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Abstract: The “platinum Grignard 
reagent” [Pt(MgCI),(THF),] (2), obtained 
by the reaction of PtCI, and Et,Mg in a 
I : 2  molar ratio, as well a s  finely divided 
platinum (Pt*)--a possible intermediate 
formed during the preparation of 2-have 
been investigated by EXAFS spec- 
troscopy at  the Pt L,,, edge. Parallel inves- 
tigations wcre carried out on Pt* obtained 
I‘roin PtCI, and (9,10-dihydro-9.10-an- 
thracenediyl)tris(tetrahydrofuran)magnes- 

Introduction 

ium (MgA), and on 2 obtained from Pt*, 
MgA, and MgCI,. The EXAFS results 
suggest that Pt* consists of extremely 
small particles ( z  5 -  11 A) with strongly 
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reduced Pt--Pt distances compared to 
bulk Pt (z0.09A). The EXAFS spectra 
of 2 indicate the presence of Mg shells in 
addition to Pt shells in the Pt environ- 
ment; Mg atoms arc a t  a bonding distancc 
from Pt atoms (2.78-2.80 A). These re- 
sults suggest that 2 consists of very small 
Pt-Mg clusters and confirm their forma- 
tion from organomagnesium reagents and 
PtCI, or Pt*. 

I n  recent publications[’] we reported the preparation of a series 
of novel, so-called inorganic Grignard reagents of general 
formula [M(MgCl);(MgCI,),] (M = Group 8-10 transition 
melal; PI = 1 ~ 2. 3 ;  p = 0, 1 )  and their applications in the synthe- 
sis of nano-particulate intcrmetallics and alloys. 

In the preparation of Grignard reagents of palladium (1)  and 
platinum (2) from the corresponding metal chlorides and di- 
ethylmagnesium (Et,Mg), a notable distinction between the re- 
actions leading to 1 and 2 was observed.“”] Reagents 1 can only 
be prepared by slowly warming a mixture of PdCI, and Et,Mg, 
in a molar ratio of 1 : 2  in THF, from -78 ‘C to RT [Ey. (I)]; 
fincly divided palladium (Pd”), prepared from PdCI, and 
EtzMg under the same conditions [Eq. ( 1  a)], does M O ~  react 
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with (additional) Et,Mg and MgCl, to give 1. In contrast, 2 can 
be prepared by both the one-””’ and the two-step process [Sec- 
tion A, Eqns. (2) and (2 a)], 

The surprising macroscopic observation that a suspension 
of Pt* could react with an organometallic reagent (Et,Mg 
or EtMgCI) under ambient conditions to generate a soluble 
bimetallic species [2, Eq. (2a)l as  well as thc possibility 
that Pt* could bc an intermediate in the formation of 2 
[Eq. (2 ) ] ,  required verification by spectroscopic methods. In 
the following we report investigations on the formation reac- 
tions and the structural characterization of 2 and of inter- 
mediate Pt” by means of N M R  and EXAFSLZ1 spectroscopy 
(Section A).  Parallel investigations on the formation of 2 
from PtCI, and MgA.3THFr3I  (Section B) are also de- 
scribed. 
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Table 1. 'H NMR study of thz reaction of PtCI, with bt,Mg (molar ratio I :2) in [D,]THI' [Eq. (2)] 

R e x l .  Rcact. T 'H NMR Chemical shifts 6 Intensity ratio of signals Additional (weak) 
T (  C )  f (11) spectrum ( 'C) C2H4 C,H,, CH,CH, CHJH, C,H,:C,II,,:CH,CH, s1:nnls 0 

~~ ~ ~ ~ - ~~~ 

-78- -60 18 - 60 5.39 0.83 1.16 -0.85 (-0.72) I : l . 8 :  1.5 0.57. 0.30 
-60 --t -20 2 - 20 5.39 0.83 1.16 -0 85 1:1.9:0.9 0 52 [a] 
-20 4 0 0.5 0 5.39 0.83 1.16 -0.85 1 :  I.X:0.5 0.52 [h] 
RT I20 + 27 5.39 0.83 ~ 1:3.3:0.0 

[a] Broad signal. [b] Further broadcning of the signal 

Results 

A. Preparation and characterization of 2 and of Pt" from PtCI, 
and Et,Mg: The one-step preparation of 2 [Eq. (2)] has already 
been reported.["'. 

TH F 

-78 C-treflux 
PtCI, + ZEt,Mg ~ -- - 

(2) 
[Pt(MgCI)z(THF),I + 2(C2H, + CzHJT 

2 

' H  N M R  spectroscopy: The formation o f 2  in [DJTHF [Eq. (2)] 
with a temperature gradient from -78 to +27" was monitored 
by ' H N M R  spectroscopy (Table 1; experiment 3.1, i.e., 
Table 3, experiment 1) .  The spectrum recorded at  -60°C al- 
ready revealed the presence of C,H, and C,H,. In addition to  
signals from EtMg (6 = 1.16 and -0.85, shoulder a t  -0.72), 
weak multiplets a t  S = 0.57 and 0.30 were observed. At - 20 "C, 
the signals of C,H, and C,H, had increased, while those of 
EtMg had decreased. The multiplets at 6 = 0.57 and 0.30 were 
no longer present, but a broad signal appeared at  6 = 0.52. At 
RT, only signals of C,H, and C,H, were ~ b s e r v e d . [ ~ % ~ ]  The 
evidence from 'H N M R  spectroscopy thus confirms the stoi- 
chiometry of the reaction given in Equation (2), and in contrast 
to thc EXAFS experiment (see below), the reaction at  R T  
reached completion in this experiment. 

