Mo1a-Mo1b-Mo2a 60.24(9) 02a-Mo2a-03a 92.4(5) 

Mo1a-Mo2a-Mo1b 59.49(9) 02a-Mo2a-01c 86.7(6) 

Mo1a-Mo2a-Mo1c 61.9(4) 02a-Mo2a-02c 86.7(6) 

Mo1a-Mo2b-Mo1c 59.49(9) 02a-Mo2a-03c 174.0(7) 

Mo1b-Mo1a-Mo2a 60.26(9) 03a-Mo2a-03c 88.0(7) 

Mo2a-Mo1a-Mo2b 88.76(9) 03a-Mo2a*01c 87.3(8) 

Mola-Ola-Molc 90.7(9) Mo1a-02a-Mo2a 84.8(5) 

Mo1a-03b-Mo2b 86.7(7) 
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Table 3.6. Thermal parameters (Â )̂ for KMo^Og and Sro.62^^0406® 

ATOM U11 U22 U33 U12 

KM0v|0g 

Mol 0.0030(6) 0.0030 0.0043(9) -0.0001(5) 

Mo2 0.0030(6) 0.0030 0.013(1) -0.0007(5) 

oi 0.008(4) 0.008 0.008(7) -0.003(5) 

02 0.005(4) 0.008(4) 0.017(5) -0.000(3) 

K 0.019(2) 0.019 0.013(3) 0.00 

§50.62^04^6 

Mol 0.005(1) 0.003(1) 0.005(1) 0.0008(8) 

Mo2 0.001(1) 0.002(1) 0.020(2) 0.0013(9) 

Sr 0.012(4) 0.010(5) 0.01(1) -0.005(3) 

01 0.017(6) 

02 0.004(5) 

03 0.014(5) 

^The form of the anisotropic displacement parameter Is exp[-2R {̂h^a  ̂U(1,1) + 

k2b2 U(2,2) + iV U(3,3) + 2hkab U(1,2) + 2hlac U{1,3) + 2klbc U(2,3)}], where a, 

b, and c are reciprocal lattice constants. U13 > U23 > 0 by symmetry, pace group 

P4/mbm (no. 127) for KMo^Og and Pbam (no. 55) for SrQ g2^^406 
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RESULTS AND DISCUSSION 

Crystal Structure of KMO4O0 

KMO4O0 Is Isostaictural to Nak^o^Og, InMo^Og, Sng gMo^Og, and Pbg yy /̂lo^Og. 

Like those compounds the structure of KMo^Og Is dominated by Mo-Mo bonding In 

infinite chains composed of trans-edge-shared octahedral cluster repeat units along the 

tetragonal c-axis. These chains are connected through Mo-O-Mo interchain linkages to 

weave a square pattern and form tunnels parallel to the c-axIs in which the ternary metal 

ions are tocated. A view of the structure of KMo^Og as projected down the tetragonal c-

axis Is provided in Fig. 3.1. The four-fold symmetry is clearly evident from this view. 

Unlike the structure of NaMo^Og in which Na+ ions display unusually large thermal 

parameters in the a-b plane, the K+ ions in KMo^Og are tightly bonded to the oxygen 

atoms and do not have large thennai parameters. The K-02 bond distance of 2.762(7) 

A is significantly shorter than the calculated K-O distance (2.89 A) based on K+ (1.51 A, 

CN = 8) and O^' (1.38 A, CN = 4).^ 2 

Fig. 3.2 Is an ORTEP drawing of a repeat unit of one octahedral cluster chain in 

KMo^Og along the c-axis. There are two distinct Mo atoms, M0I (waist) and Mo2 

(apex), in this repeat unit. Ail M0I and 02 atoms lie in mirror planes perpendicular to 

the c-axis at z > 0 and 1, while the Mo2 and 01 atoms lie in a mirror plane at z -1/2. 

Two other mirror planes are present in this unit; one contains all of the M0I atoms as 

well as Ola and Olb, the other contains the Mo2, Ole, and Old atoms and bisects the 
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Fig. 3.1. ORTEP drawing (50% tliermai ellipsoids) of a thiree dimensional view of 

tlie KMO4O0 structure as viewed down the tetragonal c-axis. 

Unconnected ellipsoids represent the K atoms. 
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Ole 

Old 

3.2. ORTEP drawing (50% thennal ellipsoids) of a repeat unit of one 

molybdenum-oxide cluster chain In KMo^Og. 
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bonds between Mola-Molb and Molc-Mold. Consequently, the atoms Mol, Mo2, and 

01 lie on sites of mm symmetry while the 02 atoms reside on sites of m symmetry. 

The structure of one cluster chain as viewed perpendicular to the chain direction Is 

given in Fig. 3.3, which shows the trans-edge sharing of the repeating octahedral cluster 

units. The Infinite chain Is comprised of M03O12 clusters fused at opposite edges by 

removal of two edge-bridging oxygen atoms and sharing of the metal and remaining 

oxygen atoms on those edges between cluster units. The unshared Mo atoms occupy 

the apex positions of the octahedra, while the shared Mo atoms occupy the waist 

positions along the chain. Ail 02 atoms are edge-bridged between two neighboring 

clusters (o'''). Oxygen 01c and Old (O '̂') are tennlnai to Mo2 atoms and connect to 

the neighboring clusters at the bridging sites of Ola and 01 b (O''̂ ). The connectivity 

within and between chains can therefore be represented by the formulation 

K+[(M02M04^8«'''02/2®'')0»2®''r-

it Is notable that two compounds of composition KMo^Og in different phases were 

recently reported by Hoffman and cowori<ers.̂  ̂ KMo^Og-l was prepared from a slow 

heating of KO2 In a Mo cylinder to 1080°C at normal pressure. The unit cell of 

KMo^Og-l Is orthorhombic, space group Pbam with a = 9.793(9) A, b - 9.4764(8) A, c » 

2.8732(4) A, and z-2. KMo^Og-ii was recovered after a high pressure decomposition 

of K2M0O4 In gold capsule at 1100°C, 30 Kbar for 30 minutes. KMo^Og-ll crystallizes 

In the tetragonal system, space group P4/mbm, with unit cell dimensions a - 9.612(2) A, 

c • 2.950(1) A, and z > 2. The structural features of KMo^Og-i and KMo^Og-ll are the 

same as those of Ba  ̂g2^°406 NaMo^Og, but the c-axis (2.950(1 ) A) of 
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Rg. 3.3. ORTEP drawing (50% thennal eipsoids) of a segment of one molybdenum-oxide cluster chain along 

the c axis in KMo^Og. The O atoms connected to the apex Mo atoms above and below the chain and 

the coplanar O atoms connected to the waist Mo atoms also fbrni the Mo-OMo inkages to neightioiing 

chains. 
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KMO4O0-II Is significantly longer than the usual Mo-Mo bond distance (2.65 to 2.85 A). 

Interestingly, McCarroll and coworkers have more recently prepared and structurally 

characterized a compound of composition KMo^Og by the electrolysis of fused salts 

mixture.̂  ̂  The unit cell of this compound Is tetragonal, space group P4/m with c-axIs 

ça. 2.88 A. 

Crystal Structure of SrQ g2^°4^6 

The structure of SrQ 02MO4OQ belongs to the NaMo^Og type structure, but with a 

lower symmetry. A compound isostructural and isoeiectronic to SrQ 02^0403 has been 

previously reported as Bag q2^°4^6' where Ba^+ ions are ordered in five of eight 

positions In the channel and lead to a supercell of Bag(Mo40g)g. Within the Infinite 

trans-edge-shared octahedral cluster chains of Bag(M04Og)g, Mo-Mo distances show a 

remarkable long-short-long pattern along the chain direction. 

The stmcture of SrQ g2^^0406 (subcell) as viewed down the c-axis Is given in Fig. 

3.4, which shows that the principal features of this subcell structure are exactly the 

same as those of NaMo^Og except that the unit cell Is distorted from tetragonal to 

orthorhombic symmetry. The square pattern weaved by the Mo-O-Mo interchain 

linkages Is slightly puckered compared to that in NaMo^Og. This is, in part, a result of a 

slight rotation of each cluster chain about Its own axis parallel to the c-axis. The rotation 

of each chain is in a direction opposite to that of its neighbors. The O-O distances 

between atoms in neighboring chains are thus reduced In one direction and Increased In 



www.manaraa.com

Fig. 3.4. ORTEP drawing (50% tliermal ellipsoids) of the structure of Srg ggMo^Og 

as viewed down the c-axIs showing the cross linldng of molybdenum-oxide 

chains by Mo-O-Mo bridge bondings and the pockets formed for the Sr 

atoms (shown as unconnected ellipsoids). 
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the other direction within the a,b plane. The cause of this distortion from tetragonal to 

orthorhombic Is not obvious. It could be due to the presence of the larger and more 

highly charged Sr̂ + and Ba^+ ions which weal<ly interact with the unhybridized p 

orbMals on the sp -̂llke interchain O atoms surrounding the tunnel sites, as evidenced by 

Sr-01 (3.23(2) A) and Ba-01 (3.19(2) A) distances. In the structure of NaMo^Og the 

lone pair p orbitale on the Interchain O atoms evidently do not interact with Na+ ions and 

thus the capability of pi bonding to the molybdenum chains is enhanced. 

The Sr-0 bond distances (ave. 2.846 A) are relatively long compared to the 

calculated Sr-0 distance of 2.74 A based on Sr^+ (1.36 A, CN -10) and O^' (1.38 A, 

ON = 4), and yet Sr̂ + ion has a small temperature factor of Bgq > 0.9 A .̂ The 

oxidation state of the Sr̂ + ion assessed from the bond length-bond order relation,̂  ̂  

Zs(Sr-O) - IId(Sr-0)/2.143]'̂ *® Is 1.69 v.u.. Since there is only 0.62 Sî + ion per 

M04O6, this valence number is in a reasonably good agreement with the anion charges 

of -1.07 and -1.12, estimated from the bond order calculations of Mo-O and Mo-Mo, 

respectively. 

Discussion 

One of the most Interesting features of the M^Mo^Og structures Is the variation in 

the position and occupancy of the tunnel cations. The Na+ and the K+ Ion each fully 

occupies the tunnel site at (0,0,1/2) in NaMo^Og and KMo^Og, respectively. The Na+ 

ions in NaMo^Og exhibited large temperature parameters along the a and b directions 
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and were posltionally disordered in four off-center sites J® while the K+ ions In KMo^Og 

are rather isotropic with small temperature factors. The in+ Ion In InMo^Og fully 

occupies the tunnel site but is displaced to (0,0,0.0987) along the tunnel direction. 

About eight-tenths and one-tenth of the Sn^+ ions In Sno.g^^o^Og are each displaced 

from the cell center to (0,0,0.0148) and (0,0,0.3018), respectively. There Is lii<ely a 

vacancy every tenth subcell. in the structure of Pbg 77M04OQ, two-thirds of the Pb^+ 

Ions are displaced to (0,0,0.28) and a vacancy exists every fourth subcell. in the 

subcell refinement, the Sr̂ + Ion in Srg 02MO4O0 and the Ba^+ Ion in Bag 02^04^6 are 

each displaced to (0,0,0.37) with an occupancy of about 60%. 

These positional displacements and occupational variations obsen/ed in M^Mo40g 

strictures presumably arise from the electrostatic repulsions or bonding interactions 

between counterions. The only exception to this is the structure of KM04OQ, In which 

the K+ ion fully occupies the site at (0,0,1/2). It also appears that the state of ordering 

in the tunnels In MyMo40e strongly depend upon the charge and size of the 

counterions, as well as the number of the electrons transferred to the molybdenum 

chains. 

Table 3.7 is the selected structural parameters for M^Mo4O0 compounds. It Is 

interesting that the Mo-Mo bond distance parallel to the chain axis In KM04OQ Is the 

longest one, while the Mo-Mo distance perpendicular to the chain axis in KM040g is the 

shortest one for those in MxMo40g compounds. From the comparisons of NaMo40g to 

KMo40g and of Bag g2M040g to Srg g2Mo40g, the a and b cell parameters are lll<ely 

dominated by the size of the counterions. A remari<able relationship between c cell 
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parameter and MCE(f) is observed. The c celi parameters apparently decrease with the 

increase of MCE(f). This implies that the Mo-Mo distance parallel to the chain axis Is 

sensitive to the number of electrons available for metal-metal bonding In the cluster unit. 

The consistent observation of the smaller value of MCE(£n) compare to those of 

MCE(2:s) or MCE(f) indicate that some of the MCE electrons enter the metal-metal 

antlbonding states which then weaken the Mo-Mo bonding. The estimation of MCE In 

antibonding states of some reduced molybdenum oxides containing infinite chains of 

trans-edge-shared octahedral cluster units has been studied by McCarley.̂  ̂
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Table 3.7. Selected structural parameters for compounds 

compound a, Â b. A c, A size® MCE(In) MCE(£s) MCE(f) Mo-Mo(//) Mo-Mo(D 

NaMo^Og 9.570(3) 9.570 2.8618(2) 1.16 12.7(1) 12.8(2) 13.0 2.8618(2) 2.753(3) 

KMo^Og 9.613(2) 9.613 2.878(1) 1.51 12.6 13.2 13.0 2.878(1) 2.745(3) 

InMo^Og 9.6650(5) 9.6650 2.8633(3) * 12.3(1) 13.1(2) 13.0 2.8633(3) 2.773(1) 

SnggMo^Pg 9.621(2) 9.621 2.8369(6) 1.22 13.3(1) 13.4(2) 13.8 2.8369(6) 2.7770(8) 

Pbo.77Mo406 9.6119(5) 9.6119 2.8424(3) 1.29 12.7(1) 13.3(2) 13.5 2.8424(3) 2.775(2) 

BBq 62M04O6 9.509(2) 9.825(2) 2.853(1) 1.42 12.4(1) 13.06 13.24 2.853(1) 2.787(4) 

®'b.62^°4^6 9-̂ 2(4) 9.706(3) 2.852(4) 1.25 13.12 13.07 13.24 2.852(4) 2.751(5) 

l̂onic radii (Â) of counterions 
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SECTION 4. SYNTHESIS AND CHARACTERIZATION OF THREE 

COPPER(II) ALKOXIDE CHLORIDE DIMERS WITH THE 

ANION OF THE CHELATING LIGAND 2-{2-

HYDROXYETHYL)PYRIDINE 
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ABSTRACT 

The syntheses and stoictural characterizations are reported for the novei 

compounds [CuCI(hep)]2 (1), [CuCI(hep)(IHhep)]2*2CIH2Cl2 (2), and 

[CuCi(hep)(py)]2*CH2Cl2 (3), where hep is the anion of 2-(2-hydroxyethyl)pyridlne and 

py is pyridine. The magnetic properties of 1 are aiso reported. Compound 1 crystaiiizes 

in the triclinlc system, space group PT. The unit cell dimensions area- 8.018(3) A, b -

8.546(2) A, c - 6.198(2) A, a -100.76(2)°, p -109.99(2)°, y - 89.77(2)°, V - 391.2(4) 

A ,̂ and Z • 1. Compound 2 crystaiiizes in the monoclinic system, space group P2 /̂c. 

