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Atomically precise GNRs (1, 2) can host nontrivial electronic 

structures (3–5), magnetic edge states (6–8), and coupled spin 

centers (9–11). These properties make GNRs promising can-

didates as functional building blocks for applications in 

emerging quantum information science (QIS) (12). The ra-

tional synthesis of GNRs have been achieved by designing or-

ganic molecules to undergo surface-catalyzed reactions under 

ultrahigh vacuum (UHV) conditions after deposition on a 

crystalline substrate (13, 14). The commonly used strategies 

are based on intramolecular carbon-carbon (C-C) bond for-

mations leading to annulation through thermally triggered 

cyclodehydrogenation reactions (15), which are preceded by 

intermolecular C-C coupling (polycondensation of precursor 

units, see Fig. 1A). 

A two-step approach reported by Cai et al. (16) works reli-

ably on noble metal surfaces. However, the high density of 

low-energy electronic states inherent to a metal substrate 

does not allow for sufficient electronic decoupling of the syn-

thesized GNRs, which necessitates a transfer onto semicon-

ducting or insulating substrates for detailed characterization 

or prototypical device fabrication. So far, these transfer pro-

cesses have been performed locally by scanning tunneling mi-

croscopy (STM) tip-induced manipulation of single molecules 

(6, 17) or globally either by in-situ intercalation of a decou-

pling layer (18) or ex-situ by using wet-chemistry processing 

(19–21). For spintronic and QIS applications, which rely on 

atomically defined nanostructures and their subtle interac-

tions, establishing reliable on-surface chemistry methods for 

nonmetallic substrates is a desirable solution. 

In this regard, the versatile chemical activity of transition 

metal oxides that finds use in heterogeneous catalysis is at-

tractive. In particular, aryl halide precursors undergo sur-

face-assisted polycondensation on rutile TiO2 surfaces 

through thermal activation of carbon-bromine (C-Br) or car-

bon-iodine (C-I) bonds (Fig. 1A) (22–24). However, for intra-

molecular annulation, a lack of catalytic activity of the metal 

oxide surface demands alternatives for the cyclodehydro-

genation reaction (22). Thus, direct synthesis of planar GNRs 

by mimicking the two-step triggering strategy used for metal 

substrates could not be accomplished on nonmetallic sub-

strates. Previously, we demonstrated that intramolecular 

aryl-aryl coupling in polycyclic aromatic hydrocarbon precur-

sors can be achieved by the activation of carbon-fluorine (C-

F) bonds on various metal oxides (25–29), including the TiO2 

surface (30). The high efficiency of this approach enabled on-

surface synthesis of two confined nanographenes through 

thermally initiated sequential cyclodehydrofluorination reac-

tions (Fig. 1B). 

However, the formation of extended sp2 carbon systems, 

like GNRs, by combining the reported polycondensation and 

cyclisation processes, remains an open challenge. Here, we 

report a methodology for rational precursor design and direct 

synthesis of atomically precise GNRs on the rutile TiO2(011)-

(2×1) surface. The multistep on-surface synthesis pro-

grammed in our precursors consisted of sequential polycon-

densation, cyclodehydrofluorination, and 

cyclodehydrogenation reactions. These thermally-triggered 

processes led to formation of finite-length 7-armchair 
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graphene nanoribbons (7a-GNRs) terminated by well-defined 

zigzag ends (31). Such finite 7a-GNRs are open-shell character 

molecules with a single electron localized at each end (7, 32). 

Our scanning tunneling microscopy and spectroscopy 

(STM/S) analysis of this model system revealed weak screen-

ing of the intrinsically magnetic end-states by substrate elec-

trons, which is a prerequisite for spintronic applications. 

To realize the on-surface synthesis strategy, we used 

10,10"-dibromo-1',4'-difluoro-9,9':10',9"-teranthracene 

(DBDFTA, 1, see details of organic synthesis and characteri-

zation in Supplementary Materials) presented in Fig. 1C. The 

rational design of (1) was imbued with our conception of con-

trolled consecutive reactions. As shown previously (22), ter-

minal bromine-atom functionalization ensured the 

polycondensation step, which was facilitated by nonplanar 

geometry of the teranthracene chassis. Such precursor con-

formation weakened interactions with the substrate to allow 

sufficient precursor mobility and minimized steric hindrance 

during inter-molecular C-C bond formation. As the intermo-

lecular coupling reactions on TiO2 can be optimized (24) or 

achieved by other approaches (33), our main focus was on the 

effective transformation of resulting oligoanthracenes into 

planar GNRs. 

Following our previous reports, we initiated this process 

by metal oxide surface-induced C-F bonds activation (30). 

During rational design of precursors, the substrate-activated 

C-F bond must be paired with an electron-rich π-system in 

order to undergo effective cyclodehydrofluorination (34). For 

larger π-extended systems, the cyclization reaction proceeded 

more effectively (35). In the case of compact nanographenes, 

this effect could be used to implement self-accelerating, con-

secutive reactions with each subsequent cyclization step pro-

ceeding faster because of the increased size of the 

corresponding π-system involved (Fig. 1B). However, the pres-

ence of electron-withdrawing F atoms in a given aryl group 

reduced reactivity. These mechanistic effects put some limi-

tations to the design of precursors suitable for rational syn-

thesis of extended sp2 carbon systems. Additionally, steric 

hindrance in access to surface atoms within an extended mo-

lecular system may cause difficulties in activation of C-F 

bonds. Our rational design of precursor aimed to address all 

of the above considerations. 

