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elf-assembly directed by noncovalent

interactions, for example, hydrogen

bonding, metal—organic coordina-
tion, and van der Waals (vdW) forces, is an
extremely versatile approach for the
bottom-up fabrication of supramolecular
architectures on inorganic solid surfaces,
which is expected to be of substantial im-
portance within the emerging field of nano-
technology and nanodevices."? Numerous
hydrogen-bonded one-dimensional (1-D)
molecular line and two-dimensional (2-D)
network structures grown by molecular self-
assembly on surfaces have by now been ex-
tensively studied, in particular, by the tech-
nique of scanning tunneling microscopy
(STM).378 In the majority of cases this has
involved planar compounds confined di-
rectly onto surfaces in a planar geometry
and equipped with structurally rigid chemi-
cal functionalities to direct the
self-assembly.3~'® In contrast, so-called
“Lander-type” molecules are a special class
of compounds in which an aromatic molec-
ular backboard is equipped with bulky
chemical side groups which act as spacer
legs, providing a pronounced three-
dimensional (3-D) structure and decou-
pling the central aromatic board from the
underlying substrate." 3" Individual Lander
molecules adsorbed on surfaces have previ-
ously been demonstrated to have a num-
ber of interesting properties, such as altered
diffusion behavior,'” controlled electronic
coupling to step edges,'® 2! intramolecular
deformation,?'~2 and the ability to act as
molds for metallic nanostructures.?%24-%7
Organized 1-D structures of Lander mol-
ecules have been formed by adsorption
onto surface templates provided by metal-

Www.acsnano.org

ABSTRACT Supramolecular self-assembly on surfaces, guided by hydrogen bonding interactions, has been
widely studied, most often involving planar compounds confined directly onto surfaces in a planar two-
dimensional (2-D) geometry and equipped with structurally rigid chemical functionalities to direct the self-
assembly. In contrast, so-called molecular Landers are a class of compounds that exhibit a pronounced three-
dimensional (3-D) structure once adsorbed on surfaces, arising from a molecular backboard equipped with bulky
groups which act as spacer legs. Here we demonstrate the first examples of extended, hydrogen-bonded surface
architectures formed from molecular Landers. Using high-resolution scanning tunnelling microscopy (STM) under
well controlled ultrahigh vacuum conditions we characterize both one-dimensional (1-D) chains as well as five
distinct long-range ordered 2-D supramolecular networks formed on a Au(111) surface from a specially designed
Lander molecule equipped with dual diamino-triazine (DAT) functional moieties, enabling complementary

NH - - - N hydrogen bonding. Most interestingly, comparison of experimental results to STM image calculations
and molecular mechanics structural modeling demonstrates that the observed molecular Lander-DAT structures
can be rationalized through characteristic intermolecular hydrogen bonding coupling motifs which would not have
been possible in purely planar 2-D surface assembly because they involve pronounced 3-D optimization of the
bonding configurations. The described 1-D and 2-D patterns of Lander-DAT molecules may potentially be used as
extended molecular molds for the nucleation and growth of complex metallic nanostructures.

KEYWORDS: hydrogen bonding - self-assembly - molecular modeling - scanning
tunneling microscopy - Lander molecule

oxide nanogratings? or guided by strong
molecule—substrate interactions,?3%32 but
more complex 2-D long-range ordered
structures of Lander molecules have not
been achieved so far. A program to study
the organization and steering of Lander
molecules by complementary hydrogen
bonding interactions, which is expected to
provide a wider variability and control of
the structures formed, has therefore been
initiated by us.

Here we focus on a specially designed
and synthesized Lander molecule equipped
with dual diamino-triazine (DAT) functional
moieties, enabling these Lander-DAT
molecules to interact through mutual,
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Figure 1. (@) Chemical structure of the Lander-DAT molecule (Cs4HggN10). (b) Corresponding space-filling model, where car-
bon, hydrogen and nitrogen atoms are represented in cyan, white and blue, respectively. (c) A high-resolution STM image
of a single Lander-DAT molecule on a Au(111) surface (I; = 0.32 nA, V, = 1487 mV). (d) EHMO-ESQC calculated image of
Lander-DAT on Au(111) under the same tunneling conditions as those used for the STM image in (c). (e) EHMO-ESQC calcu-
lated image of Lander-DAT at a positive bias voltage outside of the HOMO—LUMO gap, showing a weak contrast centered on
the NH, moiety. (f) EHMO-ESQC calculated image of Lander-DAT corresponding to a resonance close to the vacuum level, giv-
ing a significant contribution on the triazine rings. For (e) and (f), a ball-and-stick model of Lander-DAT is superimposed to fa-

cilitate the attribution of the tunneling.

complementary NH - - - N hydrogen bonding. A related
Lander molecule without DAT groups, Lander-ND, is
studied for comparison. By depositing Lander-DAT on
the inert, close-packed Au(111) surface under ultrahigh
vacuum (UHV) conditions, we have achieved both 1-D
chains as well as five distinct long-range ordered 2-D su-
pramolecular networks and characterized these archi-
tectures using high-resolution STM. By comparing to
theoretical results obtained by STM image calculations
and molecular mechanics modeling, we find that the
observed 1-D and 2-D structures can be rationalized
through two types of intermolecular hydrogen bond-
ing coupling motifs. Most interestingly, these coupling
motifs involve pronounced 3-D optimization: The con-
formational flexibility allowed by the 3-D structure of
the Lander-DAT molecule enables the functional DAT
groups to rotate and optimize the intermolecular hy-
drogen bonding configurations in a way that would not
have been possible in purely planar 2-D assembly. By
demonstrating the first examples for the growth of ex-
tended, complex, hydrogen-bonded supramolecular
surface assemblies of Lander molecules, we provide an
important step toward expanding bottom-up supra-
molecular synthesis on 2-D substrates toward more spa-
tial 3-D assembly.

