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Abstract: Low-temperature scanning tunneling microscopy has been used to characterize the various
structures of submonolayer and near-monolayer coverages of benzene (C¢Hg) on Au{111} at 4 K. At low
coverage, benzene is found to adsorb preferentially at the top of the Au monatomic steps and is weakly
adsorbed on the terraces. At near-monolayer coverage, benzene was found to form several long-range
commensurate overlayer structures that depend on the regions of the reconstructed Au{111} surface, namely
a (v/52 x +/52)R13.9° structure over the hcp regions and a (v/133 x +/133)R17.5° “pinwheel” structure
over the fcc regions. Time-lapse imaging revealed concerted cascade motion of the benzene molecules in
the (v/133 x +/133)R17.5° pinwheel overlayer. We demonstrate that the observed cascade motion is a
result of concerted molecular motion and not independent random motion.

Introduction However, the system studied in ref 7 relies on a low coverage
of CO molecules in order to retain control of the structure of
the cascades. To our knowledge, the observation of concerted

mole_cular dynamics on clean _ordered surfaC(_as IS @ MAOT 4 ecular motion in molecular overlayers has not been reported
requirement toward understanding the mechanism of applledto date

heterogeneous catalytic systems. These systems lower the L
activation energy of the target reactions by providing sites for mggéiie:vz d;?)?t?gd tgﬁ A?J-Il—g z;hj,riaggzzgﬂnasof[hgef?éfne
accumulation of reactants and facilitate the transport of the .. - o ’

time observation of tip-induced molecular cascades at near-

reactant molecules toward catalytically active sites. Scanning monolaver coverage throuah the use of ime-lapse STM imagin
probes have become an established technique for obtaining ay 9 9 pS maging.
In this study, we show how the characteristic herringbone

information on the local environment of surface systems, as well X .
Y reconstruction of A{111} has a strong influence on the

as a means of linking the fundamental and applied aspects Ofoverla er structure of the adsorbate. Moreover, we show that
these systems. Recently, scanning tunneling microscopy (STM) Y . ) ’ .
the long-range commensuration of the benzene overlayer with

has been used to investigate the various aspects of catalytic . . -
systems ranging from structural, to spectroscopic, to correlation tmhgt{ggsl#ﬁeegggfvzitgﬁeo fctrr?::;sbgi;::iggg d?efs ?;’IIS ﬁ(ﬁ]e d
with molecular dynamics characterizatibif.In this article, we liaht on .as ects of surface reactions. such as the transg ort of
characterize the growth of benzene monolayers (ML) and 9 Pe . . . P

- . reactants or intermediates to the reaction sites of heterogeneous
observe transport mechanisms in the benzene overlayer.

o . catalysts.
Recently, Heinrich et al. constructed a system designed to y
exhibit controlled molecular cascades$n their system, CO Experimental Section
molecules on G111} were manipulated by the STM tip and
rran in ific metastable “chevron” configurations, which
arranged in specific metastable “chevron” configurations, ¢ a custom-built low-temperature STM, which has been described

decay into the more Stable\/G x \/3) configuration. By elsewheré:® All images were scanned in constant-current mode using

aligning several chevron structures, a molecular cascade was, mechanically cut Pt/Ir tip. All bias voltages are reported as applied

constructed and observed with time-lapse STM imaging. (5 the sample, except where indicated otherwise. An ordered Au surface
was obtained through repeated sputter and anneal cycles (1 keV Ar

(1) McCarty, G. S.; Weiss, P. £hem. Re. 1999 99, 1983. i i

(2) Roberts, M. W Catal, Lett 2000 67, 41. sputtering at»_800 K, aqneallng aM%QO K). Benzene (purchased as

(3) Lauritsen, J. V.; Helveg, S.; Laegsgaard, E.; Stensgaard, |.; Clausen, B. 99.9% from Sigma Aldrich) was purified by freeze/pump/thaw cycles
S.; Topsoe, H.; Besenbacher, E.Catal. 2001, 197, 1. ) prior to use and was introduced into the UHV chamber via a leak valve.

(4) Kushmerick, J. G.; Kandel, S. A.; Han, P.; Johnson, J. A.; Weiss, . S.
Phys. Chem. BR00Q 104, 2980.

