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Abstract The templated synthesis of porphyrin-based oligomers and heterosystems is of considerable interest
for materials with tunable electronic gaps, photovoltaic or sensing device elements. Herein, temperature-induced
dehydrogenative coupling between unsubstituted free-base porphine units, and their attachment to graphene
nanoribbons on a well-defined Ag(111) support are scrutinized by bond-resolved scanning probe microscopy
techniques. Our detailed inspection of covalently fused porphine dimers obtained by in-vacuo on-surface
synthesis clearly reveals atomistic details of coupling motifs, whereby also putative reaction intermediates are
identified. Moreover, the covalent attachment of porphines at preferred locations of atomically precise armchair-

type graphene nanoribbons is demonstrated.



The make of molecular nanostructures at interfaces concomitant with the direct identification of
bonding schemes and intramolecular features by scanning probe microscopy is a burgeoning research domain.
(14 |n particular, bond-resolved imaging in noncontact atomic force microscopy (nc-AFM)*2¢# and scanning
tunneling microscopy (STM)**3 can be achieved by tip-functionalization with molecules, most notably with

carbon monoxide (CO).™*

Recently, not only an impressive variety of carbon-based constructs has been reported,**%! but also
their use to obtain heterostructures including nitrogenated entities.” %! Free-base porphine (2H-P) is an
appealing building block in this domain. It represents the essential porphyrin unit consisting of the tetrapyrrole
macrocycle (cf. model Figure 1c). Due to its simplicity and comparably low number of atoms, it is often
implemented as starting point for theoretical studies, e.g., addressing metalation and other phenomena.?”
Porphines are ideally suited for experimental studies of fundamental characteristics of surface-anchored
porphyrins and to clarify the influence of (meso-)substituents.’?® 3" Additionally, 2H-P itself is a very interesting
module for two- and three-dimensional nanoarchitectures.®2**! Conjugated one-dimensional arrays of porphine
macrocycles — so called porphine tapes — have been recognized as light-harvesting material exhibiting a steadily
decreasing band gap as a function of tape length® ! while simultaneously featuring interesting non-linear
optical properties.’”*® To date, porphyrin oligomers have been usually synthesized and characterized in
solution-based approaches.?**? However, especially for (opto-)electronic applications it is desirable to directly
contact the molecular entities with conducting (metal) electrodes for their integration in electrical circuits.
Importantly, the molecule-electrode interface can influence molecular properties through charge transfer,“!
conformational adaptations!*?*¥! and other effects. Accordingly, characterization in a well-defined ultra-high-
vacuum UHYV environment is desirable for understanding molecular systems with promise as building blocks in

molecular electronic or other devices.

The integration of tetrapyrroles in hybrid systems has been demonstrated recently with species

connected to graphene nanoribbons!***’

and their covalent attachment to graphene edges through
dehydrogenative coupling.®® With the latter system, the edge irregularity of graphene islands on Ag(111)
interferes and multiple coupling configurations coexist, whereby quantitative investigation of the electronic
properties is difficult.***¢*] Graphene nanoribbons (GNRs) can have a tunable band gap that is dependent on
their width,®®*"! which is crucial for graphene-based electronic applications. Because of such exceptional
properties, extensive efforts have been dedicated to the formation of GNRs with atomically precise edge
terminations."®*" GNRs, such as 7-armchair GNRs (7-AGNRs) with armchair terminations at the long sides
and zigzag terminations at the short ends,® are ideal candidates to investigate the coupling behavior of

porphines to graphene edges, as well as the electronic properties of the coupling junction.

Firstly, we address the imaging and covalent coupling of porphine species. Unlike many porphyrin

[43]

derivatives,"™ porphines do not self-assemble into regular organic islands, but appear as individual units on



Ag(111) as depicted in Figure 1e, which reflects repulsive molecule-molecule interactions.”” In STM the
macrocycle is resolved square-like with two protrusions and a central depression (cf. Figure la,e). The
protrusions are associated with the electronic fingerprints of the inner hydrogens, but do not represent a
topographic effect as encountered with saddle-shaped 2H-TPP? and other poprhine species.”® In fact, 2H-P
adsorbs flat with the macrocycle coplanar to the surface, which manifests as uniform contrast across the entire
molecule in constant-height nc-AFM measurements using CO-functionalized tips™*2** (Figure 1b,c). The
frequency shift (Af) maps show the macrocycle bonding scheme, where five-member pyrrole rings are
interconnected by kinks corresponding to the methine bridges. Interestingly, the inner hydrogens cannot be
clearly identified and 2H-P appears essentially fourfold symmetric in nc-AFM contrasting the electronic
structure effects breaking the symmetry in STM (see sect. S2 in the Supporting Information for more details).

