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ABSTRACT: A comparative analysis between a solution and
a surface-mediated synthesis of heterotriangulene macrocycles
is reported. The results show a preferential formation of the π-
conjugated macrocycles on surface due to two-dimensional
confinement. The macrocycle prepared on a several hundred
milligram scale by solution chemistry was characterized by
single-crystal X-ray analysis and was furthermore extended
toward next generation honeycomb species. Investigation of
the photophysical and electronic properties together with the
good thermal stability revealed the potential of MC6 as hole-transport material for organic electronics.

■ INTRODUCTION

Macrocycles with shape-persistent π-conjugated arene back-
bones gained tremendous interest in the last years owing to their
unusual optoelectronic properties and role as building-blocks of
columnar one-dimensional (1D) nanotubes, two-dimensional
(2D) polymer networks and three-dimensional (3D) inclusion
complexes.1−9 Due to their monodisperse structures based on an
infinite and well-defined chain without perturbing end-effects, π-
conjugated macrocycles allow for reliable estimation of
structure−property relationships.7,8,10−14 In particular macro-
cycles bearing redox-active centers, for example, nitrogen, are
useful for organic electronics and molecular switches due to
changes of charge and shape upon redox processes.9,15

Exploring these materials is often hampered by their
challenging and low yielding syntheses, a result of the preferential
formation of acyclic oligomers. Highly diluted reaction mixtures
were utilized to support entropically unfavored cyclization and to
suppress intermolecular aryl−aryl coupling in the final step.1,2

Synthesizing preorganized building blocks and applying
template-directed cyclizations increased the yields and gave
macrocycles with larger cavities.3,4,7,8,16−22

An alternative opportunity is on-surface reactions of confined
molecular precursors.23−26 Recently it has been shown that
surface-mediated syntheses afford molecular nanostructures such
as, ultranarrow graphene nanoribbons,27 honeycomb net-
works,28−31 poly(phenylene) and poly(fluorene) nanowires32,33

or transition metal phthalocyanine sheets.34 Advantages of the
on-surface synthesis under ultrahigh vacuum (UHV) conditions

are a much broader temperature range providing access to new
reaction pathways not observed in solution chemistry.
Furthermore, scanning tunneling microscopy (STM) allows
imaging at a submolecular level and thus a straightforward in situ
characterization.23,35,36

We have fabricated molecular-thin 2D covalently linked
polymers based on dimethylmethylene-bridged triphenylamines
(DTPA), so-called heterotriangulenes,37−40 on metal surfaces.31

Due to their good hole-transport properties and often large two-
photon absorption, such triphenylamines gained significant
interest in optoelectronic applications in the last decades.41−44

Subsequent computational studies of the 2D covalently linked
heterotriangulene polymer revealed a ferromagnetic half-metal
character with a semiconducting channel of 1 eV which makes it
interesting for spin-selective conductors.45 The aesthetically
appealing structure of the observed honeycomb network (Figure
1) motivated us to design easy ways for the synthesis of its
macrocyclic subunits and their expanded fragments. Moreover,
the cyclic arrangement of the DTPA units raises the question to
which extent the photophysical properties, for example,
photoluminescence quantum yields (PLQY) will be altered
compared to the DTPA monomer. Different from linear or
dendritic triarylamines, the cyclic structure will change structural
features, which may improve the molecular ordering in the solid
state and enhance the charge carrier transport in organic
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electronics.46 Toward this end, we present here a comparative
study of solution-based and surface-mediated syntheses of an
unprecedented π-conjugated macrocycle consisting of electron-
rich heterotriangulene moieties together with its hyperbranched
expansions. We discuss the effect of cyclization on the
photophysical and electronic characteristics and present the
single crystal X-ray structure of the DTPA macrocycle.

■ EXPERIMENTAL SECTION
Materials, methods, detailed synthetic procedures and characterization
data for compounds DTPA, 1−6, MC6, G1, G2 and L9 as well as
complete information about the STM experiments can be found in the
Supporting Information.

