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L
ow-dimensional covalent organic nano-
structures are promising novel func-
tional materials for nanotechnological

applications,1,2 as they combine unprece-
dented chemical and mechanical stability
with the vast tunability of organic materials.
Their adjustable electronic band gap renders
thesematerials highly interesting for applica-
tions in (opto)electronic devices.3�5

On-surface polymerization has become
an established route for the tailored fabri-
cation of covalent nanostructures. In recent
years, various coupling reactions were ap-
plied for the fabrication of 1D and 2D
covalent nanostructures including conden-
sation reactions,6,7 homocouplings of ter-
minal alkynes (Glaser�Hay coupling),8�10

and Ullmann coupling.11�13 In the first step
of the Ullmann coupling, brominated14�16

or iodinated11,17,18 precursors are deposited
onto metal surfaces, typically under ultrahigh

vacuum (UHV) conditions, even though this
was also demonstrated under ambient condi-
tions.19,20 The weakly bound halogens are
split off either directly upon adsorption or
after additional thermal activation, and the
resulting surface-stabilized radicals form kine-
tically inert C�C cross-links. Two-fold halo-
genated monomers yield virtually defect-free
1D structures, such as poly(3,4-ethylenedioxy-
thiophene) chains,21 poly(para-phenylene),22

and graphene nanoribbons.15 Similarly, 2D
networks can be obtained withmultiply halo-
genated monomers, yet with significantly
lower structural quality, that is, high defect
densities and rather small domain sizes.23,24

The kinetic irreversibility of the newly formed
C�C bonds impairs error correction.
The Ullmann coupling relies on the cata-

lytic properties of the metal surface to acti-
vate the polymerization by splitting off the
halogens. Accordingly, the surface plays an
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ABSTRACT On-surface Ullmann coupling is a versatile and appropriate approach for the

bottom-up fabrication of covalent organic nanostructures. In two-dimensional networks,

however, the kinetically controlled and irreversible coupling leads to high defect densities and

a lack of long-range order. To derive general guidelines for optimizing reaction parameters,

the structural quality of 2D porous covalent networks was evaluated for different preparation

protocols. For this purpose, polymerization of an iodine- and bromine-functionalized

precursor was studied on Au(111) by scanning tunneling microscopy under ultrahigh vacuum

conditions. By taking advantage of the vastly different temperature thresholds for C�Br and

C�I cleavage, two different polymerization routes were compared� hierarchical and direct

polymerization. The structural quality of the covalent networks was evaluated for different reaction parameters, such as surface temperatures, heating rates,

and deposition rates by statistical analysis of STM data. Experimental results are compared to Monte Carlo simulations.

KEYWORDS: surface chemistry . polymerization . Au(111) . Ullmann coupling . scanning tunneling microscopy . Monte Carlo
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active chemical role, and different influences arise
in dependence on the metal. At room temperature,
C�I bonds are spontaneously cleaved on Cu, Ag, and
Au.11,17 Bromine, instead, is fully split offon copper,14,23

only partially on silver,25,26 but not at all on gold, where
additional thermal activation becomes necessary.16

Density functional theory (DFT) simulations suggest
that the energy barriers are around 0.3 eV smaller for
deiodination than for debromination on Au(111),
Ag(111), and Cu(111).27 Subsequent to carbon�halogen
cleavage, organometallic networks based on carbon�
metal bonds were observed; 1D organometallic chains
are ordered,22,28 whereas 2D networks on copper re-
main disordered14,23,25 but can be partially ordered on
silver.26,29 Even structural reorganization andequilibration
of silver-based organometallic networks were demon-
strated on Ag(111), indicating the reversibility of C�Ag
bonds.26 On gold, organometallic networks are less com-
mon but were occasionally observed.30 A further impor-
tant substrate influence arises from the surfacemobility of
the surface-stabilized radicals, as exemplified in a com-
bined STM and Monte Carlo (MC) study of cyclohexa-m-
phenylene (CHP), where improved networks were ob-
served for an increasing ratio of diffusion to coupling.17

