
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show that the tip is withdrawn from the 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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Soectrometer at the Intense Pulsed Neu- 
tron Source, Argonne National Laborato- 
rv. The  eels were contained in a vanadium " 
container attached to a closed-cycle refrig- 
erator. The  pores were slightly underfilled 
with oxygen (95% of full pore capacity) to  
Drevent the formation of bulk solid. The  
results were converted to S(Q) by standard 
techniaues 115). The scattering from the 

L ,  - 
oxygen alone was obtained by subtracting 
the signal of the cell containing the xero- 
gel without oxygen adsorbed. 

Figure 1 shows S(Q) for oxygen confined 
in the 60 A diameter pores at different 
temperatures. The scattering at 60 K, well 
above the bulk triple point of 54.4 K, ex- 
hibits a typical liquid structure with a broad 
maxima arising from the short-ranee corre- " 

lations in the liquid. The scattering is iden- 
tical to  the bulk liauid 116) at the same 

A . .  
temperature, which was also measured for 
comparison. 

Supercooling of the liquid-solid transi- 
tion in small pores stabilizes the liquid 
phase well below the bulk triple point. The 
scattering at 52 K, well below the bulk 
triple point of 54.4 K, still exhibits the S(Q) 
characteristic of the liquid. The S(Q) pro- 
file changes little in this temperature range, 
indicating that the structure of the liquid in 
the pores, even in the supercooled regime, 
is quite ordinary. Dynamical experiments 
(6), in contrast, have revealed quite differ- 
ent behavior for the supercooled liquid. 

Fig. 1. The scattering from oxygen adsorbed in a 
xerogel with pores 60 A in diameter. The scatter- 
ing from the empty xerogel has been subtracted. 
The scatterlng IS shown at temperatures of 60,52, 
44, and 18 K. The measurements correspond to 
the bulk liquid, supercooled liquid, y, and p phas- 
es, respectively. The scatterng for 52, 44, and 18 
K have been offset for clarty. The solid lines be- 
neath the scattering for the y and p phases are the 
expected locations of diffraction peaks for the 
bulk structures. The peaks in the figure areithe 
only peaks observed for values of Q up to 15 A-'. 

The liquid-solid transition of the oxy- 
gen in the pores is marked by the appear- 
ance of diffraction peaks, which are a clear 
indication of long-range translational cor- 
relations and solidification. The  peaks ap- 
pear over a very narrow temperature range 
(-1 K) at 50 K, well below the bulk 
liquid-solid transition. The  structure of 
the solid ~ h a s e  in the pores cannot be 
directly determined from the diffraction 
data because the higher order peaks need- 
ed for a structural determination are miss- 
ing, presumably damped as a result of the 
disorder introduced into the solid by the 
random surroundings ( 17). However, a 
comparison of the observed peaks with 
those expected for the bulk y phase (13) 
shows that the observed peaks are consis- 
tent with the bulk structure. Thus, it ap- 
pears that the crystalline structure of the 
oxygen in the pores is the same as that of 
the bulk system. 

A second transition marked by a 
change in the location and shape of the 
diffraction peaks occurs at a temperature 
of 44 K. This transition corresponds to the 
y-p transition in the bulk (11) where 
orientational ordering sets in. Once again, 
the transition temperature is below the 
bulk value, illustrating that supercooling is 
also present for first-order solid-solid tran- 
sitions (2) .  The location of the peaks is 
consistent with the bulk P phase (1 1)  
when the effects of lcne broadening are 
taken into account (18). No further tran- 
sitions were observed to the lowest tem- 
perature studied (18 K). In particular, the 
a-P transition, which occurs at 23.9 K in 
the bulk, was not  observed. Thus, either 
the transition is suppressed by more than 6 
K, which is larger than the observed sup- 
pression of the liquid-y and y-P transi- 
tions, or the confining media suppresses 
this phase. 