A fundamental understanding of overlayer growth and

The experiments were performed in ultrahigh vacuum at 4 K, using

(5) Stranick, S. J.; Kamna, M. M.; Weiss, P. Surf. Sci.1995 338 41. (8) Stranick, S. J.; Kamna, M. M.; Weiss, P.Bev. Sci. Instrum.1994 65,
(6) Berner, S.; Brunner, M.; Ramoino, L.; Suzuki, H.; Guntherodt, H. J.; Jung, 3211.
T. A. Chem. Phys. LetR001, 348 175. (9) Ferris, J. H.; Kushmerick, J. G.; Johnson, J. A.; Youngquist, M. G. Y.;
(7) Heinrich, A. J.; Lutz, C. P.; Gupta, J. A.; Eigler, D. Mcience2002 298, Kessinger, R. B.; Kingsbury, H. F.; Weiss, P.FS. Sci. Instrum1998
1381. 69, 2691.
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Figure 2. (A) STM image (120 Ax 120 A, Vsampe= —1.1 V, I; = 10

pA) of 0.3 ML of benzene on AL11} taken with a bare Pt/Ir tip. Benzene
molecules are aligned on top of the atomic step edge. Two features are
present on the top terrace, namely a point dislocation at the elbow of the
herringbone reconstruction and a single benzene molecule adsorbed on a
single-atom defect. The coverage for this image is estimated based on dosing
conditions, assuming a sticking coefficient of unity. (B) STM image (120

A % 120 A, Vsample= —1.1 V, I; = 10 pA) of the same area taken with a
benzene molecule attached to the Pt/Ir tip. The{ ul} substrate is
atomically resolved over the terrace, where both the herringbone reconstruc-
tion and the point dislocation can be clearly distinguished. (C) The white
line in each image denotes the apparent height recorded with the nominally
bare Pt/Ir tip (red) and the benzene modified tip (black). The apparent heights
of the benzene molecules at the single-atomic defect and at the step edge
are measured to be 0-0 0.1 A and 0.6+ 0.1 A, respectively. The two
Figure 1. Atomically resolved STM image of the clean reconstructed height traces are offsetybt A for clarity.

Au{111-(23 x +/3) surface (200 Ax 200 A, Vsampie= —0.05 V, I; = 200

pA) showing the fcc and hep regions separated by the soliton walls of the between molecules is measured to be 2.0.1 A. Two other
herringbone reconstruction. The inset shows an STM image of the clean features over the upper terrace are Observed, namely a point

Au{111}-(23 x +/3) surface (660 Ax 660 A, Vsampe= 0.1 V, Iy = 100 . - :

pA). This image shows one atomic step edge as well as the herringbonedlSIOCa'tlorl _at an elbow of the herringbone reconStru_éﬁm

reconstruction. well as a single benzene molecule adsorbed on a single-atom
defect, both imaged as protrusions (shown as bright). It should

The purity of benzene was verified in situ by mass spectrometry to be be noted that atomic resolution in Figure 2A is not observed

Height(ﬂx} [e]
St s S

=

>98% pure and was deposited on a{Al1} substrate 84 K with because of the h|gh gap |mpedanc-el(lo \V Samp|e bias
line-of-sight dosing by back-filling the UHV chambgr. voltage, 10 pA).
Results and Discussion The images shown in Figure 2, parts A and B, are taken over

the same area with the same tunneling conditions. Comparison
of these two figures reveals two phenomena; first, the contrast
reversal caused by imaging with a benzene molecule modified
STM tip, and second, the enhanced resolution of the topographic
imagel2-15 In Figure 2B, benzene molecules adsorbed at the