While the surface dependence of the Ullmann cou-
pling has been thoroughly studied, the influence of
controllable reaction parameters on the quality of
2D covalent networks remains largely unexplored.
The present work tackles this open question by study-
ing the polymerization of 1,3-bis(p-bromophenyl)-5-
(p-iodophenyl)benzene (BIB, cf. Figure 1a) on Au(111).
The unsymmetrical substitution with bromine and
iodine as well as the particular choice of Au(111)
facilitates comparative studies of direct versus hier-
archical polymerization. Direct polymerization is real-
ized by deposition onto a preheated surface, whereby
both iodine and bromine are split off in the same
polymerization step. Hierarchical polymerization is
achieved by room temperature deposition, whereby
iodine is selectively split off, whereas bromine remains
stably bound. Only further thermal annealing also
activates C�Br cleavage and thereby the full polymer-
ization. This principle was already exploited by Grill and
Hecht et al. using trans-Br2I2 tetraphenyl porphyrin.

31

In the present work, influences of various reaction
parameters on the morphology and quality of covalent
networks were studied: for direct polymerization, the
surface temperatureduringdepositionand thedeposition
rate were varied, while for hierarchical polymerization, the
heating rate and final surface temperature were investi-
gated. The network quality was evaluated and quantified
by statistical analysis of STM data. For enhanced insights,
the experiments were accompanied by MC simulations.

RESULTS

Hierarchical Polymerization. Samples were prepared by
deposition of BIB onto Au(111) at room temperature

and subsequent thermal annealing. Prior to annealing,
STM revealed self-assembly of dumbbell-shaped basic
units (Figure 1). The herringbone reconstruction of
Au(111) is still discernible (Figure 1c), indicating weak
adsorbate�substrate interaction. The unit cell mea-
sures a= (1.60( 0.10) nm, b= (1.64( 0.10) nm, and γ=
94.5( 4.0� and contains one dumbbell with additional
dots at its corners. The dumbbells appear with uniform
height, that is, without internal STM contrast. For room
temperature deposition, we anticipate the surface-
assisted formation of BIB monoradicals through C�I
cleavage followed by direct covalent cross-linking
to dimers, that is 3,3000,5,5000-tetra(p-bromophenyl)-
1,10:40,100:400,1000-quaterphenyl (TBQ, cf. Figure 1b).
Hence, the dots in the STM images can be assigned
to surface-bound iodine. The coupling of two BIB to
one TBQ releases two iodine atoms, whereas the self-
assembled structure features only one iodine per TBQ.
Yet, excess iodine was observed on terraces. In perfect
agreement with STM, DFT gas phase geometry optimi-
zation of the dimer results in a length of 1.3 nm for the
quaterphenyl backbone (cf. Supporting Information).
The formation of metastable organometallic complexes,
as typically observed on copper and silver,14,25,29 would
elongate the backbone to ∼1.6 nm in contradiction
to the experiment. Interestingly, self-assembled dimers
were similarly reported for fully brominated 1,3,5-tris-
(p-bromophenyl)benzene (TBB) onAu(111) after heating
to 110 �C.16 Yet, in this case, the coexistence of dimers
(TBQ), disordered structures, and unreacted monomers
indicates an incomplete reaction. Furthermore, drop-
castingof TBBunder ambient conditionsontopreheated
Au(111) at 200 �C results in self-assembled TBQ mono-
layers with similar lattice parameters.20

The full polymerization of in situ synthesized TBQ
was activated by subsequent thermal annealing.
The required temperature for C�Br bond cleavage on
Au(111) is around 175 �C (cf. Supporting Information),
and after annealing to 185 �C, no unreacted TBQ was
observed anymore. The covalent nature of the net-
works is unambiguously verified by an experimental
center-to-center distance of interconnected mono-
mers of 1.3 nm.

For hierarchical polymerization, the influences of
both surface temperature and heating rate were stud-
ied by (1) heating samples with comparable rates of

Figure 1. Chemical structures of BIB (a) and TBQ (b). Over-
view (�0.17 V, 35 pA) (c) and close-up STM images (þ0.36 V,
3.5 pA) (d) of self-assembled TBQ structures acquired after
room temperature deposition of BIB onto Au(111).
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6.3�8.9 �C min�1 to 185, 250, and 375 �C (Figure 2),
and (2) heating with variable rates of <0.1, 1.4, and
8.9 �C min�1 to a constant final temperature of 250 �C
(Figure 4). The initial coverages for all experiments
were comparable, and the samples were held at the
final temperature for 15 or 70 min. Irrespective of the
exact thermal treatment, all covalent networks were
highly branched and composed of relatively small
domains connected by filamentous structures of one-
pore-wide strings ormolecular chains (Figures 2 and 4).
Besides the ideal hexagonal pores, irregular pores �
tetragonal, pentagonal, heptagonal, and octagonal �
were frequently observed. To quantify the structural
quality of the networks, STM data were statistically
analyzed (cf. Materials and Methods).