STM

Figure 1. High-resolution imaging of porphine units and coupling products on Ag(111). (a) STM image of single 2H-P with square-like
appearance. A symmetry break entails protrusions in the upper left and lower right regions of the macrocycle. (b) nc-AFM frequency
shift (Af) data and (c) Laplace-filtered version. (d) Model of 2H-P. Peripheral carbon positions are denoted by “f” at pyrrole and “meso”
at methine moieties. Pyrrole ring is marked with a dashed circle. (e) Overview image showing the distribution of porphine molecules
after room temperature deposition. The molecules are observed as separated single units due to repulsive interaction. (f) Heating the
sample to 570 K induces the formation of covalently coupled oligomers. Scan parameters: (a) Vs = 200mV, | = 70pA; (b) Vs=0V,
constant height. (€) Vs =100 mV, | = 80 pA; (f) Vs =150 mV, I =10 pA; T=5 K.

As reported in our previous study,® heating a sample with adsorbed pophines to 570 K for 20 min
affords a high yield of fused species forming dimers and oligomers as shown in Figures 1f and 2 (detailed
statistical analysis of the distribution of reaction products as a function of annealing temperature is given in ref.

B2, The underlying coupling reaction is accompanied by associative hydrogen desorption from the surface at



the employed preparation conditions.®** Thus the synthesis proceeds without surface decoration by spurious

byproducts, in contrast to other popular reactions involving halogen leaving groups.®

The porphine coupling motifs can be unambigously identified by nc-AFM measurements. Characteristic
reaction products are exemplified by the dimeric species shown in Figure 2. Motif 1 (Figure 2a,e,i,m) reflects a
dehydrogenation of three neighboring carbon atoms per molecule and the formation of three covalent C-C
bonds. The symmetric -4 and meso-meso, connections (cf. labels in Figure 1d) provide collinear porphine units
and thus represent an element for straight oligomers. Motif 2 (meso-£, f-meso bonding, Figure 2b,f,j,n) is due to
the dehydrogenation of two carbon atoms per molecule forming two covalent C—C bonds. For motifs 1 and 2 the
constituent units are oriented along the same direction with respect to the underlying substrate. Binding motif 3
(B-p, meso-p, Figure 2c,g,k,0) features two covalent C—C bonds between rotated porphine units. Furthermore,
motif 4, hypothesized in earlier work,® (Figure 2d,h,1,p) presents a single -4 bond between two porphines in
the same adsorption orientation, whence the units are laterally shifted against each other.
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Figure 2. Comparative structure analysis of covalently bonded porphine dimers, which also represent exemplary elements for oligomers.
(a)-(d) STM images, (e-h) AFM Af images, (i-1) Laplace-filtered Af images, and (m-p) the derived chemical structure models of the four
observed porphine dimer coupling motifs. Motif 1 is a triple-fused unit with 8-, meso-meso, p-f binding. Motif 2 exhibits meso-g, f-

meso bonding resulting in a lateral offset between the two units. Motif 3 features -, meso-f bonding with one rotated species. Motif 4 is



a dimer stabilized by a S-f single bond. Scan parameters: (a) Vs =200 mV, | = 70 pA; (b)-(d) Vs =200 mV, | =50 pA; (e)-(h) Vs =0V,
constant height; T=5 K.

Solution-based approaches describe coupling as a multistep process that proceeds via meso-meso linked
oligomer intermediates®®*"! owing to the higher stability of the -C—-H bond compared to the meso-C—H
bond."® Hence the occurrence of motif 4 is ascribed to the surface confinement where C—H bond activation
might not be preferred for meso-C sites. For surface-assisted porphine oligomerization, the formation of a bond
between the S-carbons of two porphine units is a likely initial step due to steric reasons. In this configuration
one of the constituting units can rotate around the connecting C—C bond and then “flip” toward a planar
configuration again yielding a straight dimer (motif 1) via a cyclodehydrogenation process®® that connects the
unreacted meso and £ carbons. Such flipping processes, which appear plausible due to the reaction temperature
being close to the porphine desorption temperature,? can explain the prevalence of the straight dimer (motif 1)
despite steric hindrance for straight in-plane coupling.*®! Alternatively, in-plane rotation of a porphine unit of
the dimer in motif 4 could entail dehydrogenation and coupling of the # and meso carbons toward formation of
motif 3. Nonetheless, from the existence of motif 2 it must be inferred that also coupling mechanisms involving
methine sites in an initial phase must also exist. Metal adatoms can potentially play a role in the coupling,?**
but our measurements gave no evidence for the occurence of any organometallic intermediates. Finally, it is
interesting to note that during the course of the intermolecular coupling scenario, some macrocycles also
underwent self-metalation with substrate Ag atoms,®*® which is revealed by the bright appearance of the
molecules’ centers in the STM images in Figure 2a,d (see sect. S2 in the Supporting Information for a detailed

