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Ordering of Ruthenium Cluster Carbonyls in 
Mesoporous Silica 
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The anionic ruthenium cluster carbonylates [Ru,C(CO), J2- or [H2Ru,,(CO),J2- inter- 
spersed with bis(triphenylphosphino)iminium counterions (PPN+) are incorporated from 
solution into the pores of MCM-41 mesoporous silica (3 nanometers in diameter), where 
they form tightly packed arrays. These arrays were shown by high-resolution transmis- 
sion electron microscopy, Fourier transform optical diffraction, and computer simula- 
tions to be well ordered both along and perpendicular to the axis of the cylindrical pores. 
In their denuded state produced by gentle thermolysis, the cluster carbonylates yield 
nanoparticles of ruthenium that are less well ordered than their assimilated precursors 
but show good activity as hydrogenation catalysts for hexene and cyclooctene. In both 
their as-prepared and denuded states, these encapsulated clusters are likely to exhibit 
interesting electronic and other properties. 

Finelv divided metals have been the sub- 
ject of scientific investigation since the 
time of Faraday and earlier (1, 2). They 
exhibit electronic (3), magnetic (4, 5), 
thermal (3-3, catalytic (6, 7), optical (8), 
and other properties that differ from those 
of the corresponding bulk metals. Mono- 
and bimetallic nanoparticles (6) in the size 
range 0.5 to 5 nm have attracted particular 
interest because of their catalytic properties. 
Mesoporous molecular sieves such as 
MCM-41, first reported by Mobil scientists 
in 1992 (9), are among the best candidates 
as a support material for metal clusters be- 
cause of their sizable pores, ranging from 1.5 
nm to >10 nm. 

We recently proposed that nanopar- 
ticles denuded by gentle thermolysis of the 
encapsulated carbonylate salts may be at- 
tached to the interior surface of the me- 
soporous silica and may exhibit promising 
catalytic properties in the hydrogenation 
of alkenes (10, 11). Given the scope that 
exists in controlling the population of the 
cluster carbonylates within the mesopores 
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of the siliceous host. interesting electron- - 
ic, optical, and sensor properties may also 
be expected. In this previous work, we 
introduced [Ag3RuloC2(C0) 28Cl] [PPN], 
and [Ru12C2Cu4(CO)32C12][PPN]2 salts 
into the MCM-41 channels and measured 
the catalytic performance of the denuded 
salts (that is, the bimetallic nanoparticles) 
for the hydrogenation of hex-1-ene and a 
range of other alkenes (1 0, 1 1 ). The nano- 
c1us;ers were shown to be disordered in 
the channels (10. 11). . ,  , 

In view of the general interest in the 
~ro~er t ies  of nanoelectronic materials. 
kuch effort has recently been expended 
(1 2) in the development of novel ways of 
producing ordered arrays, including linked 
cluster networks, of metallic nanoparticles 
in a size range down to - 1.5 nm. As part of 
our program (13) to design and synthesize 
well-defined solid catalysts derived from 
MCM-41 and organometallic precursors, we 
herein reDort an effective method of Dro- 
ducing highly ordered one-dimensional 
(ID) arrays of Ru cluster carbonylates [such 
as those described in (14)] inside the 3-nm- 

diameter mesopores of MCM-41 silica. To 
our knowledge, the only prior comparable 
preparation of linear arrays of metallic 
nanoparticles [apart from "decorated atom- 
ic steps on graphite (15) and molybdenite 
(16) surfaces with nanoparticles of the 
coinage metals and the insertion of materi- 
als inside carbon nanotubes (17)] is that of 
Schmid and Homyak (4) ,  who recently re- 
ported that the 50-nm-diameter pores of 
alumina membranes could be packed with 
13-nm-diameter, ligand-stabilized AuS5 col- 
loids by vacuum induction. 

The silanol groups that line the meso- 
pores of the silica facilitate the uptake of 
the bulky cluster anions by hydrogen bond- 
ing with the carbonyl groups of the guest 
species (10). We synthesized and character- 
ized the two salts [Ru,C(CO),d[PPN], and 
[H,Rulo(CO),,][PPN],, henceforth desig- 
nated I and I1 (18), and tested the maxi- 
mum degree of incorporation of I or I1 into 
the silica as follows. The silica and either I 
or I1 were made into a slurry in ether and a 
small amount of a second solvent, dichlo- 
romethane (CH2C12) (1 9). The maximum 
loadings for the two cluster salts, expressed 
as mass salt per mass MCM-41, are 8:7for I 
and 15 :9 for I1 (20). 