195Pt and 25Mg N M R  spectroscopy: N o  195Pt signal could be 
detected in a solution of 2 in [D,]THF,['] however, there was a 
broad 25Mg signal (780 Hz width) a t  6 = 20. This signal is shift- 
ed downfield and is broader than that observed for MgCI, in 
[DJTHF (6 = 16.4, 350 Hz width).18] These differences with re- 
spect to MgCI, cannot be explained precisely (coordination of 
Pt to Mg, changes in the coordination sphere of Mg, etc.), 
however, the 25Mg signal detected points to the presence of 
Mg-Cl bonds in 2. 

Two-step prepuration q f 2  [Eq. (2a); experiment 3.21: PtCI, re- 
acts with Et,Mg in the molar ratio 1 : 1 at  -70 "C --f R T  with 
evolution of a gaseous mixture of C,H, and C,H, t o  produce a 
black precipitate-~ presumably Pt" [Eq. (2a)l. At this stage of 

THF ~ PtCI, + Et,Mg __ __ 
-78 C-RT 

Et M 
Pt*J + MgC1, + (C,H, + C,H,)t 

-C,H, 

the reaction, the absence of any Et,Mg or  EtMgCl in the T H F  
solution was proved by 'H NMR spectroscopy. After addition 
of a second equivalent of Et,Mg and stirring of the suspension 
for 3 h at RT, dissolution of the bluck precipitate was observed. 
In order to complete the reaction, it was necessary to reflux the 
reaction mixture for 1-2 h, whereby evolution of a C,H,/C,H, 

mixture was observed once again and the second equivalent of 
Et,Mg was completely consumed ('H N M R  spectroscopy). The 
resulting solution of 2 was free of any Pt" precipitate. 

EXAFS spectroscopy: The environment around Pt in 2, pre- 
pared according to Equation (2) (after heating the reaction mix- 
ture to  reflux, experiment 3.4), as well as that in the intermediate 
product (prior to refluxing, experiment 3.3) was examined by 
EXAFS spectroscopy. The spectra were recorded in solution 
(THF) and in the amorphous solid state, obtained from the 
evaporation of the solutions to dryncss under vacuum. Two 
types of EXAFS analysis were undertaken: firstly, a conven- 
tional curve-fitting procedure in reciprocal space by meaiis of a 
single scattering formalism, and secondly, modeling of the ex- 
perimental EXAFS function with functions calculated for vari- 
ous cluster species with the inclusion of multiple scattering path- 
ways. 

The results from the curve-fitting procedure indicate that thc 
environment around Pt in 2 (Table 2, Figure 2 b) includes 
4.0(9) Pt atoms at  2.70(2) A and 1.8(6) Mg at 2.80(2) A. This 
suggests the existence of bimetallic Pt-- Mg clusters. Thus, the 
coordination sphere around Pt  in 2 is very different from that 
found for Ti in the Ti Grignard reagent [Ti(MgCI),(THF),], in 
which no Ti neighborsr9] were found. Surprisingly, the environ- 
ment around Pt in the intermediate (Table 2. Figure 2a)  does 
not correspond to an organochloro-Pt derivative[6] but is char- 
acteristic of very small Pt clusters (cf. Section B): 5.5(7) Pt 
neighbors a t  2.68(6) A with 0.5(6) oxygen atoms (from T H F )  at  
2.03(9) A. This suggests that the generation of the platinum 
Grignard reagent 2 proceeds via very small Pt particles. How- 
ever, nothing higher than the second cumulants were included in 
the fit. This conventional method has a limitation in deriving 
structural information on a system composed of very small par- 
ticles: thc absence of any cumulants higher than the second ones 
may cause the determined Pt-Pt distance to be shifted to a 
smaller value (estimated error 0.015 and N may be un- 
derestimated if the distribution of distances is non-Gaussian. 
This only affects the absolute value of thc determined bond 
length, but not its interpretation in this paper. The difference 
between the EXAFS spectra of 2 and of the intermediate Pt* 
(Figure2a,b) is noteworthy: the presence of a Mg shell in 2 
causes a characteristic dip in the first oscillation near 6 A ~ I .  this 
is not observed in the Pt" spectrum. 

B. Investigation of the reaction of PtCI, with 9,10-dihydro-9,10- 
anthracenediylmagnesium*3THF (MgA): In the reaction of Pd- 
CI, with MgA in T H F  (molar ratio 1 :2  or higher) only solid 
products are formed.["] PtCI,, on the other hand, reacted with 
MgA in the molar ratio 1 :2 to afford 2 [Eq. (3)].l3. ' I 1  The pres- 
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ence offree anthracene in the T H F  solution following the reac- 
tion was verified by IR and N M R  spectroscopy, and GC analy- 
sis (experiment 4.1). 

The preparation of 2 from MgA [Eq. (3)] could also be con- 
ducted in two steps, that is, consecutive addition of  the first and 
of the second equivalent of MgA to PtCI,; after the reaction of 
PtC1, with one equivalent of MgA, a fine black precipitate of 
Pt* (see below) was observed, which dissolved upon addition of 
the second equivalent of MgA [Eq. (3a); experiment 4.21. 

PtCI, + M g A  JHL P t * j  + A + MgCI, 2 + ? A  ( 3  a) 
RT 

It is remarkable that Pt*, even when isolated by filtration as 
an X-ray amorphous powder (experiments 5.1 and 5.2), still 
possesses the ability to react with MgA and MgCI, to  afford 2 
[Eq. (4); experiments 6.1 and 6.21. The reaction of the isolated 
Pt* with MgA and MgCI, to 2 [Eq. (411 was monitored by re- 

THF 
Pt”+MgA+MgCI, -----+- 2 + A - RT 

1 
k P t *  + + Mg2* 

DHA 

(4) 

moving samples directly from the reactioii mixture and then 
determining the ratio of anthracene/9,1O-dihydroanthracene 
(DHA) in the hydrolyzed samples by gas chromatography. As 
can be seen in Figure 1 (*, o; experiment 6.3), a t  R T  the reaction 
is virtually complete after ca. 15 minutes. In the absence of Pt* 
(m , 1 )  or in the presence of commercial Pt black ( x , o), only a 
minor quantity of anthracene[lZ1 was liberated from MgA under 
the same conditions. 