The corresponding pore geometry distributions
of tetragonal to octagonal pores obtained for different
final temperatures are depicted in Figure 3a. The
counts were normalized to the total number of closed
pores ΣNi, with Ni corresponding to the counts of
i-gonal pores. The highest probability for hexagonal
pores was found for 185 �C. All covalent networks
feature significant amounts of pentagonal pores as
well as lower amounts of heptagonal pores. Tetragonal
and octagonal pores are less frequently observed and
were fully absent for 185 �C. Especially at lower po-
lymerization temperatures, the network quality is sig-
nificantly impaired by open, that is, incomplete pores
(cf. inset Figure 3b). This is considered in the histogram
in Figure 3b by renormalization of Ni to the sum of
closed and open pores (ΣNiþN0). Direct comparison of

both histograms indicates significant changes for po-
lymerization at 185 �C, whereas the 250 and 375 �C
distributions remain largely unaffected. In conclusion,
the probability for irregular pores increases slightly
with higher final temperatures, whereas polymeriza-
tion at 185 �C results in a substantial amount of open
pores.

Besides the final substrate temperature, also the
influence of the heating rate on the network quality
was investigated. STM images of the resulting struc-
tures are summarized in Figure 4. The statistical anal-
ysis for all heating rates yields almost identical pore
geometry distributions (cf. Supporting Information),
suggesting no decisive influence on the network
quality.

Pore geometry distributions do not cover important
structural aspects as the degree of compactness and
the domain size. Respective structural information is
contained in the pore coordination number, that is, the
number of next nearest neighbors of a closed pore,
whereby only closed pores were considered. Hence,
the average pore coordination number (APCN) is in-
troduced as a further statistical indicator of the net-
work quality. In a perfect hexagonal network, the APCN

Figure 2. STM images of covalent networks prepared by
room temperature deposition of BIB and subsequent ther-
mal annealing (cf. Supporting Information for tunneling
parameters). Due to preceding dimerization at room tem-
perature, the actual monomer for the polymerization is the
dumbbell-shaped TBQ. Thermal annealing was performed
at different final temperatures of 185 �C (a), 250 �C (b),
and 375 �C (c,d) as also indicated in the top right corners.
All samples were annealed with comparable heating rates
of 6.3 �C min�1 (a) or 8.9 �C min�1 (b�d).

Figure 3. Pore geometry distributions of covalent networks
prepared by hierarchical polymerization via room tempera-
ture deposition and subsequent annealing at different final
temperatures (185, 250, and 375 �C) with similar heating
rates of 6.3 or 8.9 �C min�1. Ni and N0 correspond to the
number of i-gonal and open pores, respectively. Accord-
ingly, the probabilities of i-gonal pores in (a) are referred to
the total number of closed pores (ΣNi), whereas in (b), Ni is
normalized to the sum of closed and open pores (ΣNiþ N0).
The inset in (b) shows the relative amounts of open poresN0

for the different final temperatures.
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is 6, whereas low values indicate the formation of
branched networks. APCNs were evaluated for the
different reaction parameters, and the underlying
PCN distributions are summarized in the Supporting
Information. For polymerization at 185 �C, an APCN of
1.9 is found, which is even below the value of 2.0 for
infinite 1D pore chains. For enhanced surface tempera-
tures of 250 and 375 �C, the APCNs increase to 3.0.
Nevertheless, these comparatively low values under-
pin the branched and rugged nature of the covalent
networks as already discernible in the STM images.