RESULTS AND DISCUSSION

STM Imaging of Individual Lander-DAT Molecules on Au(111).
The chemical structure and a space-filling model of
Lander-DAT (1,4-bis(4-(2,4-diaminotriazine)phenyl)-
2,3,5,6-tetrakis(4-tert-butylphenyl)benzene) is shown in
Figure 1a,b. The compound consists of a hexaphenyl
benzene (HPB) core with four tert-butyl groups as
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spacer legs and two diamino-triazine functional groups
on opposite sides to enable the intermolecular hydro-
gen bonding interaction. Figure 1c presents a high-
resolution STM image of a single Lander-DAT molecule
adsorbed on a Au(111) surface. The four bright lobes
distributed in a rectangular shape (11.6 A X 6.7 &) are
attributed to the four tert-butyl legs.2#¥”32 The subpro-
trusions in the center, which have a smaller apparent
brightness, are attributed to the hexa-phenyl rings,
similar to that observed earlier from a hexa-tert-butyl-
hexa-phenyl-benzene (HB-HPB) molecule.> Surpris-
ingly, however, there is no contrast in the STM image
appearing to originate from the two peripheral DAT
moieties.

To confirm this image interpretation and elucidate
why the DAT moieties are not visible in the STM im-
age, theoretical calculations were performed. First, mo-
lecular mechanics calculations were used to establish
the conformation of an individual Lander-DAT molecule
on the surface. The bulky tert-butyl spacer groups raise
the central aromatic part of the Lander-DAT molecule to
an adsorption height of 4.5 A; the two DAT groups are
not parallel to the surface plane but rotated by an angle
of about 30°. Thus, the closest and the furthest nitro-
gen atoms in the amino-groups are of 3.1 Aand 5.2 A
above the surface plane respectively. Employing this
optimized Lander-DAT adsorption conformation, a cal-
culated STM image was obtained using the EHMO-ESQC
code under the same tunneling conditions as those
used in the experiment, where the bias voltage is lower
than the highest occupied molecular orbital (HOMO)-
lowest unoccupied molecular orbital (LUMO) gap of the
molecule. The calculated result, displayed in Figure 1d,
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shows that the contribution of the peripheral DAT
groups to the tunneling is indeed negligible, rendering
them invisible in the STM image, while the four legs are
highly transparent to the tunneling electrons, leading
to a predominant contribution to tunnelling and an ap-
pearance as bright protrusions. This is consistent with
the experimental result.

In the case of nonfunctionalized Lander-type mol-
ecules, such as single Lander (SL, CooHgg)**?” and violet
Lander (VL, Ci0sH104),>% it was observed earlier that when
the applied bias voltage is much smaller than the
HOMO—LUMO gap of approximatively 4 eV, only the
four legs are STM imaged, while the central board is not
resolved. This is because the di-tert-butyl-phenyl
spacer-leg groups are electronically interacting with
the metal surface, while the central polyaromatic board
is decoupled from the metal surface because of the lift-
ing induced by the legs. As a consequence, the elec-
tronic tunnel resonance corresponding to the molecu-
lar orbitals with a large weight on the legs are broader
in energy than the = and 7* resonances of the central
board. In the Lander HOMO—LUMO gap, the electronic
transparency of the molecule is therefore controlled
by the broad tails of the electronic resonance coming
from the leg states. The same explanation applies to the
case of Lander-DAT. To further understand why the
DAT groups are not STM imaged at low bias voltage,
we have also performed a molecular orbital analysis of
the Lander-DAT molecule alone to track where the DAT
molecular orbitals (MOs) are mainly located in energy.
The analysis was performed using the Mopac (2007)
method.** The MOs of the diamino (NH,) moieties are
electronically coupled to the DAT o skeleton. Therefore,
their contributions to the tunnelling will be outside of
the range of the ™ MOs used in the experiments and lo-
cated in the HOMO-3 to LUMO+3 energy range. The ni-
trogen lone pairs of the diamino are conjugated with
the MO of a triazine ring. This conjugation is only vis-
ible on the HOMO-3 and LUMO+2, which are, respec-
tively, 2 to 3 eV away from the Fermi energy, thus, far
from the used STM bias voltage range.

To explore under what conditions one might ex-
pect to obtain an STM image contrast from the DAT
groups, the simulated images shown in Figure 1e,f were
calculated at different given bias voltages. Ball-and-
stick models of Lander-DAT are superimposed to show
the corresponding part of the molecule. The calculated
STM image presented in Figure 1e was obtained at the
LUMO resonance energy, showing that at a positive
bias voltage outside of the HOMO—LUMO gap, the first
resonance will deliver a weak contrast centered on the
NH, moiety of the DAT group. This is due to the nonpla-
nar conformation of the diamino triazine groups which
results in one of the NH, groups pointing up relative to
the surface, reinforcing the electronic coupling with
the tip and compensating for the low weight of the NH,
MO at this energy. The first m* Lander-DAT MO with a
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significant contribution on the triazine rings is located
further away in energy and corresponds to LUMO+4. A
constant-current STM image calculated for an energy
corresponding exactly to this LUMO+4 resonance (as
if a dI/dV STM image was experimentally recorded) is
presented in Figure 1f, showing indeed a contrast coin-
ciding with the position of the DAT groups in the over-
laid molecular model. However, this resonance is not
experimentally accessible because it is too close to the
vacuum level. Nevertheless, in the experiments, it is
possible under particular tip conditions to capture in
the STM images certain features which can be associ-
ated to the DAT groups (see Figure 6) .