EXAFS .vpectrosccipy: Both the isolated Pt* (experiment 5.1) 
and 2, resulting from the reaction of the isolated Pt* with MgC1, 

molar fraction 

0.8 H‘4--------____= -1 
0.4 I 

[hours] 

Figurc 1. The progression of the reaction of Pt* with (9,10-dihydro-9.10-an- 
tliracenediyl)tris(tctraliydrofuran)magnesiuiii (MgA) and MgCI, to produce thc 
“platinum Grignard reagent” 2 [Eq. (4)]: (*) increase in  the concentration of  an- 
thracene (A) with time; (n) decrease in the concentration of9.10-dihydroanthraceiic 
I D H A )  with t h e .  Control experiment in the absence of Pt*. (m) A, (I) DHA 
PI black used inytcad of Pt*: ( x )  A, (0) DHA. 

0.06 

0 

-0.06 

rz- 
i 

2 4 6 8 10 12 14 
k (A.’) 

d, 0.05 

0 

-0.05 

k &’) 

Figure 2. Fits for thc hack-transformations for a) the intermediate from rcactioii 
between PICI, and Et,Mg at RT [Eq. (23); two shells P t -0 ,  Pt--Pt]: b) complex 2 
from the rcaction bctween PtCI, and Et,Mg after refluxing [Eq. (2); two shclls 
Pt -Mg, Pt . Pt]; c) Pt* gencrdted from PtCl, and MgA [Eq. (3a): two shells Pt Pt 
and P-C] :  d) complex 2 generated from PI*, MgA, and MgCI, [Eq. (4): two shclls 
Pt -Mg. PtbPt]. 

and MgA [Eq. (4); experiment 6.11, were examined by EXAFS 
spectroscopy (Table 2, Figures 2c,d). Curve fitting showed Pt* 
to  have 6.3(9) Pt  neighbors a t  2.68(4) A, a distance that IS 

0.09 A shorter than that in bulk platinum (2.77 8). In addition, 
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c 
0 

~ 

~ 

[a] Number of atoms in the shell. [b] Distance from the Pt absorber. [c] Deviation 
of the experimental spectrum from the theoretical one as-defined by Res. = 
xk(xsil, - ~ , , ~ , , , ) ~ / ~ ~ x & .  PtMg alloy was used as a reference substance (Pt Mg 
distance: 2.73 A). Ref.: L. E. Aleandri, B. BogdanoviC, U. Wilczok, D. Noreus, 
G. Block, Z. Phys. Chern. 1994, 185, 131. 

an increase in low R intensity in the Fourier transform of Pt* 
relative to  Pt foil (Figure 3 )  suggests a shell of light-weight 
atoms. This contribution could originate from anthracene in 
Pt*, the presence of which has also been demonstrated by GC 
experiments (experiments 5.3 and 5.2). In  the final fit, 0.4(9) 
carbon atoms were rcfined a t  a distance of 2.18 (7) 8, from plat- 
inum. 

After conversion with MgA and MgCI, into the THF-soluble 
Pt-Grignard system 12, Eq. (7); experiment 6.11 analysis of the 
EXAFS data (Table 2 and Figure2d) is compatible with 
3.8(9) Pt neighbors at 2.69(1) 8, and 1.0(4) Mg at  2.78 ( 5 )  A, 
which is close to the sum of the Pauling radii of the metal atoms 
(2.73 A). It should be mentioned here that the Pt-Mg distance 
in a reference PtMg alloy is 2.73 8,. Once again, a dip in the 
oscillation near 6 8, is observed. These results tend to confirm 
(cf. Section A) the formation of bimetallic Pt-Mg nano-sized 
particles or clusters from Pt*. 

Discussion 

Both the low number of Pt neighbors (6.3(9)) in isolated Pt* 
and, more particularly, the Pt-Pt bond length shortened by 
0.09 8, compared to bulk platinum [Eq. (3 a); Table 21, are com- 
patible with the existence of extremely small Pt particles. The 
same holds true for the Pt* intermediate formed from PtC1, and 
Et,Mg [Eq. (2a); Fable 21. 

The effect of size on the lattice parameter in small particles is 
well k n ~ w n . [ ' ~ - ' ~ ]  Similar Pt-Pt distances (2.68 and 2.66 A )  
and similar values for the number of Pt neighbors (5 .4k 0.6 and 
5.7 kO.6) to those found here for Pt* have been reported["] for 
a 1 wt04 Pt/A1,0, catalyst before and after reaction with n-hcp- 
tane. These clusters were approximately 7 8, in size."'] In  con- 
trast, larger Pt colloids with a particle size of ca. 26 8, and an 
average coordination number of 11.2 show a contraction of the 
Pt-Pt distance of only 0.01 A.["I In all cases, the derived struc- 
tural data may reflect a distribution of distances in particles of 
the same size, a single distance in particles of nonuniform size, 
or indeed a distribution of distances in particles of different 
sizes. The number of first-shell distances also depends on the 
structural type, for example, a single distance is found for fcc 
and two for a centered icosahedron. Small metal particles are 
known to adopt well-defined structural types, with cuboctahe- 
dral (fcc), icosahedral, or decahedral morphologies being com- 
mon. It is generally accepted that the fcc structure is progressive- 
ly more stable as the radius of the particle increases from 7 to 