The unit cell dimensions are a -10.857(3) A, b • 20.207(3) A, c • 16.694(4) A, p = 

95.09(1)°, V • 3648.0(1) A ,̂ and 2 = 4. Compound 3 crystallizes in the triclinlc system, 

space group PT. The unit ceii dimensions are a - 9.434(7) A, b - 20.718(6) A, c -

8.233(6) A, a - 101.42(4)°, p - 115.61(5)°, y - 90.53°, V - 1414(2) A ,̂ and Z - 2. The 

two halves of the binuclear structures In 1,2, and 3 are held together by ethyioxo 

bridges between the two copper atoms. Compound 1 may aiso be described as a 

polymer of dimers. The dimers are linked through the Intermolecular chloro bridges 

between the copper atoms In a stairstep fashion to give a polymer. The Cu-Ci 

separations are 2.255(1) A (intradimer) and 2.947(2) A (interdimer). The coordination 

geometry around the copper atoms can be described as square-based pyramidal with 

CUO2NCI2 ligation. Compound 2 consists of pseudo-centrosymmetric dimeric units that 

are well separated from one another in the crystal lattice The Hhep llgand binds only 
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through the N atom and leaves the 2-(2-hydroxyethyl) group free. The basal positions of 

the distorted square pyramidal coordination about Cu are occupied by N and O. The CI 

atom Is weaidy bonded In the apical site at a distance of 2.597 A. Compound 3 consists 

of two centrosymmetric dimeric units, one centered at (0,0,0) and another at (1/2,1/2, 

1/2). The molecular structure of 3 Is the same as that of 1, except that the pyridine 

ligands are weakly bonded to Cu atoms at the apical position. Tiie coordination 

geometry around Cu atom Is thus a distorted square pyramid. Interestingly, when under 

reduced pressure, 2 and 3 are each convertible to 1. 
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INTRODUCTION 

The chemistry of copper (II) alkoxldes has not been well-developed. Most of these 

compounds have been found to be insoluble and polymeric, with essentially unt<nown 

structures.̂  Structural information has been derived in most cases from studies of 

spectroscopic and physical properties. There Is thus a need to prepare new all̂ oxide 

derivatives which are soluble in a range of organic solvents and which can be definitively 

structurally characterized. The insoluble, polymeric structures of conventional copper(ii) 

alkoxldes are due to extensive aikoxide bridging.̂  The tendencies for bridging may be 

decreased and solubilities increased by using chelating aikoxide ilgands.̂  Recently, 

one soluble monomeric copper(il) siloxide complex, Cu[OSi(OCMe3)3]2(py)2î  and two 

volatile monomeric copper(ii) alkoxldes, Cu[OCIHMeCH2NMe2]2 and 

Cu[OCH2CI-l2NMeCH2CH2NMe2]2>  ̂have been structurally characterized. This 

section will discuss the synthesis, characterization, and physical properties of three new 

copper(ll) aikoxide complexes, 1, 2, and 3, which contain the bidentate chelating 

aikoxide ligand, hep, the anion of 2-(2-hydroxyethyl)pyr1dlne. 
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EXPERIMENTAL SECTION 

Materials and Methods 

AH reactions and manipulations were carried out under inert atmospheres with the 

use of standard diy box, vacuum, and Schieni< techniques. Copper(ll) chloride was 

dried under vacuum at 130° C for three days and further analyzed for chlorine and 

copper. Chlorine analyses were performed by bringing samples into solution with dilute 

nitric acid and titrating potentlometricaliy with a standard silver nitrate solution. Copper 

analyses were perfbnned lodometrically.® 2-(2-hydroxyethyl)pyridlne was used as 

commercially obtained. Tetrahydrofuran was stirred with sodium metal and 

benzophenone overnight, then degassed, vacuum distilled, and stored over outgassed 

4A molecular sieves before use. Diethyl ether was dried in the same manner. In a 

similar manner, methanol and Isopropanol were dried by addition of sodium metal and 

stirring overnight, followed by vacuum distillation. Pyridine was dried by refiuxing with 

CaH2, distilled and stored under vacuum over outgassed 4A molecular sieves. 

DIchioromethane was refiuxed over P2O5 for 8 hrs., then distilled and stored in a similar 

manner. 

Physical Measurements 

Fourier-transform infrared spectra were recorded on an IBM IR98Î  spectrometer, 

whose sample chamber was flushed with purified nitrogen. Samples were prepared as 
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Nujot mulls and mounted on Csl plates. The magnetic susceptibility measurements 

were carried out on solid polycrystaliine samples with a SQUID magnetosusceptometer. 

The magnetic field strength was set at 5 KQ. Data were taken every 3 degrees from 5 

to 395 K. Measurements of magnetization versus field strength at constant temperature 

were also taken and the resulting data were later used to calculate the amount of 

femsmagnetic Impurity contained in the sample. The temperatures were set at 10,200, 

and 395 K and the field strength was varied in the range from 2000 to 50000 G. The 

femomagnetic impurity calculated from the plot of magnetic moment vs. the field strength 

con^esponds to 11.4 ppm of Fe/molecule. X-band ESR spectra were recorded on both 

powdered and solution samples with a Bruker ER200-SRC instrument equipped with an 

Oxford Instruments ESR 900 flow-through cryostat and a DTC-2 digital temperature 

controller. Spectra were taken at 107 and 297 K. The UV/vlslble spectra were taken 

with a Peridn-Elmer Lambda Array 3840 UV/vIs Spectrophotometer. 

Synthesis 

fCuCI(heD)lg (1) 

Dehydrated copper(ll) chloride was allowed to react with two equivalents of Hhep in 

THF at room temperature for ça. 12 hrs.. The resulting blue mixture was filtered to 

recover the blue precipitate 4, which was then vacuum dried overnight Analysis 

indicated that 4 was CuCl2(Hhep)(THF)2 (90.5 % yiekl). Anal. Calcd for 

CuCl2C  ̂5H2gOgN: Cu, 15.8; CI, 17.6. Found: Cu, 15.0; CI, 17.6. Compound 1 was 

synthesized by dropwise addition of a hexane solution of 2.2 M n-butyllithlum (4.4 ml, 
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9.68 mmol) into a suspension of 4 (1.945 g, 4.841 mmol) in THF. After 10 hr. stining at 

room temperature, a yellow precipitate and a blue filtrate were separated by filtration. 

Tiie blue compound obtained after vacuum removal of solvent from the filtrate was 

dissolved In a minimum amount of GH2CI2. Green crystals of compound 1 were 

discovered after 16 hr. standing at room temperature under vacuum. These green 

crystals are slightly soluble In THF, CH2CI2. and CH3CN. Far iR(Csl): 573{m), 510(w), 

440(sh), 432(m), 357(m), 323(w), 288(w), 266(m), 221 (m). Compound 1 also can be 

prepared quantitatively by a stoichiometric reaction of CUCI2 and Lihep in THF. The 

purity of 1 thus prepared was checked by x-ray powder pattern and elemental analysis 

(Gated: Cu, 28.7; CI, 16.0. Found: Cu, 27.4, CI, 16.0.). 

rCuClfhep)fHheD)1y2CHgCig (2) 

Lithium methoxide was prepared by dropwise reaction of 2.2M n butyilithium In 

hexane with a slightly deficient amount of methanol In hexane. The yellowish white 

precipitate was separated from the filtrate and vacuum dried overnight, then stored in 

the dry box. By following Mehrotra's procedure, copper(ii) methoxide was prepared 

from the reaction of dehydrated copper(ii) chloride with two equivalents of lithium 

methoxide In methanol. The insoluble blue product obtained was filtered and washed 

with parent alcohol thoroughly. After removing excess of solvent and drying under 

vacuum, this blue solid was later found to contain 3% of CI by analysis. Compound 2 

was then synthesized by the aicoholysis reaction of this Cl-contalning copper(ll) 

methoxide with two equivalents of Hhep in THF. A green insoluble product and a dark 

green filtrate were obtained after filtration. An oily product was obtained after vacuum 
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removal of solvent from the filtrate. After dissolving this oily product in a small amount of 

CH2CI21 green crystals of 2 were obtained after two weeks at -10° C, but the yield was 

low. In efforts to increase the yield of 2, reactions of 1 with excess Hhep in either THF 

or CH2CI2 were tested and each gave an insoluble green solid and a dark green filtrate. 

The green solids were identified as 1 by x-ray powder diffraction pattern. The green 

crystals obtained from the filtrate of this procedure gave yields of 2 in the range from 25 

to 40 %. 

rCuClfheD)(pv^1g*CHgClgf3> 

The preparations of lithium isopropoxide and copper(il) isopropoxide were similar to 

those of lithium methoxide and copper(il) methoxide, respectively. The green copper{ii) 

isopropoxide thus prepared also contains a small amount of CI. The reaction of this Ci-

contalning Cu(il) isopropoxide with 2 moles of Hhep in THF resulted In a green solid and 

a dark green filtrate. After vacuum removal of solvent from the filtrate, the residual oily 

product was then recrystaliized from a mixed solvent (CH2Cl2/py » 1/9) at -20 °C for 3 

weei<s. The yield of 3 was low. In an attempt to Increase the yield of 3, a reaction of 1 

with neat pyridine In CH2CI2 was thus conducted and resulted In a clear dark green 

solution. The crystals of 3 grown from this solution were obtained In an yield of 52.9 %. 

Interestingly, upon pumping extensively under vacuum, crystals of 2 and 3 each 

undergo convertlon to 1 by the loss of CH2CI2 solvents and the apical ilgands (Hhep for 

2 and py for 3). 
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Single Crystal Crystallographic Study 

rCuCI(hep)1g (1) 

The green crystals obtained from CH2CI2 were suiprlslngly stable and showed no 

sign of decomposition after a month in air. X-ray data were collected with a RIgaku 

AFC6 diffractometer at room temperature up to 28 > 50° by using graphite-

monochromated Mo Ka radiation. A scan mode of (0-26 was used. No decay of the 

intensities of three standard reflections was observed, in the hemisphere (h, ±k, ±i), 

1483 reflections were collected and 1081 of them were considered as observed (1^3 

o(i)). The absorption coefficient for Mo Ka is 31.64 cm'̂ . Intensity data were 

conected for Lorentz and polarization effects as well as for absorption. 

The intensity statistical test indicated a space group of PI, so both centrosymmetric 

and noncentrosymmetric models were tested. The structure was solved in either case 

by direct methods (Mlthrll)̂  and refined on I f| by full-matrix least-square techniques 

(TEXSAN).̂  The centrosymmetric model gave a residual Index R «• 0.034, R  ̂= 0.044, 

and the noncentrosymmetric one, R - 0.032, Ry  ̂= 0.041. The structural features 

resulting from the two refinements are essentially the same except that in the 

noncentrosymmetric model, one of the bridging Cu-0 distances is relatively long (2.00 

A) and another is relatively short (1.90 A), when compared to the other Cu-0 distances 

in the same model or in the centrosymmetric model (1.93-1.94 A). The coordination 

geometry of one of the copper atoms in the noncentrosymmetric model also slightly 

deviates from a square planar arrangement (sum of angles - 350°). Because the 

differences In bond distances, symmetry, and principal structural features derived from 
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the two models were small, and the acentric structure in general will show a lower R-

value at a given stage of refinement than will the centric one,̂  the centrosymmetrlc 

model was chosen as the prefen-ed one. The final electron density difference map was 

flat to less than ±0.68 e/A .̂ All the hydrogen atoms were introduced at calculated 

positions with C-H > 1.05 A 

rCuClfheDÏÏHhepMg»2CHgClg (2) 

Crystals of 2 are subject to loss of solvent under reduced pressure. Thus, a single 

crystal plcl<ed up from the solution contained in a Schlenk tube was immediately 

mounted on the diffractometer in the low temperature nitrogen stream (-75° C). Data 

were collected with an Enraf Nonius CAD4 diffractometer. lattice parameters were 

measured from 16 reflections with 24° £129 ̂  34°. Graphlte-monochromated Mo Ka 

radiation was employed to collect data with 4° 28 ̂  45°. The 0-20 scan technique 

was used. Three standard reflections showed no apparent variation in intensity during 

the data collection. The absorption coefficient for Mo Ka is p -16.516 cm'̂ . 

The Intensity data were corrected for Lorentz and polarization effects. The space 

group (P2-|/c) was chosen based on the systematic extinctions. Data collected in the 

hemisphere (±h, k, ±i) were then averaged to give a total of 4941 reflections of which 

2161 reflections with i > 3 <y(i) were considered as observed. The y-scan transmission 

coefficients were 0.1436 to 0.9966. The usual empirical conrection for absorption was 

thus not applied, but after the structure was solved, a 0-dependent numerical 

conection^  ̂for absorption was applied, which gave correction factors of 0.807 to 1.832. 

The structure was solved by Patterson methods (SHELXS 86)̂  ̂  and refined with the 
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CAD4-SDP program J ̂  0(11) could not be refined anisotroplcally; all other 

nonhydrogen atoms were refined anisotroplcally to give R - 0.061 and » 0.074. The 

structure was refined to R - 0.057 and R  ̂- 0.063 after deleting five reflections which 

appeared to be seriously In error with Fq « Fg. One of the hydrogen atoms on one of 

the uncoordinated hydroxo groups was located at (0.527,0.135,0.541) from the final 

ED map. The refinement also showed that the sites for the CH2CI2 molecules were fully 

occupied. Hydrogen atoms Introduced by calculation were at a C-H distance of 0.95 Â. 

rCuClfheD)(Dv)1yCHgClgf3) 

Liite 2, crystals of 3 are subject to loss of solvent under reduced pressure. A 

single crystal picited up from the solution contained in a Schienk tube was thus 

Immediately mounted on the diffractometer in the low temperature nitrogen stream (-80° 

C). Data were collected with a Rigaltu AFC6R diffractometer up to 20 > 50° by using 

graphite-monochromated Mo Ka radiation and a 12 KW rotating anode generator. A 

scan mode of (0-26 was used. Cell constants and an orientation matrix for data 

collection, obtained from a least-squares refinement of 20 carefully centered reflections 

with 13° < 26 < 15°, con-esponded to a triciinic cell with dimensions: a - 9.434(7) A, b = 

20.718(6) A, c - 8.233(6) A, a = 101.42(4)°, p = 115.61 (5)°, y - 90.53(5)°, and V = 

1414(2) A .̂ Three standard reflections which were measured after every 150 

reflections showed no apparent variation In intensity during the data collection. The 

linear absorption coefficient for Mo Ka Is 19.19 cm"\ Tiie Intensity data were conrected 

for Lorentz and polarization effects. An empirical absorption correction, based on 

azimuthai scans of several reflections, was applied which resulted in transmission 



www.manaraa.com

116 

factors In the range from 0.57 to 1.00. In the hemisphere (h, ik, ±1), 4986 reflections 

were collected, and 3832 of them were considered as observed (I > 3 o(l)). 

The space group (PT) was chosen based on the statistical analysis of intensity 

distribution. The structure was solved by direct methods (SHELXS-86)̂   ̂ and refined on 

I F| by full-matrix least squares techniques (TEXSAN).̂  All nonhydrogen atoms were 

refined anisotropically to give R = 0.084 and Rw » 0.118. The final electron density 

different map was flat with a maximum of 0.97 eVA  ̂near Cu(2) and a minimum of -1.45 

e'/A  ̂close to Cu(1). The full occupancy of CH2CI2 was proved by the refinement. All 

the hydrogen atoms were introduced at calculated positions with C-H • 0.95 A 

Details of the ciystallographic data fori, 2, and 3 are given In Table 4.1. Final 

positional parameters of 1,2, and 3 are listed In Tables 4.2,4.3, and 4.4, respectively. 

