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Submonolayer and near-monolayer coverages of cyanogeN,)(@nd carbon disulfide (G were
independently dosed and studied on{Alil} at 4 K. Low-temperature scanning tunneling microscopy was
used to investigate the intermolecular and substratisorbate interactions of each of the two chemical species.
Both molecules were found to be weakly physisorbed and to form incommensurate structures with respect to
the A 111} lattice. The superlattice formed by the fil1} reconstruction was determined to have a
pronounced effect on the aggregation of the adsorbatds. With a high quadrupole moment does not form

an ordered structure and is easily moved by the scanning tunneling microscope tip at 4 K. In congtast, CS
having a smaller quadrupole moment, forms a molecular herringbone lattice structure. Th&ZLAu
reconstruction also influences the direction of the @8ered domains, aligning the &®olecular herringbone

lattice unit cell in a 3-fold symmetry. These observations are discussed in terms of the current understanding
of the dynamics of 2D solid/liquietgas interfaces.

Introduction solid phase and a disordered fluid phéda.this system, the
fluid phase was imaged by STM as streaky areas that showed

. . . the occasional presence of stable clusters with periodic struc-
species on surfaces is fundamental to controliing many usefu'tures. A combination of this latter observation together with

systems ranging from catalytic processes to the bottom-up deSignI_EED measurements at different temperatures indicated a high
of nanostructures. Over the past few decades, the study of the

. ) capacity of the fluid phase to accommodate considerable
behavior of small linear molecules adsorbed on flat surfaces ="~ . .
variations in density. The authors therefore concluded that the

such as the graphite basal plane has been a fruitful approac - -
for the purpose of understanding the link between the structurehg_f_/l\(/l) \t{/lg(sj glhsacl)sisb: dh%\;egé?r?: Zts :I 25) ?gzglag %S[)aszolﬁd“/ggg‘

of adsorbed monolayers and their thermodynamic propétties. equilibrium of sub-phthalocyanine (SubPc) adsorbed on Au-

Several studies have focused on systems involving two- . . .

dimensional (2D) phases of small linear quadrupolar molecules,{llj} at300 K W'th. molecular resolutiot?.In this system, _the
such as @ and CQ, adsorbed on graphite to investigate the 2D honeyc_omb solid phas_e formed by_Such could be imaged
relationship between the adsorbaseibstrate registry and their togetht_ar with a streaky disordered fluid phase. A clqse study
respective 2D phases and phase transitfohslowever, most of the line scans over both phas.es'showe.d that the height prof|le
of these studies were based on surface averaged diffractionOf gaseous SubPc was almost indistinguishable from the profile

measurements and computer simulations for structural charac-Of SubPc molecules in the solid phase. The observation that

terization and determination of surface dvnamics within a single line scan single SubPc molecules could be
Complementary to the work done on rayhite reéentultrahi h discerned in both phases allowed Berner et al. to propose that
P fytot . N grapnite, 9" the motion of the gaseous SubPc was not induced by the STM
vacuum (UHV) scanning tunneling microscopy (STM) measure- .. .
. . . tip. The authors were able to use the STM data to estimate the
ments have demonstrated the coexistence of 2D solid/fluid . e . .
phases on a variety of substrate/adsorbate syStethstranick magnitude of the diffusion barrier as well as the condensation
et al. imaged a 2D solid/gas interface of benzene oflCi} ene_rgy for 2D island fc_>rmat.|on.
at 77 K8 In this system, two rows of benzene molecules aligned ~ Time-resolved STM imaging has also been used to probe 2D
with both the top and the bottom of the {111} atomic step solid/fluid systems. Yanagi et al. studied the 2D island formation
edges were imaged and assigned to be the 2D solid phase. #f Pt-tetra-(3,5-diert-butylphenyl)porphyrin (Pt-TBPP) ad-
third row of benzene molecules at the edge of the 2D solid phaseSOrbeéd on C{l0G at 80 K, and were able to image the'gs

on the upper terrace was also imaged. However, these benzen& V/58) structures of individual islands. Here again, the
molecules were imaged with a higher level of streakiness, Presence of a gas-phase Pt-TBPP was evidenced by the presence

evidence of transient occupation of these adsorption sites.Of N0isy streaks when the tip was scanned over areas away from