Modeling of Hydrogen-Bonded Coupling Motifs for Lander-DAT
Molecules. Two possible arrangements of Lander-DAT
molecules, allowing for intermolecular hydrogen bond-
ing, may be anticipated a priori based on the chemical
structure of the DAT functional groups; either a “Side-
ways” arrangement as shown in Figure 2a or a “Head-
on” arrangement as shown in Figure 2b. In both cases,
double N—H - -- N hydrogen bonds are formed between
coplanar DAT moieties on adjacent molecules, similar
to what have been observed previously for 2-D
hydrogen-bonded surface networks of melamine
molecules®* 38 and other molecules with DAT func-
tional groups.™

In the bulk and gas phases, the melamine molecule
itself adopts a nonplanar configuration,® and recent
ab initio density functional theory calculations have
demonstrated a nonplanar configuration of melamine
dimers to be energetically favorable compared to a pla-
nar one, showing the stabilization energy of nonplanar
configuration is slightly higher than that of the planar
one (0.24 vs 0.22 eV per hydrogen bond).3® Because the
DAT moieties of Lander-DAT have been elevated from
the surface by the bulky tert-butyl groups and are fur-
ther o-bonded to the phenyl rings of the central molec-
ular board, one may anticipate a high degree of confor-
mational flexibility for the DAT groups. This suggests
that the situation for hydrogen bonding interaction be-
tween Lander-DAT molecules may be intermediate be-
tween that found in surface networks formed from pla-
nar molecules adsorbed on surfaces in flat
configuration, as previously studied in many instances,
and the bulk/gas phase situations. We therefore used
MM4 molecular mechanics calculations to explore if the
two displayed interaction motifs could be optimized us-
ing the 3-D conformational freedom of the adsorbed
Lander-DAT molecules. The resulting minimum-energy
situation obtained after relaxation of the “Sideways”
coupling motif is displayed in Figure 2c. As indicated
by dashed yellow lines in the enlarged section shown
in Figure 2e, double hydrogen bonding is established in
which the N—H--- N bond lengths are 2.89 A, and the
N—H---N angle is 146°. In this 3-D optimized configu-
ration, the two DAT groups are spatially rotated so that
they are not coplanar but have an angle between them
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Figure 2. Anticipated and calculated arrangements of Lander-DAT dimers. (a) Anticipated “Sideways” and (b) “Head-on” coupling
with double N—H - - - N hydrogen bonds marked by yellow dashed lines. (c) Calculated “Sideways” and (d) “Head-on" coupling ar-
rangements obtained by full relaxation using MM4 calculations. (e) Top-view of the indicated interaction motif in the calculated
“Sideways” coupling, where double N—H - - - N hydrogen bonds between the adjacent nonplanar DAT groups are marked by yel-
low dashed lines. (f) Side-view of the calculated “Sideways” coupling, showing the rotation of the neighboring DAT groups. (g) Top-
view of the indicated interaction motif in the calculated “Head-on” coupling, where the rotation of the adjacent DAT groups is
clearly noticeable and the two pairs of N—H - - - N hydrogen bonds are marked by dashed yellow and green lines, respectively.

of approximately 139° as shown in Figure 2f. The 3-D ro-
tation effect is even more pronounced for the “Head-
on” coupling where the arrangement with coplanar
DAT groups, as shown in Figure 2b, did not represent
a stable situation in the calculations for adsorbed mol-
ecules. Instead, the two DAT groups rotate as shown in
Figure 2d to optimize the intermolecular interaction
and the two Lander-DAT molecules shift laterally com-
pared to that shown in Figure 2b so their arrangement
becomes nearly coaxial. The interacting DAT groups
form an angle of 75° with respect to each other, thereby
allowing for the formation of four N—H - -- N hydrogen
bonds with the two azine N atoms forming bonds to
two NH groups each as indicated in Figure 2g by
dashed yellow and green lines. The average N—H---N
bond length and angle are 2.92 A and 121°, respec-
tively. The total interaction energy for the “Sideways”
configuration was calculated by the MM4 modeling to
be 0.682 eV, of which hydrogen bonding contributes
0.486 eV (0.243 eV per hydrogen bond) and vdW inter-
actions 0.196 eV. For the “Head-on” dimer coupling, the
corresponding energy is 0.821 eV, including a contribu-
tion from hydrogen bonding of 0.729 eV (0.182 eV per
hydrogen bond) and from vdW interactions of 0.092 eV.
Our results are consistent with earlier calculations for
melamine dimers,>4%41 where a stabilization energy of
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0.24 eV per hydrogen bond and a N—H---N bond
length in the range of 2.8—3.0 A were found.

If the two described coupling motifs are extended
to lines by joining additional molecules in head-to-tail
fashion, it will result in distinct arrangements on the sur-
face. For the “Sideways” coupling motif the molecular
axis (i.e., the line across the centers of the two DAT end
groups) will be rotated by 19° away from the orienta-
tion of the stripe as defined by a line through the mo-
lecular centers and the calculated periodicity along this
line is 17.0 A. For the “Head-on” case the periodicity
(i.e., intermolecular distance) along the molecular line
is 20.1 A and the molecular axis is rotated by just 5° off
the direction of the molecular line. The “Sideways” cou-
pling is thus more condensed than the “Head-on” case
with a shorter periodicity (17.0 vs 20.1 A) and a larger ro-
tation angle of each molecule relative to the stripe axis
(19 vs 5°).

