
organic end groups and perhaps many inor- 12. H. G. Viehe, Chem. Ber. 92, 1270 (1959). 
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Visualization of Surfactants on Nanostructured 
Palladium Clusters by a Combination of STM 

and High-Resolution TEM 
Manfred T. Reetz,* Wolfgang Helbig, Stefan A. Quaiser, 

Ulrich Stimming, Norbert Breuer, Roland Vogel 

Scanning tunneling microscopy (STM) and high-resolution transmission electron micros- 
copy (TEM) h?ve been used to determine the dimensions of a series of palladium clusters 
stabilized by tetraalkylammonium salts. Electrochemically prepared colloids were used in 
which the average diameter of the inner metal core was varied between 2 and 4 nano- 
meters, and the size of the ammonium ions was adjusted in the series +N(n-C,H,), < 
+N(n-C,H17), < +N(n-C1,H,,),. The difference between the mean diameter determined 
by STM and that measured by TEM allows the determination of the thickness of the 
protective surfactant layer. On the basis of these studies, a model of the geometric 
properties of ammonium-stabilized palladium clusters has been proposed. Suggestions 
for the mechanism of the STM imaging process are also made. 

Curren t  interest in metal clusters and col- 
loids in the size range of 1 to 10 nm is 
increasing because of their actual and po- 
tential use as catalysts and as advanced 
materials in electronics (1).  In order to 
prevent agglommeration with the forma- 
tion of large particles or powders, these 
nanostructured clusters usually need to be 
protected by stabilizers such as polymers 

(for example, polyvinylpyrrolidone) (Z), li- 
gands (for example, phenanthroline) ( 3 ) ,  or 
surfactants (for example, tetraalkylammo- 
nium salts) (4). Synthetic routes include 
metal vaporization and chemical reduction 
of metals salts in the presence of the stabi- 
lizers (1-4). In most cases, the nature of 
stabilization is not well understood (5), and 
knowledge of the actual structure and di- 
mensions of the materials is limited. Gen- 

M. T. Reetz, W. Helbiq, S A. Quaiser, Max-Planck-lnsti- erally, high-resolution transmission elec- 
tut fur ~ohlenforschung, Kaiser-Wilhelm-Platz 1, tronlnicr&jcopy (TEM) has been used, but 
D-45470 MuhemlRuhr, Germany. 
U. Stimming, N. Breuer, R. Vogel, Forschungszentrum this technique provides information 
Julich, nstitut fur Energieverfahrenstechnk, D-52424 regarding the size of the metal cores ( 6 ) .  
Julich, Germany. Because scanning tunneling microscopy 
*To whom correspondence should be addressed. (STM) is a powerful tool for the character- 

Fig. 1. Schematic diagram defining the terms 
used in this study. 

ization of surfaces and catalysts ( 7 ) ,  it might 
be expected to be useful in the deter~nina- 
tion of the outer dimensions of the actual 
colloidal materials. The difference between 
the mean diameter determined bv each of -- ~ 

these methods, d,,, and &,,, Would be 
2S, where S is the thickness of the protec- 
tive layer (Fig. 1). Previous STM studies of 
gold and Pd clusters stabilized by phenan- 
throline derivatives have culminated in the 
gross characterization of the surface topog- 
raphy, but so far, details regarding dsrM 
have not been possible (8). 

We have recently described the size- 
selective electrochemical synthesis of tet- 
raalkylammonium-stabilized Pd and Ni 
clusters: Control of particle size (4,,) is 
~ossible  by simple adjustment of the current 
density (9). Because the bulkiness of tet- 
raalkylammonium ions +NR4 can be varied 
by the proper choice of R groups, we have a 
simple experimental method for the system- 
atic preparation of ammonium-stabilized 
clusters in which the geometric parameters 
(Fig. 1)  can be varied at will. In this report, 
we present the results of a study combining 
STM and high-resolution TEM of stabilized 
metal clusters. Direct measurements of d,,, 
and 4,, for a series of tetraalkylammo- 
nium-stabilized Pd clusters is provided, al- 
lowing a fairly detailed study of the inter- 
action between tetraalkylammonium ions 
and metal clusters. 

A series of Pd clusters was synthesized as 
~ r e v i o u s l ~  described (9). We  prepared the 
samples for the TEM studies by dip coating 
a commercially available TEM grid (400 
mesh, copper with 5-nm amorphous car- 
bon) with M solutions of the col- 
loids. The images were taken at a magnifi- 
cation of 3 x lo5 with a Hitachi HF2000 
high-resolution TEM at an acceleration 
voltage of 200 keV. Materials with different 
&,, values but with the ammonium salt 
remaining the same were investigated, 
along with materials in which the 4,, 
values were approximately constant but the 
size of ammonium ions varied (Table 1). 
The clusters were then. studkd by STM. 
Substrates for the STM measurements were 
quartz slides with vapor-deposited gold films 
200 nm thick. A n  essential step necessary 
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for successful imaging is a flame annealing 
process, which leads to a smooth gold sur- 
face with atomic steps and large, atomically 
flat terraces. The colloids were then at- 

ments were performed with a "beetle" type 
STM (1 0). Etched Pt-lr wires (90% Pt, 10% 
Ir) were used as tips. 

