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ormation of well-ordered supra-

molecular nanostructures on solid

surfaces is central to multiple areas
and applications within the emerging field
of nanotechnology.' Molecular self-
assembly? from organic compounds depos-
ited onto surfaces by vacuum sublimation
has therefore been studied intensively,> 2 in
particular by the technique of scanning tun-
neling microscopy (STM), which allows ad-
sorption geometries,® molecular
conformations,'®'" chirality,'*"'* and orga-
nizational patterns®>~®'3'% in the resulting
structures to be observed directly. The
nucleation and growth of molecular sur-
face structures involves dynamic processes
such as diffusion,'*~'” molecular rotations'®
or conformational changes,'®?° and relies
on molecular interactions such as hydrogen
bonding,* van der Waals (vdW) forces,® or
metal complexation.? Molecular self-
assembly in general implies formation of
structures under equilibrium conditions.?
Kinetic effects however can also play an im-
portant role in molecular organization on
surfaces, if the available thermal energy is
insufficient to allow particular dynamic pro-
cesses or dissociation of nonoptimum mo-
lecular aggregates.” This may result, for ex-
ample, in pronounced effects of changing
the deposition order in multicomponent
systems?' or trapping of metastable struc-
tures.??

As larger and more complex organic mo-
lecular building blocks are being employed
for surface studies under ultrahigh vacuum
(UHV) conditions, a commonly encountered
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ABSTRACT Self-assembly of organic molecules on solid surfaces under ultrahigh vacuum conditions has been
the focus of intense study, in particular utilizing the technique of scanning tunneling microscopy. The size and
complexity of the organic compounds used in such studies are in general limited by thermal decomposition in the
necessary vacuum sublimation step. An interesting alternative approach is to deposit smaller molecular precursors,
which react with each other on the surface and form the building blocks for the subsequent self-assembly. This
has however hitherto not been explored to any significant extent. Here, we perform a condensation reaction
between aldehyde and amine precursors codeposited on a Au(111) surface. The reaction product consists of a
three-spoke oligo-phenylene-ethynylene backbone with alkyl chains attached through imine coupling. We
characterize the self-assembled structures and molecular conformations of the complex reaction product and
find that the combined reaction and self-assembly process exhibits pronounced kinetic effects leading to formation
of qualitatively different molecular structures depending on the reaction/assembly conditions. At high amine flux/
low substrate temperature, compact triimine structures of high conformational order are formed, which inherit
organizational motifs from structures formed from one of the reactants. This suggests a topochemical reaction. At
low amine flux/high substrate temperature, open porous networks with a high degree of conformational disorder
are formed. Both structures are entirely different from that obtained when the triimine product synthesized ex-
situ is deposited onto the surface. This demonstrates that the approach of combined self-assembly and on-surface
synthesis may allow formation of unique structures that are not obtainable through self-assembly from

conventionally deposited building blocks.

KEYWORDS: Molecular self-assembly - scanning tunneling microscopy -
imines - oligo-phenylene-ethynylenes - surface reaction

difficulty is thermal fragmentation during
the sublimation step. This occurs if the nec-
essary temperature to overcome intermo-
lecular forces exceeds the thermal stability
of the compounds themselves. Among the
possible solutions®? to this problem is to
synthesize the organic building blocks for
the self-assembly directly on the surface
from smaller deposited precursors. Never-
theless, in general, the study of organic re-
actions between adsorbed molecules under
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Scheme 1. Imine formation between a trialdehyde (1,3,5-tris[(5-t-butyl-3-formyl-4-hydroxyphenyl)ethynyllbenzene) and oc-

tylamine.

extreme UHV conditions has only been pursued to a
very limited extent. For instance studies have focused
on covalent interlinking induced locally with the tip of
an STM2*72° or monocomponent polymerizations.>”~2°
Information concerning such a combined on-surface re-
action and self-assembly approach is therefore lim-
ited.>°

We recently took a first step in this direction and
demonstrated covalent interlinking between
octylamine and aldehyde groups on a two-spoke mem-
ber of a class of salicylaldehyde functionalized
oligo-phenylene-ethynylenes®'*2 deposited onto the
Au(111) surface, resulting in a diimine product.>® The
condensation reaction was confirmed by synchrotron-
based X-ray photoelectron spectroscopy and by com-
parison to the STM imaging signature of the similar re-
action product formed ex-situ and deposited onto the
surface.