■ RESULTS AND DISCUSSION
We first aimed at a direct synthesis of the DTPA macrocycle
(MC6, Scheme 1c) from a bis-functionalized DTPA building
block (1a or 1b) by applying transition-metal mediated coupling
procedures in solution (Scheme 1a). Both Yamamoto coupling of
dibromo-substituted DTPA 1a and Suzuki-Miyaura cross-
coupling of bromo-boronate 1b afforded similar results,
providing complex mixtures of acyclic oligomers with up to 10
DTPA units (see the Supporting Information). The isotopic
pattern of the hexameric peak (n = 6, m/z = 2181) revealed two
distributions with a mass difference of two Dalton, correspond-
ing to the DTPAmacrocycle and the linear hexamer. To quantify
the amount of MC6 formed during the one-step reaction, we
enriched the hexameric fraction bymeans of repeated preparative
size-exclusion chromatography (SEC). Judging from the
broadened and less distinct signals of the 1H NMR spectrum,
the obtained yield of macrocycle MC6 is below 5% (see the
Supporting Information), which was not improved by altering
the concentration of the monomer.
To compare these results with a surface-mediated synthesis,

we fabricated heterotriangulene oligomers on an atomically flat
Ag(111) surface using the dibromo-substituted DTPA 1a. This
approach could potentially lead to zigzag oligomers (Scheme
1b), six-membered macrocycles (Scheme 1c) and mixed chains
(Scheme 1d), in agreement with the results of our solution

attempts. The molecules were sublimed in ultrahigh vacuum
onto the substrate held at room temperature, followed by
thermal annealing at 570 K to activate the surface-promoted
aryl−aryl coupling reaction.30,31 STM topographs reveal
extended nanostructures that spread across the metal surface
(Figure 2a). The monomers adopt a triangular shape with bright
protrusions at the edges (Figure 2b−d), which are identified as
the perpendicular oriented methyl groups in agreement with
previous reports.31 The relatively high annealing temperature
occasionally results in methyl scission (see e.g. the species
indicated by a red arrow in Figure 2c).31 As expected from the
ditopic nature of 1a, the formed nanostructures are essentially
composed of monomers that are linked to two neighbors via
covalent bonds. Occasionally the formation of three covalent
bonds is observed (8 ± 1% of the monomers). The third bond is
formed between the C−Br and the H−C of a phenyl moiety (see
e.g. the one indicated by a green arrow in Figure 2c), which
exclusively occurs on the surface. In this particular case, a carbon
radical appears to attack a C−H bond of the neighboring
molecule, leading to C−H bond scission and intermolecular C−
C bond formation. Line profile analysis across the molecules
reveals an apparent height of 0.25 nm and a center-to-center
distance of 1.0 nm along the virtual Br−Br axis, confirming the
covalent linking of the DTPA species (white arrow in Figure
2c).31

The on-surface oligomerization of 1a on Ag(111) also leads to
a significant amount of six-membered DTPA macrocycles
(MC6), in contrast to the solution based one-step synthesis
(see above). These macrocycles are frequently grouped together

Figure 1. Structure of a fraction of the honeycomb structured DTPA
polymer observed on surface. The macrocyclic subunit is highlighted.

Scheme 1. One-step Synthesis to Macrocycle MC6a

a(a) Solution based one-step synthesis toward MC6 from difunction-
alized DTPAs (1a or 1b). The molecular main axis is indicated by a
dashed red arrow. COD = 1,5-cyclooctadiene, bipy = 2,2′-bipyridine.
(b) Structure of a zigzag oligomer. Two monomers are linked in the
zigzag configuration if their two main axes are antiparallel (blue
parallelogram). (c) Structure of a six-membered macrocycle. Two
monomers are linked in the cycle configuration if their two main axes
differ by 60° (green triangle). (d) Mixed chain with links in the zigzag
and cycle configurations.
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into ordered islands with a distance between macrocycles of
about 3.2 nm (Figure 2d).
Analysis of 5 high-resolution STM images (corresponding to a