A typical high-resolution TEM image of 
a Pd cluster stabilized by N(n-C4H,)4Br 
(Fig. 2A) yields an average diameter kM 
of 4.1 nm. The STM image (Fig. 2B) reveals 
particles with an average diameter dsm of 
6.9 nm. Similar studies were performed with 

the other materials. Typical STM images 
are shown in Fig. 2, C and D. In each 
image, about 100 particles were used for the 
determination of the average particle diam- 
eters. In all cases, hM turned out to be 
larger than bM (Fig. 3). 

The geometric difference (dSTM - 
b E M )  in the series of N(n-C8H,,),Br-sta- 
bilized clusters is nearly independent of 
the metal core diameter bEM (Fig. 3A); 
that is, STM shows particles that are 2.0 
to 2.7 nm larger than the same ones im- 
aged by high-resolution TEM. Thus, one 
and the same surfactant contributes to the 
constant difference. Because of the influ- 
ence of stabilizer size on the STM image 
(Fig. 3B), dsTM - bM is directly depen- 
dent on the size of the ammonium ion, 
that is, on the length of the alkyl groups in 
+NR4. The STM and TEM size distribu- 
tion diagrams for the N(n-C8H,,),Br-sta- 
bilized colloid having GEM of 2.5 nm (Fig. 

tached to the surface by dip coating with 
the colloidal solution. The STM measure- 

* STM 

Fig. 3. (A) Influence of the metal core size on the 
STM image [stabilizer: N(n-C,H17),Br]. (B) Influ- 
ence of the stabilizer size on the STM image. 

0 TEM . STM 
Fig. 5. Model for the interaction of tetraalkylam- 
monium ions with Pd clusters. 

Table 2. Calculated and experimental values of 
stabilizer thickness S for different R groups. The 
observed values are averages over 100 particles. 

s (nm) 
R 

Calculated Observed 

Particle ske (nm) 

Fig. 4. Size distribution diagrams of a 2.5-nm 
N(n-C8Hl ,),Br-stabilized cluster. 

'Average value of all measured samples in the N(n- 
C,H, ,),Br series. 

Table 1. Electrochemically prepared Pd colloids. The first three rows refer to materials with different 
values of d,, but with the same ammonium salt. For the last three rows, d,, is approximately constant, 
but the size of the ammonium ions vary. In all cases, the electrolyte used was a 0.1 M solution in 
acetonitrile (ACN) or tetrahydrofuran (THF). The current and temperature varied as noted. The last column 
gives a solvent in which the colloid is soluble: THF, N,N-dimethylforrnamide (DMF), or pentane. 

Conditions Colloid 

(nm) 
Electrolyte Current Temperature soluble 

(mA/cm2) CC) 
in 

Fig. 2. (A) A high-resolution TEM of a 4.1 -nm PU 
colloid stabilized by N(n-C,H17),Br. (B) STM im- 
age of the same colloid. (C) STM image of another 
N(n-C8H17),Br-stabilized colloid (d,,, = 6.9 nm; 
d,, = 4.1 nm). (D) STM image of a third N(n- 
C,H17),Br-stabilized colloid (d,,, = 4.0 nm; dT,, 
= 2.0 nm). 

2.0 N(n-C,H17),Br in ACN 4 
2.5 N(n-C,H17),Br in ACN 1 
4.1 N(n-C,H17),Br in ACN 0.2 
3.4 N(n-C,H,J,Br in THF 4 
4.0 N(n-C1,H3,),Br in THF 4 

20 THF 
20 THF 
20 THF 
30 DMF 
50 Pentane 
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4) complement one another, except that 
STM makes very small particles ( < 1  nm) 
visible, which is not  possible by TEM. 

Wiesner et al. have postulated stabilizing 
electrostatic interaction between cetyltri- 
methvlammonium ions and Ag surfaces 15). " , . 
Assuming this general model and placing 
the H atoms of the a-methylene groups of 
the +NR4 ions at the outer surface of the 
metal core (Fig. 5 ) ,  it is possible to calculate 
approximate values of S with standard 
MM2 force field calculations. The agree- 
ment between calculated and experimental 
values is excellent (Table 2). Thus, a mono- 
molecular protective coat is involved. The 
results demonstrate that STM is a suitable 
tool for the visualization of surfactant lavers 
on metal colloids and that the combinaiion 
STM and high-resolution TEM leads to " 

valuable information regarding the approx- 
imate geometric relation between the metal 
core and the stabilizing mantle. It is likely 
that the method of combined STM-TEM is 
not restricted to our materials. 