Direct Polymerization. In further experiments, direct
polymerization was studied by depositing BIB onto
preheated Au(111) at temperatures above the debro-
mination threshold. Upon adsorption, both iodine
and bromine substituents are readily split off, resulting
in surface-stabilized triradicals that subsequently un-
dergo polymerization. Yet, also for high-temperature
deposition, a sequential polymerization with preced-
ing dimerization can not a priori be excluded because
both debromination and deiodination rates become
enhanced. Hence, we postulate that the dissociation
of both bromine and iodine is completed before
coupling; that is, triradicals are the relevant species in
direct polymerization. This hypothesis is supported by
an experimental comparison of BIB versus TBB (the fully
brominated analogue) polymerization. Statistical anal-
ysis of networks obtained by deposition of either
monomer onto Au(111) held at 250 �C yield similar
pore geometry distributions within experimental error
(cf. Supporting Information).

For direct polymerization, the influences of surface
temperature and deposition rate were independently

studied in two series of experiments. The eigen-
frequency decline Δf/Δt of a quartz crystal micro-
balance (QCMB) serves as a quantitative measure of
the deposition rate, whereby 1 Hz s�1 corresponds to
about 0.1 monolayer min�1.

The temperature influence was studied by deposit-
ing BIB with a constant rate onto preheated Au(111)
held at 185, 250, and 375 �C. As already evident from
the STM images in Figure 5, polymerization at either
lower (185 �C) or higher (375 �C) temperature results in
lower quality networks as compared to an intermedi-
ate temperature of 250 �C. The corresponding pore
geometry distributions in Figure 6a reveal clear trends:
The probability of pentagonal pores increases mark-
edly with increasing substrate temperature, whereas
the probability of regular hexagonal pores decreases.
Similar to hierarchical polymerization, this behavior
changes when the probabilities are renormalized to
ΣNi þ N0 (Figure 6b), especially for low-temperature
polymerization. The high amount of open pores ob-
tained for 185 �C significantly reduces the probability
of hexagonal pores. For 250 and 375 �C, instead, the
renormalization causes onlyminor changes. Evaluation
of the APCN yields a very low value of 1.1 for 185 �C,
which can be attributed to the high number of open
pores. Surface temperatures of 250 and 375 �C result in
increased APCNs of 4.3 and 2.6, respectively.

The influence of deposition rate in direct polymer-
ization was studied by a further set of experiments
where the deposition rates were varied over 2 orders of
magnitude from <0.01 to 1.3 Hz s�1. The surface tem-
peraturewas kept constant at 250 �C. In order to exclude
an additional influence of surface coverage, the deposi-
tion timeswere adjusted to yield comparable coverages.

Figure 5. STM images of covalent networks prepared by
deposition of BIB onto Au(111) held at 185 �C (a,b), 250 �C
(c), and 375 �C (d) (cf. Supporting Information for tunneling
parameters). Thedeposition rate corresponded to∼1.3Hz s�1

for all experiments. After deposition, the sampleswere kept at
the respective temperature for ∼15 min.

Figure 4. STM images of covalent networks prepared by
room temperature deposition of BIB and subsequent ther-
mal annealing (cf. Supporting Information for tunneling
parameters). All samples were annealed at 250 �C, whereas
different heating rates of 8.9 �C min�1 (a), 1.4 �C min�1 (b),
and 0.1 �Cmin�1 (c,d) were applied. The insets depict close-
up STM images of the most regular sample areas.
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Representative STM images are summarized in Figure 7.
Deposition with intermediate and high rates results in
comparable network qualities with no statistically sig-
nificant differences. Counterintuitively, extremely slow
deposition (<0.01 Hz s�1) results in drastically impaired
network quality as alreadydiscernible in theSTM images
(Figure 7c,d). Consequently, the pore geometry distribu-
tions in Figure 8 showextraordinary highprobabilities of
pentagonal and even tetragonal pores. On the other
hand, slower deposition aids in decreasing the relative
amount of open pores. Slight differences were also
found in the APCN, where deposition with a rate of
<0.01 Hz s�1 leads to a value of 3.2, whereas the two
higher deposition rates result in APCN values of 4.0
(0.1 Hz s�1) and 4.3 (1.3 Hz s�1).