Here, we perform a similar surface reaction be-
tween a more complex three-spoke oligo-phenylene-
ethynylene and octylamine (see Scheme 1) and charac-
terize the molecular conformations and organized
structures of the triimine reaction product by high-
resolution STM. We find that the resulting structures
are critically dependent on the reaction conditions. This
demonstrates strong kinetic effects in the combined re-
action and surface organization process. At high amine
flux and low substrate temperature, amines embed in a
matrix formed by preadsorbed three-spoke molecules,
which results in compact triimine structures of high
conformational order that inherit organizational motifs
from the original preassembled structures, suggesting a
topochemical reaction.* At low amine flux and high
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substrate temperature, open porous networks are
formed with a high degree of conformational disorder
in the participating triimines. The underlying dynamic
processes, including conformational switching in the
compounds even after attachment of the alkyl chains,
are investigated by dynamic time-resolved STM. In
marked contrast to the situation for the previously stud-
ied linear compound, the molecular structures formed
after reaction on the surface are completely different
from the structure obtained by deposition of the tri-
imine reaction product synthesized ex-situ. The present
findings offer new insights into the approach of self-
assembly after on-surface synthesis and demonstrate
that unique structures can be formed that are not ob-
tained by self-assembly from conventionally deposited
building blocks.

RESULTS AND DISCUSSION

The three-spoke trialdehyde®' reactant (Scheme 1)
consists of a central benzene ring connected to three
ethynylene spokes separated by 120° angles. Each
spoke is connected to a tert-butyl substituted salicylal-
dehyde moiety. Upon vapor sublimation at submono-
layer coverage onto the Au(111) surface, the trialde-
hyde has been observed at temperatures of 140-170
K to form four different, coexisting molecular struc-
tures.®' Two of these structures, with row- or ladder-
type molecular arrangement, are depicted in the high-
resolution STM images of Figure 1a,b. The trialdehydes
are imaged as Y-shaped entities with bright protru-
sions at the ends, arising from the tert-butyl groups.>'
The trialdehydes can exist as four different surface con-
formers, depending on the relative orientation of the
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terminal salicylaldehyde
moieties.>' The conformers
can be distinguished in the
STM images by the positions
of the bright tert-butyl
groups compared to the mo-
lecular backbones. Octy-
lamine forms a densely
packed lamellae structure
upon deposition at room

temperature, as shown in Figure 1. STM images of the reactants (sizes 80 x 80 A?): (a,b) STM images of the row structure (a)
Figure 1c. and the open ladder structure (b) formed by the trialdehydes on Au(111).3" The ellipses mark charac-
teristic interaction motifs of molecular pairs. In total four different adsorption structures could be
found.?" (c) Octylamine forms a lamellar structure on Au(111).

In the first preparation
procedure trialdehydes were
initially dosed onto the Au(111) surface at room tem- larity to the ladder- and the row-type structures de-
perature (~300 K) until a coverage of ~"/; of satura- picted in Figure 1, and are therefore designated the re-
tion of the first monolayer was reached ('/; ML). The acted row and ladder structure. Both the reacted row
sample was subsequently cooled to a temperature be-  (Figure 2b,c,d) and the reacted ladder (Figure 2e,f) struc-
low 170 K, which results in the formation of ordered ture consist of three-spoke backbones adsorbed paral-
molecular islands, as described above, and exposed to  lel to the substrate and with the alkyl chains originating
octylamines (p =~ 1-5 X 10”7 mbar time, 3-5 min), re-  from the octylamines extending from the side oppo-
sulting in the growth of octylamine multilayers. After site to the bright tert-butyl groups. This STM signature
deposition, the sample was briefly annealed to temper- s similar to the situation for the linear aldehydes stud-