discussion).

The second key aspect of the work concerns the formation of porphine-GNR heterosystems. Following
the on-surface synthesis protocol for armchair nanoribbons of width N=7 on Au(111)?¥ based on 10,10'-
dibromo-9,9’-bianthryl (DBBA) precursors, we realized similar GNRs on Ag(111) with significantly shorter

extension (Figure 3), providing well-defined terminations.



Figure 3. Fabrication of covalent porphine-GNR hybrid systems on Ag(111). STM image recorded after inducing dehydrogenative
coupling reactions by porphine deposition on a surface with prefabricated GNRs (inset) held at 670 K. Coupling between porphines and
GNRs is frequently observed (green dashed circles). Homocoupling of porphines and formation of complex hybrid structures, such as
GNR-porphine-porphine-GNR (green dotted ellipse), is also seen. The dense-packed high-symmetry directions of the Ag(111) substrate
are indicated by the yellow lines in the inset. Scan parameters: Vs = 0.09 V, | = 200 pA, inset: Vs =1.04 V, 1 =100 pA; T=6 K.

Coupling of porphines with the prefabricated GNRs was induced by deposition of porphines onto the
substrate held at 670 K, which gave rise to a large number of covalently coupled reaction products (cf. similar
results for porphine homocoupling®®?). STM measurements of the resulting Ag(111) surface show that a
sizeable fraction of the porphines is directly attached to the GNR (green circles in Figure 3). Coupling of
porphines to GNR edges is seen predominantly at the termini of the ribbons. Similar as in the case of porphine
attachment to graphene edges,'®" several distinct hetero-coupling motifs exist. In addition, the annealing again
triggered self-metalation of porphines with Ag atoms®***** and dehydrogenative homocoupling®? leading to
more complex hybrid compounds, such as interconnected GNR-porphine-porphine-GNR structures (see also

sect. S4 in the Supporting Information).
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Figure 4. Main covalent coupling motifs between porphines and GNRs. (a)-(f) STM images of different configurations. (g)-(I) Proposed
schematic models illustrating the coupling configurations. (m)-(p) Bond-resolved STM measurements employing CO-tip-
functionalization and lock-in measurements (see text for description of the method). (q)-(t) Laplace-filtered images of (m)-(p). The bond-
resolved images are in agreement with the covalent coupling motifs derived from the STM data. (u) Statistical analysis of the relative
abundance of the porphine-GNR coupling motifs. (v) Statistical analysis of the GNR carbon atoms that participate in the coupling. The
statistics are based on analysis of 360 coupling events. Scan parameters: (a) Vs = 40 mV, | = 100 pA; (b) Vs = 107 mV, | = 196 pA;
(c),(d) Vs = 40 mV, 1 = 100 pA; (e) Vs =45 mV, | = 100 pA; (f) Vs = 500 mV, | = 196 pA; (m) Vs = 40 mV, | = 100pA, Vimoq = 26 MV
r.m.s.; (nN) Vs =50 mV, I =196 pA, Vg =28 mV r.m.s.; (0) Vs =40 mV, | =100 pA, Vg = 26 mV r.m.s.; (p) Vs =45 mV, | = 100 pA,
Vied =26 mVrms,; T=6K.

