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Abstract 

The structures of the magnesium iodide complexes formed in concentrated diethyl ether and 

tetrahydrofuran solutions have been determined by the large angle X-ray scattering (LAXS) technique. 

Those of the more dilute solutions of magnesium bromide in diethyl ether and tetrahydrofuran solutions 

have been determined by the extended X-ray absorption fine structure (EXAFS) method. The investiga- 

tion of the MgI, diethyl ether solution was carried out at 44O C since this solution crystallizes at about 

30 o C. This solution is probably best considered a melt, the structure of which can be regarded as a 

close-packing of iodide ions with magnesium ions occupying some of the holes. The coordination around 

a specific magnesium ion depends on whether it occupies a tetrahedral or an octahedral hole. The average 

Mg-I bond distance is 2.75 A. Solvated MgI + is the dominating complex in MgI,-tetrahlydrofuran 

solution, Magnesium is probably six-coordinate in this complex, and the Mg-I bond distance is 2.52(5) 

A. The Mg-Br bond distance is 2.49 and 2.66 A in diethyl ether and tetrahydrofuran, respectively. 

Introduction 

This paper provides an introduction to a comprehensive study of the structures of 
organomagnesium bromides and iodides in diethyl ether and tetrahydrofuran (THF) 
solution. To be able to estimate the possible presence of MgX,, and thereby 
demonstrate the existence of Schlenk equilibria in Grignard systems, the structures 
of the magnesium halides in diethyl ether and THF solution must be known. The 
number of structural determinations of magnesium halide complexes is limited. 
Solid magnesium bromide and iodide have the CdIz layer structure, in which 

* For Part I see ref. 10. 
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All glass equipment NW dried in an oven at approximately 170 o C’. 411 prepara- 
tions were carried (out under dry argon in a glove box. Reaction Ilashc wcrc optweci 
for sampling in the glow hoz, 

The Avents used Lvere either distilled over metallic ~x~rurzr. \\lth bcnz~yhcnonc 
as an indicator. or anhydrous ether from Aldrich in Sure,.‘Seal rh” bottlea. lverc II\&. 
The solvents were transferred to reaction flask\ with hvpodrrmic >\ring~‘\. 
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Table 1 

Composition of the solutions investigated 

Solution [Mg2+ 1 1x-1 
(M) (M) 

[Solvent] 

(M) 

P 
(cm-‘) 

MgI, in diethyl ether 2.5 5.0 5.5 26.9 

MgI, in THF 0.9 1.8 10.6 9.0 

MgBr, in diethyl ether 0.4 0.8 

0.1 0.2 

MgBr, in THF 0.2 0.4 

nesium iodide concentration of about 0.2 M. The lower phase is yellowish and fairly 
viscous, and solidifies at about 30 o C. The magnesium iodide concentration in this 
phase is 2.50 M and the diethyl ether concentration is 5.45 M, Table 1. 

Magnesium iodide is soluble in THF. and the THF solutions were prepared by 
dissolving the appropriate amount of anhydrous MgI,. 

Analyses 
The solutions were analysed for magnesium by titration with EDTA using 

Eriochrome Black T as indicator, and for halide by titration with a standard. AgNO, 
solution. The analyses were carried out in aqueous solution. 

EXAFS data collection and reduction 

X-ray absorption spectra were collected at Stanford Synchrotron Radiation 
Laboratory, SSRL, and at Daresbury Laboratory Synchrotron Radiation Source, 
SRS. The spectra for each solution were recorded several times (Table 2). The 
intensities were measured in transmission mode with nitrogen-filled ion chambers to 
monitor incident and transmitted radiation. At SRS the ion chambers were filled 
with the recommended gas mixtures; 19.6 kPa Ar + 81.7 kPa He for the first ion 
chamber and 15.5 kPa Xe + 85.8 kPa He for the last two ion chambers [ll]. The 
spectra presented are an average of at least 2-3 scans. Energy calibration was 
carried out by the internal standard technique [21] with solid KBr as reference. The 
inflection point of the KBr standard was assigned as 13472 eV. 