atures in the interval between 300 and 400 K to ied previously,*® where covalent interlinking was con-
desorb octylamine multilayers and initialize the reac- firmed from spectroscopic measurements. We therefore
tion. Prior to imaging with STM, the sample was again  conclude that the octylamines have reacted with the tri-
cooled to a temperature between 120 and 170 K to aldehydes forming a triimine product.

thermally stabilize the resulting product structures. In the reacted-row structure the ethynylene spokes
Upon this preparation procedure two coexisting ad- of the triimines are oriented along the (112) directions
sorption structures were observed as indicated by “I” and the triimines close-pack pairwise with an end-

and “Il” in Figure 2a. The structures have a strong simi-  group of one ethynylene spoke lying in the vertex of

Figure 2. STM images and structural models of triimine structures observed after the preparation procedure involving deposition of oc-
tylamine on preassembled islands of trialdehyde reactants. (a) Large-scale STM image of the reacted row (I) and reacted ladder (Il) struc-
tures (size 850 x 850 A%, V, = 2.4V, I, = 0.33 nA). (b—d) High-resolution STM images and tentative model of the reacted row structure
(size 130 x 50 A2, V,=2.8V, I, =0.36 nA/size 150 X 80 A2, V, = 2.3V, 1,;=0.38 nA). The unit cell is indicated in (c). (e,f) High-resolution STM
image and tentative model of the reacted ladder structure (size 100 x 100 A% V, = 1.3 V, I, = 0.47 nA). The unit cell is indicated. The
dashed circle marks two molecules joined head-to-head.
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Figure 3. (a) Schematic model showing the different molecular conformations. (b—e) Most favored molecular pairs for the reacted row
(b) and ladder (d) structure formed by the triimines, and for the row (c) and open ladder (e) structure formed by the trialdehyde reactants.

the neighboring molecule (see Figure 2b,c). The
molecular pairs are arranged into rows with the alkyl
chains forming a lamellar motif between the rows. The
structure is periodic with a unit cell containing two mol-
ecules and with dimensions: a = (33.4 = 1.8) A, b =
36.1 = 1.8) A, and ¢ = 117° = 5°,

Also in the reacted ladder structure (Figure 2e,f) the
triimines close-pack pairwise with the end-group of one
ethynylene spoke lying in the vertex of the pairing
molecule. Two molecular pairs are joined head-to-
head into extended rows in a configuration where the
tert-butyl groups (and alkyl chains) point in opposite di-
rections, as indicated with a dashed circle in Figure 2e.
The alkyl chains fill out the space between the rows,
forming an interwoven structure. The structure is de-
scribed by a unit cell with dimensions, a = (41.5 = 2.1)
A b=(436+22) A and ¢ = 145° + 5°,

The adsorbed triimines have two conformational de-
grees of freedom at each molecular spoke (see Figure
3a). First, the salicylaldehyde end-groups can be in two
orientations that can be distinguished in the STM im-
ages by noting whether the tert-butyl groups are to the
left (L) or right (R), when looking along the ethynylene
spokes from the central benzene ring. Second, the alkyl
chains can assume two different orientations desig-
nated “+"” and “—". In the “+" configuration the hy-
droxyl and the imino groups are in sufficient proximity
to enable formation of an intramolecular hydrogen
bond.

