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We have investigated the ordered phases of the perylene derivatives perylene-3,4,9,10-tetracarboxylic-3,4,9,-

10-dianhydride (PTCDA) and the imide analogue PTCDI on theS'glll)\/é x +/3R30° surface using
scanning tunneling microscopy. We find that PTCDA forms square, hexagonal, and herringbone phases, which
coexist on the surface. The existence of a square phase on a hexagonal surface is of particular interest and is
a result of a near commensurability between the molecular dimensions and the surface lattice. Contrast variations
across the square islands arise from PTCDA molecules binding to different sites on the surface. PTCDI on
Ag—Si(111V3 x +/3R30° forms extended rows, as well as two-dimensional islands, both of which are
stabilized by hydrogen bonding mediated by the presence of imide groups. We present models for the molecular
arrangements in all these phases and highlight the role of hydrogen bonding in controlling this order.

1. Introduction layers!®20 PTCDI is also of potential importance for organic

The investigation into the effects of hvdrogen bonding on semiconductor deviced,and its adsorption on several surfaces
g ydrog 9 has been investigated previoushy.

two-dimensional arrangements of adsorbed molecular systems
d 4 In fact, the behavior of PTCDA and PTCDI shows important

is currently of great interest-lydrogen bonding has been shown gt - .
differences but also some similarities to previous observations

to stabilize a wide range of ordered molecular arrays, from .
clusters and rovw#s* to more complicated open structufes. of NTCDA and NTCDI. In addition, both PTCDA and PTCDI,

Much of this work has focused on metal substrates under When adsorbed on the ASI(111V3 x \/§R_30° surface,
ultrahigh vacuum and low temperature conditiéfgut more ~ Show pronounced differences compared with the ordering
recently, hydrogen bond mediated ordering has also beenobserved on other substrates. As we show below, PTCDA forms
demonstrated for semiconductor substrates, and molecularthree different coexisting phases. A herringbone phase is
frameworks have been demonstrated as templates for nano©bserved, with rows running along the three principal directions
structure formatiot® on the Ag—Si(lll)\/é x +/3R30° reconstruction. This her-

In this paper, we study the role of hydrogen bonding in the ringbone phase shows contrast variations between neighboring
stabilization of surface phases of the perylene derivatives rows which we attribute to adsorption on different surface
perylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride (PTCDA) binding sites. Second, a close-packed square phase is observed,
and the imide analogue PTCDI on AGi(111)V3 x v/3R30°. which is unexpected for a hexagonal substrate but_has previously
The closely related, but smaller, molecules naphthalene-3,4,9,-been proposed for a PTCDA layer on Au(1¥1Yhe final phase
10-tetracarboxylic- 3,4,9,10-dianhydride (NTCDA) and imide S & hexagonal network, which has two chiral forms and may
(NTCDI), which have a smaller naphthalene core but the same P& understood as a combination of the herringbone and square
functional end groups, have previously been studied by Keeling phases. PTCDI shows a completely different behavior, arranging

et al. on Ag—Si(lll)\/é % +3R30°.11 The work presented into extended single rows along the principal surface reconstruc-
beIoW represents an important e).(tension of these previoustion directions. These rows coexist with two-dimensional quasi-
studies, since the study of the larger molecules PTCDA and N€xagonal close-packed islands.

PTCDI is expected to provide insight into the relative importance ) i

of surface commensurability and hydrogen bonding in molecular 2- Experimental Details

ordering. Images were acquired at room temperature using a scanning
In addition, the study of PTCDA and PTCDI as molecular nneling microscope (STM) operating in constant current mode
adsorbates is important in its own right. PTCDA has been widely i, gn ultrahigh vacuum (UHV) system (base pressuxel0-10
studied as a candidate material for organic electronic deices Torr). Electrochemically etched tungsten tips were used, which
and is also known to form many different ordered surface \yere cleaned prior to use by electron beam heating. Atomically
phases. Th_e ordering of PTCDA monolayers_and thin films has ¢jean Si(111) was prepared by degassing a piece of p-type Si-
been studied on noble Smetal_ surfaég¥; highly ordered (111) wafer and then heating by direct current to 1160The
pyrolytic graphite (HOPG)? passivated noble metal surfacés,  qyajity of the resulting (% 7) reconstruction was checked using
semiconductor surfacé$®and self-assembled organic mono- 5 5T\, and silver was then deposited while the sample was