Stranick et al. concluded that the 2D solid phase is in equilibrium the ordered islands. Upon sequential imaging of a chosen Pt-
with a 2D gas phase located at the terraces dfica}. TBPP 2D solid island, Yanagi et al. observed that most of the
Trost et al. have shown that at 300 K. coadsorbed Cs and oMolecules joining or leaving the island did so at the corners of

atoms on R{0007 exist in both a {/7 x +/7) 2D quasi-ionic the rectangular island referred to as “kink sites”, while the
“singular sites” at straight edges of islands showed little activity.

T Part of the special issue “A. C. Albrecht Memorial Issue”. This was attributed to the dominant intermolecular interaction
* Corresponding Author. Fax1-814-863-5516. E-mail: stm@psu.edu. of Pt-TBPP molecules, which would favor the addition of

Understanding intermolecular interactions between adsorbed
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molecules into the kink sites, resulting in the formation of islands
with rectangular contours.

Here we present a comparative study using a low-temperature
UHV STM to investigate two systems, namely cyanogesiNgE
and carbon disulfide (Gpadsorbed on AlL11} at 4 K. Both
molecules are known to play key roles with regard to industrial
processes. The study of getdyanide interactions is central
toward understanding the mechanism of gold extraction and
electrodepositio? 4 and C$ is often used as a model poison
in studies of the catalytic reactions involved in hydrodesulfuri-
zation!>"17 The packing structures for both molecules on
graphite had been previously assigned on the basis of X-ray
diffraction, neutron diffraction, and computer modeli.0On
graphite, ordering is dominated by the intermolecular quadru-
polar interaction (quadrupole values: 1931040 C n? for
C:Np and 11.5x 10749 C n¥ for CS,), with both molecules
forming incommensurate herringbone lattices (not to be confused
with the herringbone reconstruction of the {11} sub-
strate)!*20The lack of registry between the adsorbed molecules
and the graphite was also attributed to the much larger size ofFigure 1. STM image of the clean Aui11} surface (720 Ax 720

: GOwhi ), recorded at 100 mV sample bias and 100 pA tunneling current,
Lheerrri?gggﬁlee;rt(taiti:\i)entzraphi?gh does form a commensurate displayed in the derivative mode along the fast scan direction. The

. inset is a 77 Ax 77 A topographic image showing an atomically

) The use of STM has allowed us to obsgrve directly the yesolved point defect (20 mV sample bias, 800 pA tunneling current).
intermolecular and substratadsorbate interactions of the two _ _ ) o
linear quadrupolar molecules, both on a local moleeule hollow sites. The 120bend of the soliton wall pairs delimits
molecule scale and also the long-range effect caused by thethe boundaries between rotational domains of the x22/3)
morphology of the underlying Au11}. Contrary to intuition, reconstruction, and therefore two of three possible rotational
the more quadrup0|arzﬁz is observed to form a disordered domains can be observed in Figure 1. Terraces that are 300 A

single layer that can be easily manipulated by the STM tip, wide can be commonly found, and single atom defects were
whereas Cgforms herringbone structures as previously pre- observed in concentrations of less than 1 per 1000 surface atoms.

dicted on graphité. Standing waves of the surface state electrons associated with
the single atom defects and atomic steps were routinely
Experimental Section observed, as seen in the inset of Figure 1. BofNGand CS

. . . - f 4 K
The experiments were performed in UHV at 4 K. All images gﬁ:ﬁ;%ﬁ%iggﬁ pre-scanned{Adl} surfaces & under
were scanned in constant-current mode using a home-built low- Adsorption of C'2N2 on Au{111}. At 0.6 ML coverage, GN»
:jempgtr)atgr_e (?TtMI alnd ah;lgAPt/"J'p' Jge lSlTM ha;s been adsorbs on A{il11} as a disordered single layer as shown in
escnbte_ md ﬂ? al ehsew red n Otrt ere d l‘ﬁ ]}I surlacel K \}:igure 2A. Individual GN, molecules appear as oval protru-
\'Avff'g u?tlgtrain ;?:Igogelge:nenezﬁz e;:gogrgezﬁycﬁzé € si_ons. In these images, patc_hes of bare_ gold_ area can be
d P db ?h th I’d g’t' f I'd A él\Th discerned. The noisy streaks in the scanning direction of the
pmrgleléife wgs dgsegi/r;;aa I:aclf\r;ﬁ)\?esgr?g i?s ;L?rilty w?as e.stierzn ate dimage show that the tunnel junction over the bare gold patches
o> o is far | table th th ingle-I . Theli
to be 95% in situ by mass spectrometry..QO®s purified by - o o0 S able than over thelG; single-layer. The line scans