The selected bond distances and angles of 1, 2, and 3 are given in Tables 4.5,4.6, and 

4.7, respectively. The anisotropic themial parameters for compound 1,2, and 3 are 

listed in Table 4.8,4.9, and 4.10. Information about the least squares planes of atoms 

and the observed and calculated structure factors for 1,2, and 3 are available as 

supplementary materials. 
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Table 4.1. X-ray crystailogiaphic data for [CuCI(hep)]2(1)> [CuCi(hep)(Hhep)]2*2CH2Cl2(2), and 

[CuCI(hep)(py)l2*CH2Cl2(3) 

1 2 3 

empirical formula Cu2CI^2'̂ 2^14^16 CU2CIQO4N4C3QI-I3Q ®"2 '̂4®2^4®25'̂ 28 
formula weight 442.28 858.46 685.43 

crystal system triclnic monoclnic triclnic 

space group P-1 P2i/c P-1 

a, À 8.018(3) 10.857(3) 9.434(7) 

b.Â 8.546(2) 20.207(3) 20.718(6) 

c, Â 6.198(2) 16.694(4) 8.233(6) 

a,deg 100.76(2) 90.0 101.42(4) 

P,deg 109.99(2) 95.09(1) 115.61(5) 

Y.deg 89.77(2) 90.0 90.53(5) 

V,Â3 391.2(4) 3648.0(1) 1414(2) 

z. 1 4 2 

calcd density, g/cm  ̂ 1.88 1.563 1.610 

crystal size, mm 0.19x0.10x0.10 0.15x0.24x0.36 0.84x0.84x0.10 

p(Mo Ka), cm"̂  31.64 16.516 19.19 

diffractometer Rigaloi AFC6R Enraf-Nonius CAD4 Rigaioi AFC6R 
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Table 4.1. (continued) 

xa.A 0.71069 

T,®C 23 

2e,deg 0-50 

No. reflections collected 1483 

NO. observations (l>3.0oi) 1081 

No. variables 100 

goodness of fit Indicator̂  1.24 

max. shift in final cyde 0.02 

max. in final diff. map e/A  ̂ 0.68 

scan mode <0-20 

transmission coeff. (̂ scan) 0.8719-1.000 

connection factors(numericaO 

RC;RV/̂  0.034; 0.044 

r̂apHte-monochromated 

bQuaBtynîf-m = [rcD(lFoHFcl)2/(Nobs ' Nparameters)! 

CR=S1|FOHFC||Œ|FO| 

dRw=pm(|FoHFG|)̂ /Zm|Fo|2]1/2. O=i/O2 |̂FO|) 

0.71069 0.71069 

-75 -80 

4-45 0-50 

4941 4986 

2161 3832 

410 334 

1.293 4.50 

0.03 0.08 

0.823 0.97 

6-28 @-26 

0.1436-0.9966 0.570-1.00 

0.807-1.832 

0.057; 0.063 0.084; 0.118 
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Table 4.2. Positional parameters and Bgq for [CuCI(hep)]2(1) 

atom X y z 

Cu 0.59934(8) 0.49942(6) 0.3264(1) 2.44(2) 

CI 0.6394(2) 0.6828(1) 0.1265(2) 3.09(4) 

0 0.5633(5) 0.3803(4) 0.5457(6) 2.9(1) 

N 0.7911(5) 0.3584(4) 0.2738(7) 2.5(1) 

CI 0.9288(7) 0.4208(6) 0.2329(9) 3.0(2) 

C2 1.0677(7) 0.3355(7) 0.208(1) 3.7(2) 

C3 1.0663(8) 0.1756(7) 0.222(1) 4.0(2) 

C4 0.9252(8) 0.1098(6) 0.261(1) 3.7(2) 

C5 0.7887(7) 0.2027(5) 0.2890(8) 2.8(2) 

C6 0.6406(7) 0.1369(6) 0.345(1) 3.4(2) 

C7 0.6278(8) 0.2293(6) 0.573(1) 3.4(2) 

^Bgq • 8 î lZ £U|jaj*aj*a|*aj, where the temperature tactors are defined as 

exp{-2î  Zh|hja|*aj*U|j) 
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Table 4.3. Positional parameters and Bgq for [CuCI(hep)(Hhep)]2«2CH2Cl2(2)̂  

atom X y z À ̂  

Cu(1) 0.18243(8) 0.20495(5) 0.42321(7) 1.35(2) 

Cu(2) 0.39923(8) 0.29866(5) 0.48424(7) 1.31(2) 

Ci(1) 0.5252(2) 0.2322(1) 0.5770(2) 1.95(5) 

Ci(2) 0.0521(2) 0.2749(1) 0.3146(2) 2.11(5) 

01(3) 0.3178(3) 0.0388(2) 0.6895(2) 5.21(9) 

Ci(4) 0.0855(3) 0.4892(2) 0.0971(3) 6.1(1) 

Ci(5) •0.1449(3) 0.3647(2) 0.6254(3) 6.31(9) 

Ci(6) -0.2860(3) 0.3553(2) 0.7647(3) 5.63(9) 

0(1) 0.3400(4) 0.2295(3) 0.3867(4) 1.3(1) 

0(2) 0.2397(4) 0.2738(3) 0.4988(4) 1.2(1) 

0(3) 0.5470(5) 0.0869(3) 0.5244(6) 3.8(2) 

0(4) 0.0354(5) 0.4225(4) 0.3617(6) 3.8(2) 

^Stan'ed atoms were refined isotropically 

^Bgq = 8 n /̂3 £U|ja|*aj*a|«aj, where the temperature tactors are defined as 

exp(-27î  2:h|hja|*aj*U|j) 
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Table 4.3. (continued) 

atom X y z 

N(1) 0.5445(5) 0.3149(3) 0.4013(5) 

N(2) 0.0400(6) 0.1826(3) 0.4857(5) 

N(3) 0.4028(6) 0.3863(4) 0.5244(5) 

N(4) 0.1831(5) 0.1179(3) 0.3614(5) 

C(1) 0.6567(7) 0.3238(5) 0.4410(6) 

C(2) 0.7620(8) 0.3340(5) 0.4012(7) 

C(3) 0.7494(7) 0.3359(5) 0.3191(6) 

C(4) 0.6350(7) 0.3250(4) 0.2775(6) 

C(5) 0.5317(7) 0.3147(4) 0.3209(6) 

0(6) 0.4087(7) 0.2956(4) 0.2787(6) 

0(7) 0.3682(7) 0.2297(5) 0.3036(6) 

0(8) -0.0697(7) 0.1651(5) 0.4448(7) 

0(9) -0.1721(8) 0.1521(5) 0.4859(8) 

0(10) -0.1648(7) 0.1573(5) 0.5674(7) 

0(11) -0.0526(7) 0.1752(5) 0.6088(6) 

0(12) 0.0475(7) 0.1883(4) 0.5667(6) 

0(13) 0.1701(7) 0.2099(4) 0.6088(6) 

Beq''» ̂  ̂  

1.5(2) 

1.6(2) 

1.8(2) 

1.4(2) 

2.0(2) 

2.5(2) 

2.2(2) 

1.8(2) 

1.4(2) 

1.7(2) 

2.1(2) 

2.6(2) 

3.2(3) 

2.5(2) 

2.0(2)* 

1.7(2) 

1.8(2) 
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Table 4.3. (continued) 

atom X y z ^eq^' ^ 

C(14) 0.2084(8) 0.2778(5) 0.5793(6) 2.2(2) 

C(15) 0.4739(7) 0.3945(4) 0.5939(6) 1.7(2) 

0(16) 0.4776(8) 0.4507(5) 0.6359(7) 2.3(2) 

C(17) 0.4067(8) 0.5047(5) 0.6077(7) 3.2(3) 

0(18) 0.3350(8) 0.4965(5) 0.5366(6) 2.4(2) 

0(19) 0.3339(7) 0.4379(5) 0.4978(6) 2.0(2) 

0(20) 0.2504(8) 0.4288(5) 0.4196(8) 3.0(3) 

0(21) 0.1121(8) 0.4301(6) 0.4361(9) 4.0(3) 

0(22) 0.1163(8) 0.1104(5) 0.2882(7) 2.2(2) 

0(23) 0.1209(9) 0.0549(5) 0.2443(8) 3.4(3) 

0(24) 0.1958(9) 0.0032(5) 0.2716(9) 4.1(3) 

0(25) 0.2622(8) 0.0097(5) 0.3432(8) 3.1(3) 

0(26) 0.2574(7) 0.0679(5) 0.3887(7) 2.0(2) 

0(27) 0.3354(8) 0.0751(5) 0.4641(7) 2.9(2) 

0(28) 0.4739(8) 0.0812(5) 0.4513(8) 3.2(3) 

0(29) 0.156(1) 0.4704(7) 0.1921(8) 5.2(3) 

0(30) -0.209(1) 0.1892(5) 0.1952(9) 3.9(3) 
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Table 4.4. Positional parameters and Bgq for [CuCI(hep)(py)]2*CH2Cl2(3) 

atom X y z ®eq® ̂  

Cu(1) 0.3621(2) 0.45089(7) 0.4618(2) 2.57(5) 

Cu(2) 0.1366(2) 0.04923(7) 0.1492(2) 2.51(5) 

Cl(1) 0.1711(3) 0.3854(2) 0.1933(4) 3.1(1) 

Cl(2) 0.3291(3) 0.1147(1) 0.1368(4) 3.0(1) 

01(3) 0.4119(4) 0.2820(2) 0.8661(5) 4.6(1) 

Cl(4) 0.0695(4) 0.2187(2) 0.6735(5) 4.6(1) 

0(1) 0.5113(9) 0.5228(4) 0.651(1) 2.8(3) 

0(2) -0.0126(9) -0.0224(4) 0.1117(1) 2.8(3) 

N(1) 0.231(1) 0.4517(5) 0.601(1) 2.5(3) 

N(2) 0.507(1) 0.3664(5) 0.565(1) 3.0(4) 

N(3) 0.265(1) 0.0474(4) 0.415(1) 2.3(3) 

N(4) •0.012(1) 0.1332(4) 0.190(1) 2.7(3) 

0(1) 0.159(1) 0.3948(6) 0.593(2) 3.2(4) 

0(2) 0.060(1) 0.3932(7) 0.675(2) 4.0(5) 

0(3) 0.040(1) 0.4517(7) 0.770(2) 3.4(5) 

0(4) 0.113(1) 0.5075(7) 0.778(2) 3.6(5) 

0(5) 0.216(1) 0.5094(6) 0.700(2) 2.9(4) 

0(6) 0.313(2) 0.5724(6) 0.721(2) 3.6(5) 

= 8 n /̂3 £U|ja|*aj*a|«aj, where the temperature factors are defined as 

exp(-2ic2 ih|hja|*aj*U|j) 
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Table 4.4. (continued) 

atom X y z Beq®.A2 

0(7) 0.464(1) 0.5636(6) 0.787(2) 2.9(4) 

0(8) 0.480(1) 0.3020(6) 0.471(2) 3.2(4) 

0(9) 0.676(1) 0.2562(6) 0.530(2) 3.3(4) 

0(10) 0.713(1) 0.2717(7) 0.696(2) 3.9(5) 

0(11) 0.749(1) 0.3365(7) 0.795(2) 3.8(5) 

0(12) 0.639(1) 0.3809(6) 0.723(2) 3.4(5) 

0(13) 0.343(1) 0.1032(6) 0.540(2) 2.8(4) 

0(14) 0.443(1) 0.1052(6) 0.724(2) 3.5(5) 

0(15) 0.466(2) 0.0465(8) 0.778(2) 4.4(5) 

0(16) 0.384(1) -0.0101(6) 0.654(2) 3.0(4) 

0(17) 0.288(1) -0.0102(6) 0.475(2) 2.8(4) 

0(18) 0.195(1) -0.0710(6) 0.338(2) 3.5(5) 

0(19) 0.016(2) -0.0659(7) 0.237(2) 4.3(5) 

0(20) 0.015(1) 0.1971(6) 0.187(2) 3.2(4) 

0(21) -0.075(1) 0.2456(6) 0.200(2) 3.4(5) 

0(22) -0.212(1) 0.2262(7) 0.210(2) 3.6(5) 

0(23) -0.247(1) 0.1641(6) 0.210(2) 3.3(4) 

0(24) -0.141(1) 0.1197(6) 0.203(2) 3.3(4) 

0(25) 0.252(2) 0.2476(7) 0.890(2) 4.4(5) 
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Table 4.5. Selected bond distances (A) and angles (deg.) for [CuCI(hep)]2(1 ) 

bond distances 

Cu-O 1.935(3) O-O' 2.359(6)» 

Cu-0' 1.945(3) Cu~.Cu' 3.081 (2)̂  

Cu-N 2.028(4) Cu-CI 2.947(2)° 

Cu-CI 2.255(1) Cu~.Cu' 3.805(2)*: 

bond angles 

O-Cu-O' 74.9(1) Cl-Cu-O 168.1(1) 

0-Cu-N 92.5(1) N-Cu-0' 165.4(1) 

N-Cu-CI 96.0(1) Cu-O-Cu* 105.2(1) 

CI-Cu-0' 95.6(1) Cu—CUCu' 93.11(6)° 

^Nonbonded distance 

''Intradlmer distance 

°lnterdimer distances or angle 
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Table 4.6. Selected bond distances (A) and angles (deg.) for 

[CuCI(hep)(Hhep)]2«2CH2Cl2(2) 

bond distances 

Cu(1)-CI(2) 2.614(3) Cu(2)-CI(1) 2.579(3) 

Cu(1)0(1) 1.932(5) Cu(2)-0(2) 1.929(5) 

Cu(1)-0(2) 1.943(6) Cu(2)-0(1) 1.945(6) 

Cu(1)-N(4) 2.040(7) Cu(2)-N(3) 2.070(8) 

Cu(1)-N(2) 1.993(7) Cu(2)-N(1) 2.006(7) 

0(1)w.0(2) 2.419® Cu(1)w.Cu(2) 3.026  ̂

Cu(1).̂ Cu(2) 6.213C 

bond angles 

Cl(2)-Cu(1)-0(1) 94.7(2) Cl(1)-Cu(2)-0(1) 104.9(2) 

CI(2)-Cu(1)-0(2) 100.7(2) CI(1)-Cu(2)-0(2) 95.3(2) 

Cl(2)-Cu(1)-N(2) 95.1(2) Cl(1)-Cu(2)-N(1) 94.8(2) 

Cl(2)-Cu(1)-N(4) 98.1(2) Cl(1)-Cu(2)-N(3) 95.8(2) 

0(1)-Cu(1)-0(2) 77.3(2) 0(1)-Cu(2)-0(2) 77.3(2) 

0(1)-Cu(1)-N(4) 91.1(3) 0(1).Cu(2)-N(1) 90.5(3) 

N(2)-Cu(1)-N(4) 96.2(3) N(3)-Cu(2)-N(1) 96.4(3) 

0(2)-Cu(1)-N(2) 92.3(3) 0(2)-Cu(2)-N(3) 92.5(3) 

Cu(1)-0(1)-Cu(2) 102.6(3) Cu(1 )-0(2)-Cu(2) 102.8(3) 

^Nonbonded distance 

Întmdlmer distance 

Înterdlmer distance 
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Table 4.7. Selected bond distances (A) and angles (deg.) for 

[CuCI(hep)(py)l2*CH2Cl2(3) 

bond distances 

Cu(1)-Cl(1) 2.301(4) Cu(2)-CI(2) 2.292(3) 

Cu(1)-0(1) 1.942(7) Cu(2)-0(2) 1.946(7) 

Cu(1)-0(1)* 1.929(7) Cu(2)-0(2)' 1.941(7) 

Cu(1)-N(1) 2.012(9) Cu(2)-N(3) 2.000(8) 

Cu(1)-N(2) 2.30(1 )Cu(2)-N(4) 2.32(1) 