STM Results and Models for Extended Adsorption Structures.
Turning to the STM experiments, we first describe results
obtained by depositing Lander-DAT at low coverage.
Here 1-D chains of Lander-DAT molecules form both at
the step edges and on the terraces, as shown by the STM
images displayed in Figure 3a,b, respectively. The chains
aligned by step edges are long-range ordered and can ex-
tend over hundreds of nanometers. This decoration ef-
fect may partly originate from charge redistribution at the
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Figure 3. (a) STM image of 1-D Lander-DAT chains at step edges of Au(111) (; = 0.70 nA, V, = 1250 mV) with a high-resolution
image shown in the inset (I, = 0.48 nA, V; = 1487 mV). (b) STM image of 1-D structures of Lander-DAT on terraces of Au(111)
(ly = 0.52 nA, V, = 1250 mV) with a close-up view of a 1-D chain segment shown in the inset (/; = 0.46 nA, V; = 1250 mV).

metallic step edges (Smoluchowski effect). A zoom-in
showing such a chain at submolecular resolution is dis-
played in the inset of Figure 3a. The periodicity along the
chain is 17.0 * 0.5 A and the Lander-DAT molecules are
oriented such that their axis is rotated away from the di-
rection of the chain by approximately 18°. These observa-
tions are consistent with the parameters (17.0 A and 19°)
obtained from the theoretical modeling of the “Sideways”
configuration described above. Two of the four lobes cor-
responding to the spacer legs of each Lander-DAT have
a higher brightness, suggesting that the molecules in the
chain are inclined on the step edge with two legs on up-
per/lower terraces, respectively.'® The chains formed on
the terraces consist of shorter segments, leading to a
structure without long-range order (Figure 3b. The Lander
molecules in the chains typically have their axis aligned
along (112) directions of the underlying Au(111) sub-
strate. A high-resolution STM image (inset of Figure 3b)
further shows that these chains have the same “Sideways”
coupling as observed at the step edges. As seen in the
main image of Figure 3b, the herringbone reconstruction
of the Au(111) substrate is not disturbed by the adsor-
bates, implying that the molecule—substrate interaction
is rather weak although it may affect the adsorption ori-
entation of the Lander-DAT molecules.

At higher coverage, five distinct 2-D structures of
Lander-DAT molecules were observed on the terraces

of the Au(111) surface. These phases will be denoted
“Six-Blade Mill” (“SM”), “Four-Blade Mill” (“FM”), “Grid",
“Transition”, and “Close-Packed Stripe” (“Stripe” for
short). The different phases are described in detail be-
low, and their structural parameters as obtained from
both experimental data and theoretical modeling are
summarized in Table 1.

“SM” and “FM” Adsorption Structures. Overview and high-
resolution STM images of the “SM” and “FM” phases
are presented in panels a and b of Figures 4 and 5, re-
spectively. Both phases are observed as extended is-
lands on the Au(111) surface. The “FM" phase appears
as a defect-free network, which is generally more or-
dered than the “SM” phase. One common feature for
the two phases is that they can both be viewed as be-
ing built up from a tiling of characteristic Lander-DAT
dimer motifs. These dimers are indicated in Figure 4b
and Figure 5b by transparent rectangles across the cen-
ters of paired molecules, illustrating how the tiling of
the dimers leads to four and six-blade mill structures.

For the “SM” phase, the dimers adopt all three sym-
metry equivalent orientations on the surface, marked
by white, green, and blue rectangles, with an angle of
60° between one and another; while for the “FM” phase,
only dimers in two orientations are involved, indicated
by green and blue rectangles which are normal to each
other. In both cases, the molecules are adsorbed with

TABLE 1. Comparison of Structural Parameters for the Different Phases of Lander-DAT and Lander-ND Observed on the

Au(111) Surface
experimental results

length of vectors (R)

included
a b angle (deg)

chain on terraces 17.0

M 36.4 36.4 60
FM 27.2 27.2 90
Grid 20.8 285 60
Tran. A 17.0 52.5 88
Stripe 16.5 17.0 60
Lander ND 125 15.4 85
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theoretical calculations

length of vectors (A)
density included
(molecule/nm?) coupling a b angle (°)
sideways 17.0
0.523 sideways 36.5 36.5 61
0.541 sideways 28.0 28.0 90
0.390 head-on 20.1 316 58
0.336 sideways 17.0 54.0 88
0.412 sideways 17.7 17.7 55
0.521 13.2 15.9 89
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Figure 4. “Six-Blade Mill” (“SM") phase of Lander-DAT on Au(111). (a) Large-scale STM image with high-symmetry di-
rections of the Au(111) substrate indicated (I, = 0.23 nA, V, = 1165 mV). (b) High-resolution STM image (/; = 0.24 nA,
V: = 1165 mV), showing that the “SM” phase is composed of Lander-DAT dimers in three different orientations marked
by the transparent rectangles in white, green, and blue, with an angle of 60° between one another. (c) Model of “SM”
phase obtained by superimposing carefully scaled space-filling model of Lander-DAT onto the experimental STM im-
ages. DAT dimers in different orientations are presented in pale blue, green, and purple, respectively. (d) Section of
the theoretically calculated structure for the “SM” phase centered on the node highlighted by the yellow ellipse in (c).
The rotation of neighboring DAT groups for 3-D optimized intradimer and interdimer hydrogen bonding interaction
is clearly visible, where the molecules marked A, A’ correspond to the dimer in pale blue and the molecule marked B

corresponds to the neighboring molecule in green in (c).

their main axis along (112) directions of the Au(111)
substrate, that is, the angle between molecules in differ-
ent orientations is 60°. Notice that the indicated orien-
tation of the dimers is different from that of the indi-
vidual molecules in the dimers. As summarized in Table
1, the unit-cell vectors for the “SM” phase have lengths
of |a| = |b] = 36.4 = 1.0 A, and the included angle is 60°,
giving a molecular density of 0.523 molecule per nm2,
The unit cell vectors for the “FM” phase have lengths of
la] = |b] = 27.2 = 1.0 A and the included angle is 90°,
giving a density of 0.541 molecule per nm?,

