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Abstract: The synthesis of a series of NiII–salen-based com-

plexes with the general formula of [Ni(H2L)] (H4L=R2-N,N’-

bis[R1-5-(4’-benzoic acid)salicylidene]; H4L1: R
2
=2,3-diamino-

2,3-dimethylbutane and R1
=H; H4L2: R

2
=1,2-diaminoethane

and R1
= tert-butyl and H4L3: R

2
=1,2-diaminobenzene and

R1
= tert-butyl) is presented. Their electronic structure and

self-assembly was studied. The organic ligands of the salen

complexes are functionalized with peripheral carboxylic

groups for driving molecular self-assembly through hydro-

gen bonding. In addition, other substituents, that is, tert-

butyl and diamine bridges (2,3-diamino-2,3-dimethylbutane,

1,2-diaminobenzene or 1,2-diaminoethane), were used to

tune the two-dimensional (2D) packing of these building

blocks. Density functional theory (DFT) calculations reveal

that the spatial distribution of the LUMOs is affected by

these substituents, in contrast with the HOMOs, which

remain unchanged. Scanning tunneling microscopy (STM)

shows that the three complexes self-assemble into three dif-

ferent 2D nanoarchitectures at the solid–liquid interface on

graphite. Two structures are porous and one is close-packed.

These structures are stabilized by hydrogen bonds in one di-

mension, while the 2D interaction is governed by van der

Waals forces and is tuned by the nature of the substituents,

as confirmed by theoretical calculations. As expected, the

total dipolar moment is minimized

Introduction

Engineering sophisticated metallo–organic nanoarchitectures

on surfaces[1, 2] is the focus of recent research interest for devel-

oping new catalysts[3] and new nanoarchitectures for spintron-

ics.[4–10] Controlling molecular self-assembly offers unique direc-

tions for the fabrication of two-dimensional (2D) supramolec-

ular nanoarchitectures[11,12] with specific electronic proper-

ties.[3, 13] Self-assembled structures can be tailored at the nano-

meter scale by exploiting intermolecular interactions.[14–23] The

molecular shape, size, structure, the nature and position of the

substituent groups are key parameters governing the self-as-

sembly of nanoarchitectures.[24–28] Researchers have therefore

focused on synthesizing novel metallo–organic compounds (or

coordination complexes) and developing innovative concepts

for engineering new molecular nanoarchitectures that have

tunable electronic properties and specific structures. Porphyrin

and phtalocyanine complexes are archetypal systems that have

been exhaustively investigated in the past.[29] Sedona et al. , for

example, engineered different nanoarchitectures based on

iron–phthalocyanine to tune the catalytic activity of Ag(110).[3]

Franke et al. showed that manganese–phthalocyanines ad-

sorbed on Pb(111) form a spin ÿ1 system that can lie in two

different magnetic ground states.[7] Recently salen-based com-

plexes (salen=N,N’-ethylenebis(salicylimine)) have been identi-

fied as a promising alternative to these cross-shaped iron–

phthalocyanine and –porphyrin molecules to engineer 2D self-

assembled metallo–organic nanoarchitectures.[30–34] The main

advantages of metal–salen-based complexes (see Figure 1a),

apart from their quasi 2D molecular structure that is reminis-

Figure 1. a) Nickel(II) complexes, [Ni(H2L)] (1–3). Crystal structure of com-
plexes b) 1, c) 2, and d) 3. Color code: Blue, nitrogen; red, oxygen; dark
gray, carbon; light gray, nickel.
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cent of porphyrins and phtalocyanines, are their chemical ver-

satility and flexibility.[35–37] A broad variety of metal ions (dia-

and paramagnetic) can be introduced in the coordination

pocket without altering the molecular skeleton. Numerous sub-

stituents can in addition be placed around the phenol rings

and on the diamine bridge. The para-position of the salen

phenol ring can be used to introduce suitable substituents to

drive molecular self-assembly into one-dimensional (1D) salen

chains. In comparison the ortho-position of the salen phenol

ring and the diamine bridge can be used to attach substitu-

ents not only for driving molecular self-assembly, but also for

tuning salen/central-metal-ion surface separation and therefore

metal-ion surface electronic coupling. The benefit of such func-

tionalization is that substituents are usually located close to

the central metal ion. One therefore expects to be able to tune

molecular electronic properties by replacing the substituents.