0(1)wX)(1)' 2.39(1)® 0(1)w.0(1)' 2.39(1 )« 

Cu(1)̂ Cu(1)' 3.048(3)b Cu(2)w.Cu(2)' 3.066(4)b 

Cu(1)w.Cu(2) 8.17® 

bond angles 

Cl(1)-Cu(1)-0(1)' 95.3(2) CI(2)-Cu(2)-0(2)' 95.4(2) 

Cl(1)-Cu(1)-N(1) 93.9(3) CI(2)-Cu(2)-0(3) 94.8(3) 

Cl(1)-Cu(1)-N(2) 96.0(3) Cl(2)-Cu(2)-N(4) 96.6(2) 

0(1)-Cu(1)-N(1) 91.9(3) 0(2)-Cu(2)-N(3) 91.2(3) 

0(1)-Cu(1)-0(1)' 76.1(3) 0(2)-Cu(2)-0(2)' 75.9(3) 

0(1)-Cu(1)-N(2) 96.5(4) 0(2)-Cu(2)-N(4) 95.2(3) 

N(1)-Cu(1)-N(2) 97.3(3) N(3)-Cu(2)-N(4) 97.8(3) 

0(1)'-Cu(1)-N(2) 95.2(3) 0(2)'-Cu(2)-N(4) 94.9(3) 

Cu(1)-0(1)-Cu(1)' 103.9(3) Cu(2)-0(2)-Cu(2)' 104.1(3) 

^Nonbonded distances 

''intradlnfier distances 

Înterdlnrar distance 
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Table 4.8. Anisotropic temperature parameters for [CuCI(hep)]2(1)̂  

Atom U11 U22 U33 U12 U13 U23 

Cu 0.0414(4) 0.0259(3) 0.0371(4) 0.0041(2) 0.0275(3) 0.0079(2) 

CI 0.0548(8) 0.0316(6) 0.0450(7) 0.0022(5) 0.0330(6) 0.0111(5) 

O 0.056(2) 0.027(2) 0.048(2) 0.012(2) 0.039(2) 0.015(1) 

N 0.037(2) 0.032(2) 0.034(2) -0.001(2) 0.022(2) 0.003(2) 

0(1) 0.039(3) 0.050(3) 0.031(3) -0.002(2) 0.020(2) 0.004(2) 

0(2) 0.040(3) 0.073(4) 0.033(3) 0.004(3) 0.022(2) 0.005(3) 

0(3) 0.052(3) 0.068(4) 0.041(3) 0.022(3) 0.026(3) 0.013(3) 

0(4) 0.057(3) 0.045(3) 0.044(3) 0.019(3) 0.027(3) 0.007(2) 

0(5) 0.049(3) 0.033(3) 0.030(3) 0.003(2) 0.022(2) 0.003(2) 

0(6) 0.057(3) 0.024(2) 0.062(4) 0.008(2) 0.036(3) 0.010(2) 

0(7) 0.064(4) 0.033(3) 0.054(3) 0.012(2) 0.043(3) 0.017(2) 

^The fbmi of the anisotropic displacement parameter is: 
exp[-2 pi2 {h2 U(1.1) + k t̂̂  U(2.2) +12 U(3,3) + 2 hkab U(1,2) + 2 hIac U(1,3) + 2 kIbc U(2,3)}1 where a. b, and 
c are reciprocal lattice constants 
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Table 4.9. Anisotropic temperature parameters for [CuCI(hep)(Hhep)]2«2CH2Cl2(2)̂  

Atom U11 U22 U33 U12 U13 U23 

Cu(1) 0.0144(4) 0.0207(5) 0.0166(6) -0.0027(5) 0.0031(4) -0.0035(6) 

Cu(2) 0.0151(4) 0.0195(5) 0.0157(6) -0.0039(5) 0.0039(4) -0.0021(6) 

Cl(1) 0.028(1) 0.027(1) 0.018(1) 0.002(1) -0.001(1) 0.004(1) 

01(2) 0.025(1) 0.034(1) 0.021(1) 0.004(1) -0.000(1) 0.004(1) 

Cl(3) 0.084(2) 0.056(2) 0.058(3) 0.001(2) 0.001(2) 0.006(2) 

01(4) 0.082(2) 0.064(2) 0.084(3) 0.005(2) 0.005(2) 0.005(2) 

01(5) 0.074(2) 0.087(2) 0.071(3) -0.030(2) -0.034(2) 0.023(2) 

01(6) 0.076(2) 0.065(2) 0.066(3) 0.025(2) -0.030(2) -0.018(2) 

0(1) 0.016(2) 0.028(3) 0.004(3) -0.009(3) -0.000(2) -0.004(3) 

0(2) 0.012(2) 0.027(3) 0.008(3) -0.007(2) 0.004(2) -0.013(3) 

0(3) 0.029(3) 0.038(4) 0.072(7) 0.005(3) -0.031(4) -0.001(4) 

0(4) 0.036(3) 0.048(4) 0.057(6) -0.001(3) -0.019(4) 0.011(5) 

N(1) 0.013(3) 0.025(4) 0.021(5) -0.001(3) 0.006(3) -0.007(4) 

N(2) 0.025(3) 0.024(4) 0.012(5) -0.011(3) 0.003(3) -0.000(4) 

^The form of the anisotropic displacement parameter is: 
exp[-2 pi2 {h2 a2 U(1,1 ) + 1)2 u(2.2) +12 c  ̂U(3,3) + 2 hkab U(1,2) + 2 hiac U(1.3) + 2 kIbc U(2,3)}] where a, b. and 
c are reciprocal lattice constants 
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Table 4.9. (continued) 

Atom U11 U22 U33 

N(3) 0.016(3) 0.020(4) 0.034(5) 

N(4) 0.011(3) 0.020(4) 0.023(5) 

C(1) 0.023(4) 0.039(5) 0.015(6) 

0(2) 0.025(4) 0.029(5) 0.045(7) 

0(3) 0.024(4) 0.026(5) 0.035(6) 

0(4) 0.035(4) 0.023(4) 0.012(5) 

0(5) 0.019(4) 0.023(4) 0.012(5) 

0(6) 0.027(4) 0.023(5) 0.014(5) 

0(7) 0.018(4) 0.039(5) 0.022(6) 

0(8) 0.019(4) 0.051(6) 0.029(6) 

0(9) 0.025(5) 0.041(6) 0.053(8) 

0(10) 0.019(4) 0.037(5) 0.037(7) 

0(11) 0.0 

0(12) 0.015(4) 0.023(5) 0.027(6) 

0(13) 0.028(4) 0.025(5) 0.013(5) 

0(14) 0.028(4) 0.034(5) 0.024(6) 

0(15) 0.031(4) 0.014(4) 0.018(6) 

U12 

0.004(3) 

-0.001(3) 

-0.002(4) 

•0.011(4) 

-0.001(4) 

-0.010(4) 

0.002(4) 

0.000(4) 

0.006(4) 

-0.008(5) 

-0.008(5) 

-0.010(4) 

-0.002(4) 

-0.001(4) 

-0.005(4) 

-0.002(4) 

U13 

0.006(3) 

0.001(3) 

-0.003(4) 

0.012(4) 

0.016(4) 

0.006(4) 

0.001(4) 

0.004(4) 

0.010(4) 

0.003(4) 

-0.001(5) 

0.008(4) 

0.001(4) 

-0.000(4) 

0.007(4) 

-0.005(4) 

U23 

-0.001(4) 

0.000(4) 

-0.001(5) 

0.001(6) 

-0.006(5) 

0.003(5) 

0.004(5) 

-0.001(5) 

-0.010(5) 

0.002(6) 

-0.006(6) 

-0.010(6) 

0.002(5) 

-0.004(5) 

-0.007(5) 

-0.004(4) 
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Table 4.9. (continued) 

Atom U11 U22 U33 

C(16) 0.036(5) 0.029(5) 0.021(6) 

0(17) 0.047(6) 0.024(5) 0.049(8) 

0(18) 0.042(5) 0.035(5) 0.011(6) 

0(19) 0.023(4) 0.037(5) 0.017(6) 

0(20) 0.032(5) 0.029(5) 0.053(8) 

0(21) 0.025(5) 0.049(6) 0.08(1) 

0(22) 0.027(4) 0.034(5) 0.021(6) 

0(23) 0.051(6) 0.041(6) 0.035(8) 

0(24) 0.050(6) 0.036(6) 0.069(9) 

0(25) 0.031(5) 0.028(5) 0.059(9) 

0(26) 0.019(4) 0.029(5) 0.029(6) 

0(27) 0.026(4) 0.029(5) 0.055(8) 

0(28) 0.020(4) 0.028(5) 0.074(9) 

0(29) 0.077(7) 0.10(1) 0.019(8) 

0(30) 0.060(6) 0.037(6) 0.051(8) 

U12 U13 U23 

-0.005(5) -0.012(5) 0.001(5) 

-0.001(5) 0.005(6) -0.003(6) 

0.009(5) -0.002(5) -0.006(5) 

-0.010(4) 0.012(4) -0.004(5) 

0.008(5) 0.007(5) -0i003(6) 

-0.009(5) 0.007(6) 0.000(7) 

0.002(4) -0.000(4) -0.003(5) 

0.004(5) -0.011(6) -0.018(6) 

0.008(5) 0.004(6) -0.021(6) 

0.005(5) -0.002(5) -0.021(6) 

-0.006(4) 0.010(4) -0.003(5) 

-0.001(4) 0.005(5) 0.022(6) 

0.005(4) 0.008(5) -0.012(6) 

0.005(8) -0.003(6) 0.001(9) 

-0.001(6) -0.004(6) -0.007(7) 
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Table 4.10. Anisotropic temperature parameters for [CuCI(hep)(py)]2«CH2Cl2(3)̂  

Atom U11 U22 U33 U12 U13 U23 

Cu(1) 0.0340(8) 0.0397(9) 0.0301(8) -0.0007(6) 0.0221(6) 0.0022(6) 

Cu(2) 0.0336(8) 0.0370(9) 0.0269(7) -0.0020(6) 0.0160(6) 0.056(6) 

01(1) 0.034(2) 0.053(2) 0.033(2) 0.003(1) 0.020(1) 0.003(1) 

01(2) 0.032(1) 0.049(2) 0.038(2) -0.000(1) 0.018(1) 0.013(1) 

01(3) 0.057(2) 0.059(2) 0.065(2) 0.002(2) 0.036(2) 0.006(2) 

01(4) 0.060(2) 0.057(2) 0.056(2) 0.004(2) 0.024(2) 0.014(2) 

0(1) 0.039(4) 0.040(5) 0.034(4) -0.009(4) 0.027(4) -0.006(3) 

0(2) 0.038(4) 0.043(5) 0.026(4) 0.001(4) 0.014(3) 0.011(3) 

N(1) 0.033(5) 0.042(6) 0.029(5) 0.008(4) 0.020(4) 0.007(4) 

N(2) 0.035(5) 0.052(7) 0.031(5) 0.002(5) 0.019(4) 0.008(5) 

N(3) 0.028(5) 0.034(5) 0.024(5) 0.001(4) 0.010(4) 0.006(4) 

N(4) 0.028(5) 0.036(6) 0.034(5) -0.008(4) 0.014(4) 0.001(4) 

^The form of the anisotropic displacement parameter is: 

exp[-2 pi2 {h2 ê- U(1,1 ) + b  ̂U(2,2) +12 c  ̂U(3.3) + 2 hkab U(1,2) + 2 hIac U(1,3) + 2 klbc U(2.3)}] where a. b, and 

c are reciprocal lattice constants 
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Table 4.10. (continued) 

Atom U11 U22 U33 

C(1) 0.040(7) 0.055(8) 0.032(6) 

0(2) 0.041(7) 0.07(1) 0.053(8) 

0(3) 0.036(7) 0.053(8) 0.050(8) 

0(4) 0.043(7) 0.007(1) 0.037(7) 

0(5) 0.041(7) 0.048(8) 0.030(6) 

0(6) 0.060(8) 0.037(7) 0.049(8) 

0(7) 0.039(7) 0.034(7) 0.033(6) 

0(8) 0.036(7) 0.051(8) 0.040(7) 

0(9) 0.038(7) 0.043(8) 0.048(7) 

0(10) 0.039(7) 0.06(1) 0.058(8) 

0(11) 0.032(7) 0.08(1) 0.035(7) 

0(12) 0.041(7) 0.050(8) 0.046(7) 

0(13) 0.032(6) 0.039(7) 0.037(7) 

0(14) 0.039(7) 0.043(8) 0.044(7) 

U12 U13 U23 

0.002(6) 0.021(5) 0.008(6) 

0.005(7) 0.028(6) 0.029(7) 

-0.003(6) 0.032(6) -0.001(6) 

0.017(7) 0.028(6) 0.007(6) 

0.016(6) 0.020(5) 0.013(5) 

0.003(6) 0.039(7) -0.004(6) 

-0.017(5) 0.021(5) -0.013(5) 

-0.001(6) 0.026(6) -0.001(6) 

0.006(6) 0.026(6) 0.004(6) 

0.009(6) 0.033(7) 0.009(7) 

-0.007(6) 0.013(5) 0.009(6) 

0.008(6) 0.028(6) 0.008(6) 

0.003(5) 0.016(5) 0.007(5) 

0.006(6) 0.019(6) -0.006(6) 
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Table 4.10. (continued) 

Atom U11 U22 U33 

0(15) 0.058(9) 0.08(1) 0.029(7) 

C(16) 0.030(6) 0.045(8) 0.042(7) 

C(17) 0.030(6) 0.053(8) 0.035(6) 

0(18) 0.045(7) 0.048(8) 0.044(7) 

0(19) 0.07(1) 0.07(1) 0.030(7) 

0(20) 0.031(6) 0.056(9) 0.030(6) 

0(21) 0.050(8) 0.039(7) 0.046(7) 

0(22) 0.034(7) 0.051(8) 0.053(8) 

0(23) 0.026(6) 0.053(8) 0.043(7) 

0(24) 0.034(7) 0.041(7) 0;048(7) 

0(25) 0.059(9) 0.06(1) 0.050(8) 

U12 U13 U23 

0.004(8) 0.015(6) 0.026(7) 

-0.000(5) 0.018(5) 0.013(6) 

0.004(5) 0.023(5) 0.014(6) 

0.014(6) 0.017(6) 0.022(6) 

-0.019(8) 0.032(7) 0.005(6) 

-0.007(6) 0.011(5) 0.007(6) 

0.015(6) 0.025(6) 0.016(6) 

0.013(6) 0.019(6) 0.013(6) 

-0.005(6) 0.016(5) 0.004(6) 

-0.003(6) 0.017(6) 0.008(6) 

-0.014(7) 0.028(7) 0.006(7) 



www.manaraa.com

135 

RESULTS AND DISCUSSION 

Description of the Structures 

Compound 1 

The stoicture of 1 consists of two monomeric units CuCI(hep) held together by two 

ethyloxo bridges between the copper atoms. The structure of the molecule and its 

orientation in the unit cell of 11s given In Fig. 4.1. The dimeric unit Is centrosymmetric 

and the CU2O2 moiety is exactly planar owing to crystailographic inversion symmetry. 

The Cu(ll) atoms are each 4-coordinate with the ligation CUO2NCI in roughly square-

planar geometry, as shown by the sum of the bond angles about Cu equal to 359.0° 

and the dihedral angle, x, of 5.56° between CU2O2 and CU2N2CI2 planes. This roughly 

planar geometry of copper coordination is unusual for the analogous compounds, 

[CUX(0R)]2 (5),̂ ®'̂ ® where X = CI or Br; OR = anion of aminoalcohoi or Schlff base 

ilgand. The common structural feature of compounds 5 is that the copper coordination 

geometry is considerably distorted from planar toward tetrahedral, where the t angles 

range from 20 to 40°. 