The "magic numbers" for metal clusters with closed shclls 
based on the fcc structure are 13, 5 5 ,  and 177, while those based 
on a centered icosahedral structure are 13, 5 5 ,  and 147.[191 For 
the former, the average coordination numbers are 5.54,7.0, and 
9.0 atoms for clusters with 13, 5 5 ,  and 177 atoms, respectively. 
In a centered icosahedron, two types of nearest-neighbor dis- 
tances exist: R,, the radial distance between atoms of difference 
coordination shells, and R,, which corresponds to  the distance 
between atoms of the same shell, whereby R, = 1.0561 R,.['O1 In 
order to gain a better understanding of the type of arrangemenl 
adopted by Pt*, we calculated the total ~ ( k ) k '  function of plat- 
inum clusters with 13, 55 ,  and 177 atoms for an fcc structure," ' ]  

and with 13 and 55 atoms for clusters with an icosahedral struc- 
ture,["] and then compared them with the experimental EXAFS 
of Pt*. The theoretical ~ ( k ) k '  function of idealized platinum 
clusters [fcc structure, a = 3.7767 8, (in bulk Pt, a = 3.924 A)] 
and a centered icosahedral structure with R, = 2.67 8, were cal- 
culated by using the program F E F F  6.IZ3' The theoretical z(k)ki 
function was calculated for each atom of the  cluster by means of 
the correlated Debye ( T  = 77 K ;  Dcbye tempera- 
ture = 100 Krz5]). The total x(k)k1 function was calculated as 
the average of all the single functions. These functions, and the 
(nonfiltered) experimental ~ ( k ) k '  function of isolated Pt* are 
compared in Figure 4. It can be seen that a characteristic feature 
(marked with an asterisk in Figure 4), which is caused by multi- 
ple scattering, is not present in the ~ ( k ) k l  functions of the Pt,, 
clusters calculated on the basis of either the fcc or the icosahe- 
dral structures. However, this feature does appear in the z(k)ki 
functions of both the Pt,, and the Pt,, ,  fcc clusters. For  thc 
icosahedral clusters, the presence of two unresolved bond 
lengths R ,  and R,, corresponding to the radial and tangential 

12 8,,[13. 16, 181 
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Figurc4. Calculated ~ ( k ) k '  functions of Pt,,. 
= 3.7767 A)  and ofPt , ,  and l't,, (icosohedral structure, R, = 2.67 A) compared to 
the non-liltcrcd experimental %(k)k' function of Pt*. The asterisk indicates the 
characteristic feature between 5 and 6 k ' (see text). 

and Pt , , -  (fw structure. 

distances, causes a reduction in the calculated EXAFS ampli- 
tude (Figure 4, middle). 

Various attempts were made to fit the experimental spectrnm 
of Pt* to the calculated functions of fcc Pt,, and icosahedral 
Pt,,. The presence of Pt,,, was not considered at  this stage, 
since the average coordination number in such a cluster is 
significantly higher than that observed for Pt*. The best agree- 
ment is shown in Figure 5 ,  where the experimental ~ ( k ) k '  spec- 
trum has been fitted with contributions from the calculated 
functions of fcc (40%) and icosahedral (60%) Pt,, clusters. 
This result, together with the known effect of size on lattice 

0.08 

0.06 0.4 fcc structure 

0.04 

0.02 - - 
3 
- 0  x 
& x -0.02 

-0.04 

-0.06 

-0.m 
2 4 6 8 10 12 14 16 

k 

Figure 5. Experiinental %(k)k' l'unctions of Pt* fitted with the calculated functions 
of Pt,, with fcc and isocdhedral structure The asterisk indicates the characteristic 
feature between 5 and 6 k' (see text). If the contribution from a carbon back- 
scilttcrer is taken into account, then thc ratio for the best agrccmcnt is 0.41 (Tcc 
structure). 0.51 (icosahedral structure), and 0.08 (contribution of a carbon back- 
scatterer). 

parameters in small particles, leads to the conclusion that the 
observed clusters have a particle size close to 55  atoms and 
display both fcc and icosahedral structures. 

In the Fourier-transformed x(k)k3  functions of Pt foil and Pt* 
(Figure 3), it can be seen that the main peak (Pt-Pt distance) is 
shifted to a lower R + r  value for the latter. Furthermore, there 
is an additional maximum at R+cc = 1.8 A,  which is attributed 
to a platinum-carbon contribution in the curve fitting above. 
Satisfactory agreement in simulations including multiple scat- 
tering was obtained without inclusion of a carbon back-scatter- 
er, its contribution to  the total x(k)k3 function being very small. 

The experimental (non-filtered) ~ ( k ) k '  function of the 
[Pt(MgCl),(THF),] sample [Z, Eq. (4)], when compared to the 
corresponding function of Pt" (Figure 6), displays a broader 
and more marked dip between 5 and 6 k' with a smaller ampli- 

-0.04 

-0.06 

0.44 PrJJ(fcc structure) 

7.14 lod' 
! ;  Pt(MgCI), 0.56 Mg 

4 6 8 I 0 12 14 
k [k'l 

-0.08 L 

Figure 6. Calculated %(k)k' functions of Pt,, (fcc structure, ( I  = 3.7767 A) with  a n  
overlay of a P t - M g  contribution (distancc: 2.70 A. single scatterin_p only) com- 
pared to the experimental l ( k ) k '  function of complex 2 [Eq. (7)]. The asteriak 
indicatcs thc "dip" between 5 and 6 A - i  (see text). 

6 
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tude. This dip cannot be reproduced by the X(k)k’ function of 
a simple platinum cluster model similar to those above, or by the 
sum of such a function and the function of a carbon back-scat- 
terer. However, in agreement with the results of the curve-fitting 
procedure, the experimental functions can be reproduced with 
satisfactory agreement by overlaying the x(k)k’ function of a 
Pt j 5  cluster (fcc structure, multiple scattering taken into consid- 
eration) with the ~ ( k ) k l  function of a Pt-Mg absorber-back- 
scatterer pair (single scattering only). This result is shown in 
Figure 6. 