* Corresponding author. E-mail: peter.beton@nottingham.ac.uk. heated to .SSO;C’ to form t.he Ag—SI(lll)\/§ X. @RSOD
t School of Physics and Astronomy. reconstructior¥®> The adsorption of several organic molecules

*School of Chemistry. has previously been studied on this surf&c#.
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a)

b)

Figure 2. (a) An island of PTCDA stabilized by growing from a step
edge. This island consists only of the square phase. (b) A section of a
multiphase island of PTCDA: A, silver termination; B, herringbone
phase; C, boundary row; D, square-packed phase; E, hexagonal phase.
d) For both images, bias —3.0 V and current= 0.1 Na.

- i .|&.‘.$f
":-“h i

Figure 1. (a and b) PTCDA and (c and d) PTCDI molecules. The
molecular dimensions are shown in images a and c. Each molecule
has a perylene core, but PTCDA has anhydride groups at the ends,
while PTCDI has imide groups. The molecular structures of (b) PTCDA
and (d) PTCDI are calculated using the semiempirical AM1 model.
This figure shows the spatial variation of the probability amplitude of
the highest occupied molecular orbitals (HOMOs). Red and blue
represent respectively regions of positive and negative probability
amplitude.

The structures of PTCDA and PTCDI are shown in Figure
1. PTCDA (Sigma-Aldrich, 99.9% pure) was thoroughly de-
gassed prior to deposition at 33C for 10 min, to give a
submonolayer coverage-Q.1 ML). PTCDI was prepared by
refluxing PTCDA in concentrated ammonia ferl5 5 and,
following purification and degassing, was deposited by heating
to 335°C for up to 10 min for a submonolayer coverage (up to
0.4 ML). The substrate was held at room temperature when
depositing both PTCDA and PTCDI. The preparation and
imaging of all samples was undertaken in the same UHV system.

The molecular structure and dimensions of the observed Paataat
phases were calculated using Spartan'02 software, using semiemeigyre 3. (a) Two domains of the herringbone phase are shown. The
pirical molecular orbit calculations within the AM1 model. The  square phase appears in the top left of the image (section 3.2)=bias
spatial distribution of the HOMOs of PTCDA and PTCDI were 2.0V, current= 0.1 nA). (b) This model shows the molecules sitting
calculated for isolated molecules and are shown in Figure 1. in inequivalent sites in alternate horizontal rows on the-&i(111)
There is a clear minimum in the HOMO of each molecule along V3 x +/3R80° surface, which would account for the contrast
the long axis. On the basis of these simple models, one mayvariation seen in the images. [Alis the underlying Si lattice vector.
expect both molecules to have a similar appearance in filled The inset in part b shows an STM image of the-4gj(111)V/3 x
state STM images. Semiempirical modeling was also used as a¥ 3R30" reconstruction (see text) (bias 2.0 V, current= 0.1 nA).
simple check to test the validity of proposed models for the ) .
different observed molecular phases. The surface was not®dges (Figure 2a) or between steps on the-BY111)/3 x
included in the calculations. Small clusters of molecules were v3R30° surface. Three distinct phases were observed, which
arranged as in the proposed model arrangements for the phase¥ill be referred to as the square phase, the herringbone phase,
observed, and the clusters were minimized in the AM1 model and the hexagonal phase. All three phases have been observed

to determine whether the phases were stable and to obtainfO COexist in a single island, as in Figure 2b. The islands have
estimates for intermolecular spacings. a topographic height of 2.4 0.5 A, consistent with a single

layer of molecules lying flat on the surface, as expected for a
large -conjugated molecule.
3.1. Herringbone PhaseFigure 3a shows an STM image
STM images of the surface after the deposition-@f.1 ML in which one of the principal phases is clearly resolved. The
of PTCDA are shown in Figure 2. Islands of PTCDA are formed phase is composed of alternating rows of canted molecules,
with lateral dimensions up to 300 nm, often growing from step which run along the major axes of the A@i(lll)\/i_% X

3. Phases of PTCDA
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v/3R30° termination. Each molecule appears as a single bright
topographic feature with an apparent height which alternates
from row to row.