As Illustrated in Fig. 4.2, the structure of 1 may be described more accurately as 

consisting of oxygen bridged dimers held together in an infinite chain by weak chloride 

bridges. The dimers are iinl<ed in a stairstep fashion along [111] through bridging of the 

equatorial CI atoms of the dimers to axial positions above or below Cu atoms of adjacent 

dimers. The coordination around copper is therefore described roughly as square-

based pyramidal, with the apical Cu-CI distance, 2.947(2) A, much longer than the basal 
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Fig. 4.1. ORTEP drawing (50 % thermal ellipsoids) of the [CuCi(hep)]2 (1) 

molecule and its orientation in the unit cell, interdlmer Cu-CI-Cu bridges 

are not shown. 
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Fig. 4.2. ORTEP drawing (50 % thermal elf psoids) showing the intarcHmer Cu-CI-Cu Inkages of [CuCI(hep)]2(1 ) to forni 

a ch£un polymer sdong the [111] drection. The coordination geomeby about ttie Cu atoms is square pyramidal 

with the Cu-Cr or Cu'-CI tMsnds In the axial positions. 
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distance, 2.255(1) A. Thie bridging CuCiCu angle is 93.11 (6)° and tiie interdimer Cu to 

Cu distance is 3.805(2) A. Tiié polymeric nature of 1 caused by this CuCiCu interiinidng 

could explain the unusual stability of 11n the air. This polymer of dimers Is like that 

previously observed in the complex of [CuCl2(pyO)]2 (6),̂ ®'̂ ® where pyO • pyridine N-

oxide. The chloride ions in 6 that form the Cu-Ci-Cu interdimer linkages give a shorter 

Cu CI (apical) distance, 2.836(5) A, than those in 1,2.947(2) A and the Cu 0 distances 

(ave. 2.01 (1) A) in 6 are longer than those (ave. 1.940 A) in 1. The basal Cu-CI 

separation of 2.255(1) A in 1 is longer than those reported for 5 (2.202-2.209 A)̂   ̂ and 

for 6 (2.206 A; 2.217 A).^®'^® 

Compound 2 

in contrast to 1, compound 2 consists of pseudo-centrosymmetric dimeric units that 

are well separated from one another. Two monomeric units CuCi(hep)(Hhep) are held 

together In the same way as in 1. The structure of the dimeric unit is given in Fig. 4.3 

and a view of the unit cell Is shown in Fig. 4.4. As reflected by the presence of the 

pseudo-inversion center, the CU2O2 moiety is still planar with the maximum deviation of 

dkO.013 A by any atom from the least-square plane. The dihedral angle, x, between the 

planes Cu(1 )0(1 )Cu(2)0(2) and Cu(1 )N(2)N(4)Cu(2)N(1 )N(3) is 11.45°. In regard to the 

uncoordinated hydroxyl groups, 0(3) is 4.172(8) A below the CU2O2 plane and 0(4) is 

4.265(8) A above it. The coordination geometry about copper may be described as 

distorted square pyramidal with the Cu atom located an average 0.2531 A, and the CI 

atom an average 2.8467 A out of the basal plane. The Cl(1) and Cl(2) atoms are slightly 

tilted away from 0(2) and 0(1), respectively. These tiitings nrast likely arise from 
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Fig. 4.3. ORTEP draî ng(50 % ihennal eipsoWs) of the molecular stttBlure of (CuCI(hep)(Hhep)l2. 
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S/ 

Rg. 4.4. ORTEP drawing (50 % thermai ellipsoids) of the unit cell of 

[CuCI(hep)(Hhep)]2»2CH2Cl2. 
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H-bondlngs between chloride Ions and the uncoordinated OH groups on Hhep llgands. 

One such H atom was found in the electron density map with distances of 1.03 A to 0(3) 

and 2.06 A to Cl(1). The 0(3)HCI(1) angle Is 168° which leads to an 0(3).-CI 

separation of 3.080 A. Although a hydrogen atom between 0(4) and Cl(2) could not be 

located directly, H bonding Is evidenced by the fact that the 0(4)̂ .01(2) separation of 

3.095 A Is less than their van der Waals distance. 

Compound 3 

The molecular structure and a view of the unit cell of 3 are provided In Figs. 4.5 and 

4.6, respectively. Two centrosymmetric [CuCI(Hep)(py)]2 dimers are centered at two 

different positions, namely (0,0, 0) and (1/2,1/2,1/2). Two monomertc units of 

CuCI(hep)(py) in each dimer are held together In the same way as In 1, and 2. The 

structural features of each Cu(il) dimeric unit In 3 are exactly the same as those of 1, 

except that the apical positions of the square pyramids around Cu atoms in 3 are 

occupied by pyridine molecules which, in turn, eliminate the possibility of polymerization 

of dimers. Compared to 1, the copper coordination geometries In 3 are distorted more 

from planar toward tetrahedrai. The dihedral angle, x, in the dimer centered at (0,0,0) 

is 10.24® and Is 11.05° In the dimer centered at (1/2,1/2,1/2). The copper(il) atoms 

are 0.233 A (ave.) out of the basal planes, each constituted by two O, one N, and one CI 

atoms. 

The apical Cu-CI bonds, 2.597 A (ave.). In 2 are significantly longer than the basal 

Cu CI bonds In 1,3,5, and 6. This weak apical bond is expected because of the four 

short Cu-0 and Cu-N bonds In the basal plane. Similar to 2, the apical Cu-N bonds, 
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Fig. 4.5. ORTEP drawing (50 % thermal ellipsoids) of two [CuCI(hep)(py)]2 dimers 

In 3. DImer a Is centered at (1/2,1/2,1/2) and dimer b at (0,0,0). 
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Fig. 4.6. ORTEP drawing (50 % thermal ellpsoids) of the unit cell of [CuCI(hep)(py)]2*CH2Cl2> 
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2.31 A (ave.), In 3 are significantly longer than the basal Cu-N bonds in 1,2, and 3. This 

weakening of the apical bond around Cu(il) center has also been observed In analogous 

Cu(ll) dimers with apical methoxide or ethoxide ligands.̂ ^ '̂̂  The Cu-O bond distances 

in 1,2, and 3 each average to 1.940 A and agree well with the corresponding values 

(1.90-1.96 A) In compounds containing the CU2O2 moiety. The basal Cu-N 

distances of 2.028(4)A In 1,2.027 A (ave.) In 2, and 2.060 A (ave.) in 3 agree with 

values reported in the literature for similar Cu-N bond lengths. In 2, possibly 

because of the chelating effect of the hep llgand, the Cu-N bond lengths (2.040(7), and 

2.070(8) A) for the unchelated Hhep are slightly longer than those for the chelated hep 

(1.993(7) and 2.006(7) A). The bridging angle Cu-O-Cu, 105.2(1)°, and consequently 

the CU'MCU separation, 3.081 (2) A, in 1 differ little from the corresponding parameters in 

2,102.7° (ave.) and 3.026 A, and in 3,104.0° (ave.) and 3.057 A (ave.), respectively. 

The 0*m0 distance of the CU2O2 moiety is 2.359(6)A In 1,2.419 A in 2, and 2.39 A 

(ave.) In 3. 

Infrared and UV/visibie Spectra 

Infrared spectra were obtained for samples of 1 using nujol mulls. The band 

assignments were aided by a comparison of spectra between the copper(ll) complexes 

and the llgands. The vibration frequencies of 573(m) cm'̂  and 510(w) cm'̂  of 1 most 

lil<ely arise from the Cu-O stretching modes of the CU2O2 moiety. In compound 1 the 

inttadimer (basal) Cu-CI vibrations are probably those located at 357(m) and 323(w) 
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om"\ Also the bands at 440(8h) and 432(m) cm'̂  likely originate from the Cu-N 

stretching modes. These band assignments are consistent with previously reported 

results for Cu-N,and Cu-CÎ  ̂stretching vibrations. UV/vlsibie spectra of 

1 were taken In dilute GH2CI2 solutions and gave three absorption bands nm: 

260,380, and 600-700 (broad)). The strong absorption band at > 260 nm most 

likely arises from the n —> n transition in 2-(2-oxoethyl)pyridine ligand and the 

absorption band at • 380 nm probably from the L —M charge transfer from CI to 

Cu. The broad band from 600 to 700 nm presumably originate from the d —> d 

transition of Cu(li) which has a roughly square planar coordination geometry. 

Magnetic Properties 

Magnetic susceptibility data for 1 were collected over the range 5 - 400 K, as 

shown In Fig. 4.7(a). In Fig. 4.7(b) are shown the data connected for the usual 

diamagnetic core contributions, ferromagnetic Impurity, a temperature Independent 

paramagnetic temn, Not, and a paramagnetic Impurity (̂ gff « 0.1 pg) evident In the raw 

data at T < 100 K. The small peak in the corrected data at ra. 50 K arises from an 

antlfenomagnetic transition in crystalline O2, traces of which condensed on the sample 

and could not be eliminated during the measurements. The constant susceptibility from 

100-150 K reflects a singlet ground state for the dimer 1 and a relatively large singlet-

triplet energy gap. The usual dipolar coupling approach of Van Vleck,̂  ̂with a 

perturbing Hamiitonian •2J (S/̂ «Sg) and = Sg -1/2, was used to fit the data In the 

range 150-400 K to eq. 1. 
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Fig. 4.7. Magnetic susceptibiity data for 1. (a). Raw data. (b). Data conected for diamagnetic atomic core 

contributions, temperature independent paramagnetism, and paramagnetic impurity susceptibility. Sold 

One drawn through the data points represents best least squares fit to eq. 1. 
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JJMCOIT. _ (Ng2pg2/3kT)(1 + x2/3) -1 (1) 

where X - exp(-J/kT) and the other symbols have their usual meanings. From the 

nonlinear least squares program, the best fit to the data yield J > -649 ± 69 cm'̂  and g = 

2.43 ± 0.26. The singlet-triplet energy gap, 2J = -1298 ± 138 cm''' was thus 

established. Because of this strong antifenomagnetic coupling within the dimer and the 

diamagnetic behavior at T < 150 K, the data would be relatively Insensitive to a very 

weak magnetic interdimer coupling, and therefore the possible magnetic interaction 

between two dimers was not considered. This weak magnetic interaction between two 

dinuclear units containing the CU2O2 moiety was recently observed by Sletten et al.̂  ̂

The solution X-band ESR spectrum of 1 in GH2CI2 at room temperature showed 

four lines with a hyperfine splitting of 90 G and an isotropic g value of 2.096. The 

spectrum of a frozen glass solution at T » 107 K also gave four lines, but with a larger 

hyperfine splitting of ça. 160 G. This spectrum is axial with gi - 2.221 and g// = 2.048. 

The spectra of powdered samples at both 107 and 297 K showed the same features as 

the glass sample. The spectral behavior observed is typical of magnetically dilute Cu(ll) 

compounds and is attributable to the presence of monomeric impurities which are also 

revealed by the magnetic susceptibility data at T < 100 K in Fig. 4.7(a). The observed 

hyperfine splitting In the spectra indicate that the Cu(ll) monomeric units (I = 3/2) are 

diluted In an essentially diamagnetic host lattice. It is then concluded that the pure 

dimeric complexes of 1 do not give any detectable ESR signal. 

Hatfield et al.̂ '̂  ̂ have demonstrated that, in planar hydroxo-brldged dimers (type 

I), the singlet-triplet splitting resulting from exchange coupling, -2J, is a linear function of 
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the bridging CuOCu angle, according to eq. 2. A quite different structural 

dependence of the magnetic properties has been observed by Sinn et al.̂ '̂' for a series 

of diphenoxo bridged dimers (type II), In which the llgand environment is considerably 

distorted from planar toward tetrahedral geometry. These compounds conform to eq. 3, 

where x Is the dihedral angle between the plane of the CU2O2 bridging unit and the 

plane of the remaining llgands, as shown In ill. 

><,>< 

I 
III 

/tu: 

II 

2J (cm'l) = -74.53 * + 7270 

2J(cm-1)= 29.7 T-1473 

(2) 

(3) 

A typical example of a type li compound is 5. Compound 6 could be classified as type I 

in tenns of the magnetic properties and the structural features, ̂ ^a y^e molecular 

structure of 11s closely related to that of type 11 except for the small t angle of 5.56°, 

and the singlet-triplet splitting of -1298 ±138 cm'̂  agrees very well with that expected 
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from eq. 3. Notably, the value of 2J - -1298 cm'̂  is the largest known so far fbr dlmerlc 

copper compounds of type il. 

As mentioned In the experimental section, compounds 2 and 3 are both 

interconvertible with 1. When under reduced pressure these interconversions are 

Initiated by the loss of the apical ligands and then the [CuCi(hep)]2 units polymerize 

through the Interdimer Cu-CI-Cu linkages to fonn compound 1. The shortest interdimer 

Cu to Cu distances are 8.213 A (CU(1)*MCU(2)) in 2 and 8.17 A (CU(1)*MCU(2)) In 3. 

Because of the difficulties encountered In the Isolation process, the physical properties 

of 2 and 3 were not measured. 

According to current orbital models for superexchange,̂ '̂̂  the extent of 

antiferromagnetic coupling in a bridged copper(ll) dimer is mainly related to the 

superexchange overlap along the bridging bonds. The larger the overlap, the stronger 

the antifem>magnetlc interaction. Since 1, 2, and 3 involve a planar CU2O2 moiety, the 

superexchange overlap in these compounds depends on the orientation of the copper 

unpaired-electron orbital relative to the CU2O2 bridging plane (the xy plane), in other 

words, the antiferromagnetic interaction is expected to become weaker as the copper 

unpaired electron density in this bridging plane diminishes. 

Compounds 1,2, and 3 belong to type 11 doubly bridged copper(li) dimers. Based 

on the argument of Chiari et al.,̂ ®  ̂In type II system the site symmetry at copper Is 

close to C2 In which d^y and d  ̂belong to the same b irreducible representation and 

the dyy orbital incorporates d^  ̂character to lie In the plane midway between the CU2O2 

plane (the xy plane) and the plane containing Cu and the remaining nonbridglng donor 

atoms (eg. plane Cu2N2Ci2 in 1). As the x angle increases, the in-plane unpaired-
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electron density decreases and thus weakens the antlfen'omagnetlc Interaction between 

copper centers, as qualitatively Justified by eq. 3. The addition of a weak apical bond in 

2 and 3 further reduces the site symmetry at copper from C2 to C .̂ In this latter 

symmetry, d^y can mix with both d  ̂and 0^2 owing to the common a symmetry. 

Consequently, the In-plane electron density at copper Is reduced due to the increased 

Interaction along the z axis and a much lower singlet-triplet energy gaps, as compared 

to that In 1, Is expected in 2 and 3. Based on eq. 3 the larger T angles in 2 and 3 will 

further weaken the antlfenomagnetic coupling between Cu atoms. The Important role 

that the apical bond plays in depressing the antiferromagnetic interaction between Cu 

atoms in Type II copper(ll) dimers were also discussed elsewhere.̂  
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SECTION 5. SYNTHESIS AND STRUCTURE OF A SOLUBLE 

COPPER(II) ALKOXIDE. A DOUBLE SALT FORMED BY 

BIS[2-(2-OXOETHYL)PYRIDINE]COPPER(ll) AND 

LITHIUM TRIFLUOROMETHYLSULFONATE, 

[Cu(C5H4NC2H40)2*U03SCF3]2*4CH2Cl2. 
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ABSTRACT 

The novel compound, [Cu(hep)2*U03SCF3]2*4CH2Cl2 (1), where, hep - 2-(2-

oxoethyl)pyrtdine, was prepared by reaction twtween Cu(03SCF3)2 and LIhep In THF. 