Clean Au{111} Substrate. Figure 1 shows two typical
images of the clean gold surfacé 4 K before benzene
deposition. The (23x +/3) herringbone reconstruction is
observed as pairs of periodically bent corrugation lines across

terra_lces and monatomlq step e_d&é‘ﬁhe soliton walls of the_ step edge and on top of the single atomic defect appear as
_herrlngbont_e reconstruction, which appear as 0.3 A protrus'onsdepressions compared to the{Ad1} substrate, whereas the
in the STM images, correspond to the transitional regions where herringbone reconstruction and a point dislocation at the

the topmost layer of gold atoms are partially dislocated with herringbone reconstruction elbow are atomically resolved. From
respect to both face-ceqtered cubic (fcc) and hexagonal qose'these observations, we postulate that prior to the imaging process
packed .(th) hollow sites of the bUIk_ layers. The wider ¢, Figure 2B, a benzene molecule was picked up by the STM
depressions between soliton walls are regions where the topmos{ip, with the positively charged tip apex interacting with its
layer of gold atoms are stacked on top of the s_econd layer fCc gactron richrz-ring system, thus decreasing the apparent height
hollow sites, whereas the surface gold atoms in the NAITOWEr ¢ +bo benzene molecules observed in the image. This type of
depressions between soliton walls are stacked on top of the hcﬁmage contrast reversal caused by a molecule modified tip has
second layer hollow sites. The 12Bend of the soliton wall been observed previously in other systems such as CO on
pairs delimits the boundaries between rotational dom_ains of the Cu{ 113 .13 The atomic resolution of the image in Figure 2B
(23 > V3) structure. _Terraces that are 500 A wide WET€ s attributed to the spatially localized molecular orbitals of the
routinely fpund and single-atom defects were observed in ;006 molecule attached to the tip apex, overlapping with
concentrations of less than 1 per 1000 surface atoms. the electronic states at the surfaéé>'The red and black traces
Low Coverage. At 0.3 ML coverage, benzene_ molecules on the right of Figure 2 represent the topographic height,
decorate the top_of the Ad11} gtom|c ste_p gdges in the form indicated by the white lines in the STM images with and without
of a two-dimensional (2D) solid, very S|m|Iar_ to benzene on a benzene-modified tip, respectively. When imaged by a
Cu111} at 77 K obseryed by Stranick et #Figure 2, par'.[s nominally bare tip, the apparent height of benzene molecules
A and B, shows STM images of the same area taken without at the single-atomic defect and at the step edge are measured

and with a benzene molecule on the probe tip apex, respectively.q, pe 9 9+ 0.1 A and 0.6+ 0.1 A, respectively. Because a
Figure 2A shows an STM image acquired with a nominally bare
Pt/Ir tip. In this image, benzene molecules are observed as(12) Neu, B.; Meyer, G.; Rieder, K. Hvlod. Phys. Lett. BL995 9, 963.

; B P 13) Bartels, L.; Meyer, G.; Rieder, K. HAppl. Phys. Lett1997 71, 213.
protrusions lined up at the step edge. The average distanc 143 Bartols. L. Meger, & Riodor. K. Hsﬂ?f. SciY1999 432 L621.
(15) Hahn, J. R.; Ho, WPhys. Re. Lett. 2001, 87, 196 102.
(10) Barth, J. V.; Brune, H.; Ertl, G.; Behm, R.Bhys. Re. B 199Q 42, 9307. (16) Kelly, K. F.; Sarkar, D.; Hale, G. D.; Oldenburg, S. J.; Halas, i&cience
(11) stranick, S. J.; Kamna, M. M.; Weiss, P. &iencel994 266, 99. 1996 273 1371.
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Figure 3. Series of STM images (230 A 130 A, Vsampe= —1.2 V) of

0.3 ML of benzene on AlL11} taken at increasing tunneling current. As

the distance between the surface and the tip is reduced from image to image,
areas of the noisy pattern become larger due to increasing tip-adsorbate
interactions, indicating the increased presence of weakly adsorbed benzene
molecules on the terraces. The white line on the rightmost image denotes
the location of the height trace. The average height of the noise peaks is
measured to be 046 0.1 A, which is comparable to the apparent height of
benzene measured in Figure 2. Benzene molecules at the step edge are
imaged as protrusions, indicating that these images are recorded with a

Height (

nominally bare Pt/Ir tip. g e s 0 06 06 0 0 o d
similar apparent height change is observed for the benzene L0 o~ e e oo
molecules at both adsorption sites, we conclude that benzene oo 0 0 ofefeNe ® 00 0 0 0
adsorbs at the top of the AL11} atomic step edge. This 00X o7 PRI
observation is explained by the charge transfer at metal atomic b o o o ole s h o e s o s
step edges, the Smoluchowski effect, which enhances the empty oo oloje L LA
local density of states (LDOS) at the top of the step, and the .00 A Py ~ AR
filled LDOS at the bottom of the step edgEwith the presence p o o o . EIA o o o q
of this strong electronic perturbation, the nucleophitticing RS WV, S N
system of the benzene molecules will interact preferentially with TR EER ohefo fo o o o o
the top of the step edge, as observed on other metal sur- P o e e e LRI
facesll’lsv:l-g I.. l.l.....l.l.. l.....l...l