The silver termination is shown in the inset of Figure 3b and
may be represented by a hexagonal network. According to the
widely accepted model for the atomic configuration of the
surface (the honeycomb chain trimer mdéglthe network
vertices correspond to silver trimers and a silicon trimer is
positioned at the center of each hexagonal repeat unit. All
dangling bonds are saturated on this surface, rendering it
relatively passive so that molecules are free to diffuse across
the surface and adopt ordered configurations which are deter-
mined by intermolecular interactions. The underlying silicon
lattice vector [10] is indicated on all models as a reference
direction.

The separation between equivalent rows is determined from
images in which the silver termination and the molecular
overlayer are both resolved and found to ke (&herea =
6.65 A is the lattice constant of the AgSi(lll)\@ x +/3R30°
surface). From similar images, the molecular separation within
a row has been determined by measurement from images as
V/3a. This forms the basis for the model shown in Figure 3b;
here, the unit cell of the molecular packing is shown as<3
v/3a, or 20.01 Ax 11.55 A. A similar herringbone phase has
been reported on many other surfaé&s52°The bulko phase
of PTCDA is monoclinic and is composed of stacked planes of
molecules in a herringbone packing. The unit cell dimensions
are 19.91 Ax 11.96 A for the bulk herringbone unit céf.
These values are close to the unit cell dimensions observed in
this work and other$$ and within experimental error, the VS
molecular angles are the same for this phase and in thecbulk G
phase. Semiempirical modeling using the AM1 model of a Figure 4. STM images of the square phase: (a) In this image,
planar cluster of six PTCDA molecules gives optimum unit cell intermolecular contrast is resolved, showing that adjacent molecules
dimensions of 19.5 A« 12.1 A, in reasonable agreement with are perpendicular to each other. This is iIIusFrated by the schematic
observed dimensions. overlay of the lobes of the HOMO over the intramolecular features

- ; ) o (bias= —3.0 V, current= 0.1 nA). (b) A larger square-packed region

The difference in contrast of adjacent rows indicates that showing contrast variation between different molecules; the lettei& A
molecules are sitting at inequivalent binding sites on the surface.are explained in the text (bias —2.5 V, current= 0.1 nA). (c) This
In Figure 3b, a possible registry with the surface in which image shows the initial steps in determining the registry of PTCDA
alternate rows are adsorbed on inequivalent sites, which is molecules in the square phase. The silver termination is resolved.in
consistent with the observed contrast variation, is shown. Similar g}enf&%iﬂﬁfst ﬁ:;o:;}s]s;gat%et’hzn(;itlcgrdg:ﬁﬁr:;?gns?%Vst_h; ge\‘;:"‘rat'on
contrast variations have previously been reported in herringbone,,rent= 0.1 n A).
phases of PTCDA on different substrates’

3.2. Square PhaseThe second principal phase is shown in - direction are in equivalent surface adsorption sites; see the
Figures 2a and 4. The apparent square arrangement of thesenodels in Figure 5.
molecules is very unusual; the molecules are adsorbed on a |t js much more difficult to identify the separation of the
hexagonal substrate, which would not be expected to supportadsorption sites in the rows running perpendicular to the]11
an overlayer with square symmetry. Also, in images such as direction. Within experimental error, the molecular spacing in
Figure 4a, it is pOSSible to resolve intramolecular contrast in the two Orthogona| directions is equaL We have considered
the form of two lobes running along the length of each molecule. possible models for commensurate arrangements in which
We associate these lobes with the HOMO calculated using amolecular repeat units (consisting of two orthogonal molecules)
semiempirical model (see Figure 1), and our images show thatare placed ovem lattice constants. Fat repeat units, the unit
nearest neighbor_s are perpendicular to each ot_her and form anell dimension in the [_10] direction is 2w/3a. From a simple
arrangement which is very close to a candidate structure oonsideration of the geometry of square and hexagonal lattices,
proposed by Staub et # It is clear that this phase_ls stable, as it is clear that we must identify a pair of integerandmwhich
extended, well ordered regions are observed (Figure 2a). satisfy the relationshiprﬂ/§a = ma, that is, give a molecular