Models for the “SM” and “FM"” phases, obtained by
superimposing carefully scaled space-filling models of
Lander-DAT molecules onto the experimental STM im-
ages (e.g., Figures 4b and 5b), are illustrated in Figure 4c
and 5¢, respectively. Colors are used to indicate the in-
dividual Lander-DAT dimers, and identical colors are
used for dimers in identical orientations. Starting from
these model configurations, molecular mechanics cal-
culations were performed for molecules adsorbed on
the unreconstructed Au(111) surface to optimize molec-
ular orientations and conformational degrees of free-
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dom with the aim to identify intermolecular interac-
tion motifs that may drive formation of the
experimentally observed structures. The unit cell pa-
rameters for the energy-minimized calculated struc-
tures, provided in Table 1, are consistent with the ex-
perimental values. Enlarged views of calculated
configurations for the “SM” and “FM” phases are pre-
sented in Figures 4d and 5d, respectively, centered on
the portion of the structures highlighted by yellow el-
lipses in Figures 4c and 5¢, which constitute the most
interesting interaction nodes. In Figure 4d, the mol-
ecules marked A and A’ correspond to the molecules
of the dimer indicated by pale blue in Figure 4c, and the
molecule marked B corresponds to the closest mol-
ecule of the neighboring dimer indicated by green
color. Similarly, in Figure 5d, A, A" and B, B’ correspond
to the dimers in pale blue and green in Figure 5c¢, re-
spectively. The close-up views of the calculated mod-
els in both cases display an intermolecular hydrogen
bonding network optimized in three dimensions: each
dimer is stabilized by double N—H--- N hydrogen
bonds between rotated DAT moieties arranged in a

Www.acsnano.org



Figure 5. “Four-Blade Mill” (“FM”) phase of Lander-DAT on Au(111). (a) Large-scale STM image with high-symmetry direc-
tions of the Au(111) substrate superimposed (/; = 0.50 nA, V; = 1250 mV). (b) High-resolution STM image (/; = 0.47 nA,

V; = 1250 mV), showing that the “FM” phase is composed of Lander-DAT dimers in two orientations normal to each other,
marked by the transparent rectangles in green and blue. (c) Model of the “FM” phase obtained by superimposing carefully
scaled space-filling model of Lander-DAT onto the STM image in (b). “Sideways” coupled DAT dimers in two orientations are
presented in pale blue and green, respectively. (d) Section of the theoretically calculated structure for the “FM” phase cen-
tered on the node indicated by the yellow ellipse in (c), showing the rotation of neighboring DAT groups for 3-D optimized in-
tradimer and interdimer hydrogen bonding interaction. Molecules marked A, A’ correspond to the dimer in pale blue in

(c), while molecules marked B, B’ correspond to the neighboring dimer in green.

“Sideways” coupling similar to that presented in Figure
2e. The bond lengths and interaction angles of the hy-
drogen bonding are similar to the situation for the
single-dimer case. In addition to this intradimer interac-
tion (see the DAT groups of molecule A and A’ in Fig-
ures 4d and 5d), the networks are further stabilized by
additional interdimer double N—H - - - N hydrogen
bonding to the DAT groups of the nearest neighbor-
ing molecules, which are not involved in the intradimer
hydrogen bonding (see the DAT groups of molecule A
and B in Figure 4d; the DAT groups of molecule A and
B’, as well as A" and B in Figure 5d).

“@rid” and “Stripe” Structures. Large-scale and high-
resolution STM images of the “Grid” phase are de-
picted in Figure 6a,b, respectively. The molecules in
this phase appear in two different arrangements: some
(A-type) stack to form rows running along the direction
indicated by transparent blue rectangles in Figure 6a;
while the remaining molecules (B-type), indicated by
green rectangles, interconnect these rows. The associ-
ated model is shown in Figure 6¢, where the Lander-
DAT molecules in the row-like structures are shown in

www.acsnano.org

blue, while the molecules connecting the rows are
shown in green. Both A-type and B-type molecules are
aligned with their main axis along (110) type directions
of the Au(111) substrate, hence, the angle between
them is 60°. The “Grid” phase has unit cell vectors of
l|a| = 20.8 + 1.0 Aand |b| = 28.5 + 1.0 A and an in-
cluded angle of 60°, yielding a density of 0.390 mol-
ecule per nm2. Also, for this structure, an optimized
model with structural parameters (see Table 1) consis-
tent with the experimental values was obtained from
molecular mechanics calculations. The rows formed by
pairing of A-type molecules have a periodicity of 20.8 A
and the molecules are arranged with their axis rotated
by less than 10° from the direction of the rows. This is in
a good agreement with the “Head-on” configuration
depicted in Figure 2g and clearly distinct from the ar-
rangement and intermolecular distances observed for
the 1-D chains and the “SM” and “FM" phases, which are
stabilized by “Sideways” coupling. A close-up view of
the calculated model is presented in Figure 6d, show-
ing the structural details of the interaction node involv-
ing four adjacent DAT groups. The molecules marked
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Figure 6. “Grid” phase of Lander-DAT on Au(111). (a) Large-scale STM image of the “Grid” phase with high-symmetry direc-
tions of the Au(111) substrate superimposed (I, = 0.44 nA, V; = 1250 mV). Row-like motifs of Lander-DAT are indicated by
transparent blue rectangles while interconnecting molecules are indicated by green rectangles. (b) High-resolution STM im-
age of the “Grid” phase (I, = 0.42 nA, V, = 1250 mV), showing molecules aligned with the main axis along (110) type direc-
tions of the Au(111) substrate. The topmost white ellipse indicates features attributed to the DAT groups. (c) Model of the
“Grid” phase obtained by superimposing carefully scaled space-filling model of Lander-DAT on the STM image in (b), where
the Lander-DAT molecules in row-like structures are in pale blue and the connectors are in green. (d) Section of the theoreti-
cally calculated structure for the “Grid” phase centered on the node indicated by a yellow ellipse in (c) and showing the ro-
tation of the DAT groups. The molecules marked A, A’ and B, B’ correspond to two “Head-on” coupled molecules in pale blue

and the two connectors in green in (c), respectively.