We are confident that the cluster salts I 
and I1 are each assimilated intact by the 
MCM-41 for three reasons. First, each of 
the salts may be completely recovered by 
solvent extraction from the mesopores. Sec- 
ond, parallel extended x-ray absorption fine 
structure studies that we have carried out 
(1 0, 1 I ) on analogous cluster carbonylate 
salts, [Ag,RuloC2(CO)28C1] [PPN], and 
[Ru6C(C0)16Cu2C1]2[PPN]2, taken up by 
MCM-41 show that the x-ray absorption 
spectra of the dispersed and assimilated 
clusters are indistinguishable (21). Third, 
microanalysis (C, H, N) results were in 
accordance with the loadings as prepared. 

The infrared (IR) spectroscopic profiles 
of the CO stretching vibrations of clusters I 
and I1 assimilated by the MCM-41 are 
much more complex than those of the same 
clusters in CH,Cl, solution [single absorp- 

Fig. 1. HRTEM image of pure 
silica MCM-41, with its Fourier 
transform (inset), viewed per- 
pendicular to the pore axis 
([OOl] direction, indicated by the 
arrow). Scale bar, 10 nm. 
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Fig. 2. HRTEM image of 
MCM-41 loaded with 
[Ru,C(CO)~~FPNI~ O, 
with its Fourier transform 
(inset). The average re- 
peat distance derived 
from the reciprocal space 
(002) spots of the Fourier 
transform is -2.1 nm, 
corresponding to a pro- 
jection of the average re- 
peat distance on the 
[001] axis for the clusters. 
The black dots lie along 
the pore axis, forming a 
rosary-like pattern, and 
the arrow indicates the 
area showing interchan- 
nel ordering of the beads. Scale bar, 10 nm. 

Fig. 3. STEM bright-field image 
(24) of MCM-41 loaded with 
lHzR~io(C0)zJlPPNl, (11) show- 
ing highly regular features along 
the pore axis, with its Fourier 
transform (inset). The repeat 
distance derived from the recip- 
rocal space (001) spots of the 
Fourier transform is -2.95 nm. 
Scale bar, 20 nm. 

1 
tion maxima at 1977 cm-' and 2010 cm-' 
for I and 11, respectively (14)l. Moreover, 
the main absorption peak shifts to lower 
energy, indicating that the interaction be- 
tween the carbonylate species and the sil- 
anols is quite strong. 

High-resolution transmission electron 
microscopy (HRTEM) images (22, 23) 
show the-regular nature of the mesopores of 
the MCM-41 silica (Fig. I), and the 1D. 1 diffraction pattern along-the [loo] direction 
indicates that there is no crystallographic 
ordering along the axis of the empty meso- 
pores. In contrast, the HRTEM image of I 
loaded into the MCM-41. (Fig. 2) shows 

I many black dots partially orderid along the 

Fig. 4. A schematic dia- A 
gram showing how the 
maximum and minimum 
d spacings can be de- 
rived from geometrical 
packing considerations. I 

M * 
It is assumed that the ! e r n  ! ern,= f 
clusters are separated 
by two PPN cations, that , . 
they are cmnected by I * 

their van der Waals sur- -j +-e=+msx-emh 
faces, and that the inter- 
nal pore diameter is 3 
nm. (A) Packing that ::I.. 
gives the maximum d ye 
spacing dm; (B) pack- I 

ing that gives the mini- 7 7 location of arc .,. 
mum d s~acina for a 
cluster carbonyl-of given van der Waals radius. Because the 
intercluster spacing t is constant, the relative position of B to A is = cation (PPN) 

determined by angle 0. Therefore, B must lie somewhere on an 
ellipse (in a cylindrical channel). and the d spacing dm!, is deter- @ = 

dianbn 

mined by dm,, = [(cos 0). The observed packing may be expect- [RU,,C(CO),~~- or [H,R~,,(CO),$~- 
ed to lie within the limits 0 5 0 4 Om, for constant e .  
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pore axis, forming a "rosaryn-like pattern. In 
agreement with this partial ordering, a few 
arced diffraction lines are observed in the 
Fourier transform ("optical" diffractogram) 
of this image (Fig. 2, inset). From both the 
real space image and the reciprocal space 
(diffraction) pattem, an average repeat dis- 
tance (-2.1 nm in real space) is obtained. 
A scanning transmission electron microsco- 
py (STEM) image of the MCM-41 loaded 
with I1 (Fig. 3) displays a regular repeat 
distance along the pore axis [OOl] of -2.95 
nm, and this is also in agreement with the 
corresponding Fourier transform of the 
STEM image (24). 