These substituents may not only influence molecular self-as-

sembly, but may also modify the electronic properties of the

complexes. Recent research effort has been focused on metal–

salen complexes syntheses for developing efficient catalysts for

the separation of acetylene and ethylene[38] or the selective

oxygenation of organic sulfides,[39–43] sulfoxides,[43,44] and het-

eroatom-containing organic compounds.[45] It has been shown

that modifying the structure of these complexes drastically af-

fects the chemical reaction. Catalytic selectivity and activity

can be improved by changing the central metal ion or the li-

gands, that is, catalytic activity can be tuned by introducing

substituents in the 3- and 5-positions of the salen ligand.[45]

Salen derivatives can also play an important role in spintronics

and nanotechnology, because magnetic metal ions can be im-

planted inside the molecular skeleton. For example, Dilullo

et al. observed the appearance of an antiferromagnetic ex-

change coupling between the spin centers in a covalent salen

chain.[46] Future technological developments based on salen

molecules require a precise control of their molecular electron-

ic properties as well as their molecular assembly to optimize

and tailor the properties of the 2D nanoarchitectures.

Herein we report the preparation of three nickel(II) com-

plexes with the general formula [Ni(H2L)] (H4L=R2-N,N’-bis(R1-

5-(4’-benzoic acid)salicylidene); H4L1: R2
=2,3-diamino-2,3-di-

methylbutane and R1
=H; H4L2: R2

=1,2-diaminoethane and

R1
= tert-butyl and H4L3: R

2
=1,2-diaminobenzene and R1

= tert-

butyl), as shown in Figure 1. Different substituents have been

placed on the diamine bridge and at the 3-position of the

phenol ring. We have used DFT calculations to elucidate how

the presence of these substituents affects the electronic prop-

erties of these building blocks. We then used scanning tunnel-

ing microscopy to investigate the influence of the substituents

on the self-assembly. We observed that the three molecular

building blocks self-organize into three different organic nano-

architectures. The difference in the 2D molecular arrangements

was rationalized with the help of theoretical calculations.

Results and Discussion

Synthesis

The salen scaffold was functionalized with benzoic acid and

tert-butyl groups placed at the para- and ortho-positions of the

phenol rings, respectively, and as well as different diamine

bridges. The reaction between Ni(OAc)2·4H2O and the corre-

sponding carboxylic salen derivative H4L (Figure 1) in a mixture

of methanol and dimethylformamide under reflux affords the

complexes 1–3 with the general formula [Ni(H2L)] . The com-

plexes were characterized by IR and NMR spectroscopy and

mass spectrometry. In addition, single crystals of compound

1 suitable for X-ray diffraction analysis were also obtained,

showing the presence of chains due to the hydrogen bonding.

The IR spectrum of compounds 1–3 exhibit a strong band at

around 1680 cmÿ1, indicating the presence of the acid carbox-

ylic groups of the salen ligand.

Modeling electronic properties

We used DFT calculations (see Experimental Section) to assess

the electronic properties of complexes 1–3. The total density

of states (DOS), 1 eð Þ ¼
P

i d eÿ eið Þ, and the projected DOS

(PDOS), 1a eð Þ ¼
P

i �a j �ih ij j2d eÿ eið Þ, onto different 3d Ni or-

bitals, �a, are presented for each complex in Figure 2. For

better visualization, all d-like peaks are broadened with a small

parameter. Calculations show that the HOMO–LUMO energy

gaps D are affected by the nature of the substituents and

ranges from D�1.3 eV (complex 2) to D�1.5 eV (complex 1).

One should take with care these absolute values, since it is

Figure 2. Calculated density of states of complexes a) 1, b) 2, and c) 3. For
each molecule we present the total DOS (set to positive values) as well as
the DOS projected on different atomic orbitals of NiII ion, the PDOS (set to
negative values). The energy onset is set to the position of the HOMO
orbital.
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known that the mean-field DFT calculations tend generally to

underestimate the energy gaps, while the relative trend (com-

plex 2 has the smallest band gap and complex 1 has the larg-

est one) is expected to be correct.