Images where both the hexagonal ASi(111)V3 x repeat unit with sides of equal length. Although this equality
V3R30° surface reconstruction and square-packed molecular cannot be satisfied exactly, sineé is an irrational number,
islands are well resolved, such as that in Figure 4c, show thatthere are two pairs of integers, ) for which this condition
one axis of the square phase is parallel to thé@]Hrection of holds to within 1%. These integer pairs are (2,7) and (7,24),
the underlying silicon surface. Also, the separation of the centersand the resulting values for the molecular separation are shown
of two equivalent molecules in this direction may be accurately in Table 1. Note that the molecular repeat unit length is given
measured as+83a, or 23.1 A, from the construction in Figure by man, which is equal to 23.3 and 22.8 A, respectively, for
4c. Note that alternate molecules in rows running in thé]11  the (2,7) and (7,24) models. These values correspond to a 1%
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Figure 5. The two molecular models considered for this phase. Part a has unit cell dimensiouSat27a, and part b shows an alternative
model with a larger unit cell of 23a x 24a. The unit cells are shown with dotted lines. The small arrows highlight molecules in equivalent
binding sites if looking perpendicular to the [ldirection (indicated). This helps to show the 2- and 7-fold periodicity of molecular pairs.

TABLE 1: Summary of Two Possible Square Phase dianhydride groups and the hydrogen atoms bonded to the
Dimensionsg perylene core of PTCDA, as discussed by Chen etfah,
nm 213 man (A) 1 — (m2nv/3) (%) combination with the quadrupolar interaction between PTCDA
— — molecules® The calculated spacing, 22.8 A, is very close to
n=2m=7 6.93 23.3 —-1.0 L
n=7m=24 24 25 228 +10 the molecular repeat unit in the proposed models both parallel

and perpendicular to the [0 direction.

“This table summarizes the dimensions of two possible com- 4 is hossiple to distinguish experimentally between the (2,7)
mensurate arrangements of molecules in rows perpendicular to Gie [11

direction of the Si substrate. The commensurability corresponds to @nd (7,24) models for molecular packing by acquiring images

orthogonal molecular pairs overlattice constants. The integersind with the sample bias in the range frofn2.0 to—2.5 V. Over
m are given in column 1. Column 2 gives the dimension of the unit this bias range, we observe a contrast variation between

cell along the [10] direction in units of the surface lattice constant; molecules adsorbed at different surface sites.
this value should be close to. Column 3 gives the average length in Figure 4b shows a STM image of a region of the square-
the direction perpendicular to [0] occupied by an orthogonal = o cyeq phase acquired in this bias range. The resulting contrast

molecular pair, and column 4 gives the percent difference between the™ ™ """~ h h f stri ina in th
molecular spacing parallel and perpendicular to thé[Hirection; a variation has the appearance of stripes running in th@][11

positive value indicates that rows perpendicular t®]re compressed.  direction, since molecules in the rows running in this direction
are adsorbed in equivalent sites (although note that neighboring

molecules are orthogonal, resulting in a contrast difference
between alternate molecules, giving some of the rows in this
direction a 2-fold periodicity).

There is a more complex contrast variation perpendicular to
the [110] direction which arises from the occupancy of many

nonequivalent surface sites in the rows running in this direction.
However, a variation in apparent brightness is observed only

for one of the two possible orthogonal molecular orientations.