Interpretation of the features seen in 
Figs. 2 and 3 is facilitated by the known 
crystal structures and packing motifs (x-ray 
derived) of pure I and I1 (14). In each case 
the carbonylate cluster anion is associated 
with two [PPN+] cations, and the center- 
to-center distances between adjacent ions 
are, for I, -0.93 nm from [Ru6C(C0), J2- 

to PPN+ and, for 11, -1.06 nm from 
[H2Rul,(CO)2,]2- to PPN+ and 0.80 nm 
from PPN+ to its adjacent PPN+. In MCM- 
41-1, the individual hexaruthenate clusters 
are hydrogen-bonded to the pore wall 
(through interactions of the type Si-O- 
H--0-C-Ru) and are flanked by two PPN+ 
counterions. If the PPN+-[Ru,C(CO), J2-- 

PPN+ triads were lined up as in pure crys- 
tals of I along the mesopore axis, the dis- 
tances between two Rug clusters would be 
-2.7 nm (2 X 0.93 nm + 0.8 nm) (Fig. 
4A). But the observed separation is only 
-2.1 nm (Fig. 2), and thus the "linear 
packing" mode is clearly not adopted. How- 
ever, if a cluster situated within a mesopore 
is separated by two PPN+ ions with a con- 
stant interaction distance of -2.7 nm, then 
a second cluster may be readily accommo- 
dated at any point on an ellipse within a 
cylindrical channel (Fig. 4B), thereby yield- 
ing a projected distance between two adja- 
cent clusters in the mesopore that is con- 
siderably less than in the idealized, linear 
model. Given that the observed center-to- 
center distance between two hexaruthenate 



clusters is 2.1 nm, that the van der Waals 
diameter of the cluster is - 1.1 nm, and that 
the pore diameter is 3.0 nm, we conclude 
that the clusters pack in a zigzag fashion 
with an operative angle of 39". 

In MCM-41-11, the observed average 
intercluster distance (deduced from the dif- 
fraction patterns and the HRTEM images) 
is 2.95 nm. not too dissimilar to the ideal 
intercluster distance of 2.92 nm found in 
crystals of pure I1 (see Fig. 5). Therefore, in 
the case of the larger diameter decaruthe- 
nate clusters, the packing mode adopted 
within the mesopores is linear. 

The micrographs of both MCM-41-1 
and MCM-41-11 display not only the rosa- 
ry-like arrangement of dots along the pore 
axis but also a strong tendency for align- 
ment of the dots in directions inclined to 
the pore axes; this is especially marked in 
MCM-41-1. The intrachannel ordering of 
the guest ions is predominantly governed by 
a combination of molecular recognition, 
r ore-wall interaction. and electrostatic con- 
siderations, whereas the interchannel order- 
ing requires a directing force that permeates 
through the pore walls of the siliceous host' 

adjacent channels. This is the likely reason of specimen thickness and lens defocus re- 
for the observed 3D ordering. produced both the 1D electron diffraction 

Computer simulations using the multi- patterns and the images of Figs. 1 and 3 
slice procedure (25) on both empty MCM- (Fig. 6) (26). The size of the dots in the 
41 and MCM-41-11 covering a wide range experimental images (Figs. 2 and 3) is larger 

than the real size of the ruthenate clusters 
(which can be judged from Fig. 5) because rim of lattice vibrationat the finite temperature 
of the electron microscopy. 