The diffraction peaks in both the y and 
p phases are significantly broader than the 
instrumental resolution because of factors 
such as the finite crystallite size and strains 

(18). A n  analysis of the peak widths indi- 
cates that both solid ~ h a s e s  are strained. 
with the lower temperature phase exhibit- 
ing increased strains. Furthermore, the crvs- 
t a k e  size, based on the estimated peak 
width 2 t  Q = 0, is on the order of 700 to 
1000 A ,  much lazger than the average pore 
diameter of 60 A. The crystgilline regions 
that form in the pore space must extend 
between pores because no  single pore is 
large enough to support crystallites of this 
size. This implies that solidification occurs 
by nucleation in a single pore followed by 
growth of the crystalline region through 
adjoining pores. 

A n  amorphous, or "liquid-like", compo- 
nent is also Dresent in the scattering from 
the solid ph'ase, which is presumably the 
result of molecules strongly bound to the 
random surface of the pore walls. The amor- 
phous component should also be present in 
the liquid; however, its presence is probably 
masked by the amorphous-like scattering of 
the liquid. 

We  have examined the effect of pore size 
 sing xerogels with pore sizes of 35 and 45 
A.  The  45 A sample exhibits results sim- 
ilar to  the larger dore sample. Crystalline 
phases with long-range order and the same 
structure as the bulk are observed. The  
transition temperatures to these phases are 
consistent with previous measurements 
(2) .  The amorphous ~ o m p o n e n t  is more 
prominent i n  the 45 A pores, as compared 
to the 60 A pores, presumably because of 
the larger surface to volume ratio of the 
smaller nore samole. 

The smallest paore samples studied, with 
a pore size of 35 A ,  exhibit unusual behav- 
ior (Fig. 2). A t  high temperatures, the 
structure of the liquid in the pores is the 
same as that of the bulk liquid, just as in 
the larger pores. However, upon cooling 
no  diffraction peaks, which are indicative 
of a crystalline phase, are observed down 
to the minimum temperature studied (20 
K). There is, however, a definite change 
in the observed scattering, indicating that 

2.0 Fig. 2. The scatter~ng from the ox- 
ygen adsorbed i? a sil~ca xerogel 

1.8 60 K with pore size 35 A at temperatures 
of 20 and 60 K. The silica scatterng 

1.6 has been removed, and the scatter- 
ing for 60 K has been shifted for f clarity. E 1.21 

v) : d 20 K 
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the microscopic structure of the adsorbed 
0, has changed. T h e  lack of diffraction 
peaks indicates that this is a liquid-glass, 
rather than a liquid-crystalline solid tran- 
sition such as occurs in larger pores. 

The  scattering measurements indicate u 

that an amorphous solid phase is formed in 
the small wores at low temnerature. The 
structure of this solid phase is quite unusual. 
The local ordering in the solid, as reflected 
by the variations in S(Q), is much less than 
that in the liquid phase. This is quite differ- 
ent from other amorphous systems, such as 
glasses, where the local ordering is similar to 
that of the liquid and the structure in S(Q) 
usually sharpens slightly with respect to the 
liquid when the glass forms, reflecting the 
increased atomic correlations in the glass 
whase (1 9). However, our results indicate 
;hat the atomic correlations of the solid 
phase in the pores are significantly smaller 
than those of the liquid. In fact, the almost 
complete disappearance of structure in S(Q) 
upon cooling indicates that correlations be- 
tween atoms in the solid are extremelv small. 
Such a transition where the solid exhibits 
much less order than the liquid is, to our 
knowledge, unique. 

It is important to  emphasize that the 
decrease in  structure of S(Q)  upon cooling 
is not caused by the migration of material 
out of the pore space. The  total scattering 
at  large Q ,  which is proportional to the 
amount of material in the pores, does not 
change significantly upon cooling. Thus, 
the oxygen in the pores does not migrate 
to other regions out of the neutron beam, 
and our results are representative of the 
freezing of oxygen in these small pores. 

