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racarboxylic acid (8) (141 g) directly in 91% 
yield, which is an important intermediate for 
synthetic resins and flexibilizers. Cyclohex- 
ene-cis-4.5-dicarboxylic acid \?;as also con- 
~er t ible  to 8 in 96% yield (1 7). Under stan- 
dard conditions. I-methylcyclohexene was 
converted to 6-oxoheptanoic acid (9) in 59% 
yield. Oxidation of cyclopentene (100 g) with 
30% H202 (736 g), Ka2W0,. 2H20  (4.84 g), 
and [CH3(~~-C,Hl,)3N]HS0, (6.84 g) at 70" 
to 90°C for 13 hours produced ciy.stalline 
glutaric acid (10) (175 g) in 90% yield. Ox- 
idative c lea~age of the C(9)-C(10) bond of 
phenanthrene with the aid of (aminometh- 
y1)phosphonic acid (7) produced 2,2'-biphe- 
nyldicarboxylic acid (11) ill 41% yield. Cy- 
clooctene and I-octene produced suberic acid 
and heptanoic acid in only 9 and 36% yield, 
respecti\-ely, because the initially formed ep- 
oxides are resistant to hydrolytic cleavage. 

This solvent- and halide-free oxidation of 
cyclohexene and cyclopentene is clean. safe, 
and reproducible, with conditions that are 
less corrosile than those of the nitric acid 
oxidation. KO operational problems are fore- 
seen for a large-scale version of this "green" 
process, and technical refinement should fur- 
ther increase the synthetic efficiency. The 
u~orldaide chemical industry is directing ex- 
t ens i~e  effoits tolvard the efficient production 
of H202  as a clean, selective oxidant (18). 
Thus, this en\-ironmentally conscious. noil- 
nitric acid route to adipic acids will be attrac- 
t i ~ e  only if the cost of H202  is considerably 
reduced or if the regulations regarding N 2 0  
emission become more stringent. 
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Onset of Catalytic Activity of 
Gold Clusters on Titania with 

the Appearance of Nonmetallic 
Properties 

M. Valden," X. Lai, D. W. Goodman-1 

Cold clusters ranging in diameter from 1 to 6 nanometers have been prepared 
on single crystalline surfaces of titania in ultrahigh vacuum to investigate the 
unusual size dependence of the low-temperature catalytic oxidation of carbon 
monoxide. Scanning tunneling microscopy/spectroscopy (STMISTS) and ele- 
vated pressure reaction kinetics measurements show that the structure sen- 
sitivity of this reaction on gold clusters supported on titania is related to a 
quantum size effect with respect to the thickness of the gold islands; islands 
with two layers of gold are most effective for catalyzing the oxidation of carbon 
monoxide. These results suggest that supported clusters, in general, may have 
unusual catalytic properties as one dimension of the cluster becomes smaller 
than three atomic spacings. 

An atomic-level understanding of stixcture- surface science studies related to heteroge- 
act i~i ty  relations in surface-catalyzed reac- neous catalysis. Plailar model catalysts (1-3) 
tions is one of the most impoitant goals of consisting of ~lletal clusters supported on thin 

(2.0 to 10 nin) oxide films si~nulate the crit- 
ical features of 111ost practical high surface 
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cluding STM and STS. 
We have used such model catalysts to 

study the unusual and as yet unexplained 
catalytic properties of nanosize Au clusters. 
STM, STS, and elevated pressure reaction 
kinetics measurements demonstrate that the 
structure sensitivity of the CO oxidation re- 
action on Au clusters supported on TiO, is 
related to a quantum size effect with respect 
to the thickness of the Au clusters; clusters 
with a two-layer thickness of Au, which ex- 
hibit a band gap uncharacteristic of bulk met- 
als, are shown to be particularly suited for 
catalyzing the oxidation of CO. 