Blue crystals of 1, recovered upon reciystalllzatlon of the material from CH2CI2, 

ciystalllzed In the trlcllnlc system, space group PT. The unit cell dimensions are a -

8.890(3) A, b - 10.863(5) A, c -14.214(7) A, a - 111.35(2)°, p - 91.52(3)®, y -

99.63(2)°' ̂  " 1255(2) A3, and Z- 1. The structure was refined to R- 0.038, Ry  ̂-

0.055. Two Cu(hep)2 monomère are held together through two bridging LI+ Ions of 

lithium trifluoromethylsulfonate, where each Li+ Is bound to two O atoms from one 

Cu(hep)2 monomer, one O atom from the other monomer, and one O atom from the 

CF3SO3' anion. A cIs configuration of hep ligands about the copper atom is observed. 

The local copper coordination geometry Is slightly distorted square planar with an 0(1 )-

Cu-0(2) angle of 84.77(9)®, an N(1 )-Cu-N(2) angle of 91.9(1 )®, and a bond angle sum 

around Cu of 360.8®. The bond distances of Cu-0(1 ) and Cu-0(2) are 1.901 (2) À and 

1.933(2) A, respectively, and the average Cu-N bond distance is 2.009(3) A. 
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INTRODUCTION 

Syntheses of oxides based on hydrolysis of alkoxide precursors can have 

advantages over conventional methods.̂  Processing temperatures may Ise lowered 

and the gels thus formed may be drawn or cast Into various forms, such as fibers or 

films.̂  Alî oxides of copper(il) are of interest as molecular precursors to solid state 

materials such as the high-Tc superconducting copper oxide complexes. Unfortunately, 

owing to the extensive alkoxide bridging between copper atoms, most of these 

compounds have proven to be insoluble and polymeric, with essentially unknown 

structures.̂  Because of this, efforts in the preparation of high-Tc superconductors from 

solutions of alkoxide precursors have suffered from a lack of soluble copper(ll) 

alkoxides.̂ '® Recently, Horowitz et al. reported the preparation of two soluble 

copper(ll) alkoxides, Cu(OCH2CH2NEt2)2 (2) and Cu(OCH2CH20Bu)2 (3) and their 

use in the solution route to high-Tc superconductor.̂  About the same times, Goel et 

al.® reported the preparation of a soluble copper(ll) alkoxide, 

[Cu(OCH2CH20CH2CI-l20Me)2]n (4) where n ̂  5, and its use In the hydrolytic 

synthesis of YBa2Cu30y.x. However the structures of 2,3, and 4 were not determined. 

In this laboratory, syntheses of several new copper(il) alkoxides have been 

developed as a result of the general effort to prepare precursors suitable for synthesis of 

high Tc superconductors by the sol-gel approach.̂  In addition to the compounds 

[CuCI(hep)]2 (5), [CuCI(hep)(Hhep)l2*2CH2Cl2 (6), and [CuCI(hep)(py)l2«CH2Cl2 (7) 

reported eariler,̂  ̂ The synthesis and structure of a novel soluble copper(ll) alkoxide 

complex, [Cu(hep)2*Li03SCF3]2«4CH2Cl2 (1), Is described In this section. 
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EXPERIMENTAL SECTION 

Mateiials and Methods 

All the reactions and manipulations were carried out under Inert atmospheres with 

the use of standard dry-box, vacuum, and Schlenk techniques. Copper(ll) triflate, 

Cu(03SCFg)2, and 2-(2-hydroxyethyl)pyridine, Hhep, were used as commerically 

obtained. Tetrahydrofuran was dried by addition of sodium metal and benzophenone 

followed by stirring overnight, degassing, vacuum distillation, and then stored over 4A 

molecular sieves before use. Diethyl ether was dried In the same manner. 

Dichloromethane was refluxed over P2O5 for 8 hrs., then distilled and stored In a similar 

manner. 

Infrared Spectra 

Fourler-transfonn Infrared spectra were recorded on an IBM IR98FT spectrometer, 

whose sample chamber was flushed with purified nitrogen. Samples were prepared as 

Nujoi mulls and mounted on Csl plates. 

Synthesis 

The lithium salt of 2-(2-hydroxyethyi)pyridine, Uhep, was prepared by a dropwise 

addition of n-BuLI/hexane solution into 2-(2-hydroxyethyl)pyridine, Hhep, in THF. After 
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Stirring for several hours at room temperature, the resulting yellowish white solid was 

filtered out, vacuum dried overnight, and then stored in the dry box. Compound 1 was 

synthesized by vacuum transfer of THF (20 ml) onto the solid mixture of Cu(OgSCFg)2 

(1.282 g, 3.55 mmoi) and Lihep (0.915 g, 7.09 mmol). The reaction mixture was 

vigorously stirred at room temperature for one day. Although no precipitate was 

observed, the blue solution was filtered and a blue solid was obtained after vacuum 

removal of THF and washing of the product with diethyl ether. A solution of the blue 

solid was then prepared in CH2CI2 and stored at 20°C. After 3 days, blue crystals of 1 

were obtained. Far IR(Csl): 574(m), 558(m), 517(m), 470(w), 446(m), 424(m), 362(w), 

350(w), 275(w), and 215(w). 

Crystaiiographic Study 

Crystals of 1 are air sensitive and subject to loss of solvent under reduced 

pressure, whereupon they turn purple. Thus, after recrystallizatlon from CH2CI2, a 

single crystal with the size of 0.50 x 0.20 x 0.30 mm  ̂was picked up directly from the 

solution contained in a Schlenk tube held at 78°C. This crystal was then protected 

from air by epoxy resin, attached to a glass fiber, and immediately mounted on the 

diffractometer in a low temperature nitrogen stream (-70°C). Data were collected with 

an Enraf-Nonius CAD4 diffractometer equipped with locally modified low-temperature 

devices. Graphite-monochromated MoKa radiation was employed to collect data with 

4° ̂  28 50°. The 00 scan technique was used, intensity data were con-ected for 

Lorentz and polarization effects. An empirical correction for absorption was based on y 



www.manaraa.com

159 

scans. No decay of the intensities of three standard reflections was observed. Data 

coiiected in the hemisphere (h, ik, dd) yielded a total of 4709 reflections of which 3743 

reflections with I > 3 o(l) were considered as observed and used in the subsequent 

structure solution and refinement. 

Lattice parameters were determined by a least-squares refinement of 22 accurately 

centered reflections with 26° ̂ 29  ̂36°. The space group PI was chosen based on 

the statistical test of intensities. The structure was solved by direct methods (SHELXS-

86)̂  ̂  and refined by full-matrix least-square techniques to R > 0.038, > 0.055. The 

final electron density difference map was flat with the highest peai< of 0.85 e/Â  ̂located 

near the copper atom. The refinement also showed that the sites for the CH2CI2 

molecules were fully occupied. All the hydrogen atoms were introduced at calculated 

positions with C-H = 1.05 A. 

Details of the data collection and refinement are given In Table 5.1. Final positional 

parameters and selected bond distances and angles are listed in Tables 5.2 and 5.3, 

respectively. The anisotropic temperature factors of atoms are listed In Table 5.4. 

Infomiatlon about the least squares planes of atoms and comparison of calculated and 

observed structure factors are available as supplementary materials. 
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Table 5.1. X-ray crystallographic data for 
[Cu(C5H4NC2H40)2*U03SCF3]2*4CH2Cl2 

empirical formula 
formula weight 
crystal system 
space group 
a, A 
b,A 
c, A 
a, deg 
p,deg 
y, deg 
V,A3 
z 
Calcd density, g/cm  ̂
FOOO 
crystal size, mm 
H(Mo Ka), cm"̂  
diffractometer 

T.OQ 
20, deg 
No. reflections collected 
No. observations(l > 3o(l)) 
No. variables 
goodness of fit indicator̂  
max. shift In final cycle 
largest peak In final diff. map, e/A  ̂
scan mode 
transmission coeff. 
R®, Rw/* 

Cu2ClgS2FeO-| o'̂ 4^34'-'2'̂ 40 
1267.42 
tricllnic 
PÎ 
8.890(3) 
10.863(5) 
14.214(7) 
111.35(2) 
91.52(3) 
99.63(2) 
1255(2) 
1 
1.68 
638 
0.50 X 0.20 X 0.30 
14.63 
Enraf-Nonius CAD4 
0.71069 
-70 
4-50 
4709 
3743 
317 
1.68 
0.14 
0.85 
a> 
0.3542-1.000 
0.038,0.055 

^Graphlte-monochromated 
"QuaHly-of-W - MFoHFc|)Z/(NobsNpammelem)l̂ '̂  
°R-I||FoHFc||/I|Fo| 
dRw - [Ia)(|Fo|-|Fc|)2/Za)|Fo|2]1/2. _ 1/o2(|Fo|) 
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Table 5.2. Positional parameters and Bgq for 

[Cu(C5H4NC2H40)2*U03SCF3l2*4CH2Cl2 

atom 

Cu 

X 

-0.01893(4) 

y 
0.21921(3) 

z 

0.90827(3) 

®EQ® 

1.76(1) 

Cl(1) 0.3734(1) 0.5274(1) 0.69953(9) 4.76(5) 

Cl(2) 0.2484(1) 0.7521(1) 0.68446(9) 4.52(5) 

Cl(3) 0.1809(1) 0.2743(1) 0.4313(1) 5.26(5) 

Cl(4) 0.3761(1) 0.0758(1) 0.37444(8) 3.85(4) 

S 0.21238(8) 0.62828(7) 1.24822(6) 2.03(2) 

F(1) 0.3274(3) 0.7755(3) 1.4332(2) 5.6(1) 

F(2) 0.2163(4) 0.5756(3) 1.4125(2) 7.2(1) 

F{3) 0.0828(4) 0.7223(3) 1.4147(2) 6.0(1) 

0(1) -0.1443(2) 0.2903(2) 1.0136(2) 2.13(7) 

0(2) 0.1013(2) 0.3997(2) 0.9589(2) 1.87(6) 

0(3) 0.0751(2) 0.5252(2) 1.2094(2) 2.53(7) 

0(4) 0.3527(3) 0.5795(3) 1.2275(2) 3.8(1) 

0(5) 0.2054(3) 0.7507(2) 1.2323(2) 2.87(8) 

N(1) -0.1194(3) 0.0284(2) 0.8835(2) 1.88(8) 

N(2) 0.1129(3) 0.1582(2) 0.7942(2) 1.96(8) 

LI -0.0216(6) 0.4616(5) 1.0722(4) 2.2(2) 

> 8 >1 /̂3 £U|ja|*aj*a|*aj, where the temperature Victors are defined as 

exp(-2jt2 zh|hjaj*aj*U|j) 
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Table 5.2. (continued) 

atom X y z Beq«, A2 

C(1) -0.0350(4) -0.0686(3) 0.8632(2) 2.5(1) 

C(2) -0.0960(4) -0.1999(3) 0.8463(3) 2.8(1) 

C(3) -0.2537(4) -0.2362(3) 0.8477(3) 2.9(1) 

C(4) -0.3410(4) -0.1369(3) 0.8702(2) 2.6(1) 

C(5) -0.2710(3) -0.0038(3) 0.8898(2) 2.0(1) 

C(6) -0.3587(3) 0.1090(3) 0.9207(2) 2.2(1) 

C(7) -0.2867(4) 0.2199(3) 1.0212(2) 2.3(1) 

C(8) 0.0493(4) 0.0738(3) 0.7016(3) 2.5(1) 

CO) 0.1331(4) 0.0303(3) 0.6201(2) 2.8(1) 

C(10) 0.2902(4) 0.0783(4) 0.6336(3) 3.0(1) 

C(11) 0.3555(4) 0.1656(3) 0.7286(3) 2.7(1) 

C(12) 0.2657(3) 0.2043(3) 0.8083(2) 2.0(1) 

C(13) 0.3293(3) 0.2993(3) 0.9135(2) 2.3(1) 

C(14) 0.2599(3) 0.4252(3) 0.9484(2) 2.4(1) 

C(15) 0.2066(5) 0.5828(4) 0.6719(4) 4.7(2) 

C(16) 0.3699(5) 0.2477(4) 0.4296(4) 5.0(2) 

C(17) 0.2096(5) 0.6782(4) 1.3845(3) 3.7(1). 
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Table 5.3. Selected bond dlstances(A) and angle8(deg.) for 

[Cu(C5H4NC2H40)2*U03SCF3]2*4CH2Cl2 

bond distances 

Cu-O(l) 1.901(2) 0(2)'-U 1.948(6) 

Cu-0(2) 1.933(2) 0(3)-LI 1.937(6) 

Cu-N(1) 2.012(3) Cl(1)-C(15) 1.777(5) 

Cu-N(2) 2.006(3) Cl(2)-C(15) 1.755(5) 

8-0(3) 1.451(2) Cl(3)-C(16) 1.752(5) 

8-0(4) 1.432(3) 01(4)0(16) 1.754(5) 

8-0(5) 1.438(3) 8-C(17) 1.814(4) 

0(1)-C(7) 1.394(4) F(1)-C(17) 1.323(4) 

0(2)0(14) 1.414(4) F(2)-C(17) 1.322(5) 

0(1 ).u 1.868(5) F(3)-C(17) 1.319(5) 

0(2)-U 1.946(6) 

bond angles 

0(1)-Cu-0(2) 84.77(9) 0(1)-Cu-N(2) 175.1(1) 

0(1)-Cu-N(1) 92.2(1) 0(2)-Cu-N(2) 91.9(1) 

0(2).Cu-N(1) 166.8(1) N(2)-Cu-N(1) 91.9(1) 

U.0(1)-Cu 96.6(2) Cu-0(2)-U 93.0(2) 

Cu-0(2)'-LI 118.4(2) LI-0(2)-U' 79.8(2) 

8-0(3)-LI 124.4(2) 0(1)-LI-0(3) 120.7(3) 

0(1)-U-0(2)' 114.0(3) 0(3)-U-0(2) 119.1(3) 

0(3)-U-0(2)' 113.0(3) 0(2)-U-0(2)' 100.2(2) 
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Table 5.4. Anisotropic temperature parameters for [Cu(CgH^NC2H^O)2*LiOgSCFg|2*4CH2Cl2 (A )̂̂  

Atom U11 U22 U33 U12 U13 U23 

Cu 0.0202(2) 0.0160(2) 0.0277(2) 0.0001(1) 0.0030(1) 0.0062(2) 

01(1) 0.0623(7) 0.0582(7) 0.0637(8) 0.0169(5) 0.0031(5) 0.0243(6) 

Cl(2) 0.0649(8) 0.0553(7) 0.0601(7) 0.0151(5) 0.0162(5) 0.0295(6) 

01(3) 0.0610(8) 0.0518(7) 0.080(1) 0.0185(5) 0.0050(6) 0.0131(6) 

01(4) 0.0470(6) 0.0461(6) 0.0482(6) 0.0090(4) 0.0009(4) 0.0119(5) 

S 0.0271(4) 0.0199(4) 0.0277(4) 0.0004(3) -0.0002(3) 0.0082(3) 

F(1) 0.091(2) 0.054(2) 0.044(1) -0.021(1) •0.031(1) 0.009(1) 

F(2) 0.171(3) 0.056(2) 0.046(1) •0.011(2) -0.024(2) 0.035(1) 

F(3) 0.086(2) 0.077(2) 0.045(1) 0.003(2) 0.030(1) 0.003(1) 

0(1) 0.024(1) 0.020(1) 0.031(1) -0.0029(8) 0.0049(9) 0.0055(9) 

