On-Surface Synthesis of Multiple Cu Atom-Bridged Organometallic Oligomers
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Abstract
A metal-metal bond between coordination complexes is in the nature of the covalent bond in hydrocarbons. While bimetallic and trimetallic compounds usually have three-dimensional structures in solution, the high directionality and robustness of the bond can be applied for on-surface syntheses. Here, we present a systematic formation of complex organometallic oligomers on Cu(111) through sequential ring-opening of 11,11,12,12-tetraphenyl-1,4,5,8-tetraazaanthraquinodimethane and bonding of phenanthroline derivatives by multiple Cu atoms. A detailed characterization with a combination of scanning tunneling microscopy and density functional theory calculations revealed the role of the Cu adatoms in both enantiomers of chiral oligomers. Furthermore, we found sufficient strength of the bonds against sliding friction by manipulating the oligomers up to a hexamer. This finding may help to increase the variety of organometallic nanostructures on surfaces.

KEYWORDS: Organometallic oligomer, on-surface synthesis, tup-induced manipulation, scanning tunneling microscopy, density functional theory calculations 

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Low-dimensional carbon-based nanomaterials formed on surfaces have attracted tremendous interest of researchers due to the high controllability of their structures down to the atomic level.1,2 Such designer nano-carbon structures are expected to become key elements in the next-generation of nano-electronics. Since the nano-architecture relies on various molecular self-assemblies with small precursors, the intermolecular interactions, such as van der Waals force,3,4 dipole-dipole,5,6 hydrogen bonds,7,8 coordination bonds (like C-Cu, N-Cu, N-Ni bonds),9,10 and covalent bonds between nonmetallic elements (like C-C, C-N, B-O bonds),11,12 which play a decisive role in the formation. Particularly, the bond strength affects the size of products because bond formation and rupture take place until reaching an equilibrium. For this reason, the synthesis of extended covalent organic frameworks (COFs) is usually challenging due to the irreversible formation of carbon-carbon bonds.13,14 In contrast, since the moderate strength of the coordination bonds between metal atoms and organic compounds offers a stochastic dynamic of formation and rupture at a reaction temperature, extended metal-organic frameworks (MOFs) can be synthesized.9,10 So far, various MOFs have been successfully formed on surfaces by coordination bonding between small organic molecules and metal atoms.15,16 Among them, nitrogen-metal-nitrogen (N-M-N) coordination bonds are most commonly studied due to the rich variety of N-containing precursors and the universality of the coordination bond.16-20
[bookmark: _Hlk149214693]The metal-metal bond between complexes, arising from a strong directional interaction between two metal atoms or ions, has been well-studied in the field of coordination chemistry.21,22 Since the identification of polynuclear metal carbonyls by Dahl et al in 195723 and the subsequent synthesis of multiple Re-Re bonds in [Re2Cl8]2- and [Re2Br8]2- complexes by Cotton et al. in 1964,24 various bimetallic and trimetallic complexes containing metal-metal bond such as Ni-Ni,25 Ru-Pt,26 Cr-Hg-Cr,27 Zn-Zr-Zn bonds,28 have been successfully synthesized in solution. The nature of the metal-metal bonds differs from those of the coordination bond and the covalent bond between nonmetallic elements as well as the metallic bond in bulk,21 and so that compounds linked by the metal-metal bonds may have unique properties. However, it is rather challenging to synthesize large carbon-based nanostructures composed of metal-metal bonds as basic linkers due to their insolubility,29,30 which could be viewed as an important technique for coupling the functional units with an atomic metal electrode towards single-molecule devices.31,32 Alternatively, since on-surface synthesis is free from the solubility issue, it can be expected to form designer nanostructures with the bonds.1,2 However, the synthesis of metal coordination complexes with multiple metal-metal bonds on surfaces is still scarce.33-36
Here, we utilized 11,11,12,12-tetraphenyl-1,4,5,8-tetraazaanthraquinodimethane 1 to form chiral organometallic oligomers with multiple Cu-Cu bond linkers on Cu(111) by thermal treatment. Their chemical structures were investigated with a combination of high-resolution scanning tunneling microscopy (STM) and density functional theory (DFT) calculations. Each unit in the oligomers is slightly rotated in both clockwise and counterclockwise directions, resulting in the formation of chiral structures. Furthermore, we found that the Cu-Cu, π-coordination-type Cu-C, and Cu-(NN) bonds in the organometallic compounds are strong enough to maintain the structure during the tip-induced lateral manipulation of the oligomers up to the hexamer.