Gold has long been known as being cata- 
lytically far less active than other transition 
metals. Quite recently, however, it was found 
that when dispersed as ultrafine particles and 
supported on metal oxides such as TiO,, Au 
exhibits an extraordinary high activity for 
low-temperature catalytic combustion, partial 
oxidation of hydrocarbons, hydrogenation of 
unsaturated hydrocarbons, and reduction of 
nitrogen oxides (4). For example, Au clusters 
can promote the reaction between CO and 0, 
to form CO, at temperatures as low as 40 K 
(5). The catalytic properties of Au depend on 
the support, the preparation method, and par- 
ticularly the size of the Au clusters. The 
structure sensitivity of the low-temperature 
oxidation of CO on supported Au clusters 
manifests as a marked increase in the reaction 
rate per surface Au site per second, or turn- 
over frequency, as the diameter of the Au 
clusters is decreased below -3.5 nm (6, 7) 
(Fig. 1). A further decrease in cluster diam- 
eter below -3 nm leads to a decrease in the 
activity of the Au. Despite the extensive re- 
cent efforts addressing this extraordinary cat- 
alytic behavior, no atomic-level understand- 
ing currently exists. 

Constant current topographic (CCT) im- 
ages were obtained by applying a positive 

Cluster Diameter (nm) 

Fig. 1. CO oxidation turnover frequencies 
(TOFs) at 300 K as a function of the average 
size of the Au clusters supported on a high 
surface area TiO, support (7). The AuITiO, 
catalysts were prepared by deposition-precipi- 
tation method, and the average cluster diame- 
ters were measured by TEM. The solid line 
serves merely to guide the eye. 

bias voltage of 2.0 V to the sample with a 
tunneling current of 2.0 nA. Figure 2A shows 
a CCT STM image of 0.25 monolayers (ML) 
Au on Ti0,(110)-(1 X 1) after deposition of 
Au at 300 K and annealing at 850 K for 2 min 
(8, 9). The TiO,(l10) surface consists of flat 
(1 X 1) terraces separated by monoatomic 
steps. Recently, it was shown that Ti cations 
instead of 0 anions are generally imaged in 
STM (9). Individual atom rows separated by 
-0.65 nm can also be resolved on the terrac- 
es corresponding to the length of the unit cell 
along the [ITO] direction of the unrecon- 
structed Ti0,(1 10)-(1 X 1) surface. The Au 
clusters are imaged as bright protrusions with 
a relatively narrow size distribution. The 
clusters, with an average size of -2.6 nm in 
diameter and -0.7 nm in height (two to three 
atomic layers), preferentially nucleate on the 
step edges of the Ti0,(1 10)-(1 X 1) substrate. 
By varying the initial Au coverage, clusters 
from 1 to 50 nm can be synthesized with 
relatively narrow cluster size distributions (9, 
10). 

-2.00 -1.on o.nn i.nn z.nn 

Bias voltage (V) 

Fig. 2. (A) A CCT STM image of AuITiO,(l 10)- 
( I  X I )  as prepared before a CO:O, reaction. 
The Au coverage is 0.25 ML, and the sample 
was annealed at 850 K for 2 min. The size of the 
images is 50 nm by 50 nm. (B) STS data ac- 
quired for Au clusters of varying sizes on the 
Ti0,(110)-(1x1) surface. For reference, the 
STS of the Ti0,(110)-(I X I )  substrate is also 
shown. 

STS spectra were recorded during the CCT 
imaging by stopping the scan at a certain point 
of interest, interrupting the STM feedback loop, 
and measuring the tunneling current (I) as a 
function of the bias voltage (V). These I-V 
curves can then be correlated with the corre- 
sponding geometric features on the surface. 
Figure 2B shows STS data acquired for the bare 
TiO,(l 10)-(1 X 1) surface and for overlying Au 
clusters of varying sizes. 

To address the basic issues relating to the 
structure sensitivity of CO oxidation over 
supported Au catalysts, we investigated the 
reaction of CO and 0, on Au clusters of 
varying size supported on Ti0,(1 10)-(1 X 1) 
at reaction conditions similar to those used in 
actual technological applications and in (6). 