The spatial distributions of different molecular orbitals are

shown in Figure 3. The calculated molecular orbital maps of

the HOMO, HOMOÿ1, and HOMOÿ2 states are rather similar

for the three molecular complexes so that molecular substitu-

ents do not have a noticeable influence. For each complex, the

HOMOÿ1 is heavily localized on the Ni dz2 orbital pointing out

of the molecular plane, while the HOMO orbital is associated

with another out of plane Ni orbital, dxz. These observations

agree of course with the PDOS spectra shown in Figure 2. In

contrast with the HOMO orbitals, calculations reveal that the

unoccupied orbitals (LUMO, LUMO+1) are affected by the mo-

lecular substituents. The LUMO orbitals of complexes 1 and 2

are very similar and are mainly localized on the Ni dxy orbital

(see also Figure 2a,b). In contrast, the LUMO orbital of com-

plex 3 has a very small weight on the Ni atom. A careful com-

parison of molecular orbital spatial distributions shows that

the LUMO orbital of complexes 1 and 2 is instead similar to

the LUMO+1 orbital of complex 3 (Figure 2c). This difference

in unoccupied molecular orbitals is mainly caused by the cen-

tral substituent R2, for which these orbitals have significant

weight. Moreover, the substituent R2 for complexes 1 and 2 is

asymmetric with respect to the xz plane passing through the

center of the molecule and perpendicular to its plane. There-

fore, the states will not in general be purely even or odd with

respect to the xz plane, which is clearly seen for LUMO+1 and

LUMO+2 orbitals of complex 2. This mixing of even/odd sym-

metries seems, however, to be much weaker for the complex 1,

which is also reflected in the smaller LUMO+2–LUMO+1 split-

ting compared to that in com-

plex 2. It should be possible to

experimentally image molecular

HOMOs and LUMOs using

mode-lock-in scanning tunneling

spectroscopy at very low

temperature.

The difference between the

unoccupied molecular orbitals of

the different complexes can be

explained using a simple Hückel

analysis of the sp2-carbon molec-

ular skeleton. Complex 3 con-

tains a fully aromatic diamine

bridge (1,2-diaminobenzene),

whereas complexes 1 and 2 are

constructed with sp3-carbon-

atom-based bridges, acting as

barriers breaking the overall sp2

character that can no longer

spread over the entire molecule.

The eigenstates resulting from

the coupling between the metal

ion and the p-delocalized net-

works of the surrounding ligands

will therefore be similar for these two complexes. The carbon

sp2 skeleton of complex 3 is in comparison fully connected

and contains six supplementary carbon atoms, resulting in six

extra p orbitals that interact with the 3d shell of the metal ion.

This complex is fully sp2. The corresponding schemes are illus-

trated in Figure 4.

Salen Two-Dimensional Nanoarchitectures

Complex 1 self-assembly

The STM images were performed at the solid–liquid interface

using freshly cleaved HOPG (highly oriented pyrolytic graphite)

substrates (see Experimental Section). STM images (Fig-

ure 5a,b) show that complex 1 self-assembles into large do-

mains at the liquid–graphite interface. Molecules are colored in

green, red, blue, and yellow in the high-resolution STM image

(Figure 5b) to highlight the four distinctive orientations adopt-

ed by the molecules. The images reveal a porous 2D organiza-

tion as modeled in Figure 5c. The organic network has an obli-

que unit cell with (5.1�0.4) and (1.9�0.2) nm unit cell param-

eters and an angle of (87�5)8 between the two directions

Figure 3. Calculated spatial distributions of different molecular orbitals for the complexes a) 1, b) 2, and c) 3.
Isosurfaces of positive (0.001) and negative (ÿ0.001) isovalues are shown in red and blue, respectively.

Figure 4. Hückel sp2 schemes of complexes 1 and 2. Right: carbon sp2

skeleton of the complex 3.
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(Figure 5c). This structure is composed of parallel chains stabi-

lized by hydrogen bonds between carboxylic groups. Mole-

cules are rotated by an angle of 1608 along the chains. This

leads to the formation of a zigzag 1D arrangement. The mole-

cules of neighboring chains are rotated by an angle of 1808

(blue and yellow molecules are rotated by 1808 with respect to

green and red molecules). The 2,3-diamino-2,3-dimethyl

butane bridge (position R2 in Figure 1) of each molecule is al-

ternatively facing one of the hydrogen atoms located at the

position of R1 in a molecule of the neighboring chain. Cavities

are thus formed between green–blue and red–yellow paired

molecules.