O . . . in these regions are noisy, with the amplitude of the noise in
vacuum sublimation prior to use and was introduced into the agreement with the apparent height of the molecules. This
.UHV chamber via a leak valve. The purity of E£8as verified behavior has been observed previously in other systems and is
in situ and was measured by mass spectrometry to be 98% pureassigned as a 2D gas phase of the adsorbed moldcdi¥s
AB,c}ghb)(/:Zl;\l;cEr:‘ﬁligjt\;\vgrﬁl-?\se:%iige?n & Axg;}sﬁjud?:gzgfoaé The line scan shows the average topographic height of the

- . 2 . . _ . .
ML coverage, while CSwas studied at two coverages, 0.2 and single-layer islands to be 1.4 A (Figure 2B). The presence of

; . the streaks is dependent of the tunneling conditions during the
0.9 ML. The coverages were determined ”‘”T‘ the STM images. imaging process. Although the amount of streaking varies from
All tunneling bias voltages are reported with respect to the

le. Alli ted without filteri image to image, the tunneling junction is more stable when
sample. Images are presented without filtering. scanning is performed at a greater-tgample distance. This

fact is confirmed by the image in Figure 3, recorded at 100
mV and 100 pA. Under these tunneling conditions, the tip is
Clean Au{111} Substrate. A typical image of the clean close enough that it sweeps awayNg molecules, revealing
Au{111} surface &4 K before deposition of adsorbates is shown the underlying herringbone reconstruction of the gold substrate.
in Figure 1. The (22 +/3) reconstruction is observed as pairs The presence of the herringbone reconstruction is an indica-
of periodically bent lines of corrugation across terraces and tion that the substrateadsorbate interaction is weak, in contrast
atomic step edges. These lines correspond to the transitionato other systems such as alkanethiolate monolayers adsorbed
regions where the topmost layer of gold atoms is partially on AuW{111}, where the strong interaction between sulfur and
dislocated with respect to both fcc and hcp hollow sites of the gold atoms causes Au abstraction resulting in the lifting of the
bulk layers?® The wider depressions between the pairs of soliton substrate reconstructiGh.The location of neighboring
walls are regions where the topmost layer of gold atoms is molecules with respect to each other can change easily, as shown
stacked on top of the bulk fcc hollow sites. Surface gold atoms in Figure 4 which illustrates single molecule evaporation/
at the narrow depressions are stacked on top of the hcp bulkcondensation. The broken-lined circles in Figure 4A denote

Results and Discussion
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Figure 4. (A) Consecutive high-resolution STM images (44>-A22
3 A, 400 mV sample bias, 40 pA tunneling current) over the edge of a
C:N; single layer. The white broken-lined circles in both images show
the position of individual molecules. The dotted circles in (B) display
molecules that have changed position between the two images. Two
molecules at the edge of the single layer have disappeared.

Tip Height (A)

..'Aa..a.m
I I

motion of any molecule between the two images. Dotted-lined
circles in Figure 4B denote the molecules that underwent a
0 100 200 300 measurable location change. It is clear from Figure 4 that the
Position (A) molecular positions of individual £, molecules are not fixed
between each STM image 2/, molecules located within the

Au{111}. This area shows two atomic step edges and the darker fuzzy single layer undergo tip-induced translatlonal motion. Thg
areas on each terrace are areas of bare gold. The inset is a444A molecules located at the edge of the single layer can be easily