Although much work remains to be 
done on theseSconstrained arrays of mono- 

AF * -10 u -= m -*am disperse nanoparticles, many applications 
can be readily envisaged. Our preliminary 
experiments on the denuded ruthenate 
clusters (effected by gentle heating in vacuo 
at 180°C for 1 hour) show that the resulting 

+@ r r  -mmm -Cbsa - ' E ) r  nano~articles of ruthenium. which are 
somewhat less ordered along the pore axis 
than are their precursors, display promising 
catalytic activity in the hydrogenation of 
alkenes (27). The hydrogenation of hex-l- 
ene by MCM-41-Rule (particles -1.3 nm 
in diameter) was studied in a batch reactor 
at 120°C, and there was essentially com- 
plete conversion to n-hexane. The hydro- 
genation of an internal alkene, cis-cy- 
clooctene, by MCM-41-Ru, at room tem- 

(-0.6 nm thick). We believe, though it Fig. 6. Computer simulations of electron d i a c -  perature also. proceeded to completion and 
remains to be tested, that two of the at- tion patterns and images viewed down the [I001 the kinetic data showed no evidence of 
tributes of the cluster anions (but not of the direction using models of (A) Pure MCM-41 and limitations. Given that it appears feasible to 
PPN+ counterions)-namely electrostatic (8) MCM-41 loaded with [HPUIO(CO)*J[PPN]Z. prepare aligned films of MCM-41 (28) and 
charge and an aptitude to form multiple Specimen thicknesses are 40.7 nm; lens defocus that other metal carbonylates are readily 

values Mare indicated. Calculations were carried available, it is clear that mmy reductions hydrogen bonds with the pore walls-will out for a range of specimen thickness from 3 7 to 
introduce some elastic strain that will, 55,5 nm and lens defocus from to -160'nm. and oxidations [of the type described by 
through the packing of the ruthenate ions, These establish conclusively that the Felthouse et al. (29)] may be catalytically 
introduce periodicity in the elastic strain observed ordering in the HRTEM images results effected by the type of catalysts described 
energy that will be felt by other clusters in from the ordering of the metal clusters. herein. 
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Polv valent inhibitors can be used for 
blocking the adhesion of pathogens to the 
surfaces of target cells (I, 2). The enhanced 
biological activity observed in these systems 
has been rationalized in terms of the roles of 
enthalpy and entropy. Similar strategies us
ing polyvalency may also be applied to oth
er problems in biochemistry such as block
ing carbohydrate-protein interactions and 
controlling cellular signal transduction ( 3 -
7). We describe the design and synthesis of 
a trivalent system of receptor and ligand 
derived from vancomycin and D-Ala-D-Ala 
(DADA), respectively, that shows excep
tionally high affinity [its binding constant 
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(Kd) is ~ 4 X 10-17 ± 1 X 10-17 M, 25 times 
tighter than biotiiravidin, which is one of 
the strongest interactions known in biolog
ical systems (8)] and we characterize the 
thermodynamics and kinetics of this high-
affinity system. 

We chose the vancomychrDADA pair 
for elaboration into a polyvalent system for 
five reasons: (i) vancomycin is relatively rig
id, and there is little loss in conformational 
entropy on binding (Table 1) (9); (ii) Wil
liams and others have studied it in detail 
structurally (10-12) and thermodynamically 
(9, 13); (iii) the two components are readily 
available and relatively easily modified syn
thetically (7); (iv) the monovalent complex 
has a convenient binding constant (Kd ^ 1 
|jJM) (14); and (v) Williams proposed that 
noncovalent divalency is important in the 
binding of vancomycin to DADA groups in 
bacterial cell walls (15-17). 

The design of the trivalent vancomycin 

A Trivalent System from Vanc©mycin*D»AIa-D-AIa 
with Higher Affinity Than Avidin-Biotin 

Jianghong Rao, Joydeep Lahiri, Lyle Isaacs, Robert M. Weis, 
George M. Whitesides* 

Tris(vancomycin carboxamide) binds a trivalent ligand derived from D-Ala-D-Ala with very 
high affinity: dissociation constant (Kd) - 4 x 10~17 ± 1 x 10~17 M. High-affinity trivalent 
binding and monovalent binding are fundamentally different. In trivalent (and more 
generally, polyvalent) binding, dissociation occurs in stages, and its rate can be accel
erated by monovalent ligand at sufficiently high concentrations. In monovalent binding, 
dissociation is determined solely by the rate constant for dissociation and cannot be 
accelerated by added monomer. Calorimetric measurements for the trivalent system 
indicate an approximately additive gain in enthalpy relative to the corresponding mono
mers. This system is one of the most stable organic receptor-ligand pairs involving small 
molecules that is known. It illustrates the practicality of designing very high-affinity 
systems based on polyvalency. 
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