Complex 2 self-assembly

The large-scale STM image (Figure 6a) shows that complex 2

(Figure 1b) self-assembles at the liquid/graphite interface into

a compact 2D network. In comparison with 1, the assembly of

2 results from the close-packing of straight molecular chains,

Figure 5. STM images of complex 1 domain on graphite: a) 15�11 nm2,
Vs=0.75 V; b) 10�7 nm2, Vs=0.75 V, It=53 pA. In b) blue, green, red, yellow
colored molecules show their four orientations in the organic layer.
c) Complex 1 network model. Color code: Blue, nitrogen; red, oxygen;
white, hydrogen; light gray, nickel. Carbon atoms are blue, green, red or
yellow depending of the molecule orientation.

Figure 6. a) STM image of complex 2 self-assembled domain on graphite,
20�14 nm2, Vs=0.8 V, It=35 pA. b) Molecules are colored in blue or purple
false color according to their orientation. c) Model of the complex 2 net-
work. Color code: blue, nitrogen; red, oxygen; white, hydrogen; light gray,
nickel. Carbon atoms are purple or blue depending of the molecule
orientation.
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as previously observed.[47] These chains are also stabilized by

hydrogen bonds between the carboxylic groups.

Neighboring chains are shifted along their axis by a distance

equal to the half-molecule length. Two molecular orientations

are observed in the network. They are related by an angle of

1808 along the chain axis. In Figure 6a, molecules are colored

in purple and blue according to their orientation. It appears

that molecules preferentially adopt the same orientation along

the organic chain and that molecules of neighboring chains

have the opposite orientation (corresponding to a rotation of

1808). A model of the nanoarchitecture derived from com-

plex 2 is presented in Figure 6b. The network unit cell is a par-

allelogram with (2.6�0.3) and (1.6�0.2) nm unit cell edges

forming an angle of (83�5)8 between them. Defects are, how-

ever, visible in the structure in Figure 6a, that is, about 30% of

the molecules are rotated by an angle of 1808 in comparison

with the main orientation of the molecule along the chain.

However, this does not lead to the appearance of cavities in

the structure, that is, the close-packing is preserved. Overall

Figure 6a shows that 64 molecules are oriented “up” (blue)

and 64 molecules are oriented in the opposite direction

(purple). Molecules can easily be separated from the domain

edge by the STM tip during scanning. This is why they are

sometimes partially resolved in STM images (bottom of the

Figure 6a).

Complex 3 self-assembly

The large-scale STM image (Figure 7a) shows that molecules of

3 self-assemble into an open 2D network at the liquid–graph-

ite interface. Figure 7b shows a high-resolution STM image of

the edge of complex 3 network. As it was observed for 2, com-

plex 3 adopts two orientations. These orientations are related

by a 1808 rotation angle along the molecular chain axis. Mole-

cules have been colored in green and in red according to their

orientation in Figure 7b. The nanoarchitecture of complex 3

consists thus of the packing of straight molecular chains.

These chains are again stabilized by the hydrogen bonds

formed between the carboxylic groups of neighboring mole-

cules as for the other cases. In contrast with complex 2, neigh-

boring molecules strictly adopt the same orientation along the

chain. The molecules of the neighboring chains are oriented in

the opposite direction (rotation of 1808). Neighboring chains

are in addition shifted along their axis by a distance nearly

equivalent to half-molecule length. The 1,2-diaminobenzene is

thus pointing to the carboxylic groups of the molecules of the

neighboring chain. This leads to the appearance of square cav-

ities between the benzene groups of molecules of neighboring

chains. The tert-butyl groups of molecules of neighboring

chains are next to each other. The model of this structure is

presented in Figure 7c. The network unit cell is highlighted by

dashed lines. It is a parallelogram with (2.6�0.3) and

(1.8�0.2) nm unit cell edges forming an angle of (85�5)8 be-

tween them. Square cavities between the benzene groups of

molecules of neighboring chains are formed.