total of 1937 molecules) reveals that 16 ± 2% of the monomers
belong to macrocyclic species. Note that regarding this on-
surface oligomerization probability of forming macrocycles both
“free” six-membered macrocycles (see Figure 2d) and those
anchored to one or several species via covalent linkage (see e.g.
Figure 2b) were taken into account. The simplest stochastic
model in which a macrocycle is built “monomer after monomer”
gives a probability of only (0.5)4 = 6.25% (two possible
orientations per added molecule, whereas only one of them is
leading to a macrocycle; a probability of 1 for the last monomer
to close the macrocycle owing to the high chemical reactivity of
the radicals). This indicates that the on-surface oligomerization is
not a random process, and that the two possible orientations
correspond to different reaction probabilities. By determining
the “monomer main axis” of the species (Scheme 1, dashed red
arrow) and using the fact that two successive monomers can be
said to be linked in the cyclic (zigzag) configuration if their two
axes differ by 60° (180°) (see Scheme 1b−c), we find a
preference for bond formation in the cyclic configuration (60 ±
5% vs 40 ± 4%), contrary to our solution based results showing
mainly acyclic oligomers.
Analyzing the results of both concepts, the superiority of the

surface synthesis for obtaining MC6 over acyclic oligomers can
be concluded. Once a hexamer in the appropriate conformation
has been formed in solution, it can either undergo the
intramolecular aryl−aryl coupling or connect to a new monomer

by rotating about the C(sp2)−C(sp2) single bond with an equal
probability of both processes. On the metal, however, essentially
no such conformational changes are possible, for example,
induced by the binding energy of the DTPA molecules to the
Ag(111) surface. This considerably reduces the possible relative
orientations of the reacting molecules, increases the intermo-
lecular coupling probability and lowers the entropic penalty upon
chain-end connection.
The fact that the covalent bond formation on Ag(111) is not

random, however, is not yet fully understood. It is known that
atoms in the metal surface layer are lifted up from their initial
equilibrium position during the first steps that lead to the aryl−
aryl coupling between the radicals.30,47 This radical-induced
surface reconstruction, as well as the related modification of the
energy landscape for additional monomers, may play a crucial
role regarding preferences for specific binding motifs.
In order to obtain macroscopic quantities of MC6, the

solution-based synthesis was extended to a stepwise approach
(Scheme 2). The synthesis started with a bromination/
borylation sequence of DTPA to give 2. Subsequent mono-
bromination led to building block 3. The Suzuki-Miyaura cross-
coupling with diiodo DTPA 4 was conducted selectively below
70 °C to yield trimer 5.4 As expected, the concentration of 5
strongly influenced the yield of this cyclization. The cyclo-
dimerization to yield MC6 was achieved following standard
Yamamoto conditions.48,49 Hence, the Ni0-complex was
prepared under glovebox conditions, activated and then the
solution containing trimer 5 was added slowly to ensure pseudo
high-dilution conditions providing finally the hexameric macro-
cycle MC6 in 38% yield on a several hundred milligram scale. A
linear DTPA nonamer L9 was obtained as byproduct in 15%
yield, during purification of MC6 by preparative SEC.
The identity of MC6 was confirmed by mass spectrometry

(high-resolution ESI MS and MALDI-TOF MS), NMR
spectroscopy and SEC analysis.
HR MS confirmed the successful cyclization of MC6 with a

single signal at m/z 2180.2009 (C162H150N6, calculated
2180.2000, see the Supporting Information). Corresponding to
its highly symmetric structure, a set of sharp aromatic signals at
7.07, 7.41, and 7.69 ppm were observed in the 1H NMR
spectrum, which were clearly assigned to the respective protons
of MC6 (Figure 3 left).
Single crystals suitable for X-ray analysis of MC6 indicate the

successful ring closure (Figure 4a).50 Macrocyle MC6 deviates
from planarity and the DTPA units are tilted to each other, as
characterized by the dihedral angles between the single moieties
ranging from 13.8(9)° to 35.5(4)°. The sum of the three C−N−
C angles (358.4(5)°) revealed almost planar DTPA units as
obviously no significant pyramidalization of the nitrogen takes
place. In addition, the diameter of the inner cavity was found to
be 14.09 Å. Crystal packing ofMC6 is shown in Figure 4b and c.
It crystallizes in the centrosymmetric space group C2/c as a
chloroform solvate (four molecules per unit cell) and contains
four macrocyles in the unit cell. The molecules are arranged in an
edge-on orientation, in which every second macrocycle is placed
parallel to the other. Examination of intermolecular interactions
show short distances of 3.84 Å between two cycles (Figure 4b,
red arrows). The steric demand of the bridging methyl groups
results in an overall bent structure of the macrocycle (Figure 4c).
Thermal analysis using differential scanning calorimetry

