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"Molecule Corrals" for Studies of 
Monolayer Organic Films 

David L. Patrick, Victor J. Cee, Thomas P. Beebe Jr.* 
Scanning tunneling microscopy (STM) studies have demonstrated that monolayer-deep, 
flat-bottomed, circular etch pits can be grown on highly ordered pyrolytic graphite by 
high-temperature etching in the presence of oxygen. In this work, these graphite etch pits 
are used as "molecule corrals" to isolate ensembles of molecules for study by STM. The 
nucleation of self-assembled molecular'films in the corrals took place by nucleation events 
separate from those leading to self-assembly on the surrounding terrace and allowed the 
measurement of the nucleation rate constant in the corrals. The dependence of the 
nucleation rate for self-assembly on pit size shows that nucleation occurs at open terrace 
sites and that step edges (that is, the corral's perimeter) and confinement inhibit film growth. 

Molecular self-assembly of organic thin 
films on solid surfaces has long been an area 
of interest in fields ranging from materials 
science to biology ( I  ) . Self-assembled films, 
in addition to exhibiting a rich variety of 
scientifically interesting properties, are 
promising candidates for use in a number of 
applications, from chemical sensors to non- 
linear optical devices (2). In this report, we 
describe an investigation of self-assembled 

u 

liquid crystal films on graphite designed to 
study (i) nucleation and growth processes in 
thin molecular films and (ii) the degree of 
interaction between molecules in adiacent 
molecular domains. A new approach, in 
which nanometer-sized "molecule corrals" 
are used to confine molecule ensembles 
within small regions, permits the analysis of 
molecular behavior by statistical methods 
and allows the measurement of several im- 
portant properties difficult or impossible to 
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determine bv other techniaues. We show 
that etch pits offer a practical method for 
confining molecules to small surface regions 
and allow the observation of multiple inde- 
oendent sam~le  domains with STM. Other 
researchers have built corrals atom by atom 
at 4 K to study the properties of confined 
wave functions (3); we use corrals to study 
the behavior of molecules on surfaces. The 
ease with which these corrals can be con- 
structed using standard laboratory apparatus 
makes them appealing for use in a wide 
range of studies. 

The construction.of molecule corrals is 
based on a chemical modification of highly 
oriented pyrolytic graphite (HOPG) that 
occurs when it is heated in the presence of 
0, at -650°C (4). Carbon removal by 
oxidation around preexisting point defects 
results in the creation of monolayer-deep, 
flat-bottomed etch pits with surface densi- 
ties from 1 to 25 CLm-2 (5, 6). Circular etch 
pits with diameters between 50 and 5000 A 
are readilv formed. and their size can be 
accurately' controllid by varying the heat- 
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ing temperature and time. Noncircular, 
irregularly shaped etch pits can also be 
made by repeated heating at 1000°C in air 
for short (- 15 s) intervals. 

The molecule used, 4'-octyl-+biphenyl- 
earbonitrile (8CB), was chosen because 
many of i ts  bulk and surface properties are 
known from previous studies (7), although 
preliminary experiments on other "systems 
indicate that the use of molecule corrals is 
not limited to this molecule. We applied 
8CB directly to etched HOPG surfaces as a 
neat liquid, in air at a slightly warm room 
temperature of 26" -+ 1°C. At this temper- 
ature, 8CB is a bulk smectic-A phase with a 
thick, honey-like consistency. Each HOPG 
sample was covered with a macroscopic 
thickness of 8CB. The STM tip plunges 
through all intervening layers to image only 
the molecules directly adsorbed to the sub- 
strate (7). 

The STM image in Fig. 1A shows three 
corrals, two of which are 800 A in diameter 
and one that is 1400 A in diameter, on an 
HOPG surface covered with a film of 8CB. 
The closely spaced (38 2 1 A) lines on the 
terrace and in two of the monolayer-deep 
corrals are parallel rows of self-assembled 
molecules adsorbed to th_HOPG surface 
(8). The row structure in a low--resolution 
image like Fig. 1A arises from the niolecular 
details of the unit cell, which are resolved 
in Fig. lB, with an interrow spacing equal 
to pcos (90- 0) , where @ and 0 are defined 
as in Fig. 1B. The image in Fig. 1A was 
taken several hours after the film was ap- 
plied, and self-assembled monolayers had 
formed in two of the three corrals. The 
third corral, which appears empty, was 
likely filled with molecules in a disordered 
state [which cannot be imaged by STM 
because of the relative time scales of their 
thermal motion and image acquisition (9)]. 
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The image in Fig. 1A contains two 
points of interest. First, although there are 
correlations between the molecular sauc- 
tures in the corrals and those on the nearby 
terrace (discussed below), they are statisti- 
cal in nature, suggesting that molecules in 
corrals order after events that occur sepa- 
rately from those on the terrace. Second, 