Furthermore, if the experimental ~ ( k ) k ‘  function is fitted with 
the functions of Pt,, with fcc and icosahedral structures and an 
overlay of a Pt-Mg contribution, then the following results are 
found: 38% Pt,, (fcc structure), 1 2 %  Pt,, (icosahedral struc- 
ture), and 50% Pt-Mg contribution; sum of standard devia- 
tion = 6.79 x 

Conclusion 

EXAFS spectroscopy at the PtLii, edge has provided strong 
evidence that suspensions of Pt particles (Pt*), prepared by 
reduction of PtCI, with Et,Mg or MgA in THF, react with 
(additional amounts of) Et,Mg or MgA and MgCl, to produce 
the THF-soluble “platinum Grignard reagent” 2 [Eqs. (2a) and 
(3 a)]. Thus, Pt* is a probable intermediate in the formation of 
2 from PtCI, and Et,Mg or MgA [Eqs. (2) and (3)]. 

The results from the analysis of the EXAFS data suggest that 
the Pt* particles are extremely sinall ( 5 -  11 A). We have demon- 
strated that the experimental EXAFS of Pt* can be reproduced 
more accurately by a combination of the calculated functions of 
fcc- and icosahedral-structured Pt,, than by the use of either of 
these functions alone. Multiple scattering calculations show a 
clear difference in the predicted EXAFS of the two types of 
structure (fcc and icosahedral). This would indicate that, if the 
particles have a reasonably narrow distribution of size, the nu- 
clearity is close to 55 .  This cluster is denoted here as “Pt,,”, 
which is the closest “magic number” to the size envisaged, al- 
though any claim that this is the only aggregate present i s  be- 
yond the limits of this EXAFS analysis. Stabilization of Tio 
particles of comparable size (8 A) by THF has recently been 
demonstrated by Bonnemdnn, Hormes et al.[271 In the present 
work, both the THF and/or anthracene present in the systems 
could prevent Pt” particles from agglomerating. 

The EXAFS spectra of 2, prepared with either Et,Mg or 
MgA, indicate the presence of both Pt and Mg shells, with Mg 
atoms at a bonding distance from platinum (2.78-2.80 A). This 
result is compatible with the existence of Pt-Mg clusters, the 
structural arrangement of which can be rationalized in terms of 
an essentially Pt,,-like core with MgCI(THF), groups on the 
surface.r281 Total coverage of an fcc “Pt,,” cluster by magne- 
sium (which is of similar metallic radius) would add a surface 
shell of 122 magnesium atoms. This value is very close to that 
determined experimentally in [Pt(MgCI),(THF),] , which is in- 
dependent confirmation that the core is of a size close to Pt,, . 
Some of this magnesium can be removed chemically to give a 
soluble Pt-Mg system.!281 There is an apparent change in the 
proportion of fcc- and icosahedral-type structures observed by 
EXAFS upon formation of [Pt(MgCI),(THF),] from Pt*. 

The phenomenon of dissolution of Pt* suspensions by the 
formation of the “platinum Grignard reagent” 2 [Eqs. (2 a) and 
(3 a)] is a novel example, which demonstrates the extremely high 
reactivity of nanosized metal particles. Related processes are, 
for instance, the deposition of Cu on the surface of colloidal Pt 
particles and the dissolution of Cu in the Pd matrix stiidicd by 
Bradley et al.,[291 the segregation of bimetallic clusters of imniis- 
cible metals (Fe-Mg) investigated by Klabundc et al . ,’”] and 
Basset’s surface organometallic chemistry used for thc preparLi- 
tion of wcll-defined Rh- Sn catalysts.[3 

Experimental Section 

The NMR spectra were recorded o n  a Bruker WH-400 spectrometer. 
X-r$y absorption spectra were recorded ; i t  the Pt L,,,-edgc ( I  I 564 cV) o n  the 
XAS 1 spectrometer (calibrated with a 4 pm Pt foil) a1 LURE. opcratinz ;it 
1.85 GeV and -300 mA. Spectra or [Pt(MgCI),.(THF),] complexes. Pt*. 
crystalline MgPt (HgMn structure), and Pt foil were recorded undcr itlentical 
conditions in a transmission mode with a channel-cut Si(33 I ) nionochroina- 
tor. Spectra werc recorded between 11 400 and 12 500 eV in thi-ce cncrgy 
regions in steps of 5 eV in the pre- and post-edge zones and of 2 CV on tlic 
edge, using Ar-filled ionization chambers as  detectors. Powdered miterials 
were sampled as paraffin oil miills, prepared under Ar and pressed between 
the Parafilm windows of stainless steel holders. Sampling of complex solu- 
tions was performed in a cell with Mylar windows and with an adjustablc path 
length.132’ All data analyses were performed with the programs developed by 
Michalowicz[”’ (lincar pre-edge function and 5 -  6th order spline polynomial 
for normalization/background removal). The resulting EXAFS ( ~ ( k )  versus 
k )  spectra were Fourier-transformed over a range of typically 2.5 -15 A 
(Hamming window, k3 weighting). Curve-fitting procedures were applied to 
Fourier-filtcred spectra back-transformed to reciprocal spacc hy systemati- 
cally varying the coordination number N ,  (fixed at crystallographic values for 
reference compounds), the Debye-Waller factor u,. and R,. the distnncc of thc 
ith shell of atoms from the absorber. The spectra of crystalline compouiicls 
served as models in the definition of the changes in E, and the photoelectron 
mean free path for each type of atom shell when the ah initio phasc and  
amplitude functions of McKalc‘”’ were employed. The u values for cach 
individual shell in the models, as well as in the solid samples. werc closc to 
0.06 A. 

Analyses: Elemental analyses and atomic absorption rneasurenicnts (AAS) of 
aqueous P t2+  solutions: Dornis and Kolbe, Miilhcim an der Ruhr. 

Materials: Anhydrous PtCI, (Degussa) was dried under high vacuum and 
stored under Ar. Pt black: Heraeus. Et,Mg was prepared and analyzed as 
previously described.“”’ T H F  was refluxcd for several hours ovcr MgA13” 
and subsequently distilled under Ar. All reactions with air-sensitive inaterials 
were performed under a dry Ar atmospherc. Vacuum = 0.1 -0.2 mbar: high 
vacuum 10-’mbar. 