0(2) 0.021(1) 0.017(1) 0.029(1) 0.0001(8) 0.0028(8) 0.0062(8) 

0(3) 0.033(1) 0.028(1) 0.029(1) •0.006(1) •0.002(1) 0.010(1) 

0(4) 0.033(1) 0.035(1) 0.073(2) 0.009(1) 0.007(1) 0.016(1) 

0(5) 0.043(1) 0.028(1) 0.042(1) 0.002(1) 0.003(1) 0.019(1) 

N(1) 0.025(1) 0.019(1) 0.028(1) 0.002(1) 0.002(1) 0.009(1) 

N(2) 0.023(1) 0.019(1) 0.030(1) 0.0001(1) •0.001(1) 0.008(1) 

^The forni of tiie anisotropic displacement parameter is exp[-2 {̂h^  ̂U(1,1) + U(2,2) + l̂ c  ̂U(3,3) + 2hkab 
U(1,2) + 2hlac U(1,3) + 2klbc U(2,3)}], where a, b, and c are reciprocal lattice constants 
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Table 5.4. (continued) 

Atom U11 U22 U33 

0(1) 0.036(2) 0.026(2) 0.035(2) 

0(2) 0.051(2) 0.022(2) 0.039(2) 

0(3) 0.055(2) 0.022(2) 0.033(2) 

0(4) 0.038(2) 0.024(2) 0.032(2) 

0(5) 0.030(2) 0.020(1) 0.023(1) 

0(6) 0.023(1) 0.024(2) 0.034(2) 

0(7) 0.027(2) 0.024(2) 0.033(2) 

0(8) 0.029(2) 0.026(2) 0.034(2) 

0(9) 0.043(2) 0.034(2) 0.028(2) 

0(10) 0.044(2) 0.038(2) 0.033(2) 

0(11) 0.030(2) 0.035(2) 0.039(2) 

0(12) 0.026(2) 0.021(1) 0.030(2) 

0(13) 0.020(1) 0.030(2) 0.033(2) 

0(14) 0.022(1) 0.026(2) 0.036(2) 

0(15) 0.043(2) 0.054(3) 0.082(4) 

0(16) 0.048(3) 0.045(3) 0.084(4) 

0(17) 0.069(3) 0.035(2) 0.028(2) 

U 0.030(3) 0.021(2) 0.029(3) 

U12 U13 U23 

0.008(1) 0.003(1) 0.011(1) 

0.011(1) 0.011(2) 0.015(1) 

0.002(1) 0.008(2) 0.012(1) 

-0.004(1) 0.007(1) 0.010(1) 

-0.002(1) 0.001(1) 0.009(1) 

0.000(1) 0.003(1) 0.010(1) 

0.001(1) 0.006(1) 0.010(1) 

0.004(1) 0.000(1) 0.007(1) 

0.011(2) 0.000(1) 0.009(1) 

0.012(2) 0.010(1) 0.014(2) 

0.004(1) 0.008(1) 0.016(2) 

0.003(1) 0.004(1) 0.012(1) 

0.002(1) -0.001(1) 0.008(1) 

-0.003(1) 0.004(1) 0.006(1) 

0.006(2) 0.012(2) 0.028(2) 

0.001(2) 0.009(2) 0.010(2) 

-0.008(2) -0.004(2) 0.009(2) 

0.001(2) -0.002(2) 0.009(2) 
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RESULTS AND DISCUSSION 

Description of the Structure 

The structure of 1 consists of two Cu(hep)2 monomeric units held together through 

two bridging molecules of lithium trifluoromethylsulfonate located alMve and below the 

plane constituted by the two copper(ll) monomers. Each LI+ Is bound to three O atoms 

of the hep ligands, two from one Cu atom and one from the other, and to one O atom of 

one CF3SO3' anion. A view of the structure of one of the monorner units is given In Fig. 

5.1 and the structure of the entire dimer Is shown In Fig. 5.2. The Cu(ll) atoms are 4-

coordlnate and adopt a cis configuration of the.ligated atoms, with the CUO2N2 skeleton 

In essentially planar geometry, as shown by a bond angle sum about Cu of 360.8°. The 

0(1)-Cu-0(2) angle Is slightly closed from 90° to 84.77(9)°, while the N(2)-Cu-N(1), 

0(1) Cu N(1), and 0(2)-Cu-N(2) angles are each opened to about 92°. 

The only Cu(ll) alltoxide complexes previously structured having essentially 

monomeric 4-coordlnate units are trans-bls(N-n-butyl-pyr1doxylldeneiminato)copper(ll) 

(8),̂  ̂trans-bls(N-isopropyl-5,6-benzosallcylldeneaminato)copper(ll)(9)̂  ̂and the 

recently published siloxide-pyridlne complex trans-Cu[OSI(OCMe3)3]2(py)2(10).̂  ̂

Complex 10 is most closely related to 1, although the fomner was described as having a 

severely distorted tetrahedral bond configuration about Cu(ll). The cis configuration of 

llgand atoms about the copper atom in 1 is observed for the first time In such bidentate 

complexes; compounds 8, 9, and 10 all have a trans configuration around Cu(ll). This 

unusual cis configuration of 1 presumably arises from the bonding of the cis O atoms to 
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CIO 

Fig. 5.1. Ortep drawlng(50 % thermal ellipsoids) of the Cu(hep)2*U03SCF3 

monomer, interdlmer coupling by the lithium triflate is not shown. 
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Fig. 5.2. Ortep drawing(50 % thermai eilipsoids) of [Cu(hep)2*LI03SCFg]2 dimer 

showing the bridging of lithium trifiate between two Cu(hep)2 monomers. 
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one of the LI+ ions in chelate fashion. It seems unlikely that the cis configuration would 

be obtained If the lithium triflate were not bonded in this way. 

As illustrated In Fig. 5.2,1 is the first compound whose structure involves two 

monomers held together through bridging-salts, as opposed to several other copper(il) 

alkoxide or phenoxide dimers^ '̂̂ '̂̂ ® whose components are held together through 

organic llgands. The bridging-lithium Ions have pseudo-tetrahedrai coordination 

geometry. The LI0(2)U'0(2)' plane is exactly planar owing to the crystallographic center 

of inversion. The U-0(2)-U' angle is 79.8(2)°, which leads to a value of 100.2(2)° for 

the angle 0(2)-U-0(2)'. The Cu-0(2) bond distance of 1.933(2) A is longer than that of 

Cu-0(1 ), 1.901 (2) A, most likely because of the higher coordination number of 0(2) than 

of 0(1 ). This coordination difference also explains the significant difference between the 

bond distances of Li-0(2), 1.947 (ave.), and U-0(1), 1.868(5) A. interestingly, the Cu-

0(1) distance in 11s significantly shorter than the Cu-O distances (1.929 -1.946 A) in 5, 

6, and 7. This shorter Cu-0(1) distance probably originates from the less electropositive 

LI+ ion In 1 as compared to the divalent Cu+  ̂Ions in 5, 6, and 7. The average Cu-N 

separation in 1,2.009 A, is consistent with previously reported values for Cu-N bond 

lengths (1.91 - 2.19 A).̂ ®»^®'̂ ® The presence of the bulky triflate llgands above and 

below the plane composed of the two copper(ii) monomers and lithium ions in 1 may 

provide sufficient steric hindrance to prevent a 5-coordlnate arrangement around the 

Cu(ll) center. 
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Infrared Spectra 

The Infrared spectrum of 1 displays the characteristic absorption bands (cm'̂ ) of 

the trifiuoromethane sulfonate ligand:̂ '̂  1285(m); Vg(CF3) at 1242(m); 

ÔS(CF3) at 773(w); Va@(S03) at 1165(m); Vg(S03) at 1030(m); and 6 (̂803) at 558(m). 

The absorption bands at 574(m) and 517(m) cm~  ̂ of 1 probably originate from the Cu-0 

stretching modes and those at 446(m) and 424(m) cm"̂  most likely arise from the Cu-N 

stretching modes. These band assignments were aided by a comparison of spectra 

among 1, bls(trifiuoromethyisuifonate)copper(ll), and the hep ligand. The observed 

wave numbers agree with previously reported values for the CF3SO3' anion and for Cu-

Q10,23,24 gnd Cu-N^®'̂ ® stretching vibrations. 
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SECTION 6. THE PREPARATION AND PARTIAL 

CHARACTERIZATION OF SOME REDUCED TERNARY 

OR QUATERNARY OXIDES OF MOLYBDENUM AND 

ONE COPPER(II) ALKOXIDE COMPLEX 
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INTRODUCTION 

The chemistry of ternary or quaternary molybdenum oxides containing discrete 

ollgomeric cluster units Just begin to be explored. Very few of these compounds are 

known to date. In the past five years compounds BaMogO^g,̂  LaMogOg,̂  PbMogOg,̂  

^0.8^"0.6^°7^11 ln-| ̂  R/lo^gOgg  ̂have been reported but none of their physical 

properties was discussed. In the course of this reduced molybdenum oxide research, 

besides compounds that have been structurally characterized and their physical 

properties have been discussed In Sections 1 and 2, several other compounds have 

also been synthesized and are tentatively formulated as KQ 5M1 ,gMo-| 4O22 (M - Ca, 

Sr, Ba, Pb, and Sn), Ca3.̂ MOj4022> RbMogO-jg and Sng gMoig024 (superstructure 

of Sng gMo^Og )̂. This section reports the preparation and partial characterization of 

these compounds. 

In the course of research on the copper(li) alkoxide complex system with anion of 

2-(2-hydroxyethyi)pyrindine as ligand, several Interesting alkoxide complexes have been 

discovered (Sections 4 and 5). Reported here is another new compound discovered 

along this line. 
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EXPERIMENTAL 

Materials 

Potassium molybdate was prepared by the reaction of KOH (Fisher Certified 

A.C.S.) with a stoichiometric quantity of M0O3 (Fisher Certified A.C.S.) in deionized 

water. The molybdate solution was filtered, Its volume reduced by heating, and the 

precipitate collected on a glass frit. The product was finally dried at 120°C and stored In 

a dry box. Strontium molybdate was prepared by the reaction of SrCOg (Baker 

Analyzed, 99.6%) with a stoichiometric quantity of M0O3 at 550°C in an open crucible. 

The resulting white powder was air cooled to room temperature and then stored In a 

desiccator. Calcium molybdate was prepared by mixing an aqueous solution of calcium 

chloride (Baker Analyzed Reagent) with an aqueous solution containing stoichiometric 

quantity of sodium molybdate (Fisher Certified A.C.S.). The white precipitate was 

filtered, washed with water, dried at 120 °C under vacuum, and then annealed at 

800 °C. SnO was prepared by the method of Welser and Mliilgan.® The prepared solid 

was dried and stored In a desiccator. Molybdenum tubing was obtained from Themio-

Electron Corp. (99.97%), molybdenum metal powder from Aldrich Chemical Co. 

(99.99%), molybdenum sheet from Rembar Co. (99.95%), and M0O2 (99.0%) and PbO 

(99.9%) powder from Alfa Products. 
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Synthesis 

lSo.5^1.9^521 • Ca. Sr. Ba. Pb. and Sn) 

In a typical reaction, a stoichiometric amount of M0O3, K2M0O4, MM0O4 (or M'O) 

(M - Ca, Sr, Ba, M' - Sn, Pb) and Mo were ground together in a mortar, pressed into a 

peiiet, and sealed In an evacuated quartz tube which, in turn, was sealed in another 

evacuated quartz tube, in some reactions pellets were wrapped with Mo-fbil before 

being sealed in the quartz tube and in some cases a 2-fùid excess of K2M0O4 was 

used. The reaction conditions employed were at 1250 °C to 1280 °C for 8 days. The 

products of these reactions usually contained minor phases of Mo and/or M0O2 and a 

major phase of the unknown compounds. X-ray powder diffraction data of these 

unknown compounds were the same and con-esponded well to that of KgMo  ̂4O22 

(Section 1) except with a higher symmetry. Quantitative elemental analysis without 

standards on four different ciystals of the K-Ba-Mo-0 phase were performed by SEM 

and resulted In an average mole ratio K : Ba : Mo = 0.23 : 0.94:7. The formula 

Kg gM  ̂9M014O22 was thus tentatively assigned for these compounds. Notably also, 

compounds Ko.5^1.9^°14^22 were always observed as the major phase in products 

of reactions made up for the preparation of K2M2Mo^g02Q (n - 4) compounds. Other 

minor phases in these latter products were phases corresponding to MxMo40g, M0O2, 

and Mo. 
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Ç@3-x^14@22 

The reactant mixture contains CaMoO ,̂ M0O2. and Mo In mole ratio 3:5:6. The 

work-up procedure was the same as that of K2MMo^^022, and the reaction condition 

was 1 lOO^C for 61/2 days. No single crystals were observed In the product. The x-ray 

powder diffraction data of the bulk sample indicated a singie phase corresponding to the 

compound tentatively formulated as CaMogOg (Anal. Found: Ca, 6.25; Mo, 72.0; Mo 

(+2.80)) by Toraradi.̂  In an attempt to grow single crystals suitable for x-ray data 

collection, the buik sample was reground, left as powdered sampie, sealed in double 

quartz tubes as usual, and then fired at 1150 for 16 days. The resulting product 

contained crystals that were too small to do any single crystal work. 

Sng gMo f̂euperstTucture of Snq gMo>|Og) 

Cylindrical crystals of the title compound were discovered In a mixture resulting 

from the reaction of KgMoO ,̂ SnO, M0O3, and Mo in mole ratio 3:6:22:29 (aiming at 

KgSngMo-igOgs (n = 4)). The reactants were peiietlzed, sealed in a Mo tube which. In 

turn was sealed in a quartz tube, and then held at 1280°C for 8 days. The other phases 

in the product mixture were K0.5M1 .gMo^^Ogg (major) and crystals of Mo (cubic) and 

M0O2 (needle). Single crystal data collection on the RIgaku diffractometer indicated 

that the unit cell belonged to the tetragonal system (space group 14/mmm) with cell 

dimensions a = b = 13.561(1) A (72 a'), c = 5.659(1) {J2c'), and V -1040.7(3) A ,̂ where 

a' and c' are the unit cell dimensions of Sng gMo^Og subceii. The superceii thus has a 

volume four times the size of the subceii. Single crystal elemental analyses without 
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standards were done with SEM and the average mole ratio of Sn : Mo > 0.9 :3.9 (no K 

was found) was observed. Therefore the formula of Sn0 gMo^gO24 was tentatively 

assigned. 

PbMOfiOiQ 

Small plate crystals of the title compound were found in a mixture resulting from a 

stoichiometric reaction of PbO, M0O3, and Mo. The reactants were sealed In a double 

quartz tube and fired at 1200°C for 7 days, slowly cooled down to 500°C, and then 

furnace cooled. A Gulnler powder pattern of the bulk product Indicated that it contained 

an unknown phase and a small amount of M0O2. The standard quantitative element 

analysis on polycrystalline sample was done on a Cambridge S-200 microscope (SEM) 

with Mo, M0O3 and PbO as standards. The analysis revealed a mole ratio of Pb : Mo : 

O -1 :5.97:10.8. The formula of PbMogO^g was thus tentatively assigned. 