ordered films nucleate in corrals over a 
period of hours, and at any given time there 
may be a distribution of corrals filled with 
ordered and disordered molecules (I 0). 

Evidence that nucleation for the order- 
ing of molecules in corrals is initiated inde- 
pendently of ordering on the terrace is 
shown in Fig. 2. The image shows two 
corrals, one formed by chance inside anoth- 

Table 1. Nucleation rate constants for molecu- 
lar self-assembly. 

Fig. 1. Self-assembled molecular rows in cor- 
rals on graphite. (A) A 3000 A by 3000 A 
constant-height STh4 image of an ordered mo- 
lecular monolayer of 8CB grown on an HOPG 
surface with corrals. The closely spaced lines 
are rows of molecules. The image was acquired 
se\ieral hours after the application of molecules 
to the surface, and ordered monolayer films 
had formed in two of the three corrals shown. 
Note that the molecular rows in one of the small 
corrals are aligned with those on the terrace 
whereas the rows in the large corral are not, 
and there is no ordering in the third corral. This 
and other images were obtained in constant- 
height mode, resulting in the apparent shading 
at the corral edges. All STM images are pixel- 
wise averages of five images, individually cor- 
rected for thermal drift. No additional image 
processing has been performed. (6) A 95 A by 
95 A constant-height, molecular-resolution im- 
age of a representative 8CB structure on 
HOPG. The interrow spacing is 33 A, with a = 
33A, p = 35A, and8 = 72".Theinsetshawsa 
portion of a unit cell with the position of one 
molecule marked by a model overlay. The alkyl 
tails and the rings of the biphenyl moiety are 
simultaneously visible. 

Mean corral Corrals . uk 

radius + 1 a time ana- 
(A) ( h r s ) '  lyzedt (hour-') 

'Time required to collect each data point used in the 
rate calculation. Wnly isolated corrals were in- 
cluded in the analysis. Corrals containing nonraw 
structures or defects such as grain boundaries were 
not a n t e d  in the statistics. $The error in k was 
calculated according to the formula 

where N is the number of data points taken in the F, 
versus t plots, and s, is the ermr between the fitted 
rate and point i. ONoncircular corrals had perime- 
ters of (1.172 & 0.16) x I@ A and areas of (2.633 + 
0.35) x 10p A2. 

er (a very rare occurrence, dependent on 
the graphite crystal). Although the mole- 
cules in the first, outermost corral are in a 
disordered state, self-assembly has occurred 
in the inner corral on the lower level. 
Images such as Fig. 2 rule out the possibility 
that ordering in corrals is caused simply by 
propagation of ordering outside of them. 

Because molecular self-assembly in each 
corral occurs by a distinct event, the rate of 
molecular ordering in corrals is well de- 
scribed by a first-order process with the 
integrated rate expression Fd = e-kt for the 
ordering process 

Flg. 2. Ordering in corrals occurs after a separate 
event from ordering on terraces. This figure 
shows two corrals, one coincidentally inside the 
other. Although molecules have formed an or- 
dered monolayer in the innermost corral and on 
the terrace, they remain disordered in the upper 
corral. (Differences in the apparent resolution of 
features in the molecular raws inside the corral 
and on the terrace arise from the relative orienta- 
tion of the molecular raws and the fast-scan di- 
rection of the tip. The terrace rows are more nearly 
perpendiculartothe fast-SCB~ direction and hence 
have a larger row-term corrugation than those in 
the corral.) Image size is 2000 A by 2000 A. 