Intermolecular features

High-resolution STM images of individual complexes 1–3

(Figure 8) reveal some intramolecular features. The 2,3-di-

amino-2,3-dimethyllbutane bridge in complex 1 and the tert-

butyl groups in complexes 2 and 3 appear as bright spots in

the STM images as shown in Figure 8a–c, respectively. These

substituents are thus not lying flat on the surface. In contrast

with complex 1, the diamine bridges of complexes 2 and 3 are

nearly flat. Therefore, they have the same contrast as the skele-

ton in the STM images.

Figure 7. High resolution STM image of complex 3 domain on graphite:
a) 14�12 nm2, Vs=0.70 V, It=8 pA; b) 18�9 nm2, Vs=0.70 V, It=8 pA. Red
and green colored molecules show their two orientations in the organic
layer. c) Model of nanoarchitecture of complex 3. Color code: blue, nitrogen;
red, oxygen; white, hydrogen.
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Salen nanoarchitecture energy

The STM images show that complexes 1–3 form self-assem-

bled nanoarchitectures composed of parallel chains on graph-

ite. The chains are stabilized by the hydrogen bonds between

the carboxylic groups of neighboring molecules. The chains in

complexes 2 and 3 are straight, but surprisingly the chains in

complex 1 adopt a zig-zag configuration. The LCAO-S2+vdW

formalism (see Experimental Section) has been used to deter-

mine the structural and energetic properties of the assemblies

of 1–3. The molecular structures and unit cells have been de-

fined in agreement with the experimental observations pre-

sented in Figures 5 and 7. Calculations reveal that the binding

energy of the complex 1 tilted network is ÿ1.216 eV per mole-

cule, while it is much lower for the assemblies derived from

complexes 2 and 3 (ÿ495 and ÿ577 meV per molecule, respec-

tively) for which straight structures were observed (Table 1).

The three nanoarchitectures are therefore stable. The lowest

energy structure was found for complex 1, despite the 1D zig-

zag configuration that weakens the double hydrogen bonds

between the carboxylic groups. However, this structure maxi-

mizes van der Waals interactions between molecules of neigh-

boring chains, that is, molecular arms are placed side by side.

In comparison the energy of an assembly of complexes 1 with

a straight 1D chains structure was found to be equal to

ÿ688 meV per molecule. The straight arrangement of complex

1 is therefore less favorable than the zigzag configuration and

the van der Waals forces between adjacent chains are the key-

point for the stabilization of observed arrangement.

Nanoarchitecture dipolar moment

Intermolecular dipole interactions can influence molecular self-

assembly.[48–51] Salen complexes are known to be polar mole-

cules, since they possess a permanent dipole moment. It is dis-

played along the direction of the twofold symmetry axis bi-

secting the OMO and the NMN angles.[32] The nanoarchitec-

tures of complexes 1–3 are all composed of parallel chains. In

complex 1, molecules are alternatively rotated by about 1608

along chain axis, and molecules of neighboring chains are

nearly aligned in the same direction. This leads to the appear-

ance of dipolar rows, the axis of which is almost perpendicular

to the chain axis. Neighboring dipolar rows have opposite ori-

entation. This is represented in Figure 9a.

In comparison with complex 1, complex 2 has the same ori-

entation along the molecule chain axis, but molecules of

neighboring chains are rotated by 1808. In addition neighbor-

ing chains are shifted along the axis. This also leads to the ap-

pearance of dipolar rows, the axis of which is perpendicular to

the chain axis. Neighboring dipolar rows have opposite orien-

tation. This is represented in Figure 9b. The separation of elec-

tric dipoles in complex 2 is twice as small as the dipole separa-

tion in complex 1. Since the self-assembly of complexes 2 and

3 is similar, the resulting dipole distribution in the complex 3

structure is identical to the dipole distribution for the structure

derived from 2, see Figure 9c. Figure 9 shows that self-assem-

bled complexes 1–3 lead to the formation of electric dipoles

on the surface, but the overall dipole moment in the three

salen nanoarchitectures is minimized. This is also the case in

the complex 2 self-assembly. This structure is the only one that

has defects, that is, a few molecules along molecular chains

have opposite orientation. However, Figure 6 shows that 50%

of the molecules adopt the “up” orientation and the rest adopt

the “down” orientation. The total dipole moment is therefore

also minimized despite defects induced by molecular incorrect

Figure 8. Left column: model of complexes a) 1, b) 2, and c) 3. Right
column: high-resolution STM images of a) complex 1, 4�1.8 nm2 ;
Vs=0.82 V, It=35 pA; b) complex 2, 4�2.1 nm2 ; Vs=0.78 V, It=115 pA; and
c) complex 3, 4�2.5 nm2 ; Vs=0.72 V, It=127 pA.