A, A’ are indeed stabilized by double N—H - - - N hydro-
gen bonding in “Head-on” coupling, while the B-type
molecules interconnect the rows by additional double
hydrogen bonding to the DAT groups of the A-type
molecules.

We finally remark that in high-resolution STM im-
ages of the “Grid” structure, obtained under special tip
conditions, the molecules in the “Head-on” row ar-
rangement displays features (indicated by a white el-
lipse Figure 6b) that can be directly attributed to tun-
neling associated with the DAT groups.

Figure 7a,b displays STM images of the “Close-
Packed Stripe” phase, which is observed as extended,
well-ordered islands. The unit cell of this phase has di-
mensions of |a] = 16.5 = 0.5 A, |b| = 17.0 = 0.5 A, and
an included angle of 60°, yielding a density of 0.412
molecule per nm?. The Lander-DAT molecules in this
case are all in an identical arrangement, typically
aligned along (112) directions of the Au(111) sub-
strate. The structure is consequently observed in three
rotational domains on the surface. A model based on

) VOL. 4 = NO.7 = YU ET AL.

the STM images is presented in Figure 7c, while Figure
7d shows a close-up view of the corresponding opti-
mized structural model resulting from theoretical calcu-
lations. Each stripe is stabilized by double N—H - - - N hy-
drogen bonding between adjacent molecules. The
periodicity along the b direction of the unit cell (17.0
A) is consistent with that for “Sideways” coupling de-
picted in Figure 2c. These parallel stripes are close-
packed side by side, most likely stabilized by vdW
forces. In contrast to the structures described above,
there is no additional hydrogen bonding from neigh-
boring molecules involved in the interaction nodes.
“Transition” Phases. Figure 8 shows results for the
“Transition” phase, which is intermediate in structure
between the “Grid” and the “Stripe” phases. Two types
of “Transition” structures are observed. Figure 8a,b
shows large-scale and high-resolution STM images of
one of them (“Tran. A”). Its corresponding model ob-
tained by superimposing carefully scaled space-filling
models of Lander-DAT on the experimental STM images
is provided in Figure 8c. The “Tran. A” phase has a unit
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Figure 7. “Stripe” phase of Lander-DAT on Au(111). (a) Large-scale STM image of the “Stripe” phase (I; = 0.48 nA, V, = 1250
mV), showing close-packed parallel stripes of Lander-DAT. (b) High-resolution STM image of the “Stripe” phase (I, = 0.48 nA,
V; = 1250 mV). (c) Structural model obtained by superimposing carefully scaled space-filling model of Lander-DAT on the ex-
perimental STM images. (d) Section of the theoretically calculated structure for the ‘Stripe’ phase centered on the node indi-
cated by yellow ellipses in (c), where double N—H - - - N hydrogen bonding occurs between the molecules marked A, A’ and B,

B’ as they undergo “Sideways” coupling.

cell with vectors of [a] = 17.0 = 0.5 A and |b| = 52.5 =
2.0 A and an included angle of 88°, yielding a density of
0.336 molecule per nm2. Similar to the “Grid” phase,
the “Tran. A” phase is composed of molecules in two ori-
entations: A-type stacked into rows and B-type con-
nected sideways to these rows (see Figure 8c). Both A-
and B-type molecules are aligned along (110) type di-
rections of the Au(111) surface. The structure can be ra-
tionalized from “B-A-B” motifs consisting of one row of
A-type molecules surrounded by rows of B-type mol-
ecules. These motifs repeat to form the extended struc-
ture. The periodicity and orientation of the A-type mol-
ecules in the “Tran. A” phase suggests that they adopt
the “Sideways” arrangement similar to that observed for
the “Stripe” phase, but different from the “Grid” phase,
where the rows were based on the less close-packed
“Head-on"” coupling, As a consequence, the spacing be-
tween neighboring B-type molecules along the rows is
shorter than in the case of the “Grid” phase. A closely re-
lated “Transition” phase (“Tran. B”) is shown in Figure
8d, presenting an “A-B-A” sandwich structure where
two rows of A-type molecules joined by “Sideways”
coupling are held together by B-type connectors. A
model based on the STM images is depicted in Figure
8e.

The MM4 calculations also in this case provide re-
laxed models with structural parameters in good agree-
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ment with the experimental results (See Table 1). An en-
larged view of the calculated model representative for
both the “Tran. A” and the “Tran. B” phases is presented
in Figure 8f. In the region highlighted by the yellow el-
lipse, the DAT groups of neighboring A and A" mol-
ecules are rotated to join in a “Sideways” coupling mo-
tif involving double hydrogen bonding. The B-type
molecules connect sideways to these interaction mo-
tifs by additional double hydrogen bonding. For the
“Tran. A” domain in Figure 8a,b, further hydrogen bond-
ing occurs between the DAT moieties on the B-type
molecules of two neighboring B-A-B motifs and also,

in this case, by “Sideways” coupling.