The reaction studies of this surface indeed 
show a marked size effect of the catalytic 
activity of the supported Au clusters for the 
CO oxidation reaction, with Au clusters in 
the range of 3.5 nm exhibiting the maximum 
reactivity (Fig. 3A). 

The I- V characteristics obtained from sev- 

60 Au clusters with 

a band gap of 0.2-0.6 V 
45 measured by STS 

30 

15 

0 

Cluster Diameter (nm) 

Fig. 3. (A) The activity for CO oxidation at 350 
K as a function of the Au cluster size supported 
on Ti02(1 10)-(1 X 1) assuming total dispersion 
of the Au. The CO:02 mixture was 1:5 at a 
total pressure of 40 Torr. Activity is expressed 
as (product molecules) x (total Au atoms)-' 
s-'. (B) Cluster band gap measured by STS as a 
function of the Au cluster size supported on 
Ti0,(1 10)-(1 X 1). The band gaps were obtained 
while the corresponding topographic scan was 
acquired on various Au coverages ranging from 
0.2 to 4.0 ML. (0) Two-dimensional (2D) clus- 
ters; (0) 3D clusters, two atom layers in height; 
(A) 3D clusters with three atom layers or great- 
er in height. (C) Relative population of the Au 
clusters (two atom layers in height) that exhib- 
ited a band gap of 0.2 to 0.6 V as measured by 
STS from AuITiO2(1 10). 
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era1 Au clusters supported on Ti0,(1 10)-(1 X 1) 
for various Au coverages from 0.2 to 4.0 ML 
are shown in Fig. 3B in terms of their band gaps 
as a function of the Au cluster size. A metal- 
to-nonmetal transition occurs as the cluster size 
is decreased below 3.5 by 1.0 nm2 (3.5 nm in 
diameter and 1.0 nm in height, -300 atoms per 
cluster). This result is similar to that of Pd/ 
Ti0,(110) for which the metal-to-nonmetal 
transition occurs at a cluster size of 3.0 nm by 
1 .I nm (-300 atoms per cluster) (9). 

The relative population of the Au clusters 
with a band gap of 0.2 to 0.6 V measured by 
STS from Au/TiO,(I 10) is shown in Fig. 3C. 
This band gap is associated primarily with 
those Au clusters whose thickness corre- 
sponds to that of two Au atoms. Clusters that 
are only one atom thick have band gaps 
significantly larger, whereas clusters with 
thicknesses of three atoms or greater exhibit 
metallic properties. The population of two- 
atom-thick clusters is clearly peaked at diam- 
eters ranging from 2.5 to 3.0 nm, which 

Fig. 4. A series of CCT STM images of Au/ 
Ti0,(110)-(1 X I )  as prepared in Fig. 2 (A) after 
120 min of 0, exposure at 10 Torr, and (6) 
after 120 min of CO:O, (2:l) exposure at 10 
Torr. The Au coverage was 0.25 ML, and the 
sample was annealed at 850 K for 2 min before 
the exposures. All of the exposures are given at 
300 K. The size of the images is 50 nm by 50 

coincides with the maximum of the specific 
activity of the model and high-area AdTiO, 
catalysts (Figs. 1 and 3A). 

A series of CCT STM images of the 
TiO,(I 10)-(1 X 1) surface of Fig. 2 show the 
effect of separate 120-min exposures of CO, 
O,, and CO:O, (2: l), respectively, at a total 
pressure of 10 Torr in the sealed reactor 
chamber and at 300 K. The CO exposure has 
no effect on the morphology of the Au/ 
TiO,(l 10)-(1 X I) surface, whereas signifi- 
cant changes occur after exposure to 0, or 
CO:O, (Fig. 4, A and B). In the latter expo- 
sures, the Au cluster density was greatly re- 
duced as a result of sintering to form much 
larger clusters with an average diameter and 
height of -3.6 and -1.4 nm, respectively. In 

Binding energy (eV) 