Table 1. Nanoarchitecture structure and energy.

Complex 1 Complex 2 Complex 3

cell

packing porous porous close-packed porous
orientation straight zigzag straight straight
energy per mol
[meVmolÿ1]

ÿ688 ÿ1216 ÿ495 ÿ577

energy per nm2

[meVnmÿ2]
ÿ237.5 ÿ491.8 ÿ236.5 ÿ174.3
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orientation. In addition, this observation also suggest that in-

termolecular dipolar interactions govern the orientation of

closest neighbors in complex 2 structure and stabilize the unit

cell presented in Figure 6c, as mentioned previously.[47]

Conclusions

In summary we synthesized NiII–salen derivative complexes

with several diamine bridges, that is, 2,3-diamino-2,3-dimethyl-

butane (1), 1,2-diaminoethane (2), and 1,2-diaminobenzene (3),

with a hydrogen or tert-butyl group at the 6-position of the

phenol ring. Additionally all ligands were functionalized with

benzoic groups at the para-position of the phenol ring. DFT

calculations reveal that substituents affect both the molecular

band gap and the LUMO orbitals, but leaving the HOMO states

almost unchanged. STM measurements shows that porous net-

works and close-packed nanoarchitectures can be engineered

using these building blocks. These nanoarchitectures are stabi-

lized by hydrogen bonds, van der Waals, and molecular dipolar

interactions. The interplay between the different forces has an

important impact on the overall nanoarchitecture structure. An

exciting perspective of this work consists in exploring the cata-

lytic[3] and magnetic[46] properties of these two-dimensional

nanoarchitectures based on salen complexes.

Experimental Section

General

4-(3-Hydroformyl-4-hydroxy-phenyl)bezoic acid,[52] 4-(3-hydroform-
yl-4-hydroxy-5-tert-butyl-phenyl)bezoic acid,[52] and 2,3-diamino-2,3-
dimethylbutane[34] were synthesized according to reported proce-
dures. Complex 2 was prepared as reported previously.[47] Starting
materials were purchased from Aldrich and all manipulations were
performed using materials as received.

Physical measurements

1H NMR spectra were recorded on a Bruker 300 MHz spectrometer.
All chemical shifts are reported in ppm and are referenced to deu-
terated DMSO (d=2.50 ppm). IR spectra (4000–300 cmÿ1) were re-
corded as KBr pellets on a PerkinElmer FTID 1000 spectrometer.
Mass analyses in tetrahydrofurane were recorded on a Perseptive
Voyager DE STR MALDI TOF-MS spectrometer. Elemental analyses
for C, H and N were determined by the Service de Microanalyses,
ICSN-CNRS, Gif-sur-Yvette (France).

General synthetic procedures

General procedure for the synthesis of H4L : The respective di-
amine (0.75 mmol) and few drops of ethylorthoformate were
added to a solution of 4-(3-hydroformyl-4-hydroxy-phenyl)benzoic
acid (1.50 mmol) or 4-(3-hydroformyl-4-hydroxy-5-tert-butyl-
phenyl)benzoic acid (1.50 mmol) in ethanol (50 mL). The reaction
mixture was stirred under reflux for 2 h. The solvent was removed
under reduced pressure. The solid was sonicated with diethyl ether
filtered, and dried under vacuum.