Results and discussion
In our previous work, we found that diquinolino[2,3,4-hi:2’,3’,4’-st]-5,12-diazapentacene 2 was synthesized from 11,11,12,12-tetraphenyl-1,4,5,8-tetraazaanthraquinodimethane 137 through ring-opening and ring-forming of C-N heterocycles by annealing on Au(111) at 550 K.38 Since 1,10-phenanthroline is known as an acceptor for the metal-ligand coupling,39 we expected to obtain organometallic compounds by linking the units with metal atoms on surfaces. We selected Cu(111) as a substrate since a large number of Cu adatoms, diffusing on the surface even at room temperature, can increase the reaction yield. Scheme 1 summarizes the reaction processes of dimers and oligomers with the multiple Cu-Cu bond linkers.
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Scheme 1. On-surface reaction of an organometallic compound with multiple Cu-Cu bond linkers.

[bookmark: _Hlk149214666]After depositing 1 on Cu(111) kept at room temperature (Figure S1) and subsequently annealing at 100 °C for 10 min, the dimers were observed in the STM topography as indicated by ellipses in Figure 1a. The growth directions followed the three-fold crystal orientation of the substrate. The inset shows a close-up view of the individual compound, in which a mirror symmetric structure is seen. At the center of the dimer, we found a faint bridge with a length of 370 ± 40 pm (inset of Figure 1a), which is longer than any covalent bond. Since the formation of N-Cu coordination on Cu(111) has been demonstrated,40,41 we expected that Cu adatoms bridged the two units. It is known that the 1,10-phenanthroline complex is in a twisted configuration in crystal because such the tetrahedral coordination geometry arises from the steric hindrance between the adjacent units.42 Apparently, the Cu adatoms in the bridge played a role in the planarization of the dimer 3 on the surface. Moreover, since the adsorption height of the adatom was lower than that of the molecular unit,43 the coordinated part of the unit was pulled down to the surface. Consequently, the termini of 3 were lifted up as observed in the STM topography. Such tilted geometry was also clearly seen in the high-resolution dI/dV map taken with a CO-terminated tip at a constant height mode (Figure 1b).44,45 The distance between two N atoms (indicated by the overlaid molecular models in Figure 1b) was 650 ± 30 pm, much longer than the typical length of N-Cu-N (390 pm),46 hence we assigned the bridge in 3 composed of multi-Cu adatoms. Although the corrugated structure induced strong distorted contrasts by the excessive tilting effect of the CO tip, the inner structure can still be identified in the corresponding Laplace-filtered image (Figure S2). The structure of the organic ligands in 3 indicates two key points: the appearance of the bridge in the center of 3 (inset of Figure 1a) and the long distance of 650 pm between N atoms of the adjacent units (Figure 1b). Thus, we deduced that the bridge was composed of at least three Cu adatoms (Figure S2).33,35 Since the termini of 3 were lifted up from the surface, the annealing temperature at 100 °C was not high enough to induce the ring opening at the termini.38 Consequently, no extended structure was formed. Note that several disordered nanoclusters may relate to randomly fused fragments of 1, which were dissociated from precursors in the process of C-C cleavage (Figure S1).
[bookmark: _Hlk148952711][bookmark: _Hlk148706191][bookmark: _Hlk149214608]In order to induce the ring-opening at the dihydropyrazine termini of 3, the sample was annealed at a higher temperature of 200 °C for 10 min. We found the formation of extended oligomers 4 on the surface (Figure 1c). The growth direction was the same as that of the dimer. The inset of Figure 1c shows the close-up view of each unit, which appears as a dumbbell-like shape. Since the contrast of the STM topography was the same as the one observed on Au(111) in our previous work,38 we assumed that the unit corresponds to 2. Note that 1 on Ag(111) was also transformed into 2 by annealing at 250 °C (Figure S3). However, unlike the reaction on Cu(111), 2 did not form a one-dimensional organometallic compound by incorporating silver adatoms, which may relate to the weak N-Ag-N coordination bonds.47 The planar configuration of the unit allowed us the observation of the coordination centers. We found that the adatoms located at the sites slightly shifted from the longitudinal axis of the oligomer. Since the gap between the two adjacent bright protrusions ascribed to Cu adatoms (400 pm) (inset of Figure 1c) was much longer than that of the Cu-Cu bonds (256 pm),48 several Cu adatoms should be present in the intermolecular space, in accord with the structure of 3. Thus, we assumed that the Cu-complexes of 2 were connected with multiple Cu atoms. Note that only two Cu adatoms can be observed while the others were not visible presumably due to the lower adsorption height. Figure 1d shows the corresponding constant height dI/dV map of the single unit, in which the central ring is brighter than the other parts. The corresponding Laplace-filtered image shows the occurrence of the ring-opening at both sides of 1 (Figure S4). However, the number of the Cu atom in the linker is unclear from the experiment. We found that the structure of 4 is commensurate to the substrate lattice, having a period of 1.27 ± 0.01 nm along [110] direction (Figure 1e). 