Flgu_re 3 shows a series o_f STM images acqqud at mcreasmgFigure 4 (A) STM image (190 Ax 190 A, Vaanpe= —1 V, I = 10 pA)
t_unnehng current (de_creasmg tigurface sgparatlon). AS_ the £ 0.99 ML of benzene on AUL11}. The benzene overlayer structure over
tip—surface distance is reduced, the STM images show increas-the terrace at this coverage ig%2 x +/52)R13.9, the same structure as
ing noise over the soliton walls of the (23+/3) reconstruction. Ovelf the ZCP rehgion I_at 0.9 'I\I/IL(%O)V:ra%e- Most ?f&gz mif/SéggaRTglgculeS

f A . . P . are located on the soliton walls. schematic of t X .

This noise is attrlbuted to tip-induced motion of the benzene structure of the benzene overlayer over the hcp region dfiAf}. The
molecules transiently adsorbed on the terré€eBenzene unit cell of the structure is shown by the large red rhombus. The nearest
molecules adsorbed on top of the step edge are imaged asweighbor distance between two benzene molecules is 6.95 A for this
protrusions throughout the current increase, indicating no Proposed structure.

benzene molecule is permanently attached to the tip apex. The

white line on the bottom image shows the location of the height dec_easing the sample voltage, th? noisy patterr)s appear in
trace over the herringbone-modulated noise pattern on the®9ions of high local electron density, where the interactions
Au{111} terrace. The average height of the noise peaks is between the electrophillic carbon center and the surface electrons

measured to be 0-6 0.1 A, which is comparable to the apparent '€ Strongest?

height of a benzene molecule imaged with a nominally bare tip N Summary, benzene on AU1L at low coverage adsorbs
(Figure 2). Therefore, benzene molecules over the terraces aré®réferentially at the top of the Ad11} step edges. Molecules
moving in and out of the tunneling junction faster than the @dsorbed on the terraces are weakly physisorbed and are easily
imaging time scale, thus causing the “noise” in the STM image. displaced by the scanning STM tip either through adsorption
The modulation of the noise reflects tip-adsorbate interaction ONto the tip apex or through tip-induced motion and therefore
of the benzene molecules over the herringbone reconstructionc@nnot be imaged at low benzene coverage.

at low coverage. At negative sample bias, the attractive High Coverage. At near-monolayer coverages, benzene
interaction between the-ring system of the benzene molecules Molecules can be imaged stably on the{ AL} terraces, where
and the tip yields noise over regions where the substrate benzene forms an ordered overlayer that has a long-range
adsorbate interactions are the weakest, namely over the solitorfommensurate structure with respect to th¢ K} substrate.
walls2! This agrees with previous observation of £C6n Figure 4A shows an STM image of 0.99 ML of benzene on
Au{111}, where the appearance of the noisy patterns also takesAU{111}. This image shows that the gold herringbone recon-
place at negative sample bi#sUnder these tunneling condi- struction is still present after the formation of an overlayer, again
tions, the tip-adsorbate interaction is repulsive between the tip indicating that the substratedsorbate interactions are weak,
and the electrophillic carbon center of the OBolecule. As  contrary to other systems such as alkanethiols of 1A}

the distance between the tip and the substrate is reduced byvhere the chemisorption of the adsorbate lifts the substrate
reconstructiorf? The unit cell of the benzene overlayer is

(17) Smoluchowski, RPhys. Re. 1941, 60, 661. ) illustrated by the red rhombus in Figure 4A. The angle of the
(18) Yoon, H. A.; Salmeron, M.; Somorijai, G. Aurf. Sci.1997 373 300. . . . .
(19) Sykes, E. C. H.; Han, P.; Kandel, S. A.; Kelly, K. F.; McCarty, G. S.;  unit cell with respect to the soliton wall is measured to be 13.9