The main covalent coupling motifs between porphines and GNRs are shown in Figure 4. The first two
rows of Figure 4 show the STM data together with the derived tentative structural models. The motifs A, B, C,
and D reveal the preferred bonding of porphines to the short zigzag edge of the GNRs. In the configurations E
and F porphines are coupled to the long armchair edge of the GNRs. For configuration A (Figure 4,a,g,m,q), the
porphine is triply fused to the short zigzag edge of the GNR in a parallel fashion, i.e., -, meso-, s-carbons of the
porphine are aligned with C2-, C1-, C2-carbons of the GNR. For configuration B with only two C-C bonds
(Figure 4b,h,n,r), the the porphine unit is simply offset by one site. For configuration C (Figure 4c,i,o,s), two C-
C bonds are formed between two adjacent porphine p-carbons and the C2-, Cl-carbons of the GNR. In
configuration D (Figure 4d,j), the porphine’s - and meso-carbons form two C-C bonds with C2-, C3-carbons of
the GNR. In configurations E and F the long armchair edge of the GNR is connected, either (Figure 4ek,p,t)
with two S-carbons of the porphine coupled to C4- and C5-sites or (Figure 4f,1), with - and meso-carbons of the
porphine merged to C3-, C4-carbons of the GNR.



The chemical structure of selected structures of porphine-GNR junctions were confirmed using bond-
resolved STM measurements (BR-STM).["**3l Here the CO-functionalized tip was scanned in constant-current
mode across the molecule. The applied sample bias (typical values of 40 mV) is modulated by an AC voltage
(typically 25 mV r.m.s.) and the out-of-phase lock-in signal is plotted (see Supplementary Information for more
details). The third row and fourth in Figure 4 shows the raw data and its contrast enhancement by Laplace-
filtering, respectively. The carbon backbone of the GNRs is thereby nicely resolved, and also the pyrrole rings
and the centers of the porphines show a distinct contrast. The bond structure revealed in these measurements
corroborates the proposed coupling motifs. However, imaging artefacts are evident at the periphery of GNRs
and porphines, presumably induced by the locally rather abrupt change of the tip height while scanning with
activated z-feedback.

Statistical analysis of the observed coupling motifs underscores the preferential decoration of the short
zigzag edges of the GNRs with the porphines (Figure 4u,v). In particular, the C1 and C2 carbon atoms of the
GNRs partake in more than 75% of all observed coupling motifs. The C1 atom is thus identified as the most
reactive GNR site. This can be explained by chemical activation of the C1 carbon atom by debromination®
(which also can lead to passivation by hydrogen in a concurrently interfering reaction pathway“®**?) or the
electronic structure at this GNR edge. ®® Furthermore, the registry of the reactants on the surface, as well as
the aspect ratio of the GNRs — causing a preference of tilting around the long axis whereby steric repulsion of
reactants can be reduced when coupling occurs at the short zigzag edge — might play a role. The most common
coupling motif, with a relative abundance of almost 40%, is configuration C. Herein two g-carbons of the
porphine attach to the zigzag edge of the GNR, resulting in a ~45° rotated alignment of the porphine with
respect to the graphene edge. Generally, nonparallel alignments are preferred (~70%) for porphine-GNR
coupling. This stands in contrast with porphine-porphine coupling, where parallel alignment prevails.®*? The
different reaction temperatures used in these two experiments might have an influence on the coupling: previous
studies revealed that the preference for parallel porphine coupling decreased at higher reaction temperatures.*?
Furthermore, the reactivity of the C1 carbon of the GNRs can play a decisive role for the coupling. Conceivably,
the most likely initial coupling step occurs between the GNR CL1 site and the sterically easier accessible g-
carbon of the adsorbed porphine. Further dehydrogenation and formation of C-C bonds between the GNR-C2-

carbon and another porphine-g-carbon will then yield the most common coupling motif C.

In summary, we explored the bond formation in surface-assisted porphine-porphine and porphine-GNR
coupling schemes at the atomic level. Distinct coupling motifs were unambiguously identified in both of these
prototypical reactions, whereby an initial C-C bonding triggering a stepwise reaction can explain the preferences
for the observed main reaction products. For an improved uniformity and yield of specific bond configurations
refined fabrication protocols can be developed, ideally guided by insights from an in-depth theoretical analysis.

Also templating effects using patterned substrates and programmed precursor self-assembly can open up novel



pathways to fabricate hybrid complex porphine/GNR systems by controllable sequential and selective coupling

of optimized building blocks.



Experimental section

Experimental details are given in the Supporting Information.
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Interconnecting porphines and graphene nanoribbons: Porphine homocoupling and covalent attachment of
porphines to graphene nanoribbons under atomistically well-defined on-surface conditions was investigated by
bond-resolved scanning tunneling and atomic force microscopy techniques. The explored thermally induced
reactions on Ag(111) afford distinct coupling motifs, the relative abundance of which is associated with
stepwise reaction mechanisms.
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