(DSC, see the Supporting Information) revealed no glass
transition temperature or any melting and crystallization
processes for MC6. Additionally thermogravimetric analysis

Figure 2. STM topographs (recorded at 30 K) of covalently linked
DTPA nanostructures. (a) Flat oligomeric structures and macrocycles
are observed. (b) Close-up view of the area highlighted by the blue
rectangle in (a) revealing submolecular contrast. (c) Zoom into the
green rectangle of (b). The center-to-center distance between two
covalently bonded monomers is 1.0 nm. The red arrow points to a
molecule with one missing methyl unit. The green arrow points to a
molecule with three neighbors. (d) Island consisting of aggregated six-
membered macrocycles. The distance between macrocycles is 3.2 nm.
Tunneling parameters: (a) V = −1.5 V, I = 0.02 nA; (b) V = −1.5 V, I =
0.02 nA; (c) V = −1.5 V, I = 0.02 nA; (d) V = −1.5 V, I = 0.05 nA.
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(TGA, see the Supporting Information) showed excellent
thermal stability of MC6 up to 400 °C (decomposition
temperature at 5% weight loss is 455 °C). Considering these
aspects together with the good solubility in organic solvents, for
example, CH2Cl2, THF, toluene or 1,2-dichlorobenzene, MC6
shows potential for good processability and a high device
durability in optoelectronic applications as organic light emitting
diodes (OLEDs) and field-effect transistors (FETs).
In order to get further insight into the macroscopic properties

of the DTPA honeycomb structures, we were aiming at the
construction of higher homologues ofMC6. The bromination of
its six peak positions, allowed for the expansion of the
macrocyclic core toward higher branched architectures (Scheme
3). By utilizing Buchwalds̀ ligand S-Phos in Suzuki-Miyaura
cross-coupling undermicrowave irradiation, six additional DTPA

units were attached to give the first generation expanded
macrocycleG1 in a considerably good overall yields (26% overall
yield over two steps).51,52 The higher generation macrocycle G2
was synthesized in a similar protocol with boronic ester trimer 6
as the coupling partner, however, the steric demand decreased
the yield of the Suzuki-Miyaura reaction (12% overall yield over
two steps, see the Supporting Information).
The successful formation of G1 and G2 was confirmed by

mass spectrometry (MALDI-TOF MS, Figure 5 bottom) and
NMR spectroscopy. However, the identification by high-
resolution ESI MS was only feasible for G1 due to a decreased
ionization tendency of G2 under the applied method.
As a result of the symmetric nature ofG1 andG2, sharp sets of

aromatic signals were observed, which could be assigned to the
respective protons (Figure 5 top, see the Supporting
Information). This together with the clearly separated methyl
proton signals, proved the 6-fold attachment of 2 and 6 to the
central macrocycle MC6.
Due to the amorphous nature as a result of the large size ofG1

and G2, single crystals suitable for X-ray analysis could not be
grown.
Both compounds showed good solubility in organic solvents,

for example, CH2Cl2, THF, toluene or 1,2-dichlorobenzene.
Furthermore, no decomposition was observed after several
months in the presence of light and oxygen.
The photophysical properties of MC6, G1 and G2 were

investigated and compared with the DTPA subunit and the linear
oligomer L9 (Figure 6, Table 1).MC6 exhibits two characteristic
UV−vis absorption bands at 324 and 377 nm, respectively. The
longest-wavelength absorption corresponds thereby to the π−π*
transition of the whole π-conjugated macrocycle (DTPA, λabs,max
= 301 nm).53−57 By extending the π-conjugation toward G1 and
G2, this transition is bathochromically shifted of about 17 and 7