The averaged data were reduced by subtracting a smooth polynomial pre-edge 
extrapolated from a measured pre-edge, subtracting a cubic spline and normalising 
[13,14]. The spline points were chosen empirically to minimise the residual low- 
frequency background without reducing the observed amplitude of the EXAFS. The 
normalised, background-subtracted EXAFS data were converted from the energy E 

to the photoelectron wave vector k, k = [2m,( E - E0)/fi2]“2, with an E, value of 
13490 eV. Fourier transforms of the data were calculated by numerical integration 
with k3-weighted data. Data reduction for the model compound was performed in 
exactly the same way as for the solutions. 

EXAFS data analyses 
The observed EXAFS, x(k), can be expressed as 

cN,I;;( k) e-202k* e-2Ra\‘X 

x(k) = ’ 
kR as2 

sin[zkR,, + a,,(k)] (1) 
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shell of atoms contributing to each peak in the Fourier transform. Fourier-filtering 
techniques were used to isolate the shell of interest. A six-parameter function was 
fitted to the measured EXAFS for the model compound [15,17,18]. This para- 
meterised function was then used when fitting the EXAFS of the unknown samples. 
When fitting the unknown structures the number of scatterers and the absorber- 
scatterer distance were adjusted as variable parameters. The principal adva:ntage of 
this approach is the small number of variable parameters per shell and the 
corresponding decrease in parameter correlation problems. This method of analysis 
makes use of the fact that the amplitude and phase parameters are reasonably 
transferable from compound to compound [16], provided that the chemical lenviron- 
ments are similar. 

All calculations were performed by the computer program package XFPAKG [19]. 

UXS data collection 

The collection of LAXS data has been described previously [lo]. 

Treatment of LAXS data 

The experimental data were initially corrected for background scattering and 
polarisation effects [20]. Correction for multiple scattering was made because of the 
low absorption coefficients [21], Table 1. The corrected data were normalised to a 
stoichiometric volume containing one magnesium atom. The normalisation factor, 
K, used in the data analysis was derived by comparison of the measured and total 
independent scattering in the high-angle region, s > 13 A-‘. K calculated in this 
manner [22] was then compared with K calculated according to the method 
described by Krogh-Moe [23] and Norman [24]. 

Scattering factors, f, for the neutral atoms were used [25] except for H, flor which 
the spherical form factors suggested by Stewart et al. were employed [26]. The 
contribution from anomalous dispersion, Af ’ and A f “, was considered for all 
atoms [25]. Incoherent scattering factors [27-291, corrected for the Breit-Dirac 
effect [30,31], were used. The raw data were normal up to about s = 10 A-‘, where 

an unexpected decrease in the total intensity was observed. In this previous paper 
successive Fourier transformations were used to straighten up the intensity function. 
These repeated Fourier transformations influenced the data and thereby the result, 
in a negative way. It was later found that a better way to straighten up the function 
without interfering with the structural information in the intensity function, was to 
apply a smoothed correction function to the experimental function. A.fter this 
correction one Fourier transformation was enough to straighten out the entire 
experimental function, as is the normal case with good raw data. All these correc- 
tions were taken into account when the reduced intensity function, i(s), and the 
differential radial distribution function, D(r) - 4mr2p0, was calculated using stan- 
dard procedures [32]. Spurious peaks below 1.5 A which could not be identified with 
interatomic distances in the solutions were removed by a Fourier transformation 

procedure [33]. 
All calculations were made with the program KURVLR [34]. Least-squares refine- 

ments were carried out using the STEPLR program [35]. 
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Fig. 2. Fourier transforms of k3-weighted EXAFS data of magnesium bromide in (a) diethyl ether, 
k-range 3.0-14.5 A-‘, and in (b) tetrahydrofuran. k-range 3.0-12.7 A-‘. (b). The horizontal bars 

indicate the width of the windows used when back-transforming the data. R is related to the true 

distance R' by the phase shift (Y according to R' = R + a. 

of dimers are to be expected. However, there are no signs of a Br-Br interaction in 
the transforms. The Br-Mg peak was filtered, and after back-transformation the 
curve-fitting gave a Br-Mg distance of 2.49 A, Table 3. 