Investigation of the reaction represented by Equation (2) by means of ‘H NMR 
spectroscopy (Table 3, experiment 1): A solution of Et,Mg (17.5 nig. 
0.21 mmol) in [DJTHF (1.3 mL) was cooled t o  -78 C and transferred 
under h r  into an NMR tube (5 mm diameter) containing PtCI, (26.9 mg. 
0.10 mmol) at -78°C. The tube was sealed and stored at  -78 C for 18 h 
until the first ‘ H N M R  spectrum was recorded at -60°C. The spcctra at 
- 20 ‘C and 0 ‘C were recorded after a warming period of 2 h and of a further 
0.5 h, respectively. The final spectrum at 27 “C was recorded after the tubc 
had been stored for 5 d at RT. The results of the invcsligation arc sunimorizcd 
in Table 1 

Preparation of 2 by successive addition of the first and the second mol of Et,MMg 
per mol of PtCI, (Table 3, experiment 2): To a stirred solution of Et,Mg 
(97.7% purity, 0.6089 g, 7.23 mmol) in T H F  (50 mL) was added a t  -70 C 
PtCI, (1.9252 g, 7.23 mmol) in small portions. The temperature of the rcac- 
tion mixturc and the evolution of gas during the reaction werc registered by 
a thermocouple and an automatic gas burettet361 connected to the reaction 
flask. The reaction niixturc was stirred constantly for 18 h. then i t  was ;il- 

lowed to gradually warm to R T  and was subsequently stirred at RT for it 
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Tdhlc 3. Investigation <A' the reaction of PtCI, with Et,Mg (molar ratio 1 : 2 )  or EtMgCl (molar ratio 1 :4) 

Lxpt PrC'I, (g) Mg reag Pt-Mg 'I'HF Kcact. T (C) /  M o l  cvolved gas' Solid Mol of gas:mol Method of 
(nnnol) (mmol) ratio (nil.) react. 1 (h) mol of PtCI, [a] (g) Pt during hydrol. reaction investig. 

1 0.027 E1,Mg 1 . 2  1 .3 scc Table I 'HNMK 
(0.10) (0.21) 

7 1.93 Et,Mg 
(7.23) (7.23) 

Et,Mg 
(7.35) 

7 0.6X Et2Mg 

4 [d] 2.77 Et,Mg 

( 1  5 5 )  (4.61) 

(10.4) (21.1) 

. 1  60 -70 --t RT, 18 

: I  10 RT,  3 
RTi2 3 

RF [b]/1.5 
RTl24 

:1.8 40 -78 + RT 1 
RT:'72 

.:, . -  I00 -70/19 
-7O+RT,l2.5 
KT185 
R F  [b]/2 

I . l lC ,H,  
0.3iCJ*, 
0.80 C,H,, 
1.51 C2Hd 

n.d [c] 

1 3C2H,, 
1 2C,H, 

0.0 

see Table 1 

'H N M R  

'H NMR 

0 18C,H, EXAFS. 
0 02 H, see Table 2 

1.1 C,H, 

0.25CiH,,, 0.35CzHI 0.0 0.29H2, 0.2C2H, EXAFS. Table 2 

> 1.36 EtMgCl 1.4 60 -70,12 0.0 Precip. or MgCIJ 
1.57 C,H, 0.44f12 by C,HsO, (5.1 1 )  (20.5) -70-RT 11 

RT,'20 2.19 C2Hd 0.04 C,H, 
RF [b],'2.5 

[A]  I)urnls [he reaction. [b] THI; reflux temperature. [c] Not determined. [d] Compiled from ref [I  a], expt 3.1 

lurther 2 3 11. At this stage. the reaction mixture had become deep brown 
with a black precipitate. The amount of gas evolved was determined as 
t levibed in experiment 2.1 of ref. [I a] and was round to be 1.11 C,H, and 
0.35 C2H,,'Pt. A portion (2 mL) of the solution was evaporated under vacu- 
um and the residue dissolved in [DJTHF. According to the 'H NMR spec- 
trum, the solution was free of Et,Mg or EtMgCI. Subsequently. a solution of 
Et,Mg (0.6102 g. 7.35 mmol) in T H F  (10 mL) was added to the T H F  suspen- 
\ ion  and the mixture stirred at RT  for 3 h, during which tinie dlssohirion of thc. 
hlrrtk preii/iitotcz ii'us ohrcrwd .  In order to  complete the reaction, the mixture 
was relluxed for 1 ' ' 2  h and then stirred at RT for further 24 h. The amount 
o i g a s  evolved after reaction with the second mol of Et,Mg/mol of PtCI, (cf. 
aboce) was found to be 0.X0C2H, aiid I.SlC,H,iPt. The resulting deep 
brown solution was free of any precipitate and contained no Et,Mg or 
EtblgCl ( ' H  NMR spectroscopy). Thc T H F  solution was found 10 contiiiti 
Mg" (13.9 nimol) and CI (13.0 mmol). 