Scheme 2. Schematic Representation of the Stepwise Approach Towards MC6a

aCOD = 1,5-cyclooctadiene, bipy =2,2′-bipyridine, NIS = N-iodosuccinimide, NBS = N-bromosuccinimide, dppf =1,1′-bis(diphenylphosphino)-
ferrocene

Figure 3. (Left) 1H NMR of MC6 (aromatic region, THF-d8, 700
MHz). (Right) MALDI-TOF MS of MC6 with the calculated and
measured isotopic pattern (inset). Besides the [M + H]+ peak, the
scission of methyl groups depending on the power of the applied
desorption laser was observed.
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nm, respectively, followed by a gradually increased extinction
coefficient. The observed hypsochromic shift of the longest

wavelength absorption in G2 compared with G1 can be
explained by reduced π-conjugative interactions of the macro-
cyclic core with the trimeric arms induced by a significant
twisting upon steric repulsion. The linear oligomer L9 (λabs,max =

Figure 4. X-ray crystal structure ofMC6. (a) Top view (nitrogen atoms in blue, carbon atoms in gray, hydrogens omitted for clarity). (b) Side view of the
asymmetric unit. The red arrows indicate the shortest distance between two macrocycles of 3.84 Å (hydrogens and methyl-groups omitted for clarity).
(c) Front view of the asymmetric unit (hydrogens and methyl-groups omitted for clarity).

Scheme 3. Schematic Representation of the Extension of MC6a

aGiven yields are overall yields (two reaction steps). NBS = N-bromosuccinimide, S-Phos = 2-dicyclohexylphosphino-2′,6′-dimethoxybiphenyl.

Figure 5. (Top) 1H NMR of G2 (aromatic region, CD2Cl2, 700 MHz).
(Bottom) MALDI-TOF MS of G2. Besides the [M + H]+ peak, the
scission of methyl groups and one trimer depending on the power of the
applied desorption laser was observed.

Figure 6. UV−vis absorption (solid line) and emission (symbol line)
spectrum of DTPA (black),MC6 (red),G1 (green),G2 (violet) and L9
(blue). For all spectra: 10−6 M in CH2Cl2.
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383 nm) featured similar transitions with a slight bathochromic
shift for the longest-wavelength absorption compared withMC6,
attributed to an extended π-conjugation length and a more
restricted conformation ofMC6. This is, however, compensated
by a planarization of the π-conjugated system of the macrocycle
in the excited state and thus a geometrical rearrangement,
revealed by the same emission maxima (λPL,max = 430 nm) and a
comparably large Stokes shift (3270 cm−1) in contrast to L9
(2850 cm−1). This geometrical rearrangement is similarly
observed for G2 (3110 cm−1). Comparing the PLQY, ΦPL, of
2% for parent DTPA to these ofMC6, G1 and G2 up to a forty-
fold improvement in the PLQY can be observed. Moreover, the
macrocyclic arrangement results in a remarkable PLQY forMC6
of 89%. These results confirm an increase in the oscillator
strength of the emissive transition due to an effectively broken
overall symmetry of the DTPA unit by a cyclic π- conjugated
arrangement of MC6, while the transition energy (emission
maxima) is only marginally changed.
Investigation of the redox properties of themacrocyclic species

MC6 and G1 by cyclic voltammetry (CV) gave well resolved
voltammograms showing only oxidation peaks (Figure 7 and

Table 1, see the Supporting Information). Four nitrogen-
centered oxidation steps could be observed for MC6. From the
peak amplitudes, as well as the limiting currents observed by
rotating disc voltammetry (RDV, see the Supporting Informa-
tion), we concluded that the first and fourth oxidations are twice
as intense as the second and third. Taking this into account the
first and fourth oxidation at +0.14 and +0.53 V corresponds to a
global two-electron transfer, which was identified by the shapes
of the CV and RDV curves as two overlapping reversible one-
electron transfers. The second and third oxidation at +0.26 and
+0.39 V, respectively, are reversible one-electron transfers. In
addition, four oxidation steps could be observed forG1 (Table 1,
see the Supporting Information). As it is expected that all 12

nitrogen-centers are oxidized, it seems reasonable to assume that
each step involves three electrons.
Due to the symmetric nature ofMC6 andG1, it is not possible