The molecular conformations in the reacted row
and ladder structure are very similar as seen from the
molecular models in Figures 2d,f. Both structures con-
sist exclusively of molecules with RRL conformation (or
LLR in mirror domains) and are thus homochiral. Fur-
thermore, the attached alkyls are in “+” orientation on
two of the three molecular spokes. Each molecule thus
assumes a configuration allowing for two intramolecu-
lar hydrogen bonds. In the reacted-row structure the
“—" orientation is observed for the molecular R-spoke
(or L-spoke in mirror domains) positioned in the vertex
of the pairing molecule. In contrast, molecules in the
reacted-ladder structure assume the “—" orientation on
the single L-spoke (R-spoke).

) VOL.2 = NO.4 = WEIGELT ET AL.

There is a striking similarity in the arrangement of tri-
imine backbones in the reacted-row (ladder) structure
and the arrangement in the row (ladder) structure for
the unreacted trialdehydes,®' as can be seen from Fig-
ure 1a,b and Figure 3b—e. The molecular pairs in the tri-
imine ladder structure are identical to the molecular
pairs in the trialdehyde ladder structure (indicated by
an ellipse in Figure 1b). The molecular pairs in the tri-
imine row structure can be realized from the pairs in the
trialdehyde row structure (ellipse in Figure 1a) by only
one conformational switch around an ethynylene
spoke. This allows an all-parallel orientation of the alkyl
chains (as indicated with the red dashed circle on the
model in Figure 3b,c).

In the second preparation procedure, the Au(111)
surface with adsorbed trialdehydes (coverage ~'/,
ML) was held at room temperature during exposure to
octylamines (p =~ (1-5) X 10”7 mbar time, 3-5 min).
Subsequently, the sample was briefly annealed to a
temperature in the interval between 325 and 450 K to
remove unreacted octylamines. Before imaging with
STM the sample was cooled to a temperature of 120-
170 K. This procedure resulted in the formation of large,
ordered porous networks of triimines with pore diam-
eters d = 4 nm, as shown in the STM images of Figure
4a—c. Only one adsorption structure was observed.

In the porous structure six triimines are arranged in
a hexagon with the ethynylene-spokes meeting pair-
wise head-to-head, as seen in Figures 4b and 4c. Each
triimine belongs to three such hexagons, resulting in an
extended hexagonal network. The alkyl chains are at-
tached to the aromatic head-groups at the site oppo-
site to the tert-butyl group, as expected for the imine re-
action product, and are observed to extend into the
pores. The ethynylene-spokes are all oriented along a
(112) direction. The orientation of the backbones alter-
nates around the pores and the ethynylene spokes of
adjacent molecules meet head-to-head (see Figure 4c).
The packing of the three-spoke backbones is regular
and can be described by a hexagonal unit cell (¢ = 120°
+ 3°) containing two molecules, as marked on the
STM images in Figures 4a and 4b. The sides of the unit
cell are oriented along (112) directions (deviations + 3°)
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and its dimensions are a =
(398 +22)A and b = (39.8 =
2.2) A

While the packing of the
backbones is regular, the struc-
ture is not conformationally or-
dered, as seen in the STM im-
ages of Figure 4b and Figure 4c.
Quantitative analysis of high
resolution STM images reveals

that the four different surface . . . .
conformations (RRR, RRL, LLR, d Threespoke conformers € Alkyl chain orientation
LLL) of the aromatic backbone LLL 0.22+0.05 -+ 0.05+0.03
are found with nearly equal LLR 0.26+0.05 o - 0.28+0.07
probability. This implies that

the RRL/LLR conformation ap- LRR 0.28+0.06 +-- 0.50+0.09
pears with a lower probability RRR 0.24+0.05 - 0.17+0.05

than the probability (3/8) ex- . - . ] ]