H4L1: Yield: 78%; 1H NMR (300 MHz, [D6]DMSO): d=1.38 (s, 6H;
-C(CH3)2), 6.95 (d, J=8.4 Hz, 1H; Ar-H), 7.73 (s, 1H; Ar-H), 7.77 (d,
J=10.2 Hz, 2H; Ar-H), 7.98 (s, 3H; Ar-H), 8.76 (s, 1H; -CH=N-), 12.35
(br s, 1H; -CO2H), 14.35 ppm (s, 1H; -OH) ; IR: ñ=3437 (br), 2985
(w), 1678 (s), 1628 (s), 1606 (s), 1521 (w), 1488 (m), 1423 (m), 1378
(m), 1298 (m), 1281 (m), 1244 (m), 1284 (m), 1122 (m), 1015 (w),
987 (w), 944 (w), 827 (m), 773 (m), 728 (w), 551 cmÿ1 (w); MS
(MALDI-TOF): m/z calcd for [M+H]+ : 565.23; found: 565.24.

H4L3 : Yield: 41%; 1H NMR (360 MHz, [D6]DMSO): d 1.45 (s, 9H;
-C(CH3)3), 7.48 (m, 1H; Ar-H), 7.59 (m, 1H; Ar-H), 7.70 (s, 1H; Ar-H),
7.79 (d, J=8.28 Hz, 2H; Ar-H), 7.95 (s, 1H; Ar-H), 8.02 (d, J=

7.92 Hz, 2H; Ar-H), 9.12 (s, 1H; -CH=N-), 12.92 (br s 1H; -CO2H),
14.26 ppm (s, 1H; -OH) ; IR: ñ=3437 (br), 2955 (w), 1686 (s), 1606
(s), 1571 (s), 1484 (m), 1468 (m), 1437 (m), 1423 (m), 1393 (m), 1363
(m), 1271 (m), 1250 (m), 1230 (m), 1168 (m), 1108 (m), 1072 (w),
1048 (w), 1015 (w), 975 (w), 931 (w), 879 (w), 849 (m), 773 (m), 750
(m), 550 (w), 494 cmÿ1 (w); MS (MALDI-TOF): m/z calcd for
[M+H]+ : 669.30; found: 669.28.

General procedure for the synthesis of [Ni(H2L)]: A solution of Ni-
(OAc)2·4H2O (0.15 mmol) in methanol (5 mL) was added to a solu-

Figure 9. Nanoarchitectures of complexes a) 1, b) 2, and c) 3 showing the di-
polar lines. Molecules are colored according to their “up” (blue) and “down”
(red) structural orientation. The resulting electric dipoles are represented by
blue (up orientation) and red (down) arrows.
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tion of the ligand H4L (0.15 mmol) in dimethylformamide/methanol
(20 mL). The reaction mixture was stirred for 1 h at 80 8C. After
slow evaporation of the solvent, a crystalline red precipate was
formed. The precipitate was filtered and washed with methanol
(5 mL), and dried in vacuo.

[Ni(H2L1)] (1): Yield: 82%; 1H NMR (300 MHz, [D6]DMSO): d=1.44
(s, 6H; -CH3-), 6.83 (d, J=8.70 Hz, 1H; Ar-H), 7.66 (dd, J=8.85,
2.1 Hz, 1H; Ar-H), 7.73 (d, J=8.4 Hz, 2H; Ar-H), 7.95 (s, 2H; Ar-H),
7.98 (s, 1H; -CH=N-), 8.00 (s, 1H; Ar-H), 12.85 ppm (s, 1H; -CO2H) ;
IR: ñ=3434 (br), 2972 (w), 1685 (s), 1674 (s), 1617 (m), 1598 (s),
1533 (m), 1514 (w), 1473 (m), 1422 (m), 1388 (s), 1317 (m), 1287 (s),
1249 (s), 1187 (s), 1148 (s), 1129 (m), 1014 (w), 946 (w), 923 (w), 853
(w), 830 (m), 774 (m), 730 (m), 659 (w), 647 (w), 607 (w), 536 (m),
463 cmÿ1 (w); MS (MALDI-TOF): m/z calcd for [M+H]+ : 621.15;
found: 621.13; elemental analysis calcd (%) for 1·1.3DMF
(C34H30N2NiO6·1.3DMF): C 63.55, H 5.5, N 6.45; found: C 62.68, H
5.30, N 6.09.