A STM image of the disordered,f, single layer 700 mV sample ~ SWept away altogether. This suggests that ti¢,Gingle-layer

bias, 40 pA tunneling current). The gray line in (A) shows the location images as a 2D liquid rather than a solid. When a bare gold
of the tip—sample separation trace (B), which shows the average region surrounded by a 2D,N, single-layer is repeatedly
apparent topographic height of thelG single layer to be 1.4 A. scanned, the shape and size of the region changes greatly over
time. The image sequence in Figure 5 shows the shape of the
bare gold perimeter being elongated over time in the scan
direction of the image. From these observations, we conclude
that GN. is very weakly physisorbed on A@11}, where both

2D solid and 2D gas phases coexist. The scanning probe tip
affects the 2D solid single layer so much that repeated scanning
over the same area melts the solid phase.

Adsorption of CS; on Au{111}. At 4 K on Au{111}, CS
behaves very differently from £8l,. At 0.2 ML coverage, CS
molecules form highly ordered single-layer islands (Figure 6A).
The packing order is shown in the inset of Figure 6A. The
molecules organize in a herringbone arrangement with a unit
cell measured to be 8.1 A 6.0 A. This arrangement is
attributed to the quadrupolar interactions between the CS
molecules where the more negatively charged extremities of
the linear molecule are attracted to the more positively charged
center’18 This structure is found to be incommensurate with
the AU 111} lattice, and the apparent topographic height of the
CS islands is 1.5 A (Figure 6B). It should be noted that the
Figure 3. STM image (220 Ax 220 A) of GN, dosed on A§111} bottom of each of the gold step edges is decorated with a single
at a sample bias of 100 mV and a tunneling current of 100 pA. The row of CS$ molecules. This arises from the interaction between
tunneling condition set the tipsample dist_ance to be small so thqt the electrophilic carbon atom of the €&wolecule with the
szl:lhz mol«la_tcules V\Illerefst\?]/ep;avxiay. The Wrtnte t<’;1rr0WS show the location pigher density of the filled LDOS at the bottom of the atomic
of the soliton walls of the A{d11} reconstruction. step edge&242627The decorated step edges, combined with
the location of individual molecules in the image. The same island formation, indicate that adsorbate motion must have
circles are displayed in Figure 4B to highlight any translational occurred during deposition.

[

Figure 2. (A) STM image (330 Ax 330 A) of 0.6 ML of GN, on
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Fast scan direction =——f

Slow scan direction

0 min 1:13 min 13:22 min 20:02 min 26:44 min

Figure 5. Time-resolved sequence of 1104110 A images showing the change in shape and size of an area of bare gold (700 mV sample bias,
20 pA tunneling current). Time is shown in minutes and marks the start of the scan of each respective image.
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Figure 6. (A) STM image (220 Ax 220 A) of CS dosed on Au-
{111} at 0.2 ML coverage (500 mV sample bias, 20 pA tunneling
current). Small clusters and islands of 8folecules can be discerned.
Single rows of Cgmolecules along the gold atomic step edge can be
observed. The inset shows a 33>A33 A high-resolution image of
the herringbone lattice of a GSingle layer island. The white rectangle
represents the unit cell of the herringbone lattice (8.% A.0 A). The
gray line in (A) shows the location of the tisample separation plot
as displ){ayed in (B). The average topographic height of theig&nd

is 1.5 A.

Figure 7. (A) STM image (450 Ax 450 A) of CS islands dosed on
At both 0.2 and 0.9 ML coverages, the (22 +/3) Au{111} at 0.2 ML coverage. The central island of the image shows

- - D the alignment of its contour with the soliton walls (500 mV sample
reconstruction of the AUL11} is present as shown in Figures 7 bias, 20 pA tunneling current). (B) STM image (184 54 184 A)

and 8. In fact, the presence of the substrate reconstruction affect$,,omed in on the aforementioned island. Both rotational and transla-
the island formation of the adsorbate molecules. In Figure 7A, tional domain boundaries can be discerned. The small white rectangles
part of the contour of the island at the center of the image is represent the unit cell of rotational domains. The white lines are
clearly aligned with the underlying Ad13-(22 x +/3) extensions of those unit cells. The angle between the two rotational
reconstruction. A higher resolution scan over the same island, domains is measured to be*60

reveals the presence of several domains of single-layer CS that the 3-fold symmetry of the herringbone reconstruction of
molecules (Figure 7B). Two types of domain boundaries can Au{111} has a long-range effect on the ordering of the,CS
be discerned, namely translational and rotational boundaries.overlayers.