corral with disordered molecules 
corral with ordered molecules 

where Fd is the fraction of the corral pop- 
ulation with disordered molecules, k is the 
iate constant for nucleation, and t is time. 
Once the molecules in a corral have or- 
dered, they are never observed to revert to 
the disordered state. The rate of nucleation 
is essentially equal to the rate at which 
molecules form ordered arrays because 
growth occurs much more rapidly than nu- 
cleation (I I ) .  Rate constants have been 
calculated for pits of five different sizes from 
measurements of Fd versus the time after 
molecules are applied to the surface. Sam- 
ples included both circular and noncircular 
corrals. We calculated k for each set of pits, 
correcting for the finite sampling time 
needed to acquire the data, which were 
collected in a continuous fashion (Table 1). 

A representative example from the set of 
noncircular corrals used in this study is 
shown in Fig. 3. The use of noncircular pits 
allows greater variability in the area-to- 
perimeter ratio. The area-to-perimeter ratio 

Fig. 3. A typical noncircular corral. The perim- 
eter-to-area ratio for this corral is twice that 
of a circular corral with the same area. The use 
of noncircular corrals allows greater variability 
in the perimeter-to-area ratio than is afforded 
by circular corrals. The image measures 3300 
A by 3300 A. 
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for these corrals is twice that of a circular 
corral with the same area. Despite large 
differences in shape, however, nucleation 
rates in both circular and noncircular cor- 
rals are well described by the same analysis 
(see below). 

The length of time required for molecu- 
lar ordering in corrals is strongly dependent 
on their size and shape; molecules in large 
corrals order more rapidly than molecules in 
small corrals. To determine the relative 
importance of step edge (that is, corral 
perimeter) versus open terrace sites (that is, 
corral interior) in the nucleation process, 
the data in Table 1 were fitted to a function 
with the form k = cpP + cAA, where P and 
A are the perimeter and area of the corrals, 
respectively, and the constants cp and cA 
reflect the relative immrtance of the corral 
perimeter and area in the nucleation pro- 
cess. The constants cp and c, are found to 
have the values (-2.7 2.5) x A-' 
hour-' and (8.6 + 0.6) x A-2 
hour-', respectively. Figure 4 shows the 
nucleation rate constants for all pits plotted 
against the function cpP + cAA. A least- 
squares fit, calculated by weighting each 
mint accordine to the inverse of its uncer- " 
tainty, is shown by the dashed line. 

The negative value for cp implies that 
the corral perimeters, and by inference step 
edges, inhibit nucleation and that nucle- 
ation occurs preferentially at open terrace 
sites. This result is different from the nucle- 
ation behavior of most two-dimensional 
systems, which typically show a preference 
for growth initiation at substrate defects 
such as step edges. 

The inhibitory influence of step edges 
and corral perimeters on film growth is also 
suggested by an examination of images that 
show molecular ordering near step edges 
and in highly confined regions (smaller 
than -300 A in diameter). In a mica1 , . 
high-resolution image of molecular ordering 
near a thin neck of terrace separating two 
corrals (Fig. 5), molecular rows in the 
corrals and on the terrace can be clearly 
resolved away from the corral edges but lose 

definition close to the edges rfriainess" 
(1 2)]. The molecular rows on the terrace do 
not extend into the highly confined, nar- 
row terrace isthmus between the corrals, 
and, in this case, a small group of molecules 
has ordered into a nonrow structure in that 
area. Close inspection of Fig. 1A shows the 
same lack of order on the terrace between 
the corrals that almost touch. Although 
these results are typical of the behavior of 
films of this molecule in highly confined 
regions and at step edges, in a minority of 
cases molecular rows are observed to extend 
directly to corral edges, both inside of 
corrals and on the surrounding terrace. The 
overall trend, however, suggests that orde'r- 
ing does not occur as readily in highly 
confined regions or near step edges or corral 
mrimeters as it does awav from them. 
ihese observations are consistent with the 
negative sign of cp. 