Investigation of the reaction product PtMg,CI,C, o,aH,,,,, obtained from 
PtC'I, and Et,Mg (molar ratio 1 :  1.8) at RT, by means of EXAFS spectroscopy 
(Table 3, experinient 3): PtC12 (0.6774 g. 2.55 inmol) was suspended in T H F  
(20 mL) and Et,Mg (28.8% Mg. X8.5% Et groups; 0.4284 g, 4.61 nimol) was 
di\wlrcd in T H F  (20 mL) and each wcre coolcd LO -78 C. The PtCI, sus- 
pension was then addcd to the EtzMg solution aiid the resulting suspension 
then warmed to RT over a period of 1 h, %tirred at RT  for a further 72 h,  
and the solvent then rcmovetl under vacuum. Elemental analysis of the 
solid residue (1.1Og). Pt 35.52, Mg 8.84, C1 13.04, C 23.52, H 4.17% 
(I'tMg,C12C,,,,1122 The results of the EXAFS investigation of the solid 
thus obtained are summarired 111 'Table 2. Hydrolysis of 0.2423 g of this solid 
w i t h  dil. HCI (2.5 mL) gavc 0.18C2H,.  O.OSC,H,, and 0.02H2:Pt. After the 
nqiieous phase had been extracted with toluene and n-octane added as the 
standard. it war analyzed by gas chromatography: found: 0.94THF and 
0 .  I3  ,1-C4H,0H jPt. 

lnvestigatiort of the reaction product PtMg, ,CII, ,C.2.lTHF (2), obtained 
from PtCI, and Et,Mg (molar ratio 1 : 2) in refluxing THF, by means of EXAFS 
sprctroscopl (fable 3, experiment 4): This experiment has been dcscribed in 
ref. [ I  a] under experiment 3.1. Both the 'THF solution and the d i d  obtained 
after evapoi-ation of the solution wcrc investigated by the EXAFS method:l2' 
ths results are given in Table 2. 

Preparation of 2 from PtCl, and EtMgCI (molar ratio I :4) (Table 3, experi- 
ment 5): The experiment w a s  carried out and analyzed in an analogous man- 
nei to that dcscribed i n  ref. [I a] under experiment 3.2. An~ilysis of the result- 
ing solution of 2 pave Pt'. (4.83 mmol), Mg2- (20.5 mmol), and C1 
(30.8 mmol).  

Preparation of 2 from PtCI, and MgA (molar ratio 1:2) (Table4, experi- 
ment I): PtCI, (1.97g, 7.41 mmol) wits added to a stirred suspension of 
MgA"'" (5.90 g. 14.8 inmol) in T H F  (155 mL). The mixturc was stirred at 

RT  foi- 5 d. The dark brown solution was filtered (D-4 glass Git). the precip- 
itate washed with THF, and then dried under vacuum to afford a black 
powder (0.024 g) which contained 7.71 O/o Pt (EA). An aliquot (1.0 mL) was 
removed from the filtrate (total volume: 280 mL) and was decomposed by 
addition o f  ;I CH,OHjtoluene mixtore containing t?-C,,H,, as  the internal 
standard and subsequently analyzed by gas chromatography. Found: 
nnthracene (A) (13.3 mmol, 89.7%), 9,lO-dihydroanthracene (DHA) 
(0.48 mmol. 3 .2%),  and n-C,H,OH [0.80 mmol; 0.11 mol(mo1 Ptj-']. An 
aliquot (10.0 mL) of the filtrate was evaporated to dryness under W ~ C L I U I ~ ,  

and the residue dissolved in [DJTHF. The ' H  and I3C NMR spectra of this 
solution showed the presence of free anthracene and the absence of other 
components. The 1R spectrum was recorded as a Nujol suspension of the 
sohd obtained after evaporation of the solvent; it showed the presence of  
anthi-acenc. An aliquot (5.0 mL) of the filtrate was decomposed by dil. HCI. 
11,02, the T H F  boiled off and the resulting aqueous solution filtered and 
analyzed for PtZt  by AAS. Found: P t2+  (7.3mmo1, 98%).  An aliquot 
(10.0 mL) of the filtrate was decomposed by the addition of dil. H,SO,. 
Coinplexonietric titration of the aqueous solution at  pH = 10 (PtZ+ ions wcre 
masked by the addition or KCN) gave 14.1 mmol MgZ ' and the Volhardt 
titration gave 15.2 ininol CI-. 

Preparation of 2 by reaction of PtCI, with the first and then the second equiv- 
alent of MgA (Table 4, experiment 2): Thc experiment was conducted 
analogously to the one described above. After stirring the components in a 
1 : I  molar ratio for 18 h. a voluminous black precipltate of Pt* (cf. experi- 
ment 3.1.) was present. After adding the second equivalent of MgA and 
stirring for 5 d ,  only 1 5  nig of' a black solid, containing Pt (17.2%) was 
isolatcd on filtrntion of the solution. 

Active platinum (Pt") from PtCI, and MgA (molar ratio 1 :  I )  (Table 5, exper- 
iment 1): A suspension of MgA (4.36 g, 5.98% Mg, 10.7 mmol) in T H F  
( S O  mL) was added to a stirred suspension of PtCI, (2.88 g. 10.8 mmol) in 
T H t  (20 m L ) .  The reaction was slightly exothermic reaction and the color of 
the mixture changed to dark brown. The suspension was stirred at  RT for 
30 h and then filtered. The precipitatcd Pt' was washed with T H F  and dried 
(high viicuum). Yield: 2.65 g of a black powder of the composition Pt 75.14. 
Mg 0.52, C1 2.22. C 18.45, H 1.20% (PtMg,,,CI, ,,C,,H, '). 

A solution obtained by treating Pt* (0.2347 g) with a CH,OH toluene mix- 
ture (containing known amounts ofn-C,H,, and ~ I - C , , H ~ ~  as internal stan- 
dards) was analyzed by GC. Found: 0.03 A and 0.02 THF,Pt .  EXAFS anal- 
ysis ofPt*:  see Figure 2,  bottom left and Table 2. Pt* showed no diffraction 
lines in the XRD spectrum. Broad reflections of Pt appeared in the spectrum 
alter annealing at  400 'C for 24 h. For TEM analysis. Pt* was suspended in 
EtOH and a small amount of the suspension was applied onto the c'u grid. 
The TEM images showed crystalline, uniform particles of 3 -3.5 nni diame- 
ter. According to EDX analyses, the single particles onlycontain Pt o r  Pt wlth 
small amounts of CI. 
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Table 4. Preparation of 2 from PtCI, and MgA (molar ratio 1 : 2 ) .  