to determine the exact localization of the electron transfers.
Considering the relatively small potential separations of the
oxidation processes inMC6 andG1, a moderate communication
between the DTPA subunits is assumed which is furthermore
confirmed by decreased first oxidation potentials compared with
the single DTPA unit that is reversibly oxidized at +0.34 V (Table
1).
The HOMO levels of MC6 (−4.94 eV) match well with the

work function of metallic gold (−5.1 eV), which could
potentially enhance the hole charge injection between the
electrode and the semiconducting material in FETs or OLEDs,
and thus improve the device performance.46,59,60

DFT calculations (B3LYP/6-31G*)61 carried out on MC6
(EHOMO

DFT = −4.28 eV) revealed a totally symmetric HOMO
level which is in fairly good agreement with the electrochemical
investigations (Figure 8, bottom, see the Supporting Information
for the respective LUMO level). Contributions of the central
nitrogen atoms as well as the internal and exocyclic phenyl rings
were thereby observed.

Table 1. Selected Photophysical and Electrochemical Data of DTPA, MC6, G1, G2 and L9

λabs,max
a (nm) λPL,max

a,b (nm) Stokes shift (cm−1) Eg
opt c (eV) ΦPL

a,d E°ox
e (V) HOMOf (eV) LUMOg (eV)

DTPA 301 416 9180 3.59 0.02 +0.34, +1.36 −5.14 −1.56
MC6 324, 377 430 3270 2.96 0.89 +0.14, +0.26, +0.39, +0.54 −4.94 −1.98
G1 333, 394 436 2440 2.87 0.79 +0.12, +0.30, +0.41, +0.58 −4.92 −2.05
G2 324, 384 436 3110 2.91 0.53 h h h

L9 312, 383 430 2850 2.95 0.87
aFor all spectra: 10−6 M in CH2Cl2.

bExcited at the absorption maxima. cEg
opt = h × c/λ0.1max.

dAbsolute PL quantum yields, uncorrected with respect
to reabsorption. eRedox potentials from CV are reported vs Fc/Fc+ (0.1 M nBu4NPF6 in CH2Cl2, scan rate 100 mV s−1). fHOMO levels were
calculated from the measured first oxidation potential. gLUMO levels were calculated from the optical band gap Eg

opt and the respective HOMO
levels. hOwing to the small amount obtained for G2, an electrochemical characterization was impeded.

Figure 7.Cyclic voltammetry curve ofMC6 (scan rate = 0.1 V s−1, black
line) and its simulation using DigiElch v 6F (red line).58

Figure 8. HOMO of MC6 calculated by DFT (B3LYP/6-31G*). See
the Supporting Information for the calculated LUMO.
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■ CONCLUSIONS
In summary, we have successfully fabricated a π-conjugated
DTPA macrocycle by two different synthetic concepts. By
analyzing the solution-based and surface-mediated one-step
synthesis starting from the same precursor, a preference for the
macrocyclization compared to the zigzag conformation on
surface is revealed. This observation is attributed to the
confinement of the DTPA molecules to two dimensions upon
on-surface synthesis, which reduces their conformational and
orientational degrees of freedom compared to the situation in
solution. To investigate the properties of the DTPA macrocycle,
we subsequently synthesized MC6 by a stepwise protocol in
solution. Single-crystal X-ray analysis confirmed the successful
cyclization. Bromination of MC6 allowed furthermore the
extension toward expanded macrocycles G1 and G2. The
comparative study of the optical properties ofMC6, G1 and G2
with linear nonamer L9 and the parent DTPA revealed
differences that could be correlated to the cyclic nature of the
species. They showed a deep blue emission in solution together
with a significant improvement in the PLQY with respect to
DTPA as a result of the extended π-conjugation along the cyclic
backbone. Due to the matching HOMO level with the work
function of metallic gold, the good solubility and the environ-
mental stability of MC6, it could be applied as hole-transport
layer in OFETs andOLEDs. Studies on these topics are currently
being pursued in our group.
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(11) Höger, S. Chem.Eur. J. 2004, 10, 1320−1329.
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