Fig. 5. Core-Level spectra (Ti 2p) of Au/ 
Ti0,(1 10)-(I x I )  measured at grazing emis- 
sion, cp = 45O off the crystal normal, (A) before 
CO:O, exposure and (B) after 120 min of CO: 
0, exposure at 10 Torr and 300 K. The Au 
coverage was 0.25 ML and the sample was 
annealed at 850 K for 2 min before the CO:O, 
exposure. 

addition to the significant agglomeration of 
the Au clusters, extremely small, presumably 
TiO, clusters (-1.5 nm in diameter), were 
formed. X-ray photoemission spectra (XPS) 
before and after the CO exposure show no 
changes in the chemical composition of the 
Au/TiO,(I 10)-(1 X 1) surface; however, the 
TiO,(I 10) surface oxidized after the CO:O, 
(and 0, alone, not shown) exposure (Fig. 5). 
A small shoulder at the low binding energy 
side of the XPS Ti 2p transition, owing to the 
presence of Ti3+ species, was completely 
absent after the 120-min CO:O, exposure at 
300 K. Because all of the structural and sur- 
face chemical changes upon exposure to 0, 
and CO:O, were identical and because there 
were no detectable changes after exposure to 
CO, we conclude that the AdTi0,(1 10) sur- 
face exhibits an exceptionally high reactivity 
toward 0, at 300 K that promotes the sinter- 
ing of the Au nanocrystallites. The possible 
effect of thermal sintering can be excluded 
because of the anneal to 850 K before the 
adsorption experiments. Although 0, adsorp- 
tion on atomically flat metal single crystals of 
Au is a highly activated process with an 
extremely low sticking probability at 300 K 
(11), Au nanoclusters can activate 0, and 
produce atomically adsorbed 0 atoms on Au 
clusters (12). 

In the reaction kinetics studies (discussed 
above), the Au clusters exhibited a very high 
activity toward CO oxidation; however, the 
surface was effectively deactivated after re- 
action for 120 min. This deactivation is be- 
lieved to be caused by 0,-induced agglom- 
eration of the Au clusters as seen in Fig. 4B. 
The oxidation of the slightly oxygen-defi- 

Fig. 6. Two CCT STM im- 
ages of Ti0,(1 10)-(1 X 1). 
(Al Clean surface. before 
0; exposure, and (6) after 
a 12-L exposure of 0, at 
650 K (1 L = 10-6 Torr- 
s). The size of the images 
is 30 nm by 30 nm. Two 
CCT STM images of Au/ 
Ti0,(1 10)-(1 X 1). (C) Be- 
fore CO:O, exposure, and 
(D) after 120 min of CO: 
0, (2:l) exposure at 10 
Torr and 300 K. The Au 
coveraee was 0.25 ML and - 

c 1: 1 2 25 30 the sam~le was ex~osed 
to 2 X lo-*  Torr of'0, at 
650Kfor 10min (-12 L) 
before the exposures. Im- 

sizes are 50 nm by 50 

nm. nm nrn 
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cient TiO, surface after the 120-min CO:O, 
exposure (Fig. 5 )  is lilcely loweri~lg the activ- 
ity of Au;TiO, even further. because the fully 
oxidized stoichiornetric TiO, surface can no 
longer adsorb 0, at 300 K (13). Oxidation of 
the TiOz surface during CO oxidation also 
provides direct evidence that the deactivation 
is not liltely caused by encapsulation of Au 
cluste~s by  educed Ti suboa~des as. for eu- 
ample, In the case of Pt Ti0,(110) (14)  