To improve the network quality, fundamental in-
sights into defect formation and the influence of
kinetic reaction parameters are required. A clear ex-
perimental result is the increased number of open
pores at lower polymerization temperatures, similarly
observed for both hierarchical and direct polymeriza-
tion. Two different reasons account for this observa-
tion: incomplete debromination and insufficient lateral
mobility of the building blocks. At domain boundaries,
danglingmolecular lobeswith a length of (0.8 ( 0.1) nm
can be inferred from STM images, indicating still

brominated phenyl rings (cf. Supporting Information).
In this case, the polymerization can only proceed
along the reactive sites, and these pores cannot be
completed.

Figure 7. STM images of covalent networks prepared
by deposition of BIB with varying rates corresponding to
1.3Hzs�1 (a), 0.1Hzs�1 (b), and0.01Hzs�1 (c,d) (cf. Supporting
Information for tunneling parameters). In each experiment, the
surface was held at a constant temperature of 250 �C.

Figure 6. Pore geometry distributions of covalent networks
prepared by direct polymerization via high-temperature
deposition at 185, 250, and 375 �C. In all experiments, the
deposition rates corresponded to ∼1.3 Hz s�1. Ni and N0

have similarmeaning as in Figure 3; that is, the probabilities
of i-gonal pores in (a) are referred to ΣNi, whereas in (b),Ni is
normalized to ΣNi þ N0. The inset in (b) shows N0 for the
different temperatures.

Figure 8. Pore geometry distributions of covalent networks
formed by direct polymerization via high-temperature de-
position at 250 �C. Different deposition rates corresponding
to 0.01, 0.10, and 1.3 Hz s�1 were applied. Ni and N0 have
similar meaning as in Figure 3; that is, the probabilities of
i-gonal pores in (a) are referred to ΣNi, whereas in (b), Ni is
normalized to ΣNi þ N0. The inset in (b) shows N0 for the
different deposition rates.
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Previously, Fasel et al. studied the influence of
surface mobility by comparing the polymerization of
iodinated CHP on the (111) facets of Cu, Ag, and Au.17

On Cu(111), branched networks were observed, the
compactness was improved for Au(111), and densely
packed networks were obtained on Ag(111). In accom-
panying MC simulations, the network morphology
similarly changed from branched to compact for
lower ratios of coupling to diffusion. Analogously, we
observe more compact networks for higher surface
temperature, both in our experiments andMonte Carlo
simulations (vide infra). By analogy with the results
for different surfaces, we conclude that the limited
lateral monomer mobility at lower temperatures and
the presence of still not fully activated (i.e., debromi-
nated sites) account for the large amount of open
pores. In this respect, higher surface temperatures
should be advantageous. On the other hand, higher
temperatures similarly enhance the probabilities for
irregular pores, as statistically deduced for both direct
and hierarchical polymerization.

In the following, kinetic arguments are used to
rationalize irregular pore formation. The enhanced
amount of pentagonal pores with increasing tempera-
ture may be explained by postulating a highly strained
and thus high-energy transition state.11 During the
course of polymerization, each pentamer unit can
become either a regular hexagonal pore by adding
one more monomer in a bimolecular reaction or an
irregular pentagonal pore through an unimolecular
macro-ring closure. The bimolecular reaction rate is
proportional to the concentration of activated, that is,
dehalogenated monomers which increases with de-
position rate. On the other hand, the unimolecular ring
closing requires only thermal energy to overcome the
barrier. Accordingly, the reaction rate increases with
temperature. As a result, the network morphology is
determined by the competition between bimolecular
and unimolecular reactions, in full agreement with
the experimental findings, where either higher surface
temperatures or extremely slow deposition promote
the formation of irregular pores.

Direct versus Hierarchical Polymerization. Comparison
of directly and hierarchically polymerized networks
reveals certain morphological differences. Hierarchical
polymerization leads to small densely packed domains
that are frequently interconnected bymolecular chains
and single-pore-wide strings, while comparable motifs
have never been observed for direct polymerization.
Differences regarding irregular pore formation are
more subtle: Direct polymerization exhibits a steeper
temperature gradient for the probability of pentagonal
pores than hierarchical polymerization. Irregular pores
are also crucial for hierarchical polymerization but are
less prone to thermal activation. Furthermore, at 185 �C,
the APCN for hierarchical polymerization at 185 �C of
1.9 is even higher than 1.1 for direct polymerization.