Weiss, P. SAccounts Chem. Re2003 36, 945. + 0.5° and is indicated by the set of white lines. Figure 4B
(20) Sykes, E. C. H.; Han, P.; Weiss, P.J3Phys. Chem. BR003 107, 5016. y 9

(21) Sykes, E. C. H.; Mantooth, B. A.; Han, P.; Donhauser, Z. J.; Weiss, P. S.,
in preparation. (22) Poirier, G. EChem. Re. 1997, 97, 1117.
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Figure 5. STM image (190 Ax 190 A, Veample= 0.2 V, I = 10 pA) of

0.9 ML of benzene on AU1L}. The image shows that the benzene
overlayer structure is different over the hcp and fcc areas of the terrace.
Occasional mobility is observed over the soliton walls of the herringbone
reconstruction.

Figure 6. Schematic of they{133 x +/133)R17.8 pinwheel structure of
the benzene overlayer over the fcc region of ALL}. The large circles

. represent the apparent circumference of benzene molecules. The small circles
shows the exact registry of the overlaye'ﬂiz x ‘/52)R13'9 represent the center of each benzene molecule. The black dots are the

structure, which is the long-range commensurate structure thatiocation of the surface Au atoms. The unit cell of the structure is shown by
most closely matches our observed benzene overlayer. Althoughthe red rhombus. Benzene molecules shown in gray are the centers of each
the exact adsorption sites of the benzene molecules are unknownPwheel. Our proposed structure places every pinwheel center at atop or

-fold hollow sites. The nearest neighbor distance between two benzene
our proposed structure suggests the presence of three types gholecules is 7.07 A for this proposed structure.

adsorption sites, which include atop, 3-fold hollow and near
bridge sites, all of which have been observed previously in on equivalent, near atop sites. The unit cell for this structure is

systems such as benzene ofil2t} and RH111}.28231t should marked by the red rhombus in Figure 6. This pinwheel structure
be noted that most of the benzene vacancies are found over thes similar to that of NO on the basal plane of graphite observed
soliton wall regions of A¢111}, where the benzereAu bond by Leinbick et al24in which two adsorption geometries were

Strength is the weakest. This effect is attributed to the diﬁerencesObserved over the same m0n0|ayer, name]y the ptm N

in electronic structure of the various substrate regions and is molecules were predicted to adsorb with the molecular axis
discussed in detail elsewhefe. perpendicular to the surface plane, whereas the surrounding
At a slightly lower coverage, the benzene overlayer on \yheel NO molecules lay flat. It should be noted that thisON
Au{111} exhibits definite structural variation over the different pinwheel structure is also commensurate with the graphite
regions of the substrate. Figure 5 shows an STM image of a atomic lattice through its pinwheel centers. These observations
0.9 ML of benzene adsorbed on f13. In this image, suggest that different adsorption energies for the pin and wheel
different benzene overlayer structures are observed over the NCpmglecules are a possibility. Further evidence for this argument
fec, and soliton wall regions. Benzene molecules over the NCp i he presented in the next section. It should be noted that

areas have the same/§2 x ‘/52)R1,3'9 structure, as IS jike the NO monolayer, the central pin benzene molecule
observed for the 0.99 ML coverage (Figure 4). The unit cell of 4 aq not stand up.

this structure is highlighted by the red rhombus and the angle
with respect to the soliton wall direction is marked once again
by the white lines.

Over the soliton walls, benzene molecules are not stably
adsorbed for STM imaging at this coverage, these vacancy rows

The overlayer structure is less densely packed over the fcc![? t:? trnsnzen(re gvirlifrnipaear; als delpres\fl?r:ﬁ. Homexi\rl’ Itlhe
regions. This structure is composed of “pinwheels” of 7 close- ansient adsorption ot benzene molecules over the soliton walls

packed benzene molecules, highlighted in Figure 5 by dotted 1S ewde_nt from the streaky noise in the image over the
circles. Figure 6 shows the proposed1(33 x +/133)R17.5 depressions. Therefore, at 0.9 ML coverage, benzene forms a
structure for the fcc area, which most closely matches our 2D gas over the soliton walls that coexists with two 2D solid

i 1125 . .
observed overlayer. The large circles represent the benzend’hases over the hcp and the fec are®s: #The difference in
molecules as imaged by STM, with the pinwheel centers labeled e Overlayer structures is explained by the region specific
in gray. The proposed overlayer structure has long-range substrate electronic structure and is discussed in detail in ref
commensuration, in which pinwheel centers are defined as 21.
molecules adsorbed on either atop or 3-fold hollow sites. Each . .
benzene molecule forming the wheel around each pin is located(@4) é—gg&bgjk'lggll'_(mmke“ B.; Wiechert, H.; Hofmann, Mhys. Re. Lett.