Expt PtCI, (g) MgA Pt:Mg THF React. T (  C); Solid Composition GC of solution (%) NMR IK 
(mmol) (inmol) ratio (mL) react. f (h) (E) of solutloll A DHA C,H,OH 

~~~~~ ~ ~ ~ ~ ~- ~ 

1 1.97 14.8 1.2 155 RT/120[a] 0.024 [b] PtMg, ..CI, o8 8') 7 3.2 11 [c] A A Id1 
(7.41) 

2 I .93 7.26 1:l  120 O/ca. 0.25 black 
(7.26) RT/l8 precipitate 

1.21 1:l RT/120 (a] 0.01 5 PtMg, ,,CI, oq [el 91.2 2.1 13.4 [C] A [dl 
~~~ 

[a] Such a long reaction time is probably not necessary. [b] Pt content: 7.7 %. [c] Mol% of n-C,H,OH/mol Pt. [d] Nujol suspension: In addition to A. ahmrptioiis of 
coinplexed THF are present in the spectrum. [el 7.31 mmol of Pt analyzed in the solution. 

Table 5. Preparation of Pt* from PtCI, and MgA (molar ratio 1 : l ) .  

Expt PtCI, (g) MgA Pt:Mg THF React. T ( ' C ) /  Solid Composition Investigation GC of solution 
(mmol) (mmol) ratio (mL) react. I (h) (g) of solid of solid A ('I/-)  DHA ( ' X )  

1 2.88 10.7 1:l 70 RT/30 2.65 PtMg,, 06CIO 16- GC [b], EXAFS, 81.5 2.2 
(10.8) c4 O H 3  1 Pal XRD, TEM 

2 2.03 7.70 1:l  140 RT/24 1.71 PtMg, oaCI,, o7 [c,d] GC [b], TEM 80 1 2.2 
(7.63) 

~~ ~- 

[a] Used for expt 6.1. [b] GC analysis of the solution obtained by alcoholysis. [c] C,H not determined. [d] Used for expt 6.2. 

Table 6. Reaction of Pt* with MgA and MgCI, to produce 2. 
~ ~ _ _ _ _ _  ~ ~ 

Expt Origin of Pt* mmol of Pt: MgA: MgCI, THF React. r [a] Solid Yo of A lnvesligatioii 
o f  SOIUtll)ll (Pt content, %) Pt used molar ratio ( m u  (h) (6) i n  solution 

_____ ~ ~~ 

1 expt 5.1 3.50 1: l : l  49 72 
(75.14) 

2 expt 5.2 I .26 1:t :I  33 72 
(97.11) 

3 expt 5.1 2.26 1:1.2:1 106 
repeat (81.80) 

4 Pt black 2.78 3 : 1 :0.83 100 
(100) 

- - -: 1 :0.85 106 5 [dl 

0.026 EXAFS [h] 

0.018 90 [c] 

Increase of A conc. 
and decrease of DHA 

conc in thc course 
of the reactions ia  
preycnled in Figurc 1 

-~ ~ 

[a] At RT. [h] EXAFS of the solid obtained after evaporation of the solvent in vacuum, see Figure 2d and Table 2. [c] GC analysis. [d] Blank expcriment in the absencc of 
Pt: same amounts of MgA and MgCI, used 

Experiment 5.2 was conducted and the products analyzed as dcscribed above, 
except that the precipitate of Pt* was washed with T H F  andpentane. Elemen- 
tal analysis of Pt* (1.71 g): Pt 97.11, M g  0.50, CI 1.24% (PtMg, naCI,,,,). 
According to GC analysis, Pt contained A (0.02) and THFjPt  (0.01). The 
TEM image of the Pt* (suspended in EtOH) produced by this cxperirnent, 
showed crysralline Pt  particles (-3.3 nin) 

EXAFS analysis of 2 produced from Pt*, MgA, and MgCI, [Eq. (4); Table 6, 
experiment 1): A suspension of MgA (3.47 mmol) in T H F  (40 mL) was added 
to a stirred suspension of Pt* (0.9092 g) (experiment 5.1 ; Pt = 3.50 mmol) in 
T H F  (9 mL) containing MgCI, (3.50 mmol). The mixture was stirred at  RT  
for 72 h, the resulting dark brown solution was filtered off (D-4 frit), and the 
insoluble residue washed with T H F  and dried under vacuum, to give a black 
solid (26 mg). The filtrate was evaporated under vacuum and the residue 
dried under vacuum to yield a black solid (1.36 g): Pt 27.58, M g  6.69, CI 9.30, 
C 42.10, H 4.25% (PtMg, 95C1,,85C1a,8H3,~ ]). EXAFS analysis of 2, sce 
Figure 2, bottom right and Table 2. 

Detection of anthracene liberated in the reaction according to Equation 4 
(Table 6, experiment 2): The experiment was conducted in the same way as the 
one described above, except that the Pt* used had been produced in experi- 
ment 5.2. The reaction time was 72 h. After filtration of the solution, 18 mg 
of insoluble residue remained. An aliquot of the solution was decomposcd by 
addition of H,O, HCI, and toluene. Analysis of the toluene solution by gas 
chromatography: A (1.13 rnniol, 90%) and DHA (0.12 mrnol). 

Investigation of the progression of the reaction according to Equation 4 
(Table 6, experiment 3): Pt* (2.26 mmol) (from a repeat of experiment 5.1 ; 
81.80% Pt), MgA (2.66 nimol), and MgCI, (2.31 mmol) in T H F  (106 ml,) 
were stirrcd at RI '  for 4 d. At defined time intervals, I .0 mL samples were 
removed from the suspension, and 1 .0 mL of a CH,OH 'toluene mixture 
containing )I-C,,H,, as a standard was added before analysis by GC. I n  a 
parallel experiment 6.4, commercial Pt black was used instead of Pt* and ii 

control (expcriment 6.5) was carried out in the absencc of Pt. The rcsults of 
experiments 6.3-5 are represented in Figure 1 
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