The  question remains how the results 
can be explained in terms of the STM 
imaging process. The  STM images clearly 
show that the tip is withdrawn from the 
surface when it reaches a surfactant-cov- 
ered metal cluster. The  feedback mecha- 
nism of the STM holds the conductance 
between tip and sample a t  a constant val- 
ue. Thus, the motion of the tip is along 
a line of constant tunnel resistance. Be- 
cause the particles are imaged correctly 
regarding their size, the transfer of elec- 
trons through the surfactant layer must be 
fast and not dependent on the length of 
the carbon chain of the surfactant. The  
physical reason for this surprising result is 
not yet clear and has to be investigated 
further. 
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The Structure of Confined Oxygen 
in Silica Xerogels 

B. S. Schirato,* M. P. Fang, P. E. Sokol,-l-S. Komarneni 

The microscopic structure of oxygen confined in silica xerogels has been studied as a 
function of temperature. In large pores, a crystalline solid forms with a structure consistent 
with that of the bulk. The size of the crystallites is much larger than the pore size, indicating 
that cooperative effects among pores are important in freezing. As the pore size is 
decreased, a crossover occurs where solidification results in an amorphous phase in the 
pores. The resulting amorphous phase is solid but is less ordered than the liquid phase. 

T h e  confinement of liquids in restricted 
geometries leads to many new and interest- 
ing features (1). The interactions between 
molecules and surfaces in interconnected, 
random confining pores lead to many ef- 
fects that are of fundamental interest. These 
effects are also of ~ract ical  im~ortance in 
areas such as interfacial adhesion, lubrica- 
tion, rheology, and tribology. 

Previous studies of freezing in porous 
media have shown significant deviations 
from bulk freezing (2-5), such as a depres- 
sion of the freezing temperature and a large 
hysteresis between cooling and warming. 
The dynamical properties of the super- 
cooled liquid are also different from those of 
conventional bulk liquids (2,  6). Recent 
comDuter simulations of freezing in con- - 
fined geometries (7, 8 )  have resulted in 
enhanced, rather than suppressed, freezing 
temperatures. These simulations have also 
revealed structures different from the bulk 
that have been observed experimentally in 
some systems (8). 

In this report, we present measurements 
of the static structure factor S(Q)  of oxygen 
confined in silica xerogels. The microscopic 
structure of the liquid or solid in the pores, 
which is reflected in S(Q), is fundamental 
to obtaining an understanding of the effects 
of confinement, randomness, and geometri- - 
cal interconnection on  the properties of 
condensed phases in the pores. Xerogels (9) 
are porous materi$s with pore sizes ranging 
from 10 to 500 A formed by the gelation 
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and compaction of silica solutions. They 
provide a convenient and well-character- 
ized confining medium, and oxygen pro- 
vides an  interesting system for structural 
studies because it possksses both liquid-solid 
and solid-solid phase transitions ( l o ) ,  its 
structure is well known (1 1-13), and sever- 
al previous studies of the behavior of oxy- 
gen adsorbed in xerogels exist (2,  8, 14). In 
addition, oxygen is weakly interacting, with 
respect to the xerogel glass, so that struc- 
tural changes in the confining material do 
not occur. 

We  find that a crvstalline solid forms in 
large pores with a structure consistent 
with that of the bulk svstem. The  crvstal- 
lite size of the solid in ' the pores is much 
larger than the pore size, indicating that 
freezing is a cooperative process involving 
interconnected pores. In small pores, un- 
usual behavior is observed at the liquid- 
solid transition where solidification results 
in an  amorphous solid phase that is less 
ordered than the liquid phase. 

The xerogels were synthesized in a closed 
system by mixing 10 ml of tetramethylortho- 
silicate (TMOS) with 6 ml of various con- 
centrations of HF and NaF with a H,O/ 
TMOS ratio of 4.96. No alcohol was added. 
Xerogelso with pore diameters of 35, 45, 
and 60 A were prepared with 0.1 M HF, 0.2 
M HF, and 0.1 M NaF, respectively. The 
mixed solutions were stirred in airtight con- 
tainers until gelation occurred. After gela- 
tion, gels were left in their respective bottles 
for about 12 hours before drying at 60' to 
65°C for 2 days, which was followed by 
further drying at 200°C for 4 hours to obtain 
xerogels. The three gels were then charac- 
terized by water and nitrogen adsorption 
isotherms. 

The  neutron diffraction measurements 
were carried out with the Electron Volt 
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