Lander-ND Adsorption Structure. To further elucidate the
role played by the functional DAT moieties in the mo-
lecular self-assembly described above, we synthesized
and investigated a related compound, Lander-ND
(CsgHea) for comparison. Lander-ND has the same struc-
ture as Lander-DAT except that the DAT groups are
missing as shown in Figure 9(a) and 9(b). A high-
resolution STM image of an individual Lander-ND mol-
ecule adsorbed on the Au(111) surface is displayed in
Figure 9(c), showing a morphology similar to that ob-
served for Lander-DAT (compare to Figure 1). A calcu-
lated STM image of a fully relaxed Lander- ND molecule
on the surface was obtained using the ESQC approach
and is shown in Figure 9(d). There is good quantitative
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Figure 8. “Transition” phase of Lander-DAT on Au(111). (a) Large-scale STM image of the “Tran. A” phase (I; = 0.40 nA, V, =
1250 mV). The orientations of Au(111) substrate are pointed out. (b) High-resolution STM image of the “Tran. A” phase (I, =
0.28 nA, V; = 1250 mV). (c) Structural model obtained by superimposing carefully scaled space-filling model of Lander-DAT
onto the experimental STM images. (d) STM image of the “Tran. B” phase (I, = 0.39 nA, V; = 1250 mV). (e) Structural model
corresponding to the image in (d). (e) Section of the theoretically calculated structure for the “Transition” phase centered on
the node indicated by a yellow ellipse in both (c) and (e), showing the rotation of neighboring DAT groups for 3-D opti-

mized hydrogen bonding interaction. The molecules marked A, A’ correspond to the “Sideways” coupled A-type molecules
in pale blue while the molecule marked B corresponds to the neighboring B-type molecule shown in green in both (c) and (e).

agreement with the experimental results. Similarly to
the case for Lander-DAT, we attribute the four bright
lobes in a rectangular shape (11.0 A X 6.5 A) to the four
tert-butyl groups, and the subprotrusions in the center
to the hexa-phenyl rings.

We only observed a single adsorption structure for
Lander-ND on the Au(111) surface, namely, a close-
packed row structure, for which an STM image and an
adsorption model are shown in Figure 9ef, respectively.
The unit cell for this structure has the dimensions of

la| =125 = 0.5 Aand |b| = 15.4 = 0.5 A, with an in-
cluded angle of 85°, yielding a density of 0.521 molecule
per nm2 In this structure, the Lander-ND molecules
also adopt an orientation with their axis (between the
unsubstituted phenyl groups) along (112) directions of
the Au(111) substrate. The Lander-ND structure re-
sembles the “Stripe” phase of Lander-DAT, but has a
higher molecular density and a shorter periodicity
along the rows (12.5 vs 17.0 A) and a smaller rotation
angle of each molecule relative to the stripe axis (15 vs

Figure 9. (a) Chemical structure of Lander-ND molecule (CsgHe,). (b) Corresponding space-filling model, where carbon and
hydrogen are represented in cyan and white, respectively. (c) High-resolution STM image of a single Lander-ND on Au(111)
(I = 0.31 nA, V; = 1250 mV). (d) EHMO-ESQC calculated image of Lander-ND on Au(111) under the same tunneling condi-
tions as those used for the STM image in (c). (e) STM image of closed-packed Lander-ND molecules on Au(111) (/; = 0.31 nA,
Vi = 1250 mV). (f) Calculated model of close-packed Lander-ND molecules after full relaxation.
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19°). An optimized structural model was obtained from
MM4 calculations, which is consistent with the experi-
mental structural parameters, as shown in Table 1. We
suggest that within the Lander-ND rows, the molecules
are stabilized by vdW interaction.

Comparison of Adsorption Structures. Thermal evapora-
tion of large and complex organic compounds, such as
the 3-D Lander molecules studied here, involves a risk of
thermal decomposition if the intermolecular cohesive
strength in the molecular source material exceeds the
intramolecular binding energy. Therefore, the absence
of a clear signature in the STM images of the functional
DAT groups could in principle cause concern that these
groups were lost due to thermal fragmentation during
sublimation of the Lander-DAT molecules onto the sur-
face. However, due to the electronic structure of the
Lander-DAT molecules, an STM contrast originating
from the DAT group is in fact not to be expected un-
der the experimentally applied STM imaging condi-
tions, as demonstrated from the presented calcula-
tions of STM images. Furthermore, the striking contrast
between the richness of structures resulting from depo-
sition of Lander-DAT and the singular structure ob-
served in the control experiments with Lander-ND,
which has a chemical structure similar to that expected
for Lander-DAT if the DAT groups were lost, provides
additional support that the DAT functional moieties are
indeed retained and guide the assembly of the ob-
served adsorption structures.