I11 order to better understakl the role of 0, 
in CO oxidation and in various 0, pretreat- 
nlents that are comnlonly applied to Xu;TiO, 
catalysts to improve their activity ( l j ) ,  the 
clean Ti02(1 10) surface (Fig. 6A) was ex- 
posed to O2 at 2 X 10p"ol~. After 0, 
treatment, snlall islands randomly nucleated 
on Ti0,(110) and finally covered the entire 
surface (Fig. 6B). Low-energy electron dif- 
fraction (LEED) sho\ved a (1 X 1) patte~n in- 
dicating that the islands are growing pseudo- 
mo~phically. XPS nleasurenlents of this 
rough TiO, surface after the 0, treatment 
indicate that the surface is not significantly 
changed in chenlical conlposition and thus is 
still slightly 0-deficient. Recently, it was 
suggested that partially reduced T i "  (iz 5 3) 
ions can be formed in a vacuum-annealed and 
Arp-bombarded Ti0,(110) surface by an- 
nealing at 800 K- and reoxidizing to 
TiO,( 1 lo)-( 1 X 1 ) terraces in an 0, anlbient 
of 7.5 X 1Op"orr (7) .  X similar kind of 
oxidation of the reduced T i "  ions may occur 
during the 0, treatment used here. 

The influence of the 0,-exposed, rough 
TiO, surface on the sintering of the Au clusters 
during CO oxidation at 300 K is shown in Fig. 
6. C and D. If nTe compare a CCT STM image 
of 0.25 ML Xu 011 TiO,(llO)-(1 X 1) after dep- 
osition of Au at 300 K. annealing at 850 K for 
2 min, and a subsequent 0, exposure of 2 x 
1Op"orr at 650 K for 10 nlin (Fig. 6C) wit11 
one for which no 0, treatment was made (Fig. 
2X), the only difference is the general disorder 
of the TiO, surface. The cluster density and size 
distribution of the Au clusters are identical for 
both surfaces. Upon exposure of the rough Au! 
Ti0,(1 10) surface to CO:O, for 120 ~ n i n  at a 
total pressure of 10 Torr at 300 K. the cluster 
density and size distribution of the ALI clusters 
remain unchanged (Fig. 6D). The Au/ 
Ti0,( 1 10) surface was oxidized after the high 
pressure CO:O, exposure (Fig. 4) and the clus- 
ter density of the TiO, clusters increased. The 
0,-exposed, rough TiO, surface then prevents 
sintering of the Au clusters. Furthennore, a 
sinlilar kind of atomically rough TiO, phase 
may be fo~nled during the high-temperature 
reduction, calcination, and low-temperature re- 
duction (HTR:C!LTR) procedure used on high- 
surface area AuvTiO, catalysts (15). After this 
treatment Au!TiO, catalysts exhibit a higher 
degree of resistance to\vard sintering of the Xu 
clusters dunng CO oxidat~on at low tempera- 
tures (1.5) 

These results indicate that the pronounced 
stl-ucture sensitivity of CO oxidation on ALL; 
TiO, originates from quantt~nl size effects 
associated with the supported Xu clusters. 
The observed tailoring of the properties of 
small metal clusters by altering the cluster 
size and its support could prove to be univer- 
sal for a variety of nletals and will lilcely be 
quite useful in the design of nanostmctured 
materials for catalytic applications. 
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Long-Range Electrostatic 
Trapping of Single-Protein 
Molecules at  a Liquid-Solid 

Interface 
Xiao-Hong Nancy Xu* and Edward S. Yeungl 

The motion of single, dye-labeled protein molecules was monitored at various 
pH and ionic strengths within the 180-nanometer-thick evanescent-field Layer 
at a fused-silica surface. Below the isoelectric point, molecules partitioning into 
the excitation region increased in number but maintained a random spatial 
distribution, implying that surface charge can influence the charged protein at 
distances beyond that of the electrical double-layer thickness. The residence 
times of the molecules in the interfacial layer also increased below the iso- 
electric point. However, immobilization on the solid surface for extended pe- 
riods was not observed. Histograms of residence times exhibit nearly identical 
asymmetry as the corresponding elution peaks in capillary electrophoresis. 
These results are a direct verification of the statistical theory of chromatog- 
raphy at the single-molecule level, with the caveat that long-range trapping 
rather than adsorption is the dominant mechanism. 

Insights into the detailed dynamics of adsorp- ical processes at cell surfaces, studying elec- 
tion and desorption at an interface are vital to trocl~emical reactions. and understanding 
designing new materials. elucidating biolog- cl~ron~atographic mecl~anisms. For example, 
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