. Figure 4. Hexagonal structure obtained after codeposition of octylamine and trialdehyde reactants at
pected for a random distribu- room temperature: (a) Large scale STM image of the hexagonal structure obtained in an imaging mode
tion (see the table in Figure 4d).  where the aromatic backbone is revealed (size 400 x 400 A%, V, = —1.8V, I, = 0.25 nA); (b) medium
Furthermore, most of the tri- scale (size 150 x 150 A%, V, = —1.8V, I, = 0.21 nA); and (c) small scale (size 80 x 80 A%, V, = —1.8V,
. I, = 0.22 nA) STM images, revealing both alkyl chains and bright tert-butyl groups. (d) Distribution of
imines have only one out of different surface conformations of the trialdehyde backbone. (e) Distribution of alkyl chains on the con-
three alkyl chains in the “+” ori-  formations allowing/not allowing (+/—) an intramolecular hydrogen bond.

entation that enables intramo-

€  Cis-/trans-pairing f Head-to-head configurations
) a 0.12+0.04
Cis 0.11+0.02 b 0.29+0.06
C 0.48+0.08
+
Trans 0.89+0.06 d 0.1140.04

Figure 5. Intermolecular interaction motifs in the hexagonal structure. (a—d) STM images (40 X 40 A2) with models below the images.
Configuration a constitutes a cis-pairing and b—d are trans-pairings. (e,f) Statistical distribution of the different head-to-head arrange-
ments. Labels a—d refer to the arrangement in the corresponding figure panels.
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Figure 6. Molecular dynamics at the boundary of the hexagonal
structure. In the shown overlays of two STM images, blue/orange
color correspond to initial/final configurations (V, = —1.8 V, I, = 0.25
nA): (a) molecules (blue) leaving the island; (b) intramolecular confor-
mational changes. The red arrows mark switches around ethynylene
spokes whereby the tert-butyl group and alkyl chain interchange po-
sitions. The white arrow marks orientational shifts for an alkyl chain.

lecular hydrogen bonding (see the table in Figure 4e).
In contrast, for the previously studied diimine,** “+" ori-
entations were assumed by all alkyl chains.

The molecular conformations are correlated with
the intermolecular arrangements. Two molecules meet-
ing head-to-head around the hexagon, can either as-
sume a configuration in which the tert-butyl groups
(and alkyl chains) on adjacent molecules point to the
same side (Figure 5a) or to opposite sides (Figure
5b,c,d). In accordance with previously used nomencla-
ture we will refer to these intermolecular configurations
as cis (same side) and trans (opposite side).'®>' The cis/
trans statistics in Figure 5e stem from analysis of 225
head-to-head pairings counted at images obtained at
a temperature between 120 and 147 K. Trans-pairing is
favored over cis-pairing, as also observed for the
reactants,”'® the triimines in the ladder structure, and
the similar diimine.?® The energy difference between
the favored/unfavored trans/cis arrangement is 0.02-
0.03 eV, as estimated assuming Boltzmann
statistics.'®>" This is comparable to the situation for
structures formed by the aldehyde reactants."®*' Fur-
thermore, the statistics in Figure 5f show that alkyl
chains belonging to groups meeting head-to-head
preferentially assume the same orientation, with the

ACINANC) voL. 2 « NO.4 = WEIGELT ET AL.

configuration in Figure 5c being the most abundant.
(The arrangement in Figure 5a is the only sterically al-
lowed cis configuration.) Since the alkyl chains are not
visible in all STM images, the statistics in the table of
Figure 5f are poorer than in the table of Figure 5e.