The arrangement of molecules in a self- 
assembled film reflects a balance of mole- 
cule-molecule and molecule-substrate inter- 
actions that results in a minimum free- 
energy configuration. At step edges and 
other defects, the nature of the molecule- 
substrate interaction may change, disturb- 
ing the balance and favoring the formation 
of a daerent molecular arraneement. For 
films of this molecule under -the present 
conditions, the preferred molecular ar- 
rangement at step edges and in highly 
confined regions is a more disordered one. 
Molecular disorder at step edges may be 
used to explain the effect step edges exert 
on nucleation rates. Nucleation durine self- 
assembly is thought to begin with thi for- 
mation of small ordered clusters of mole- 
cules generated by thermal fluctuations. 
These clusters must attain a critical size 
before the addition of new molecules (that 
is, growth) becomes favored. If nucleation 
occurs near a step, the tendency of steps to 
promote molecular disorder may make it 
more difficult for the cluster to attain its 
critical size. This effect leads to a decreased 
rate of successful nucleation and molecular 
self-assembly near corral edges and mani- 

Fig. 4. Dependence of the nucle- c 
ation rate constant on corral size h . . 1 - . . - 
and shape. The dashed line is a 2 0.6- k= +(P) + CAM) 

weighted fit to determine the rela- r . + = (-2.7 * 2.5) lo* A.1 
cA = (8.6 i 0.6) x loa A' hour1 

tive importance of corral perime- 0.5- 

ter and area on nucleation rate. # 
Ordinate errors are listed in Table 8 0.4 
1. Abscissa errors are calculated 
from a propagation-of-error anal- !! 0.31 

ysis based on the standard devi- 5 . 
ations of the measured corral pe- 3 0.2- - rimeters and areas. 0 .  

3 0.0 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 

5 Ep(m + CA(A) 

fests itself as the negative coefficient of the 
perimeter term in the fitted form of the rate 
expression. 

If nucleation occurs away from corral 
edges as the above analysis suggests, then 
the ordering of molecules in corrals should 
bear only a weak relation to the ordering of 
molecules on the terrace, if any. Two con- 
venient probes of this relation are the rela- 
tive directional a l i m e n t  of the molecular 
rows inside the cckals with those on the 
terrace and the relative chirality, or "helic- 
ity," of the molecular rows (13). Con- 
strained to two dimensions, 8CB is chiral 
and forms left-handed and right-handed 
structures with equal probability. The ratio 
of the number of corrals containing mole- 
cules organized with the same chirality as 
those on the terrace reflects the deme of " 
independence of nucleation in corrals, with 
a ratio of 5050 expected for complete 
independence and a ratio of 100:O expected 
for strongly coupled nucleation. The ratio 
measured from the corrals in the present 
study was 58:42 with a marginal error of 3% 
and was indemndent of corral size. indicat- 
ing that the chirality of molecular rows in 
corrals is only weakly influenced by mole- 
cules on the nearby terrace. 

Conversely, a second measure, the rela- 
tive directional alignment of molecular 

Fig. 5. Effect of step edges, corral perimeters, 
and highly confined regions on molecular or- 
dering. The image shows an 1100 A by 1100 A 
constant-height STM image of an ordered 8CB 
film near a thin isthmus of terrace separating 
two corrals. Note the absence of molecular 
rows near corral perimeters and on the spatially 
confined isthmus between the corrals. In this 
case, a small patch of molecules arranged in a 
different configuration is occupying a portion of 
the space between the corrals. This configura- 
tion is seen only in highly confined spaces or 
against step edges and is molecular in origin 
(that is, not a graphite flake) because the posi- 
tions of the image features are fluxional with 
time. The molecules may be 8CB or molecular 
impurities. 
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rows, exhibits a stronger correlation be- 
tween molecules in corrals and molecules 
on terraces. When the molecular rows in a 
corral have the same chiralitv as the rows 
on the nearby terrace, they can either align 
in the same direction or form intersection 
angles of 2 120". The threefold symmetry of 
graphite prohibits any other angles (1 4). 
Measurements of the intersection angle re- 
veal a strong tendency for molecular rows in 
corrals to align in the same direction as 
those on the terrace. Intersection angles of 
k 120" are observed in less than 20% of all 
corrals studied. In the absence of orientational 
interactions, the expected purely statistical 
value would be 67%. Also in contrast to the 
case for the chiralitv ratio. the tendencv of 
molecular rows in corrals td align in the same 
direction as those on the terrace depends 
strongly on corral size. In small corrals (-500 
A in radius), the proportion aligned at f 120" 
approaches 0% but increases steadily to 18% 
for corrals 1347 A in radius, the largest size 
studied. This trend appears to reflect an 
unexpectedly long-range orientational inter- 
action. actine over tens or hundreds of " 
angstroms. It may perhaps be communicated 
through second and higher layers of 8CB not 
adsorbed directly to the substrate (1 5). 