EXAFS of MgBr, in THF 

The Fourier transform for this solution also shows a single peak but with a lower 
intensity than for the diethyl ether solution, Fig. 2. The fits did not give reliable 
coordination numbers, but the MgBr, is probably dissociated and the peak is due to 
magnesium backscattering in a MgBr + ion. Curve-fitting this peak gave a Mg-Br 
distance of 2.66 A, Table 3. A smaller peak at 2.6 A in the Fourier transform was 
also included in a wider filter. The extracted wave from the wider filter was not 
much different from the wave corresponding to the first peak. The smaller peak 
could not be fitted. 

OlXS of MgI? in diethyl ether 
In the radial distribution function, RDF, there are two peaks at 2.7 and 4.5 A, 

and one marked shoulder at 3.9 A, Fig. 4. There is also a small peak around 1.5 A 

Table 3 

EXAFS curve-fitting results of magnesium bromide in diethyl ether and THF solutions 

Compound Cont. (M) Br-Mg distance (A) 

k = 3-12.7 (A-‘) k = 3-14.5 (A-‘) 

MgBr* in diethyl ether 0.4 2.50 
0.1 2.49 

MgBr, in THF 0.2 2.66 



Interaction Parameter 

Mg-0 ‘I 

b 
n 

and this was assigned to intramolecular C-C) and C--C distances in diethyi ether of 
1.408 and 1.516 A, respectively. The peak at 2.7 A contain.4 a Mg- I distance as well 
as the intramolecular diethvl ether C -0 and C- C’ distance% at 1.37 and 1.43 A. 
respectively. 

The series of distances at 1.7. 3.9 and 4.5 A may indicate that the magnesiun~ 
iodide distances are 2.7 A and that the magnesium ions are \.urrounded both 
tetrahedrally and octahedralI> by iodide ions, see Fig. 4: the iodidea are the on!) 
atoms with sufficient scattering power to give rise to such intense peak?; that far out 

in the RDF. The peak at 4.5 A corresponds to an 1 I distance in :I rrtrahedral 
configuration of iodides around a magnesium iOn. din 1~ 1 tfisraniv or‘ 4.5 A 
corresponds to a h@ I distance c,f 2.75 k when the iodides arc :\I rhr ic-irners (If .I 

-. 
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Fig. 3. Reduced intenstties. I(.\ j, multiplied by P vs s for magnesmm iodide m diethyl ether (upper) and 

tetrahydrofuran (lower) solutmn. Experimental values are represented bv the thin l~nrz and the values 

calculated from the final structurr model in Table 4 h\ the thick line\. 
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Fig. 4. The differential electronic radial distribution function D(r)-4rrzp0 functions for magnesium 

iodide in (a) diethyl ether and (b) tetrahydrofuran solution, solid lines. The dashed lines represent the 

sum of the calculated peak shapes and the difference is drawn with double-dashed lines. 

tetrahedron. In an octahedral configuration an I-I distance of 3.9 A also gives a 
Mg-I distance of 2.75 A. The intensity of the peak at 4.5 A corresponds lto about 
1.5 I-I distances per magnesium, and the shoulder at 3.9 A corresponds to roughly 
one I-I distance per magnesium. 

The very concentrated diethyl ether solution of magnesium iodide contains only 
about two solvent molecules per magnesium iodide. The solution can therefore be 
regarded as a melt of iodide and magnesium ions. Whether the solvent molecules are 
coordinated to the magnesium or evenly distributed in the solution ca.nnot be 
determined by the LAXS technique used in this study. The structure of this melt can 
be regarded as close-packing of iodide ions with magnesium ions occupying some of 
the holes, as can be seen from the number of Mg:I distances and the stoichiometry. 
The intensity of the I-I peaks at 3.9 and 4.5 A, corresponding to I-I distances 
around octahedral and tetrahedral holes, respectively, shows the ratio of (occupied 
tetrahedral and octahedral holes in the close-packing to be around 1.5. The fit of the 
theoretical and experimental intensity functions is given in Fig. 3. 

LAYS of Mg12 in THF 

There are two peaks in the RDF at 1.5 A and 2.5 A. These peaks co:respond to 
intramolecular distances in the THF molecule [36]. In the peak at 2.5 A there is a 
Mg-I contribution from a magnesium iodide species and this interaction was 
refined to 2.52(5) A, As no I-I interaction is seen in the RDF, MgI, is probably 
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