(25) Han, P.; Sykes, E. C. H.; Pearl, T. P.; Weiss, Rl. hys. Chem. 2003
(23) Weiss, P. S.; Eigler, D. MPhys. Re. Lett. 1993 71, 3139. 107, 8124.

10790 J. AM. CHEM. SOC. = VOL. 126, NO. 34, 2004
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Figure 7. (A) STM image (40 Ax 81 A, Veample= 1V, Iy = 20 pA)
showing the benzene overlayer structure over the fcc region ¢ AL
substrate before a cascade motion. The white circles indicate the benzene
molecules assigned to be adsorbed on atop or 3-fold hollow sites. The blue
dots indicate the location of specific benzene molecules in this image that
will move to the location indicated by the red dots in the subsequent image.
(B) STM image (40 Ax 81 A, Vsampe= 1V, It = 20 pA) of the same
region after the cascade motion. (C) Representation of Figure 7A. The black
dots show the location of the Ali11} substrate lattice. The large red circles g 0 g (A) Motion density map of all cascade events over the fcc region.
indicate the end position of a cascade event. Each molecule that underwent a cascade motion is labeled by a one-pixel

. . colored dot. Bright spots on the map thus represent benzene molecules that
Cascade Motion in the fcc Overlayer.Molecular motions are most prone to cascade motion. (B) The same motion density map as in

in this system were investigated by analyzing a series of 600 (A), superimposed over the first STM image of the movie (8k/A&1 A,
time-lapse images acquired over 40 h. Each image is of a 88 A Vsampe= 1 V, It = 20 pA). The molecules marked by the white circles

. - rarely moved throughout the movie and therefore are assigned to be adsorbed
x 88 A area, which encompasses the hcp, fcc and soliton wall on either atop or 3-fold hollow sites. The lateral size of the dots is due

regions. The acquisition time for each STM image was four poth to tip drift during the movie, and error in identifying the center of
minutes. The resulting movie can be viewed in the Supporting each benzene molecule.

Information®® Each image was digitally processed to identify agier the cascade events are indicated by large red circles. It
the location, the number of nearest neighbors and the motiongnq,1d be noted that unlike Figure 6, the wheel molecules are
for each of the benzene molecules. Three types of molecular gt 4gsorbed on equivalent, near atop sites. Figure 6 is an ideal
motion are observed, namely (1) 2D evaporation and condensayepresentation of the (133 x +/133)R17.5 structure over the
tion of benzene moleculés, (2) isolated single molecule ¢ regions, whereas Figure 7 is an observation of the real system
motions of a few Agstroms, and (3) concerted cascade Motions peqyeen cascade movements. Focusing on the cascade events,
in which two or more adjacent molecules are each displaced sgyeral molecules are adsorbed on atop or 3-fold hollow sites
by a few Angstroms. The latter two types of motion are i, their initial positions, whereas all of the final positions are
characterized by each benzene molecule being displaced by 2.4, near atop sites. The majority of cascade events starts and
+ 06 A. The following discussion focuses on the cascade gngs gt the fec/soliton wall interface. Although the structure of
motion over the fcc region of AULL. the benzene overlayer possesses a 3-fold symmetry, the net