For higher surface temperatures, instead, the APCN of
hierarchical polymerization does not exceed 3.0, occu-
pying an intermediate position between 4.3 for direct
polymerization at 250 �C and 2.6 for 375 �C.

MC Simulations. To comprehend the influence of
reaction parameters, MC simulations were conducted.
Principally, these simulations cannot account for irreg-
ular pores but are suitable to understand the evolu-
tion of network morphologies for different building
block structures and reaction parameters. Comparative
MC simulations were performed for direct versus hier-
archical polymerization with monomers and dimers as
molecular building blocks, respectively. The coupling
probability pwas used as a free parameter. It is defined
as p = (vcoupl/(vcoupl þ vdiff)) with vcoupl and vdiff as
coupling and diffusion rates. Accordingly, low p values
correspond to high surface mobility of building blocks
in relation to the incorporation probability into the
network. On the contrary, high p values close to unity
indicate immediate and irreversible bond formation. In
a similar study of a six-foldmonomer, different p values
were assigned to different surface materials.17 By com-
parison with experimental results, the lowest p value
was matched with Ag(111). It was previously sug-
gested that both coupling and diffusion are associated
with energy barriers Ecoupl and Ediff.

17,27 Based on the
assumption Ecoupl < Ediff, lower p values correspond to
higher surface temperatures with enhanced surface
mobility of building blocks. However, a direct conver-
sion of p values into surface temperatures is not easily
possible since this would require detailed knowledge
of the temperature dependence of vcoupl and vdiff, that
is, exponential prefactors and activation barriers when
assuming an Arrhenius law.

Figure 9 summarizes MC results for BIB and TBQ
with p values of 0.01, 0.1, and 1. The evaluation of the
PCN is shown in the central part, and the resulting
APCNs are given in the corresponding images. For
both building blocks, lower p leads to more compact
aggregates, whereas more branched networks were
obtained for higher p. Accordingly, the APCN de-
creases with increasing p for BIB and TBQ, whereby
higher APCNs are generally obtained for BIB. Larger
APCNs were also experimentally observed for higher
surface temperatures, thereby confirming the initial
assumption that decreasing p corresponds to increas-
ing surface temperatures. In this context, the experi-
mental results exhibit a noteworthy exception for
direct polymerization. The highest experimental APCN
of 4.3 was obtained at 250 �C; however, for 375 �C, the
experimental APCN decreases to 2.6. This observation
contradicts the MC simulations, which suggest a fur-
ther APCN improvement for even higher surface tem-
peratures. This discrepancy might indicate a limiting
influence of the enhanced amount of irregular pores
observed at higher surface temperatures on the com-
pactness of the domains and APCNs.
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Isolated closed pores without any neighboring
closed pore (PCN = 0) were found in both experiment
and simulation for lower surface temperature and
higher p, respectively. Yet, the MC simulations yield a
significantly higher amount of isolated pores for hier-
archical than for direct polymerization, whereas the
experimental situation is reversed (cf. Supporting
Information). This discrepancy indicates an overesti-
mation of the stability of isolated pore configurations
in MC simulations. Quantitative deviations between
experiment and MC simulation might originate in
inappropriate modeling of diffusion or rotation of the
larger TBQ in comparison to the smaller BIB� an effect
that becomes particularly evident in the direct com-
parison of different species. Moreover, the improved
network quality for the smaller building block in the
MC simulations originates in the assumption of immo-
bile oligomers. Accordingly, growth only occurs due to
addition of further monomers to the fixed seed. In the
real situation, however, larger oligomers aremost likely
still mobile on the surface� especially at higher surface
temperature � leading to polymerization mechanisms
that resemble step growth.

Concerning structures and configurations, MC si-
mulations of TBQ result in unique morphologies that
are directly comparable to the experiments: 1D chains
and strings of pores were frequently observed both in
the experiment and MC simulations (cf. Supporting
Information). Moreover, the simulations suggest differ-
ent formation routes for hexagonal pores from either

three, four, or six TBQ monomers (cf. Supporting
Information).