Specifically, molecules oriented with their long axis perpen-
dicular to the [10] direction show strong variations in molecular
;8:81 contrast for different adsorption sites along the rows running
perpendicular to the [11] direction. However, for molecules
) N . ) with their long axis along the [ direction, the variation in
Figure 6. The semiempirical model of a nine-molecule cluster in the contrast is much weaker. The formation of one of the com-
square phase as calculated by Spartan gives a distance between . - .
equivalent molecules of 22.8 A. mensurate structures discussed above vyould giverise to a regular
sequence of stripes (parallel to [} with a period (in the
extension and compression compared with the spacing in thedirection perpendicular to [T}) corresponding te molecular
[110] direction. repeat units. For the (2,7) proposed array, the contrast would
The stability of the proposed arrangements has been inves-be periodic with a period correspondingrtgairs of orthogonal
tigated using semiempirical modeling as described above. Themolecules; that is, every fourth row running along the(L1
AM1 model has been used to minimize the total energy of the axis would be equivalent. Similarly, for the (7,24) array, every
planar cluster of nine PTCDA molecules shown in Figure 6 14th row would be equivalent.
(and also smaller clusters down to two molecules only). Our In most of our images, it is difficult to pick out a clear
simulations confirm that this arrangement is stable with a repeating sequence. We see some evidence for the (7,24)
calculated separation between equivalent molecules of 22.8 A.ordering, as shown in Figure 4b. As marked on this figure- (A
The perpendicular orientation of neighboring molecules is E), we see double and single bright rows running alon@®]11
stabilized by weak €H- - -:O hydrogen bonding between the which are alternately separated by three or four molecules (e.g.,
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arrangements. Analysis of profiles across the phase shows that
the darkest features are not empty pores, since they do not have
the same apparent height as the silver termination. These features
correspond to molecules which have a low apparent brightness,
similar to the dark rows in the herringbone phase (section 3.1).
The separation between low contrast molecules is equal to 2

V3a,

Hexagonal and square phases coexist in the same island with
no disordered boundary where they meet, as seen in Figure 7c.
The horizontal rows of the square phase are parallel to rows in
the hexagonal phase, and in fact, the bright rows of the
hexagonal phase have a nearly equivalent appearance to the rows
of the square phase. Hexagonal and herringbone phases also
coexist in the same island with no disordered boundary between
them, as shown in Figure 7a. In this case, the horizontal rows
in the hexagonal phase which appear alternately bright and dark
are parallel and very similar to rows of the herringbone phase
(with alternate bright and dark contrast molecules) which run
along the [10] direction.

By examining images of multiphase islands, it is possible to
determine, to a first approximation, that this phase is composed
of alternating rows of molecules in the square and herringbone
configurations. The model for this arrangement is shown in
Figure 8. We have analyzed the proposed molecular arrangement
using numerical modeling. The AM1 semiempirical model was
used to minimize the energy of the cluster shown in Figure 9,
and our results confirm that this arrangement of molecules is
stable. However, the molecular configurations relax slightly from
those shown in Figure 8a which correspond exactly to alternate
rows of square and hexagonal phases. The relaxed configuration
is shown in Figure 8b. Note that within the square phase rows
the molecules are rotated througtb® to relax the molecular
arrangement and allow optimum hydrogen bonding geometries.
) : ] This is consistent with the observed orientation of the molecules
Figure 7. (a) Extended region of the hexagonal open phase (ias (geq pighlighted intramolecular structure in Figure 7b).

—3.0 V, current= 0.1 nA). (b) The resolved lobes of the molecules . . .
(see Figure 4a), indicating their orientations. These are highlighted, 1€ Packing fractions of the three observed phases along with

and the [1D] direction is indicated (biass —3.0 V, current= 0.1 the packing fraction of m0|eCU|e_S in the bulkphase are ir_‘
nA). (c) The hexagonal phase neighboring a square phase region (biasTable 2 as a summary. The herringbone phase has the highest
= —3.0V, current= 0.1 nA). packing, while the symmetrical square and hexagonal surface

. . . phases have a lower density than the lufihase. This implies
the separation of A and B is four molecules, the separation of ho new 2-D phases we have observed are stabilized by
B and C is three molecules, etc.). This ordering is consistent jiaractions with the substrate.