For clarity, the term “cascade” is used in this article 10 gjrection of most cascade events is almost parallel with the][1
describe a chain of adjacent benzene molecules observed to havgjrection of the substrate. It appears that cascade events are

moved together within or between two consecutive STM images. reversible; a cascade in one direction is often followed by a
Due to the limited time-resolution of STM, only the initial and  -55cade in the opposite direction.
final locations of the cascade events are observed. On the basis Tnere are several geometries of cascade motion. Figure 7A
of previous theoretical work, our observed average distance ghows the most commonly observed linear cascades. However,
between the benzene molecules over the fcc region (7.07 A) oyt of 600 frames scanned, 21 occurrences of multiple legs of
SUQ%S}S that the forces between benzene molecules are attragy cascade joining/splitting are observed (see supplemental movie
tive.= _ _ in ref 26). In addition, there are also 5 events where large groups
Figure 7, parts A and B, shows two consecutive STM images of molecules move usually in the hcp region.
taken from the time-lapse series before and after cascade \yhen all of the locations of the cascade motion events in
motions. The white circles indicate the benzene molecules we o time-lapse series are correlated, we can produce a motion
have assigned to be “pin-molecules.” In Figure 7A, the blue gensity map showing where cascade events are the most
dots indicate the starting position of molecules that will undergo probable throughout the entire time-lapse image series (Figure
cascade motion, whereas the red dots indicate the location °f8A). The motion of a single benzene molecule is represented
the molecules in the subsequent image. These markers are visugly 5 pair of yellow dots that mark the initial and final positions
aids to help identify cascade movements. Figure 7C is a of 4 cascade event. In the inset of Figure 8A, the intensity of
representation of the STM images in Figure 7, parts A and B, {he vellow dots represents the amount of motion. Areas that
showing the location of the surface Au atoms (black dots). In' ghow no yellow dot pair denote areas where no molecular
this representation, the final positions of the benzene moleculesygtion was observed. When the motion density map is
(26) See Supporting Information. superimposed on an STM image (Figure 8B), we observed that
(27) Vernov, A.; Steele, W. ALangmuir1991, 7, 3110. certain benzene molecules are less prone to molecular cascade

J. AM. CHEM. SOC. = VOL. 126, NO. 34, 2004 10791
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40— predominance of cascade events involving 4, 5, and 6 molecules
120 § 1107 - can be explained by the morphology of the fcc region of the
- 100 £ E: 1x10% - Au{11%} substrate, which is confined in thel[a] direction by
g g g Pan the soliton walls. This means that the width of the fcc region
g 8 5 3 e would restrict the cascade length in the ] direction to 4 to
g S g v 6 molecules, exposing the extremities of these cascades to the
40 :i"‘“}"n 3 468 1012 2D gas phase benzene molecules of the soliton wall regions.
20 : Number of Molecules Moreover, the directions of the majority (95 %) of the cascades
p— are also almost aligned with the scanning direction of the STM
0 b2 3 8 i tccnies B Canaal? 11 12 tip. This suggests that the direction of a cascade is not only

Figure 9. Graph showing the relationship between the occurrences of determined by the morphology of the overlayer structure, but

cascades event with the respective number of molecules per cascade. Th@lS0 is influenced by the STM tip. The red line in Figure 9 is
inset shows a log scale plot of the same distribution. The red line in the the probability than molecules would randomly move, based
inset shows the projected exponential decay of the occurrence for the caseyp, eq 1 normalized to the observed number of occurrences for
of independent random motion. The comparison of the two curves | | > | . h
demonstrates that the observed cascade events do not result from indeperF—me molecule movements (5. counts). In comparlng the two
dent random molecular motions. curves, we note that the projected curve rapidly decays to a
probability of 1 x 10712 for n = 12. This suggests that if the
motion; these are marked by white circles. When comparing observed cascades movements resulted from indiviihai-
the relative positions of these stable molecules with our proposedpendent randormolecular motions, the observation of a twelve-
pinwheel structure, we find that these stable molecules cor- molecule cascade would have been extremely unlikely under
respond to the molecules we previously identified as pinwheel our experimental conditions. Therefore, we conclude that
centers (highlighted as gray molecules in Figure 6). This although the tip contributes to inducing motion, as well as
observation also suggests a difference in adsorption energyaffecting the direction of cascade events, the fact that cascades
between the pin- and the wheel-molecules, which is consistentof 11 and 12 benzene molecules were observed suggests that
with our assignment of these stable molecules as pin-moleculesthe cascade motion is concerted, not independent in nature.
To determine if the cascade motion we observe is random or  We have shown that when perturbed, benzene molecules
concerted motion, we calculated the probabilitynohdjacent adsorbed on a Au11} surface can undergo small displace-
molecules independently moving. If the mechanism of the ments, not randomly but in long chains of small concerted moves
cascade is independent random motion, we can then establislup to 12 molecules in length. This phenomenon relies on