To obtain insight into the dynamical processes un-
derlying formation of the hexagonal structure, time-
lapse STM movies were acquired at a temperature of
~168 K. In Figure 6, time-separated STM images are dis-
played as overlays®'> where blue color tones are used
for the first image and orange for the second. This re-
sults in stationary features appearing gray, whereas ini-
tial (final) positions of a moving feature appears blue
(orange). In Figure 6a, molecules at the perimeter of an
island (blue) are seen to detach, presumable diffusing
out onto the surface. Attachment events are also ob-
served. Since the triimines can both detach and attach
to/from the islands at 168 K, we assume that the porous
molecular structures are either completely dissolved or
in fast dynamic equilibrium with a lattice gas of diffus-
ing molecules at the reaction temperature of ~300 K.
Alkyl chains attached to molecular backbones at island
perimeters are often imaged with a v-shape corre-
sponding to simultaneous imaging of both the “+”
and “—" configurations. An example is marked by the
white arrow in Figure 6b. This feature is attributed to
conformational switching between the “+" and “—" po-
sitions, occurring with a rate that is fast compared to
that of the STM line scan frequency. The activation en-
ergy for the switching process is estimated to be less
than 0.4 eV, assuming Arrhenius behavior with a lower
limit for the rate of 10 s~ ' and a prefactor of 10" s~ .
This places an upper bound on the binding strength of
a possible hydrogen bond in the “+"-position.>® Simi-
lar shifts of alkyl chain orientation are also occasionally
observed in the interior of the islands. A final degree of
conformational freedom is rotation of the molecular
end-groups around the ethynylene spokes, which has
previously been observed to occur for the adsorbed tri-
aldehyde reactant.'®?" As illustrated by red arrows on
the superimposed images of Figure 6b, this switching
process also occurs for the triimines, indicating that the
alkyl chains do not have a strong bonding to the sur-
face, consistent with the observed high rates for orien-
tational switching of the chains themselves. Similar dy-
namic events were not observed at a lower temperature
of 130 K, indicating that they are indeed thermally acti-
vated. Earlier studies of the molecular dynamics inside
close-packed islands did not show any influence of the
scanning process on the observed dynamics.'®>'

The two investigated preparation procedures re-
sulted in formation of qualitatively different self-
assembled structures. In the first procedure octylamines
where dosed at low temperature unto a substrate pre-
covered with trialdehydes. The result was the formation
of densely packed structures with complete conforma-
tional order. In the second procedure, the substrate
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with adsorbed trialdehydes
was held at room temperature
during sublimation of octy-
lamines onto the surface. The
result was an open and less
conformationally ordered
structure. We tentatively sug-
gest the following scenarios to
account for these observations.
In the first preparation proce-
dure, octylamine multilayers
condense over ordered and
stable molecular islands
formed from the preadsorbed
trialdehydes.?" During the sub-
sequent heating ramp, where
the octylamine overlayer corre-
sponds to a very high flux of in-
coming reactants, the octy-
lamines and trialdehydes react
to triimines before the struc-
tural order of the underlying
trialdehyde islands is de-
stroyed. The structures formed
have thus inherited organiza-
tional motifs from the structur-

structures. Steric hindrances in
the resulting densely packed
arrangement, with an associated high van der Waals at-
traction, limits or steers conformational changes, result-
ing in conformational order. Reactions where the prod-
ucts rely on prealignment of the reactants are referred
to as topochemically controlled,®* and the molecular or-
ganization in the row and ladder structure formed upon
preparation 1 are thus presumably steered by to-
pochemical reactions. Since the oligo-phenylene-
ethynylene backbones are packed denser in the preas-
sembled structures compared to after reaction, the tri-
aldehyde structures must laterally expand to leave
space around the molecular pairs for the alkyl chains.
In the second procedure, the octylamines are adminis-
tered at comparatively low flux and at a higher temper-
ature, where the trialdehyde structures are not com-
pletely stable. Reaction therefore occurs primarily
between species diffusing freely on the substrate, re-
sulting in conformationally unordered triimines. When
the substrate temperature is lowered, the products con-
dense into islands of the conformationally unordered
hexagonal structure. During this process attachment/
detachment at islands and different types of conforma-
tional changes are possible, as shown above. It is not a
priori clear which of the observed structures is thermo-
dynamically favored. The close packed phases formed
by the first procedure are likely to be stabilized to the
highest extent by attractive vdW interactions, but the
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Figure 7. Rectangular structure formed by deposition on the Au(111) surface of triimines synthesized
ally and conformationally pre-  ex-situ: (a) STM image of a defect free region (size 120 x 120 A% V, = 1.6 V, I, = 0.57 nA); (b) smaller
assembled trialdehyde scale STM image with molecular models superimposed showing the assumed upright adsorption ori-
entation; (c—e) image sequence revealing a moving molecular unit.