The packing order of every domain is the same as in the inset  Figure 8B shows this effect in that two separate domains on
of Figure 6A. All CS overlayers imaged had domains with the different terraces aligned in the same rotational phase, indicating
unit cell direction rotated by 60(within the £3° accuracy of that the aggregation of the molecule is directed by the substrate.
our measurements) with respect to each other. This demonstratet should be noted that, in this same image, small disordered
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U eng] § R % A% o =3 :
Figure 9. STM image (454 Ax 454 A) showing different islands of
CS molecules on the same terrace. The broken lines delimit domains
of the same rotational phase (500 mV sample bias, 20 pA tunneling
current, displayed in derivative mode along the fast scan direction).
These domains appear slightly offset, By @hich is within the margin

of error of the measurement. The white solid lines are aligned with the
short side of the herringbone lattice unit cell.

aggregation of C§ both in influencing the direction of the initial
adsorbate surface diffusion and imposing on the substrate
domains the same 3-fold symmetry. The rare occurrence of
misalignment is attributed to the presence of defects on the
substrate and strongly suggests that the forces involved in the
process are weak.

Conclusions

Figure 8. Two STM images showing 0.9 ML coverage £R8isorbed When comparing N2 and CS adsorption on A(i111}, care

on A{111}. (A) 170 A x 170 A image showing both rotational and ~ should be taken over extrapolating previous results concerning
translational domain boundaries (500 mV sample bias, 150 pA tunneling overlayer structure of the same molecules on graphite(00§1).
current). The two rotational domains. are again rotated at\/ﬁm Unlike Au{111}, the graphite basal plane is usually free of
respect to each other. (B) 220,220 A image showing a 60otation reconstruction and molecular ordering can be understood simply

between two domains on the top terracel000 mV' sample bias, 50 in terms of intermolecular quadrupolar interactions directin
pA tunneling current). The direction of the one of the domains on the q P eractions directing

top terrace is shown to be in phase with the domain on the lower terrace.@Ssembly of the molecular herringbone structure (Figure 6A
inset). Our observations of molecular ordering on{ A1}
areas of Csmolecules at the lower terrace near the step edge indicate that, even at 4 K, molecules are weakly bound to the
as well as at the U connection of the (22 +/3) gold surface and 2D growth occurs with a solid/ligtidgas equilib-
reconstruction are observed. We attribute this to the confinementfium. We compare the G&nd GN; overlayer structures, and
effect caused by the near-monolayer coverage. The observedvith molecularly resolved STM images discover thab@8ms
island contour confinement together with the 3-fold symmetry ordered domains while £8> images as a disordered 2D solid
of the CS domains with respect to each other suggests that the single layer that is easily melted with the actions of the STM
substrate has a long-range effect on the direction of the adsorbatdip. We note that the degree of molecular ordering cannot be
domains. This is further confirmed by Figure 9, where the 3-fold predetermined merely by the knowledge of the respective
symmetry of the rotational phases extends to molecules of molecule’s quadrupolar moment (quadrupole values: 8.3
different islands located both near a step edge and in the middle10~° C m¥ for C;N; and 11.5x 10740 C ¥ for CS). Instead,
of the same terrace. the delicate interplay between molecule/molecule and molecule/
We propose that the direction of the £&main is deter- substrate interactions determines the growth of ordered or
mined during the initial stage of the dosing, when the first amorphous 2D domains in equilibrium with a 2D gas phase.
molecules become truly physisorbed to the substrate, asThe growth of Cgindicates a long-range effect of the il 1} -
subsequent molecules align themselves with the initial physi- (22 x +/3) surface on the aggregation of adsorbed organic
sorbed molecules through transient mobility upon adsorgfion. molecules, and may be useful in future design of building-block
Although the actual A{L11} lattice is not directly involved, molecules and perhaps substrate design, where weaker substrate/
the (22 x +/3) reconstruction acts as a template for the molecule interactions are preferréd.
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