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Summary The small angle X-ray scattering (SAXS) 
determination of the particle size distribution of Pd 
metal supported on vitreous materials demonstrates the 
extremely high degree of dispersion of the metal, which 
can be linearly related to the catalytic activity in hydro- 
genation reactions and to the physical and chemical 
properties of the supports. 

PALLADIUM microparticles or clusters obtained upon in situ 
reduction of surface organometallic compounds anchored 
to inorganic supports are still uncharacterized with respect 
to their average size and the degree of dispersion. How- 
ever, to account for the high catalytic activity in hydro- 
genation reactions of this class of catalysts a metal phase 
dispersed at  the 'atomic level' has been invoked.ll2 Direct 
evidence for this possible relationship can be provided by 
comparing the catalytic behaviour with the experinental 
structural data (obtained by small angle X-ray scattering; 
SAXS) here reported for the first time. 

Very active hydrogenation catalysts with low Pd content 
were prepared by the reaction of [Pd(C,H,),] with 'metal- 
organic glasses'3 bearing surface -OH groups and reduction 
of the anchored PdII species with LiH or H2.2 This prepara- 
tion parallels the method used by Yermakov to obtain 
'atomically dispersed metals' on silica, reaction (1) .1 

support ]-OH + Pd(C,H,), + Support I-OPd(C,H,) 
H2 

--+ Pd (atomically dispersed) (1) 

The vitreous supports were prepared by treating a solution 
of Si, Al, and Na alkoxides with a stream of H20 vapour and 
heating the gels obtained to 950 "C. A range of values for 
the OH group content can be achieved heating the gels a t  
different temperatures in the interval 26@-950 "C. 

TABLE 

D W A X S  

Sample8 Pdb % D G / A  Dp/A /A 
A : support obtained heating the gel up to 240 "C 

0.34 20.4 12.2 - 
0.40 31.0 18.1 

A, 1.70 21.3 15.9 

B : support obtained heating the gel up to 450 "C 

C : support obtained heating the gel up to 650 "C 

D : support obtained heating the gel up to 950 "C 
Dl 0.85 205 104 76 

- A1 
A2 - 

Bl 0.85 109 33.6 55 

0.85 142 85.9 - Cl 

979 

The SAXS measurements were performed under 'infinite' 
beam conditions with a Kratky camera aligned according 
to the method of Anderegg et al.4 using Mo-K, radiation and 
the calibration sample (Lupolen) method for absolute 
intensity determinati~n.~ For each catalyst sample ex- 
amined, the SAXS intensities were normalized by taking 
into account the attenuation factor and then subtracting 
the corresponding intensities due to  the related supports, 
independently measured. 
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FIGURE 1. Particle size distribution curves and plot of the 
catalytic activity vs. % Pd. 

From the Guinier diameter, DG, and Porod diameter, Dp, 
determined following known methods,6 normal-logarithmic 
particle size distribution curves7 were obtained for the six Pd 
catalysts here studied (cf. Table and Figure 1) .  The 
other X-ray structural parameters reported in the Table are 
the metal and the vitreous support surface area values 

Catalytic 
activityd SSAXS ~ B . E . T .  % of Pd 

/m2 g-1 /m2 8-1 exposed OHc /1 mol-l s-l 
522 348 - 10.3 - 

3.9 - 83.3 - 41 1 
202 - 66.1 L 4.5 
331 - 71.9 - 20.3 

- 6.1 - 365 213 
148 - 41.3 - 6-2 

- 1.2 - 11 5.4 
56 - 17.9 - 2-3 

- 1 0.1 - 0.3 
46 L 15-0 - 0.18 

a Final glass composition: SO, 75.1 %, A1,0, 13-9%, Na20 7.4%. b From elemental analysis. C Number of OH groups per g of 
support expressed in ml of H, evolved in 1 h from the reaction: support-OH + LiH -+ support-OLi + H,. Rate constants for 
the hydrogenation of hex-l-ene ( 0 . 2 4 ~ )  in tetrahydrofuran a t  25 "C and P(H,) = 760 f 12 mmHg with 0.5 g of catalyst (c j .  ref. 2). 
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determined from SAXS absolute intensities and Kratky’s 
method.8 Moreover, only for two samples, the average 
particle size, DWAXS, was determined by X-ray line 
broadening analysis at  wide angle using Scherrer’s formula,S 
after both instrumental and doublet broadening effects had 
been eliminated. The Table also reports: (i) the per- 
centage of Pd exposed and calculated as the ratio between 
the number of atoms present in a mono-layer a t  the surface 
of the Pd microparticles and the number of atoms present 
in the total spherically averaged volume of the particles ; 
(ii) the B.E.T. surface area of the vitreous supports; 
(iii) a parameter related to the number of OH groups per g 0 29 40 60 80 100 120 
of support; and (iv) the catalytic activity. 

Figure 1 shows the catalytic activity plotted against the 
Pd content for the six samples studied here and also for 

/ 
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others previously reported.2 In the case of samples of 
type A, the catalytic activity is a linear function of the Pd 
percentage and the average Pd cluster sizes, Dp, are in the 
range 12-8-18.1 A, while the metal surface areas are in the 
range 202-41 1 m2g-1. For the other samples the catalytic 
activity is no longer a linear function of the Pd content and 
this deviation from linearity becomes more and more 
marked on going from samples B to C and D.2 Moreover, 
a t  constant Pd content (0.85%) the catalytic activity 
decreases linearly as a function of the cluster or particle size 
(cf. Figure 2) and this parallels the dramatic decrease in 

FIGURE 2. Plots of the catalytic activity us. particles size and 
number of OH groups on the support’s surface (cf. footnote c of 
Table). 

surface OH groups on the support observed on increasing 
the temperature to which the support was heated. This 
demonstrates the direct relationship between the number 
of OH groups on the surface of the support, the catalytic 
activity, and the degree of dispersion of the metal. 
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