Despite the great variation of observed structures
for Lander-DAT on the Au(111) surface, certain unify-
ing motifs are clearly emerging from the analysis pre-
sented above. In particular, the characteristic dimer mo-
tifs observed in the “SM” and “FM” structures involve
the same relative molecular arrangements as found in
the isolated molecular rows, observed on the terraces
and at step edges at low coverage, and in the row mo-
tifs observed to be embedded in the “Stripe” and “Tran-
sition” phases. Interestingly, it was not possible to ac-
count quantitatively for most of the observed structures
by simple overlays of rigid molecular models involving
DAT groups parallel to the surface plane. A detailed
analysis of several of the presented crude structures
used as input to the theoretical modeling instead re-
veal steric crowding and collisions of DAT groups on
neighboring molecules. However, by invoking and opti-
mizing the conformational degrees of freedom for the
DAT groups, as was done in the molecular mechanics
calculations, it was indeed possible in all cases to ob-
tain convincing structural models that were in good
quantitative agreement with the experimentally ob-
served structures and detailed unit cell parameters. A
thorough analysis of the theoretically calculated mod-
els shows that both 3-D optimized hydrogen bonding
interaction motifs, that is, “Sideways” and “Head-on”
couplings, participate in the structures formed. The
“Sideways” interaction motif is most common and oc-
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curs for the isolated rows (Figure 3), the “SM” (Figure
4) and “FM” (Figure 5) phases, as well as for the “Stripe”
(Figure 7) and “Transition” (Figure 8) phases. The “Head-
on” motif, involving a longer intermolecular distance,
is only identified in the “Grid” structure (Figure 6). It is
somewhat surprising that the “Sideways” interaction
motif is observed most often because the dimer in
“Sideways” coupling was found from the theoretical
modeling to be less strongly bound compared to the
dimer in “Head-on"” arrangement. However, in all of the
experimentally observed structures involving dimeriza-
tion, except for the “Stripe” phase, the calculated mod-
els suggest that the interaction nodes involve addi-
tional hydrogen bonding interactions to adjacent
molecules, which are not taken into account in the re-
ported calculations for the pure dimer structures of Fig-
ure 2.

Besides intermolecular hydrogen bonding, the inter-
action between Lander-DAT and the Au(111) substrate
also affects the adsorption of Lander-DAT molecule. The
molecular axis of the Lander-DAT molecules orients
along <112> directions of the Au(111) substrate for
the isolated rows observed on terraces as well as for the
“SM”, “FM”, and “Stripe” phases, and along <110>-
type directions for the “Grid” and “Tran. A” phases.
Therefore, the self-assembly most likely results from an
interplay between the intermolecular interaction and
the molecule—substrate interaction. Considering the
singular structure obtained for Lander-ND, it is evident
that the DAT group and associated functionality for in-
termolecular hydrogen bonding is the main factor driv-
ing the variety of distinct Lander-DAT structures on
Au(111).

CONCLUSIONS AND OUTLOOK

In summary, we have investigated the self-
assembly of a specially designed 3-D Lander mol-
ecule, Lander-DAT, on the Au(111) surface by a com-
bination of in situ STM imaging and theoretical mod-
eling of molecular structures and calculated STM
images. We find that the diamino-triazine functional
groups indeed guide the self-assembly of both 1-D
and a range of distinct 2-D supramolecular nano-
structures. A crucial element in accounting for the
observed molecular Lander-DAT structures is the
conformational flexibility of the functional DAT
groups, allowed by the pronounced 3-D structure
of the Lander molecules with bulky leg groups. Two
molecular interaction motifs are discussed, which
could not be realized in self-assembly utilizing pla-
nar compounds with similar functionality, but ad-
sorbed directly on the surface,’*3>738 because they
involve 3-D optimization of the intermolecular hy-
drogen bonding.

The experimental results presented here constitute
the first examples of long-range, well-ordered 2-D or-
ganic architectures built up from Lander molecules
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through the use of intermolecular hydrogen bonding
interactions. Because the interactions responsible for
the structures are intrinsic to the molecules themselves
and are not provided by surface templating effects, as
studied before, 2873032 it may be possible to transfer the
structural synthesis to other substrates such as insula-
tors or thin insulating films more relevant for studying,
for example, the electronic properties of the molecular
assemblies. A particularly interesting direction for fur-
ther studies is provided by the remarkable property of

METHODS

The synthesis of Lander-DAT and Lander-ND has been de-
scribed elsewhere.*** The present experiments were conducted
in a UHV chamber (base pressure ~107'° Torr) equipped with a
variable-temperature Aarhus STM.* The Au(111) single-crystal
sample was cleaned by repeated cycles of 1.5 keV Ar* bombard-
ment and annealing of 850 K for 15 min. Molecules were depos-
ited by thermal sublimation from evaporators held at ~530 K
for Lander-DAT and at ~465 K for Lander-ND, respectively. The
Lander-DAT and Lander-ND molecules were thoroughly de-
gassed prior to deposition. The molecules were deposited onto
a Au(111) sample held at either 160—200 K or room temperature
(260—300 K). In both cases, annealing of the Au(111) sample at
400 K was performed for 10 min after molecular deposition to al-
low an approach to thermodynamic equilibrium. All STM data
presented here were collected in the constant current mode in
a temperature range of 110—160 K to stabilize the molecular
structures on the surface. We did not observe a clear correla-
tion between the deposition parameters and the formation of
the different phases discussed, in part because the statistical
sampling was insufficient to allow quantitative comparison of
their relative occurrence. The STM scanner was calibrated from
atomically resolved images of the Au(111) surface. With this pro-
cedure a statistical spread of ~0.5 A is obtained on the dimen-
sion of Lander-DAT molecules observed in different images/
phases. Theoretical calculations of STM images were performed
using the extended Huickel molecular orbital-elastic-scattering
quantum chemistry (EHMO-ESQC) technique.* Molecular surface
structures were modeled using the force-field method, as devel-
oped in the MM4(2003) code,*® which is optimized for treating
vdW interactions between molecules and hydrogen bonding.
We adopted the same MM4 parametrization as in recent ASED+
calculations describing the physisorption of large molecules on
Au(111).448 In the present calculations, molecules were initially
placed on the unreconstructed Au(111) surface at positions that
represent a compromise between the optimum adsorption sites
established for individual molecules and the approximate struc-
tures for dimers and extended structures as derived from the
STM images. These configurations were subsequently relaxed/
optimized with respect to lateral position and orientation of the
molecules on the surface, as well as molecular internal degrees of
freedom, such as rotations of molecular bonds, while the sur-
face atoms were kept fixed.
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