with an overall periodicity of seven molecular repeat units,
although, u_nsurprisingly for such a large unit qell, we _do not 4 phases of PTCDI
observe this sequence repeating over multiple unit cells.
Although we observe some local order with a repeat unit of ~ 4.1. 1-D Rows.PTCDI differs from PTCDA through the
four molecules, we see no evidence for extended regionsreplacement of the central oxygen atom of each anhydride group
showing the (2,7) ordering, which, for this smaller unit cell, With an N—H imide group. This results in a modification of
would be expected if it were the preferred configuration. Overall, the hydrogen bonding between neighboring molecules. For
we conclude from our experimental data that the (7,24) ordering PTCDA, a rectangular molecule, the anhydride groups promote
is more stable, while noting that the combination of a large unit _hydrogen bonding between the short (anhydride group) and long
cell, many possible (7) nonequivalent adsorption sites and the (the perylene core) molecular edges, resulting in the perpen-
presence of defects on the surface limits the formation of dicular, or near-perpendicular, arrangement of neighboring
domains displaying this order over many unit cells. Indeed, even molecules. Incorporation of the imide group is expected, through
for surfaces with relatively low defect densities as prepared for the presence of the hydrogen atom of the imide group, to inhibit
these studies, it is difficult to distinguish experimentally the the hydrogen bonding observed for PTCDA and simultaneously
formation of commensurate packing with such a large unit cell promote much stronger\H- - -O hydrogen bonding between
from an incommensurate arrangement. the imide groups on neighboring molecules. Overall, this is
3.3. Hexagonal PhaseSTM images of the third major phase  expected to result in the formation of rows stabilized by
of PTCDA, the hexagonal phase, are shown in Figure 7. Figure hydrogen bonding between the ends of molecules as previously
7a shows an extended region of this phase, while Figure 7bobserved for NTCDI.
shows a higher magnification image in which intramolecular ~ For very low coverages<0.02 ML) of PTCDI on Ag-Si-
features may be resolved. These features, two lobes, are ver3(111)\/§ x +/3R30°, we observe molecules which either are
similar to those observed for molecules in the square phase (seésolated or form rows with a width equal to a single molecule.
section 3.2). The hexagonal phase was seen in two chiralThese rows are aligned with the principal axes of the-5¢
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Figure 8. (&) This inital model shows the combination of square and herringbone phase rows which comprise the hexagonal phase. (b) This model
shows the relaxed form, with the molecules oriented to give a valid hydrogen bonding configuration. A triangular unit equivalent to that in Figure
7b is shown by dark ovals, and a hexagonal unit is highlighted by pale outlined ovals. The molecules of low contrast in the images are shown with
dotted oval outlines. This model is valid for the chiral version observed for this phase.

B8 % B

a)

Figure 9. The semiempirical model of a seven-molecule cluster in 4.0nm
the hexagonal phase, made of two three-molecule square phase rows

and a central herringbone molecule as calculated by Spartan. The angle
of the long axis of the central molecule from the vertical i$.22

TABLE 2: Packing Fractions of PTCDA Phase$

phase packing fraction @per molecule)
herringbone 114.9
bulk o phase 119.1
square (2,7) 134.1
square (7,24) 131.3
hexagonal 134.1 Figure 10. PTCDI forms one-dimensional rows: (&) single molecules
2 This table gives the packing fractions of the observed phases of adsorb at A, and rows extend from B, defects in the surface (bias voltage
PTCDA in terms of area per molecule as well as the packing fraction = —2.0 V); (b) the rows have a molecular separation of 14.0.2 A

for the bulka phase to compare with the herringbone phase. Note the (bias voltage= —2.0 V); (c) the proposed model shows the rows to be
packing fractions for the two proposed models for the square phase stabilized by hydrogen bonds between imide groups.
are given. The herringbone phase is the most close-packed phase.

Isolated molecules are adsorbed on defects on the surface. Many
(111)\/5_3 x +/3R30° reconstruction, as shown in Figure 10a. rows grow from defects and step edges, implying that these
This behavior is similar to that seen for NTCDI on the same sites act as nucleation centers. In high resolution images such
surfacé! and also for PTCDI on hydrogen terminated siliégdn.  as Figure 10b, the silver termination and the PTCDI rows may
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Figure 11. PTCDI forms two-dimensional islands at coverages of b) )
>0.02 ML which grow from steps on the AgSI(111)v/3 x +/3R30° [
surface. The bias voltage is2.0 V. (gferd T, JAazf