These findines demonstrate that mole- - 
cule corrals permit the analysis of a large 
number of semi-independent, nanometer- 
sized sample ensembles, each with an iden- 
tical thermal history. A statistical approach 
can be taken to STM data analysis that may 
open new avenues for observing and mod- 
eling surface phenomena by scanning probe 
microscopy. Corrals may also be used in 
studies of confinement effects on monolayer 
structure, in the determination of activa- 
tion energies for nucleation through vari- 
able-temperature STM, in studies of the 
strength and distance de~endence of molec- - 
ular interactions between nearby crystalline 
domains. and in the calculation of the 
relative configurational free energies of dif- 
ferent molecular structures from their mea- 
sured occurrence probabilities. 
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Peptide Synthesis Catalyzed by an Anti body 
Containing a Binding Site for Variable Amino Acids 

Ralph Hirschmann,* Amos B. Smith Ill,* Carol M. Taylor, 
Patricia A. Benkovic, Scott D. Taylor, Kraig M. Yager, 

Paul A. Sprengeler, Stephen J. Benkovic* 
Monoclonal antibodies, induced with a phosphonate diester hapten, catalyzed the coupling 
of pnitrophenyl esters of N-acetyl valine, leucine, and phenyla'lanine with tryptophan amide 
to form the corresponding dipeptides. All possible stereoisomeric combinations of the ester 
and amide substrates were coupled at comparable rates, The antibodies did not catalyze 
the hydrolysis of the dipeptide product nor hydrolysis or racemization of the activated 
esters. The yields of the dipeptides ranged from 44 to 94 percent. The antibodies were 
capable of multiple turnovers at rates that exceeded the rate of spontaneous ester hy- 
drolysis. This achievement suggests routes toward creating a small number of antibody 
catalysts for polypeptide syntheses. 

T h e  chemical synthesis of large peptides 
has been accomplished by two distinct but 
not mutually exclusive approaches. The 
first, involving the stepwise addition of 
single amino acids from the COOH- to the 
NH,-terminus ( I ) ,  was revolutionized by 
the advent of the Merrifield solid-phase 
technique (Z), in combination with re- 
versed-phase, high-performance liquid 
chromatography (HPLC) purification tech- 
niques (3, 4). Fragment condensation, the 
second approach, permitted the first total 
synthesis of an enzyme in solution in 1969 
(5). The fragment condensation strategy is 
particularly attractive for the synthesis of 
chemically related proteins that differ in 

R. Hirschmann. C. M Taylor, K M. Y a ~ e r ,  P A 

one or more of the fragments. Solubility 
problems, a result of multiple hydrophobic 
protecting groups, have limited the useful- 
ness of this approach. In an effort to over- 
come this problem, proteolytic enzymes 
have been used in peptide bond formation 
(6). This variation of the fragment conden- 
sation method is also beset by limitations, 
principally product inhibition and the sus- 
ceptibility of the products to cleavage at 
positions corresponding to the natural hy- 
drolytic sites. 

The advent of antibodies as catalysts (7) 
for organic transformations suggested another 
approach to the coupling of unprotected ami- 
no acids and peptide fragments that potential- 
ly would exceed the scope and specificity 
attainable with proteolytic enzymes as cata- 
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A B Smlth Ill, Department of Chemistry, Laboratory formation of a dipeptide 
for Research on the Structure of Matter, Monell Chem- The traditional approach to generating 
ical Senses Center, University of Pennsylvania, Phila- Catalytic antibodies involves the design of 
delphia, PA 191 04, USA. 
P, A, Benkovlc, S D, Taylor, S J, Benkovic, Depart. that are tO~O1Ogicall~ and 
ment of  chemist^. Pennsvlvania State Universltv, Unl- nearly identical to the transition state of the 
versity Park, PA i6802, &A. reaction. For peptide synthesis (Fig. I), this 
*To whom correspondence should be addressed strategy has two shortcomings: first, a large 
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