[Ni(H2L3)] (3): Yield: 86%; 1H NMR (250 MHz, [D6]DMSO): d=1.47
(s, 9H; -C(CH3)3), 7.37 (m, 1H; Ar-H), 7.63 (s, 1H; Ar-H), 7.75 (d, J=
8.25 Hz, 2H; Ar-H), 7.99 (s, 2H; Ar-H), 8.03 (s, 1H; Ar-H), 8.18 (m,
1H; Ar-H), 9.01 (s, 1H; -CH=N-), 12.85 ppm (s, 1H; -CO2H) ; IR: ñ=
3436 (br), 2946 (w), 1682 (s), 1600 (s), 1579 (s), 1533 (s), 1492 (w),
1466 (w), 1419 (m), 1389 (s), 1293 (m), 1240 (m), 1179 (m), 1101
(w), 898 (w), 846 (m), 816 (w), 771 (m), 557 cmÿ1 (w); MS (MALDI-
TOF): m/z calcd for [M+H]+ : 725.22; found: 725.26; elemental
analysis calcd (%) for 3·1DMF (C42H38N2NiO6·1DMF): C 67.68, H 5.68,
N 5.26; found: C 67.79, H 5.33, N 4.36.

STM studies

Solutions of complexes 1 and 3 in 1-octanol (99%, Acros) were
prepared. A droplet of these solutions was then deposited on
a freshly cleaved highly ordered pyrolytic graphite (HOPG) sub-
strate. STM imaging of the samples were performed at the liquid–
solid interface using a Pico-STM scanning tunneling microscope
(Molecular Imaging, Agilent Technology). Mechanically etched Pt/Ir
wires were used to obtain constant current images at room tem-
perature with a bias voltage applied to the sample. STM images
were processed and analyzed using the application FabViewer.[53]

DFT calculations

The structural and the energetic properties of the complexes 1–3
were calculated with the LCAOS2+vdW formalism. This approach
is based on DFT in combination with an intermolecular perturba-
tion theory to describe weak and van der Waals (vdW) interactions.
The DFT computational scheme, as well as the theoretical founda-
tions underlying our calculations—a very efficient DFT localized or-
bital molecular dynamics technique (FIREBALL)—have been de-
scribed in full detail elsewhere.[54–57] Each individual molecule was
analyzed by using a self-consistent version of the Harris–Foulkes
LDA functional,[58,59] instead of the traditional Kohn–Sham (KS)
functional based on the electronic density, whereby the KS poten-
tial is calculated by approximating the total charge by a superposi-
tion of spherical charges around each atom. The FIREBALL simula-
tion package uses a localized optimized minimal basis set,[60] and
the self-consistency is achieved over the occupation numbers
through the Harris functional.[61] In addition, the LDA exchange-cor-
relation energy was calculated by using the efficient multicenter-
weighted exchange-correlation density approximation
(McWEDA).[55, 56] Two intermolecular “weak interactions” for each
specific configuration, which can be seen as two opposite contri-
butions, were added to these DFT calculations. The first one,
named “weak chemical” interaction is due to the small overlaps be-

tween molecular electronic densities. Therefore, this energy can be
determined as an expansion of the wave-functions and operators
with respect to these overlaps. This expansion is based on a devel-
opment in S2 (since in the weak interacting case the overlaps are
really small) of the S1/2 term appearing in the Lçwdin orthogonali-
zation, which induces a shift of the occupied eigen energies of
each independent molecule, and leads to a repulsive energy be-
tween them. The second contribution is the pure van der Waals in-
teraction, which finds its origin in charge fluctuations, arising from
oscillating dipoles, the interaction of which gives the attractive
part of the cohesive energy. This interaction was treated in the di-
polar approximation, and added in perturbation to the total
energy of the molecular assemblies. The balance of the two contri-
butions gave the equilibrium configuration of the system. This for-
malism[62, 63] has already provided excellent results in the study of
a wide range of graphitic and molecular materials.

DFT calculations were performed by using ab-initio plane-wave
electronic structure package Quantum-ESPRESSO.[64] The general-
ized gradient approximation for exchange-correlation potential in
the Perdew, Burke, and Ernzerhof parametrization[65] was employed
and the interactions between valence electrons and atomic cores
were described by ultrasoft pseudopotentials.[66] All atomic posi-
tions were relaxed to minimize the total energy of the molecule
and the interatomic forces were partially corrected for van der
Waals interactions applying semiempirical dispersion terms.[67, 68]
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