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Figure 1. (a) Large-scale STM topography of the Cu(111) surface after depositing 1 and subsequently annealing at 100 °C. Inset shows the closeup view of the dimer. (b) Constant height dI/dV map taken with a CO terminated tip. (c) Large-scale STM topography of Cu(111) after annealing at 200 °C. Inset shows the closeup view of the unit. (d) Constant height dI/dV map. High-resolution STM topography of a long 4. Measurement parameters: Sample bias voltage V = 200 mV and tunneling current I = 10 pA in (a), V = 100 mV and I = 20 pA in the inset of (a), V = 10 mV and I = 10 pA in (c), V = 200 mV and I = 5 pA in the inset of (c), and V = 200 mV and I = 10 pA (e).
[bookmark: _Hlk130218125][bookmark: _Hlk148339809][bookmark: _Hlk149214740]To understand the detailed structures of the extended oligomers 4 on the Cu(111) surface we have performed DFT calculations revealing the role of the intermolecular Cu adatoms in the stabilization of 4 chains. The metal surface is modeled by the 5-layer 5x5 Cu(111) rectangular slab of the size of 12.715 Å × 22.023 Å which perfectly fits the periodicity of the 4 chain along the [110] direction. As the structure of the intermolecular Cu linkers is not clear in the experiment, we have performed structural optimization of molecule 2 on the surface linked by up to 5 Cu adatoms. Calculations demonstrate that pristine 2 and Cu-terminated 2 (i.e. having N-Cu-N termination on both sides) adsorb on the Cu(111) surface with the adsorption energy, Ead, of -3.60 eV and -7.01 eV, respectively. The corresponding optimized structures are shown in Figures S5 and S6. The distance between the molecular plane, defined by the central carbon hexagonal ring and Cu surface increases from 2.38 Å to 3.31 Å as a result of N-Cu-N termination. Thus, trapping two Cu adatoms into intermolecular space results in the elevation of molecule 2 by 0.93 Å with respect to the pristine case. The Cu adatoms adsorb at a distance of 1.97 Å above the topmost surface layer and 1.34 Å below the molecular plane defined by the central carbon hexagonal ring. Therefore, it should be difficult to observe these adatoms in the constant-height imaging. This result is in full accord with the previous studies.33 As molecules 2 form the extended oligomer 4 on the Cu(111) surface, it is important to elucidate the origin of the intermolecular forces binding molecules 2 together. To this end, we have performed structural optimization of the Cu-terminated 2 on the extended 8x5 surface slab, which is large enough to eliminate the possible interaction between the periodically replicated molecules. However, the calculated adsorption energy of the Cu-terminated 2 on the 8×5 Cu(111) surface remains unchanged and equal to -7.01 eV. This indicates that there is no noticeable interaction between Cu-terminated 2 in the 5×5 structure. Indeed, the distance between two Cu adatoms in this structure is 5.78 Å, which is too large to bind these molecules in chain 4. Therefore, it should be more than two adatoms per unit cell to stabilize the chain 4. To elucidate the possible structure of Cu-linkers we have systematically investigated the most stable structures of 2 on the 5×5 Cu(111) linked with up to 5 Cu atoms. Our DFT calculations demonstrate that three Cu adatoms form a linear chain with a Cu-Cu distance of 2.63 Å linking molecules together as shown in Figure S7. The adsorption energy of the central Cu atom in the middle of the chain is -3.50 eV which is 0.57 eV larger than the adsorption energy of a Cu atom on the pure Cu(111) surface (-2.93 eV). Therefore, it is energetically favorable for the surface Cu adatoms to be trapped in the intermolecular space, binding Cu-terminated 2. Our calculations demonstrate that an excess of Cu adatoms on the Cu(111) surface can be further trapped in the intermolecular space, forming structures bridged by four (Figure S8) and five (Figure 2a, 2b) Cu adatoms. The simulated STM image based on the model of five Cu adatoms has a very similar surface morphology to the actual experimental images (Figure 2c). Hence, taking structural symmetry into consideration, both the three-adatom and the five-adatom models are candidates for the actual structure.
[image: ]
Figure 2. (a) Side and (b) top view of the optimized structure of oligomer 4 bridged with five Cu adatoms on the 5×5 Cu(111) surface. Cu adatoms are shown in dark brown color. Cu atoms in the top, second, and third surface layers are shown in brown, light brown, and peach colors, respectively. Cu atoms in the fourth and fifth layers are shown in grey. C, N, and H atoms are shown in black, blue, and light grey colors, respectively. The unit cell is shown with black lines. (c) To the left: DFT-simulated STM image in the constant current mode, integration energy range [-0.2, 0] eV. To the right: A cut from the raw experimental data, as in Figure S10a. In the center: overlaid theoretical and experimental STM images.