conformationally disordered hexagonal structure is fa-
vored by entropic effects. Annealing the structures at
400 K did not induce phase transitions from one to the
other. This is attributed to kinetically limiting factors
such as lack of sufficient thermal energy to dissolve the
close-packed phases or problems performing a suffi-
cient number of concerted conformational changes to
form the densely packed and conformationally ordered
reacted row and ladder structures from freely diffusing
species.

It is interesting to compare the structures described
above, which are formed from triimines synthesized
on the Au(111) surface from deposited molecular pre-
cursors, to structures formed by conventional surface
self-assembly. For this purpose, triimines were synthe-
sized ex-situ by solution phase chemistry.>® These com-
pounds were subsequently deposited onto the Au(111)
surface at ~300 K by vapor deposition from a glass cru-
cible heated to 390 K. Upon cooling to temperatures of
120-170 K, a single self-assembled structure was ob-
served, as shown in the STM images of Figure 7. This
structure is entirely different from the structures de-
scribed above. It is composed of rows of bright asym-
metric protrusions with a lamella arrangement between
the rows attributed to the alkyl chains. The structure
has a nearly rectangular unit cell with dimensions a =
(11.8*x06)A b=(280=*14)A and ¢ = 91° = 3°(see
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Figure 7a). We attribute two bright protrusion and two
alkyl chains to each molecular entity, since STM movies
reveal that such units move in a concerted fashion
within the structure (see Figure 7c—d).

The observed molecular units do not conform
well with triimines adsorbed with their backbones
parallel to the substrate. If instead the triimines are
assumed to adsorb in an upright position with one
spoke pointing away from the surface, a very good
match to the observed structure can indeed be ob-
tained, as shown in Figure 7b. In this adsorption
structure, the two bright protrusions correspond to
a tert-butyl group and the alkyl chain on the upward-
pointing molecular headgroup, respectively. The
alkyl chains belonging to the two additional spokes
form the lamella structure between the rows. It is
surprising that the adsorbed triimines do not relax
into the flat-lying adsorption orientation observed
for the compounds synthesized on the surface. The
structure with upright-standing triimines may be
stabilized by m-stacking between the aromatic back-
bones of neighboring molecules, as observed for a
similar oligo-phenylene-ethynylene compound.®?
Furthermore, triimines with an upright-standing ge-
ometry can form three intramolecular hydrogen
bonds in contrast to the phases observed for mol-
ecules lying down, where only up to two bonds are
formed. Upon heating to 400 K the rectangular struc-
ture desorbs. In contrast the triimines formed by
the on-surface preparation procedures were still
found on the surface after heating to temperatures
of ~450 K. Consequently, the species forming the
rectangular structure are bound less strongly to the
substrate, which is consistent with a reduced
molecule—substrate interaction in the upright-

EXPERIMENTAL SECTION

Sample Preparation and STM Measurements. The experiments
were performed in an ultrahigh vacuum system equipped
with standard facilities for sample preparation and character-
ization as well as a variable-temperature Aarhus scanning
tunneling microscope.?” The Au(111) surface was prepared
by repeated cycles of argon-ion sputtering at 1.5 kV followed
by annealing to 850 K until the well-ordered (22 X +/3) her-
ringbone reconstruction®® was observed by STM. The trialde-
hydes and presynthesized triimines, which form a solid at
room temperature, were evaporated onto the substrate by
vapor deposition from a heated glass crucible surrounded by
a thin metal wire for resistive heating. Prior to evaporation
the powder was thoroughly outgassed at the deposition tem-
perature followed by a brief heating to a slightly higher tem-
perature. During deposition the Au sample was held at room
temperature (~300 K). The n-octylamine (99%, Aldrich) was
held in a glass vial and dosed onto the substrate via a leak
valve. Prior to imaging the substrate was cooled to lower
temperatures (130-170 K) in the STM.