CONCLUSION

The influence of different kinetic reaction parameters
on the morphology and defect density of covalent
networks obtained by on-surface Ullmann coupling
was studied on Au(111) using an iodine- and bromine-
functionalized aromatic precursor. At room tempera-
ture, iodine is selectively split off, whereas bromine
dissociation requires further thermal activation. This
well-documented temperature dependence of C�Br
and C�I bond cleavage is confirmed by the present
work and utilized for a comparative study of different
polymerization protocols. Both hierarchical and direct
polymerization resulted in covalent networks with open
and irregular (tetragonal, pentagonal, heptagonal, and
octagonal) pores as the most common defects. The
effect of different reaction parameters was identified
by a quantitative comparison of the network quality
based on a statistical analysis of STM data.
For both polymerization protocols, similar tempera-

ture effects were observed: Lower surface tempera-
tures result in a relatively large amount of open pores.
In accord with Monte Carlo, this can be attributed to
the limited lateral mobility of building blocks. Further-
more, not yet completed debromination may also play
an important role at lower temperatures. Increased
surface temperatures do not only reduce the amount
of open pores but also improve the compactness of the

Figure 9. Summary of MC results for direct versus hierarchical polymerization. In the left and right columns, representative
structures obtained for BIB versus TBQ polymerization for three different coupling probabilities p are shown (cf. Supporting
Information for close-ups). Corresponding pore coordination number distributions for BIB (black) and TBQ (gray) derived
networks are shown in the central part. The respective APCNs are indicated at the top right corners.
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networks as expressed in increased APCNs. On the
other hand, irregular pores dominate at higher surface
temperature, an effect that is more pronounced for
direct polymerization. Interestingly, direct polymeriza-
tion with very slow deposition rates (i.e. deposition
over the course of several hours) slightly improves the
APCN but results in the highest observed amounts of
pentagonal and tetragonal pores. Both experimentally
observed dependencies can consistently be explained
by a kinetic competition between bimolecular reac-
tions that result in regular hexagonal pores and uni-
molecular ring-closing reactions that result in irregular
tetragonal or pentagonal pores. The unimolecular
reaction is associated with a notable activation barrier,
hence becomes favored at higher temperatures,
whereas the bimolecular reaction rate depends on
the availability of monomers and increases with de-
position rate. These on-surface polymerization results
bear a noteworthy analogy to solution chemistry: in a
kinetic competition between polymerization and cycli-
zation, the latter becomes favored under high-dilution
conditions,32 which corresponds to low deposition
rates in on-surface chemistry.
On the basis of the statistical analysis, we propose

mutually exclusive structure optimization criteria for
covalent networks: lower surface temperatures reduce
irregular pore formation; however, by the same token,
limited diffusivity and incomplete debromination at
lower temperatures result in dendritic morphologies
and more open pores. Consequently, surfaces that
promote high diffusivity of surface-stabilized radicals
would be the better choice. Yet, this implementation of
on-surface Ullmann coupling still requires the catalytic
activity of surfaces for initiating the polymerization
by carbon�halogen bond cleavage, which limits this
approach to metals. In this respect, Au(111) might still
be the best compromise in terms of sufficient catalytic

activity and low diffusion barriers for activated
monomers.
The differences between on-surface Ullmann cou-

pling of BIB and TBQ (i.e., direct and hierarchical
polymerization) are surprisingly small. Even though
both protocols result in networks with relatively high
defect densities, the preceding dimerization step in
hierarchical polymerization aids in reducing the
amount of irregular pores, especially at higher surface
temperatures. It is particularly instructive to compare
the present results to the hierarchical polymerization
of trans-Br2I2 tetraphenyl porphyrin.31 In direct com-
parison to the fully brominated analogue, Grill et al.
infer an overall improvement of the structural quality
with notably enhanced domain size and postulate this
to be a direct consequence of low defect densities.
Indeed, in the present case, high amounts of irregular
pores coincide with low APCN, possibly indicating a
correlation between defect densities and domain sizes.
An important difference between the two systems is
that in the first step trans-Br2I2 tetraphenyl porphyrin
can already polymerize into 1D chains that are subse-
quently interlinked into 2D networks. Thereby, a tem-
platingmolecular zipper effect of the 1D chain, which is
however absent in the present system, appears to be a
key ingredient for improving the structural quality. This
molecular zipper effect was also observed in a metal-
directed polymerization by Lin et al. on Au(111), where
the presence of extrinsic copper adatoms was found to
induce a templating effect that leads to structural
improvement.33 In summary, hierarchical polymeri-
zation based on the different activation barriers of
deiodination and debromination on gold surfaces is a
reliable approach to either initiate and study different
polymerization pathways or to sequentially build
up more complex structures in on-surface Ullmann
coupling.