A new copper alkoxide complex 

The title compound was synthesized by the reaction of Cu(03SCF3)2 (0.48 g, 1.33 

m mol) and a slightly excess of 2-(2-hydroxyethyl)pyridlne (Hhep) [0.40 ml (d - 1.093 

g/ml), 3.5 mmoQ with an excess amount of KOH In THF at room temperature for 30 

minutes. The resulting green mixture was then filtered to give a brown solid and a dark 

green filtrate. The dark green oily compound obtained after vacuum removal of THF 

was dissolved In a minimum amount of CH2CI2 solvent. Blue crystals were obtained 

from this saturated CH2CI2 solution after 1 month In freezer (-20 °C). 
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Powder Diffraction Data 

An Enraf Nonius Deift triple focusing Guinier x-ray powder diffraction camera was 

used with Cu Ka  ̂radiation (X, -1.54056 A) to obtain d-spaclngs. National Bureau of 

Standards silicon powder was mixed with all samples as an Internal standard. The lines 

and their relative intensities for the compounds Kg gBa  ̂.9^14^22' ̂ B3-X^°14^22' 

and PbMogO-|o are listed in Tables 6.1 through 6.3, respectively. 
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Table 6.1. Observed d-spacings for Kg gBaj gMo  ̂4O22 

d-Spacing Intensity  ̂ d-Spacing intensity  ̂

6.700 S 2.038 w 

6.062 vw 1.943 s 

3.111 w 1.911 vw 

2.961 m 1.829 w 

2.694 w 1.703 m 

2.496 m 1.494 w 

2.403 m-s 1.442 w 

2.333 w 1.437 w 

2.268 w 1.335 vw 

2.198 w 1.223 vw 

Întensities: s = strong, m-s » medium to strong, m > medium, w - weak, vw = very 

weak 
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Table 6.2. Observed d-spacIngs for Ca3.xMo-|4022 

d-Spacing Intensity  ̂ d-Spacing Intensity  ̂

6.480 s 2.160 w 

5.493 m 2.055 m 

4.316 w 1.977 w 

3.797 m 1.943 w 

3.111 m 1.906 m 

2.967 m 1.850 m 

2.878 s 1.823 m 

2.848 w 1.782 m 

2.771 w 1.679 m 

2.674 s 1.666 w 

2.498 s 1.567 w 

2.463 w 1.460 m 

2.455 w 1.427 m 

2.409 m 1.420 m 

2.393 s 1.375 w 

2.367 m 1.351 w 

2.269 s 1.294 w 

2.233 m 1.231 w 

2.194 s 1.204 w 

Întensities: s - strong, m = medium, and w = weak 
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Table 6.3. Observed d-spacings for PbMogO^g 

d Spacing Intensity® d-SpacIng Intensity® 

6.602 w 2.225 w 

4.712 m 2.197 w 

4.622 m 2.180 m 

3.555 w 2.099 w 

3.488 w 2.053 w 

3.299 m 1.994 w 

3.112 m 1.949 w 

3.022 m 1.939 m 

2.929 s 1.928 s 

2.863 m 1.881 w 

2.815 w 1.867 w 

2.760 w 1.827 w 

2.689 m 1.814 m 

2.523 w 1.688 m 

2.474 w 1.487 w 

2.404 w 1.481 w 

2.388 s 1.436 m 

2.360 vw 1.422 w 

2.310 vw 

Întensities: s » strong, m = medium, w » weak, and vw > very weak 
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Single Crystal X Ray Ctystallographic Study 

Sng g^  ̂gOg>l fsupercell of Snq gMo^Og) 

A black cylindrical crystal of Sng gMo^g024 having approximate dimensions of 

0.20 X 0.06 X 0.08 mm  ̂was mounted on a glass fiber. Data were collected with a 

RIgaku AFC6R diffractometer at room temperature up to 28 - 50° by using graphite 

monochromated Mo Ka radiation and a 12 KW rotating anode generator. A scan mode 

of (ù'2B was used. Lattice parameters and the orientation matrix for data collection were 

measured from 25 carefully centered reflections with 13° < 20 < 17°. The lattice was 

found to belong to the tetragonal (l-centered) system with cell dimensions: a « b » 

13.561 (1) A, c > 5.659(1) A, and V -1040.7(3) A^. Three standard reflections which 

were measured after every 150 reflections showed no apparent variation in Intensity 

during the data collection. An empirical absorption correction was applied, based upon 

azimuthal scans of several reflections with transmission factors in the range from 0.7491 

to 1.000. Of the 554 reflections which were collected in the octant (h, k, 1 ), 536 were 

unique (R|p( > 0.003) and 517 were considered as observed (1 > 3 o(1)). The Laue 

symmetry was detemilned as 4/mmm. and space group 14/mmm (#139) was then 

chosen based on the systematic absence of hkl: h + k + i # 2n, hkO: h + k # 2n, Okl: k + i 

# 2n, and hhl: I # 2n. 
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PbMogO-io 

The oscillation and zero-level Weissenberg photograplis of two plate crystals of the 

title compound, each of which was twinned, resulted in unit cell dimensions : a - 9.98 A, 

b - 9.4 A, c - 7.44 A, and a » 90°. Three zone axis ([100], [110], and [111]) electron 

diffraction patterns on powdered sample were measured on Jeol iOOcx S/TEM 

microscope and the unit cell thus estimated was orthorhombic primitive with ceil 

dimensions: a • 10.28 A, b > 9.49 A, c = 7.39 A. 

A new copper alkoxide complex 

Lii<e most of the copper(ll) alkoxide complexes found in the course of this work, 

crystals of the title compound were subject to loss of solvent under reduced pressure. A 

crystal picked up from the solution contained in a Schlenk tube was thus mounted on 

the diffractometer in the low temperature nitrogen stream ( 80°C). Data were collected 

with a RIgaku AFC6R diffractometer up to 20 = 50° by using graphlte-monochromated 

Mo Ka radiation and a 12 Km rotating anode generator. A scan mode of Q>-2e was used. 

Cell constants and an orientation matrix for data collection obtained from a least-

squares refinement of 25 carefully centered reflections with 13° < 26 < 15°, 

corresponded to an orthorhombic ceil with dimensions; a - 17.795(4) A, b - 21.452 (6) 

A, c- 9.403 (6) A, and V = 3589(3) A^. Three standard reflections which were 

measured after every 150 reflections showed no apparent variation in intensity during 

the data collection. During the course of data collection the crystal was recentered 

almost every 150 reflections, and the need to do this probably arose from the presence 
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of two single crystals growing on top of each other In the specimen used for data 

collection. An empirical absorption con^ction was applied, based upon azimuthal scans 

of several reflections with transmission tactors in the range from 0.8710-1.000. 

In the octant (h, k, I), 3613 reflections were collected and 2677 of them were 

considered as observed (I > 3 o(l)). The Laue symmetry was determined as mmm and 

the statistical Intensity test Indicated an acentric space group. The space group P2-|ab 

(#29 nonstandard setting) was chosen based on the systematic absence of hOI: h # 2n, 

hkO: k # 2n, (OkO: k * 2n), and (hOO: h ̂  2n). This nonstandard cell was then 

transformed to the standard cell Pca2-| by the matrix 

0 1 0 

0 0 1 

1 0 0 
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RESULTS AND DISCUSSION 

Several crystals of 1(0 5^1.9^^014022 examined by prellmlnaiy film work were 

twinned. Based on tlie crystal's appearance, crystals having better quality were 

observed In the product of reaction at 1280 °C and on Kg gBa  ̂.9^°14022' However, 

two crystals, one a K-Sn-Mo oxide and another a K-Ba-Mo oxide, appeared to have 

quality suitable for data collection based on the Welssenberg photographs, but these 

were subsequently found to be twinned. The continuous observation of 

KQ 5M1 gMoi4022 in the preparations aiming at K2M2M013O28 gave a strong sign 

about the existence of KQ.SM-] .9^0-14022 and the necessity of further studies. Crystais 

of Ca3.̂ Moi 4O22 obtained from a longer reaction time (16 days) at 1150 °C were too 

small to do single crystal x-ray work. A higher reaction temperature and an even longer 

reaction time might be necessaiy for growing crystais suitable for x-ray diffraction work. 

Besides the conventional solid state preparation, other preparation options, such as 

chemical transport reaction and molten salt mixture, should be tested. The transport 

agent BaCi2 and molten salt medium such as, CaMoO  ̂and CSM0O4, may be worth 

testing. 

Axial photographs of Sn3 qMO-|q024 agreed well with the indexed unit cell 

dimensions, but attempts to solve the structure based on the subcell stmcture 

refinement of Sno gMo40g were unsuccessful. Application of transmission electron 

microscope (TEM) technique may indeed be necessary for finding the real superceil of 

the Sng 9MO4O0 subcell. 
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The unit cell dimensions (a • 10.28 A, b > 9.49 A, c - 9.39 A orthorhombic) derived 

from TEM electron diffraction on powdered sample of PbMogO^o agree well with those 

(a " 9.98 A, b" 9.4 A, c- 7.44 A, and a - 90°) derived from the preliminary film wori< on 

twinned crystals. The point/space group of this compound may be determined by the 

Convergent Beam Electron Diffraction (CBED) technique. For a complete stmctural 

characterization, preparation of crystals suitable for single crystal x-ray data collection Is 

necessary. 

Both Patterson (SHEI_XS)̂  and direct methods (MITHRIL  ̂and SHELXS )̂ were 

tested for the structure solution of the new copper alkoxide complex reported, but 

neither one of them gave a woritable structure solution. A good x-ray diffraction data set 

collected on a single crystal is thus vital for the structure solution of this new copper 

alkoxide complex. 
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SUMMARY 

Structures determined for the highly reduced ternary molybdenum oxides have 

t>een dominated by the Mo^Og repeat unit derived by condensation of Mo@0^2 dusters, 

even though chains based on MgXg-type clusters have been previously observed In 

molybdenum chalcogenldes and halldes of early transition and rare earth metals. From 

the structural point of view, the reason for the fondation of the MogO  ̂2'̂ P® cluster 

rather than the MogOg-type, Is that the latter normally requires higher electon counts 

and much shorter Mo-Mo bonds which are then Incompatible with the required Mo-Mo 

and 0###0 spaclngs along the edge^shared chains. 

In the chemistry of highly reduced molybdenum oxides, the preparation of 

compounds containing Infinite chains of trans-edge-shared octahedra Is well established 

In this laboratory. Six different crystallographic structure types have been discovered In 

this class of compounds. But very few compounds containing discrete ollgomeric cluster 

units are known to date. A common structural feature of the ollgomeric cluster units Is 

the strong-weak bond alternation between apical Mo atoms. The stabilities of structural 

distortions (pairing of apical Mo atoms vs. tilting of Mog octahedra) of these units were 

also studied by Extended Huckel calculations.̂  ̂ For example. In the structure of 

K3M0'f 46221 in which finite chains of three edge-fused octahedral cluster units (n = 3) 

are observed, the evident preference for an alternating pairing of the apical Mo atoms 

over a tilting of the Mog octahedra is also suggested by Extended Huckel calculations. 

The study of magnetic properties suggested that KgMo^4022 might undergo charge 

disproportionation, such that clusters with 42 and 44 valence electrons, rather than 43, 

are fonned. The compound BaMogOg with Mo^g duster units has a short Interciuster 

Mo-Mo bond distance of 2.778(3) A, and therefore the cluster units can be thought of as 
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strong together in one dimensional infinite chains. And yet, the pressed pellet resistivity 

measurements suggests that the material is a low band gap semiconductor. 

Exploration of the possible existence of the compounds x**^°14(̂ 22 

Ca3.yMo-|4022 suggests that research on the ternary or quaternary molybdenum 

oxides containing ollgomeric cluster units of n ̂  3 should still be a fertile area. But the 

preparation of these compounds may require a higher reaction temperature (T > 1300 

°C) or different synthetic methods, such as use of chemical transport reactions, molten 

salt mixtures, and hydrothennal reactions, it also appears that K Is probably too big for 

the fdnnatlon of K4M0130231 and that possibly, a rich chemistry of KxM4.xMo^3023 (M 

- divalent metals) compounds is waiting to be discovered. 

Considerable progress has been made In the research area of soluble copper(ll) 

alkoxide complexes. The system of copper(li) alkoxides with anion of 2 (2-

hydroxyethyl)pyridlne (hep) as ligand has been exptored in the course of this work. As a 

result, four soluble copper(li) alkoxides, [CuCi(hep)]2(7), [CuCi(hep)(Hhep)]2*2CH2Cl2 

(8), [CuCI(hep)(py)]2*CH2Cl2(9), and [Cu(hep)2«U03SCF3]2*4CI-l2Ci2(10), have been 

discovered. 

Compound 7 has a strong antifernsmagnetic coupling (2J > -1298 ±138 cm'̂ ) 

within the dimeric unit and its stmcture is described more accurately as a polymer of 

dimers. interestingly, when under reduced pressure, compounds 8 and 9 each lose the 

apical ligand and CH2CI2 solvent molecules and converts to 7, a polymer of dimers. In 

compound 10, a cis configuration of hep llgands about Cu atoms is observed for the first 

time In such bidentate copper(ii) alkoxide complexes. Compound 10 is a heterometalllc 

alkoxide in which two Cu(hep)2 monomers are held together through two bridging U+ 

ions of lithium trlfluoromethylsulfonate to form a dimer. 
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Although compounds containing oligomers of Cu(hep)2 units are still unknown and 

remain to be discovered, compounds 7,8,9, and 10 are important In the general effort 

to prepare precursors suitable for the synthesis of high-Tc superconducting copper 

oxides by sol-gel approach. According to Caulton and Hubert-Ptaizgraf's discussion, 

the remaining chtorines in the copper(ll) alkoxide chloride compounds of 7,8, and 9, 

may act as functional groups and be subsequently replaced by OR groups (eq. 1). 

THP 
[CuCi(hep)(L)]2 + 2KOR [Cu(0R)(hep)(L)]2 + 2 KCI (1) 

In efforts to prepare copper(li) alkoxide complexes containing oligomers of 

Cu(hep)2 units, the preparation of [Cu(hep)2"LI03SCFg]2*4CH2Cl2 (10) could be 

modified as fbltows: 

Cu(OgSCF3)2 + 2 Hhep + 2(or excess) KOMe 

CH2CI2 (2) 

2/n (Cu(hep)2ln + 2 MeOH + 2 KO3SCF3 K2(Cu(hep)20IVIe]2 + HO3SCF3 

CH2CI2 
7, 8, or 9 

(3) 

[Cu2(hep)3(OMe)(L)]2 + 2 KCI 
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The chloride and llthlum-free copper(ll) complexes thus prepared would be the 

potential precursors to the preparation of hIgh-Tc superconductors through the sol-gel 

approach. It may be also possible to prepare heterometallic alkoxides containing Y, Ba 

and Cu In a stolchiometry conresponding to YBa2CugOy by reactions of these chioride-

and llthlum-free copper(il) complexes with aiî oxides or oxoalkoxides of Ba and Y. 

Although Y-Ba-Cu heterometallic alkoxide complexes are not known to date, the 

heterobimetalllc alkoxides Ba2Cu2(0A)̂ (acac)̂ #2H0R (R > CH2CH2OCH3) has been 

recently prepared by Sauer et al.̂  ̂(eq. 4). 

[Cu(acac)(̂ -OR)]2 + Ba(0R)2 > Ba2Cu2(OR)̂ (acao)̂ (ROH)2 + 

(Cu(0R)2lm (4) 

Hubert-Pfaizgraf and coworkers also claimed that a heterometallic oxoalkoxide 

containing both Y and Ba couM be prepared by the reaction of YgO(OPî )i3 with 

Ba(OPr')2 at room temperature.̂ ® In closing, the chemistry of homometaiilc or 

heterometallic copper(ll) alkoxide complexes suitable for the preparation of high-Tc 

superconductors via either soi-gel or MOCVD (metal-organic chemical vapor-phase 

deposition) technology deserves further study through synthesis, characterization, and 

reactions. 
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