1,3,5-Tris[(5-tert-butyl-3-formyl-4-hydroxyphenyl)ethynyllbenzene
(Trialdehyde). This compound was prepared as previously de-
scribed in the literature.3®

standing adsorption geometry. An alternative expla-
nation for the observation of a different structure af-
ter deposition of triimines synthesized ex-situ is that
the triimines undergo thermal fragmentation during
the sublimation step and that the observed struc-
ture is formed by the resulting fragments. However,
this latter explanation appears less likely since only
one structure is observed and this structure appears
to be formed from only one type of molecular
entities.

CONCLUSION

In summary, we have investigated a new ap-
proach to self-assembly on surfaces under extremely
clean UHV conditions in which large organic build-
ing blocks are synthesized on the surface from
vacuum-deposited molecular precursors. A strong
influence of substrate temperature and reactant flux
during the combined reaction and self-assembly
process is observed. This offers the possibility of ki-
netic control of the resulting structures. Conven-
tional surface self-assembly by deposition of the re-
action product synthesized ex-situ produces entirely
different results, suggesting that unique structures
may be obtainable by the approach of on-surface
synthesis. Of particular interest is the observation
that organizational motifs in preassembled struc-
tures formed from one of the reactants may be re-
tained in the final product structure. This opens the
perspective of future experiments where organized
structures formed by weak, reversible self-assembly
interactions are subsequently stabilized by stronger,
covalent interlinks while retaining their structural
order.3®

1,4-Bis((5-tert-butyl-4-hydroxy-3-octyliminophenyl)ethynyl)benzene
(Triimine). A Schlenk flask containing molecular sieves (100
mg, 3 A)and a magnetic stirrer bar was dried with a flame un-
der vacuum. 1,3,5-Tris[(5-tert-butyl-3-formyl-4-
hydroxyphenyl)ethynyllbenzene (30 mg, 0.044 mmol), octy-
lamine (0.10 mL, 0.61 mmol), and a catalytic amount of triflu-
oroacetic acid dissolved in dry CH,Cl, (10 mL) were added
and the reaction mixture was stirred at room temperature for
2 h until TLC analysis showed no more starting material left.
The mixture was filtered through a pad of celite, diluted with
30 mL of CH,Cl,, and extracted with 15 mL of saturated
NH,Cl. The organic layer was extracted with water (10 mL)
and dried (MgSO,), and the solvent was removed in vacuo.
The residue was purified by column chromatography (silica
gel, 40% CH,CI, in hexanes, R, = 0.30) to yield 37 mg (85%)
of the triimine product as a greenish oil after removal of the
solvent. "H NMR (400 MHz, CDCl,): 3 8.30 (s, 3H), 7.60 (s, 3H),
7.48 (s, 3H), 7.32 (s, 3H), 3.60 (t, J = 6.6 Hz, 6H), 1.72 (m, 6H),
1.46 (s, 27H), 1.27-1.45 (m, 30H), 0.89 (m, 9H). '3C NMR (100
MHz, CDCl,): & 164.7 (3C), 162.4 (3C), 138.5 (3C), 133.5 (30),
133.3(30), 132.9 (3C), 124.5 (3C), 118.6 (3C), 118.6 (3C), 111.7
(3C), 91.0 (30), 86.3 (3C), 59.3 (30), 35.2 (3Q), 32.1 (30), 31.0
(3C), 29.5 (3C), 29.4 (6C), 27.4 (3C), 22.9 (3C), 14.4 (3C). MS
(MALDI-TOF) m/e calcd for C4ogHg3N;05 (M),1011.7;
found, 1011.9.
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