[bookmark: _Hlk149214795][bookmark: _Hlk148705396]Our calculations demonstrate that in the case of bridging the units 2 with five Cu adatoms as it is shown in Figure 2b, the units 2 are slightly tilted from the longitudinal axis of the oligomer by approximately 3 degrees. This important feature is in favor of the model with five Cu adatom linkers. Indeed, two kinds of oligomers with the same rotational symmetry were observed experimentally (Figure 3a). While both oligomers grew in the [110] direction, each unit appeared slightly differently. The corresponding close-up views (Figure 3b,3c) show the asymmetric contrasts in each unit as the upper longitudinal side has two different contrasts. Here, we labeled the units with the bright contrasts on the right and left sides as “R” and “L”, respectively. The orientations of the units were shifted by approximately 5 degrees from the longitudinal axis of the oligomer. The different contrasts between left and right Cu adatoms in “R” chiral oligomers may be attributed to their different adsorption sites. On the other hand, the upper and lower parts of the oligomer have different apparent corrugation heights, that is because they locate at different atomic sites of the Cu(111), leading to the C3 rotational symmetry (Figure S9). In the calculated structure with five Cu atoms in the bridge (Figure 2), two Cu atoms are involved in chelating with phenanthroline units. Another Cu atom is located between these two. Each of the additional two Cu atoms is located beneath the edge of the fused benzene ring with π-type coordination to induce the deviation of the ring from the molecular plane of 2, which is related to the origin of the chiral arrangement (brighter contrasts between left and right parts) of the oligomer. The corresponding simulated STM image of the oligomer 4 structure (Figure 2c) is in good agreement with our experimental observations.
[image: ]
Figure 3. Chirality of 4. (a) Two different chirality of the units labeled as R and L, and (b)(c) the corresponding high-resolution STM topographies, overlapping structural models. Measurement parameters: V = 200 mV and I = 5 pA in (a). V = 5 mV and I = 110 pA in (b). V = 200 mV and I = 3 pA in (c). 