that the probabilityP(n) of a cascade event involving intermolecular forces mediated by the substrate, so-called
molecules is the product of the probability of individual substrate-mediated interactions (SM¥s}2:2! Previously, we
molecular motiornp, which leads to the relationship have shown in ref 21 that SMIs have a direct effect on the
stability of individual benzene molecules as a function of number
P(n) = p" (@) of nearest neighbors. These interactions are found to be attractive

and of~0.4 kJ/mol per neighboring benzene molecule, i.e., a
The probabilityp for the fcc region was calculated using the benzene molecule with four nearest neighbors would be
following equation stabilized on its adsorption site by 1.6 kJ/mol with respect to
one with no nearest neighbots?’

. Ncascade fec These data help us understand the mechanism of the cascades
p= Niotal fee © and explain their predominance in the molecular motion of this
' system. Cascades can be thought of as being sequential changes
of molecules’ numbers of nearest neighbors. For example, a

involved with cascade motion in the fcc region, aMghayfcc is cascade is often initiated in the fcc region by a molecule at the
the total number of benzene molecules counted over the fcc €dge of the region undergoing a small move. This in turn reduces
region. Our calculation yields = 0.061+ 0.00128 the number of nearest neighbors of the surrounding molecules,

To investigate the relationship stated by eq 1, we recorded thus destabilizing them. This makes them more likely to undergo

the number of cascade events with the respective number ofSrnall MOVES 1n order to stabilize themselves _and in tl_Jm
molecules in each cascade event from the time-lapse STM destabilize the next set of molecules along the chain. We believe

images. Only those cascades with STM images showing thethis SMI effect to be the basis of the cascade motion we observe

initial and final benzene molecule positions were taken into in the benzene overlayer.
account. We have discarded any cascade event whose numbe&onclusions
of benzene molecules involved was indiscernible. Out of a total
of 385 cascade events observed, 98 events were discarded. The We have used STM to investigate the growth of benzene
red dots in Figure 9 show the plot of occurrence of a cascade monolayer on A{i111}, and characterize the various structures
event with the number of molecules in that cascade. The over different regions of the substrate. At low coverage, benzene
adsorbs at the top of the monatomic step edges and is weakly
(28) It should be noted thdcascagetcc iS an overestimation, as out of the total hysisorbed on terraces. At higher coverages, different long-
of 385 cascade events observed, the number of benzene molecules |nvolvetj3 !
could not be determined for 98 events. For the calculatiop, dfiese 98 range commensurate structures were observed, name[ﬁ& (
events were assumed to involve five-molecule cascades, the most probable \/52)R13.9 structure over the hcp and 3/133 % \/133)_

cascade event. The values used for our calculation are as follws:de, . .
foe = 1644 countsNital, 1cc = 27 046 counts. R17.5 pinwheel structure over the fcc regions, as well as a 2D

where Neascade ficciS the total number of benzene molecules
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gas phase over the soliton wall areas. Moreover, the time-lapse Supporting Information Available: Molecular cascades im-
STM images have revealed tip-induced cascade motion at near-aged as a series of scanning tunneling micrographs. The movie
monolayer coverage. We have demonstrated that the observeds @ compilation of 600 STM time-lapse images (81x/81 A,
cascade motion is not the result of random motion of individual Vsample= 1V, It = 20 pA, images taken at 4 K) over 0.9 ML
benzene molecules, but rather is a concerted motion. ThisPenzene molecules on AlilL}. Each molecule that takes part

observation may be relevant to the mechanism of mass transpor'ln a cascade event or single molecule motion is _ma_rked by a
. . pair of dots, one blue and one red. The blue dot indicates the
of molecules over surfaces, where instead of a STM tip

. . . location of the benzene molecule as found in the STM image
triggering th? cascade. motion, the rgmoval of the product before it moves, while the red dot indicates the location of the
molecules might result in cascade motion. same molecule after it moves (in the subsequent image). A total
of 1798 dot pairs are shown. Some molecular events were
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