MATERIALS AND METHODS

STM Experiments. All experiments were carried out under UHV
conditions with a base pressure of 2 � 10�10 mbar. Au(111)
single-crystal surfaces were prepared by cycles of Arþ ion-
sputtering and subsequent annealing at 500 �C. Synthesis
details of BIB are provided in the Supporting Information. BIB
was deposited by sublimation from a home-built Knudsen cell
with crucible temperatures of 126 to 168 �C, yielding deposition
rates of 0.3 � 10�3 0.2 monolayer min�1. To precisely control
the deposition rates and to verify their long-term stability, a
Knudsen cell with integrated QCMB was used.34 During deposi-
tion, the surface was held either at room temperature or at
elevated temperatures of 185, 250, and 375 �C. After room
temperature deposition, the polymerization was activated by
subsequent thermal annealing with different rates and final
temperatures. All samples were characterized in situ by means
of a home-built scanning tunneling microscope operating at
room temperature.

STM images were statistically analyzed by pore counting.
Thereby, the pore geometry and the number of adjacent pores
were taken into account. Open pores were only considered
when they were more than halfway closed. For each parameter

set, the analysis encompassed at least 100 pores, typically 200
pores. Uncertainty values are given as the square root of counts.
Macroscopically different sample areas were compared to
reduce the influence of sample inhomogeneities.

MC Simulations. A modified version of the conventional
diffusion-limited aggregation (DLA) algorithmwith fractal growth
on a seed was used.35,36 The simulations were performed on a
1000 � 1000 rhombic segment of a triangular lattice of equiva-
lent adsorption sites. The monomers for direct (BIB) and hier-
archical (TBQ) polymerization were modeled as rigid flat three-
fold-star- and dumbbell-shaped building blocks comprising four
and eight identical segments, respectively, each of which occu-
pied one lattice site (cf. Supporting Information). Initially, an
immobile seed molecule of BIB or TBQ was placed at the center
of the lattice. An annular launch zone centered at the seed was
defined, where subsequent molecules start surface diffusion.
During the simulation, this launch zone was adjusted to account
for the increasing size of the aggregate. It was delimited by
two concentric circles with an inner radius of r þ 20 lattice
spacings and an outer radius of r þ 40 lattice spacings
(r corresponds to the distance between seed and the segment
which is furthest from the center). Deposition was implemented

A
RTIC

LE



EICHHORN ET AL. VOL. 8 ’ NO. 8 ’ 7880–7889 ’ 2014

www.acsnano.org

7888

by releasing molecules from random positions within the launch
zone. Surface diffusion was simulated by randomly performing
a series of short-distance jumps into one of the six equivalent
directions. A special feature of the proposed model, which
distinguishes it from conventional DLA growth models, is the
requirement of appropriate molecular orientation. Bond forma-
tion is only possible when the respective arms of the reacting
molecules are collinearly aligned (cf. Supporting Information).
To account for this effect, surface diffusion was accompanied by
a random in-plane rotation of the building blocks by amultiple of
60�. For the tripod, the rotation axis lies in the central segment,
while for thedumbbell, oneof the twocore segmentswas chosen
at random (cf. Supporting Information). Accordingly, in each
simulation step, either diffusion or rotation was performed with
equal probability. Once diffusing molecules encounter the grow-
ing network and their relative positions and orientations are
suitable for bond formation, a uniformly distributed random
number ∈(0,1) was generated. If the number was smaller than
the preset coupling probability 0 e p e 1, the molecule was
irreversibly incorporated into the cluster; otherwise, the molecule
was allowed to diffuse and rotate further. Diffusingmolecules that
crossed the outer boundary of the launch zone were discarded
and replaced by new molecule as described previously. The
simulations were run until either the number of steps exceeded
104 or the network had reached a mass of 8000 molecular
segments, corresponding to 2000 BIB and 1000 TBQ, and statis-
tically analyzed.
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