be resolved. The molecular separation is measured to be 14.1 PO OGN
+ 0.2 A, and the molecules are canted by=8° within the (170] ' [ B 55 >
rows, to promote hydrogen bonding between imide groups. L NG D > i
Typical rows have a length of approximately five molecules, T i
with the longest observed being nine molecules. In the bulk I
crystalline form, PTCDI molecules are arranged in rows with frigure 12. (a) This image shows the internal structure of the islands.
an intermolecular spacing of 144 0.2 A and are canted  The arrow shows the direction of the rows making up the island. The
through an angle of 9%2very close to that measured for rows bias voltage is—2.0 V. (b) The molecular model for PTCDI islands.
of adsorbed molecules, as shown in Figure 10c. Very similar The rows are oriented at12° to Si[112. As before, the row direction
rows were observed when the smaller molecule NTCDI was IS indicated by the longer arrow, and the @] Hirection is shown.
deposited on the AgSi(lll)\/§ x +/3R30° surface. However,
for NTCDI, the intermolecular spacing is commensurate wit
the lattice constant of the underlying surface and the stability
of the rows, which extend over up to 25 NTCDI molecules,
was attributed to this commensurability. For PTCDI, a com-

n PTCDAto form PTCDI. The sizes of these two molecules are
almost equal, but the introduction of the imide group disrupts
the hydrogen bonding which promotes a near-perpendicular
arrangement of neighboring PTCDA molecules. The preferred

eperpendicular arrangement of PTCDA molecules results in the

cannot rule out a commensurate arrangement with a molecula ;tablllzat|on of the well-known herringbone phase and also gives

repeat unit of greater than six molecules). In addition, the PTCDI ;'Se’ f?r thefstl;]rface SIUd'eﬁ hef?’ t(;) a ?ew square phaset.).l'!;he
rows are not kinetically stable, and molecules are transferred ormation of Ihé square phase Is due 1o a commensurabiiity
to two-dimensional islands (see below) on a time scale of a between molecular dimensions and the surface lattice constant,
few days. The reduced stability of PTCDI rows, as compared although in one direction the resulting coincidence lattice

with NTCDI, is attributed to the lack of commensurability for extends over many molecular repeat units. The formation of a
PTCDI. square phase on a hexagonal surface is an important observation

and may give rise to the formation of new heteroepitaxial

4.2. 2D IslandsAs the coverage increases(.02 ML), two- interfaces between materials with quite different crystal sym-

dimensional islands form; see Figure 11. At this coverage, some metries
short rows still exist but the majority of PTCDI molecules are h o )  the imid bil h li
incorporated into islands. These islands, like the PTCDA islands, '€ Incorporation of the imide group stabilizes the collinear

tend to grow from step edges and between steps. However, thefrrangement of PTCDI molecules into rows which may be either
molecular arrangements of PTCDI and PTCDA differ signifi- Isolated or form a regular array. This behavior is consistent with

cantly. A close-up of one of the PTCDI islands is shown in Fhat obseryed previously f‘?r NTCDI, but there are some
Figure 12a. The perpendicular arrangement of neighboring important differences. In particular, the abse_nc_e of some simple
molecules observed for PTCDA is not seen. and the islands cOmmensurate arrangement of molecules within the single rows

consist of arrays of rows of collinear molecules. indicates that commensurability is not a universal requirement
As for the PTCDI rows, this arrangement is stabilized by

for the formation of molecular structures stabilized by nonco-
hydrogen bonding between the ends of adjacent molecules.valentmteractlons. In many previous e)_(am[j‘lé&“aregular
However, unlike the PTCDI rows with a width of a single array of molecules placed at surface sites are observed and the
molecule, the rows within the 2-D islands are not aligned with

condition of commensurability might previously have been

the principal axes of the AgSi(lll)s/é « V3R30P surface. A inferred to be a requirement in considering new candidate
. o ; . T molecules for study.

higher magnification image of one island is shown in Figure
11a. From images such as these, the intermolecular spacing and
orientation of the rows (relative to Si[1])zare measured to be
14.64+ 0.2 A and 12.2+ 0.3°, respectively. A model which is
consistent with the observed molecular arrangement is shown
in Figure 12b. The intermolecular separation and row orientation
given by this model are 14.75 A antl12°, respectively.
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