T h e  origin of this solid phase is not  
clear a t  present. It must, however, be re- 
lated to  the large surface to volume ratio 
in the small-pore samples. Each oxygen 
molecule adsorbed in the pores feels a 
significant interaction with the walls be- 
cause of the strong substrate-adsorbate in- 
teraction. This leads to a frustration in  
which the oxygen molecules cannot min- 
imize energy with respect to both neigh- 
boring molecules and the surrounding ran- 
dom porous medium a t  the samk time. 
Thus, the solid phase that is formed is a 
compromise between these competing in- 
fluences and exhibits almost n o  correla- 
tions between the oxygen molecules in the 
pores. 

A simple physical interpretation emerges 
from these results. Near the walls, the mol- 
ecules are strongly influenced by the com- 
plex amorphous structure of the walls. They 
accommodate this structure as best they can, 
leading to an added amorphous component 
in the scattering observed for the large-pore 
samples. There is then a healing length away 
from the walls where the disorder induced by 
the walls is annealed out. For large pores, this 

annealing process is complete, and a crystal- 
line phase appears in the center of the pores. 
For smaller pores, the disorder cannot anneal 
out, and a unique glass phase is formed. 
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Host Range of a Plant Pathogenic Fungus 
Determined by a Saponin Detoxifying Enzyme 

P. Bowyer, B. R. Clarke, P. Lunness, M. J. Daniels, 
A. E. Osbourn* 

Antifungal saponins occur in many plant species and may provide a preformed chemical 
barrier to attack by phytopathogenic fungi. Some fungal pathogens can enzymatically 
detoxify host plant sapon.ins, which suggests that saponin detoxification may determine 
the host range of these fungi. A gene encoding a saponin detoxifying enzyme was cloned 
from the cereal-infecting fungus Gaeumannomyces graminis. Fungal mutants generated 
by targeted gene disruption were no longer able to infect the saponin-containing host oats 
but retained full pathogenicity to wheat (which does not contain saponins). Thus, the ability 
of a phytopathogenic fungus to detoxify a plant saponin can determine its host range. 

P l a n t  disease resistance may be mediated by 
active responses, triggered after pathogen at- 
tack, and by preformed substances that serve 
as plant protectants. Saponins (glycosylated 
steroidal or triterpenoid compounds) are 
common plant secondary metabolites occur- 
ring in over 100 families, and because many 
saponins have pronounced antifungal prop- 
erties, it is possible that they act as preformed 
determinants of resistance to attack by fungi 
(1-4). The toxic effects of saponins are at- 
tributed to their ability to form complexes 
with membrane sterols, resulting in loss of 
membrane integrity (5, 6). Some pathogenic 
fungi have intrinsic resistance to the mem- 
braneolytic action of sapnnins because of 
their membrane composition (4, 7), whereas 
others produce enzymes that specifically de- 
toxify particular plant saponins (4,  8-14). 
These enzyme activities have been associat- 
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ed with the ability to attack certain plants. 
This implies that, at least for some interac- 
tions, "saponin-saponinase" combinations 
may dictate the outcome of attempted infec- 
tion of plants by fungi. 

A paradigm case is the interaction be- 
tween the root-infecting fungus Gaeumanno- 
myces graminis and cereals. Isolates of G .  
graminis that infect oats (G.  graminis var. 
awenae, or Gga) are relatively insensitive to 
the oat root saponin avenacin A-1, whereas 
G .  graminis var. tritici (Ggt) isolates are un- 
able to infect most oat species and are sen- 
sitive to avenacin A - l  (8-10). Both Gga 
and Ggt are pathogenic to the non-saponin- 
containing host, wheat. Avenacin A-1 is 
localized in the epidermal cells of the oat 
root (15) and hence may constitute one of 
the first barriers to infection by sensitive 
fungi such as Ggt. The one oat species that 
lacks avenacin A-1, Aweria longiglumis, is sus- 
ceptible to infection by Ggt (15). These 
observations are consistent with a role for 
avenacin A-l as a determinant of resistance 
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