[bookmark: _Hlk149214771][bookmark: _Hlk148705097]In order to investigate the strength of the bonding, we manipulated a dimer 3 on Cu(111).49,50 After the STM tip was placed above the terminus of 3 with given setpoints, the feedback was turned off. Subsequently, the tip was laterally moved along the arrow (Figure 4a). The tip was gradually set closer to the surface with a step of 10 pm until the successful movement. We found that 3 was manipulated without any breakage (Figure 4a). This result indicates a sufficient strength of the Cu-Cu bonds in organometallic hybrids against friction. We also attempted to manipulate the long oligomer yet immediately found that the tip was contacting the substrate before any successful lateral manipulation. The lack of success on manipulating the long oligomer may be related to the commensurate adsorption geometry on Cu(111) as suggested in Figure 3 so that the friction between the oligomer and the substrate proportionally increases with length.51 Therefore, we first cut the oligomer by scanning the tip across the longitudinal axis (Figure S10) and obtained the pentamer as a result, which was successfully dragged by the tip along the arrow direction on the surface (Figure 4b). During one of these cutting experiments, we found Cu adatoms between disconnected oligomers; two Cu adatoms stayed at the coordination center of the terminal unit and three Cu adatoms were pulled out and placed nearby (Figure S11). This result supports the presence of five Cu adatoms as a possible linker in the structure and demonstrates that the Cu-Cu bonds are weaker than the Cu-(NN) bonds. Indeed, DFT calculations confirm that the binding energy of Cu atoms to a free molecule 2 leading to the formation of Cu-(NN) bonds is 2.4 eV per Cu adatom. On the other hand, the strength of the Cu-Cu bonds in the Cu bridge (excluding the interaction of Cu adatoms with the Cu surface) is about 0.55-0.57 eV per Cu adatom. Moreover, the magnitude of the Cu-Cu bond is also at least ten times greater than that of the diffusion barrier of a single Cu adatom on Cu(111).52 In fact, up to a hexamer could be manipulated (Figure S12). After the manipulation, the C3 rotational symmetry disappeared, suggesting that the adsorption sites of the coordination center were changed during the process.
[image: ]
Figure 4. (a) Tip-induced manipulations of the organometallic dimer and (b) pentamer. Measurement parameters: V = 10 mV and I = 20 pA in (a). V = 10 mV and I = 10 pA in (b).

Conclusions
Directional organometallic hybrids with multiple Cu-Cu bonds were successfully formed on the Cu(111) surface after the heterocyclic ring-closing and opening of 11,11,12,12-tetraphenyl-1,4,5,8-tetraazaanthraquinodimethane and the subsequent formation of coordination and covalent bonds between phenanthroline derivatives and Cu adatoms. We found that the linker is most likely composed of five Cu atoms. Furthermore, judicious investigation with our DFT calculations shows that the chirality of each unit in the one-dimensional organometallic compounds arose from the C3 rotational symmetry of the π-coordination-type Cu-C bond formation sites in the linker. Through the tip-induced lateral manipulation of the dimer and up to the hexamer, we also verified relatively high strength of the Cu-Cu bonds, which can even overcome the sliding friction between the oligomer and the Cu(111) substrate.53 This study for metal-metal bonded hybrids may promote the fabrication of various types of advanced nanostructures.

Methods
STM Measurements. All the experiments were conducted in an ultra-high vacuum low-temperature scanning tunneling microscopy (STM) system (homemade) at 4.3 K under a vacuum environment (< 1 × 10-10 mbar). Cu(111) substrates were cleaned through cyclic Ar+ sputtering for 10 min and annealing at 700 K for 15 min. 11,11,12,12-tetraphenyl-1,4,5,8-tetraazaanthraquinodimethane 1 were deposited onto clean Cu(111) surfaces kept at room temperature. A STM tip was made from the chemically etched tungsten. The tip apex was terminated by a CO molecule picked up from the surface for bond-resolved imaging. For constant height dI/dV imaging, the sample bias voltage was set close to zero voltage. The modulation amplitude was 7 mVrms and the frequency was 510 Hz.

Theoretical Calculations.
DFT calculations were performed using the nonlocal Van der Waals density functional OptB86b-vdW of Klimeš, Bowler, and Michaelides54 and the projector-augmented wave (PAW) method as implemented in the Vienna ab Initio Simulation Package (VASP).55,56 A plane wave basis set with an energy cutoff of 450 eV was used. The Cu fcc lattice was optimized using the Monkhorst−Pack 24 × 24 × 24 k-point mesh for Brillouin zone sampling. The calculated Cu lattice parameter, a = 3.597 Å, is in good agreement with its experimental value of 3.61496 Å.57 The optimized lattice of bulk Cu was used to construct a five-layer 5x5 slab of Cu(111) surface with the lattice parameters of a = 12.715 Å and b = 22.023 Å. The periodically replicated slabs were separated by a vacuum region of 16 Å. The Brillouin zone of the slab was sampled by a 4 × 2 × 1 Γ-centered Monkhorst−Pack grid. The adsorbed molecules have been optimized on the Cu(111) surface, where Cu atoms in the bottom two layers of the slab were fixed, while all other atoms were fully relaxed until forces were <0.01 eV Å−1. The simulated STM image was obtained in the constant current mode based on calculated electron densities using the Tersoff−Hamann model58,59 in conjunction with Bardeen’s approximation for tunneling matrix elements.60 
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