The cyclization of oligomers (2) was initiated through im-

plementation of two F atoms placed in the same central an-

thracene unit of the precursor (Fig. 1C). Note that each of C-

F bond had a separate electron-rich anthracene system re-

quired for HF-elimination, and they occupied para positions 

within the same central anthracene block that provided the 

required configuration for effective cyclization. Moreover, be-

cause of the free rotation of single bonds between anthracene 

units, activation of all C-F bonds by surface Ti atoms was not 

limited by geometric constraints. Successful 

cyclodehydroflourination reactions were then followed by a 

series of programmed cyclodehydrogenations. In this case, 

we used structural-strain engineering within corresponding 

GNR intermediates, which, combined with lack of TiO2 cata-

lytic activity for H2 elimination, provided high selectivity in 

formation of intramolecular C-C bonds. 

As presented in Fig. 1C, intermediates (3) possessed 

highly-strained double helicene-like structures in single oli-

gomer units, what facilitated closure of these two fjord-re-

gions (30). These transformations finally led to formation of 

an oligomer composed of teranthene units (Fig. 1C, interme-

diate 4). As a result of high biradical character of teranthene 

fragments (y = 42%) (36), we expected that further cyclode-

hydrogenation could violate the Woodward-Hoffmann rule 

given the low activation barrier (37–39). Thus, the resulting 

intermediate (4) should form target 7a-GNRs through a for-

mally symmetry-forbidden thermal electrocyclization pro-

cess. 

On-surface synthesis procedures and low temperature 

STM characterization were performed in-situ under UHV 

conditions (for details see Supplementary Materials) to eval-

uate the reaction products. The rutile TiO2 monocrystals ex-

posing (011) face were prepared by several sputtering and 

annealing cycles that led to a high-quality (2×1) reconstructed 

surface, as confirmed by low-energy electron diffraction 

(LEED) and STM imaging (see fig. S1, a and b). In order to 

induce the polymerization step, we deposited submonolayer 

coverages of DBDFTA molecules using a standard Knudsen 

cell on rutile (011) substrate kept at an elevated temperature 

of ~470 K (22). Subsequent STM characterization revealed 

short oligoanthracene chains present on the reconstructed 

terraces as depicted in Fig. 2A and fig. S1d. Non-uniform STM 

contrast and apparent STM profile height of about 0.5 nm 

(Fig. 2B, red line) show flexibility between single anthracene 

units that gives rise to nonplanar geometry of the molecules. 

By following our previously reported conditions for trig-

gering C-F bond activation processes (30), we annealed the 

substrate at ~670 K. Corresponding large-scale STM images 

obtained after this step show straight and elongated features 

located mainly on chemically active sites such as terrace step 

edges or domain boundaries (Fig. 2C and fig. S2), which sug-

gests successful on-surface synthesis of 7a-GNRs. To further 

verify this claim, we focused on single molecules on flat ter-

races. As shown in Fig. 2D, rigid sp2 carbon-based structure 

can be confirmed in this case by STM tip-induced manipula-

tion (40). Application of a negative-bias voltage pulse re-

sulted in rotation of the whole molecule without distorting 

its straight geometry. Moreover, this rotated molecule be-

came flatter, as plotted in Fig. 2B (blue line), with ~ 50% re-

duction of the apparent height in comparison to 

oligoanthracene intermediate (2). The height contrast was 

now only dominated by both ends, proving the completed 
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planarization of GNR. 

The manipulation event also exposed native adsorption 

site of the GNR molecule, which was initially immobilized by 

surface hydroxyl groups. The presence of hydroxyl groups be-

neath newly formed GNRs (other examples in fig. S3) was 

consistent with previously reported manifestation of HF-

elimination reaction on the rutile TiO2(011) (30). Our postu-

lated GNR synthesis pathway shown in Fig. 1C was addition-

ally confirmed in observation of the corresponding 

intermediates (4), which have not completed the last cyclode-

hydrogenation steps (see figs. S3 and S4). 

Detailed analysis of end-states observed in most of the on-

surface synthesized molecules could provide more insight 

into the exact morphology and electronic properties of finite 

7a-GNRs on the rutile TiO2 substrate. A low-bias STM image 

(+0.9 V, Fig. 3A) showed a finite 7a-GNR comprised of six pre-

cursor units adsorbed on a domain boundary between two 

(2×1) reconstructed terraces. At these imaging conditions cor-

responding to unoccupied states around rutile TiO2 conduc-

tion band edge (CBE), both GNR ends exhibited 

characteristic three lobe features (see Fig. 3A, inset). This ob-

servation agreed with the expected symmetry of the lowest 

unoccupied molecular orbital (LUMO) for finite 7a-GNR ter-

minated by two hydrogen-passivated zigzag ends, as captured 

by our spin-dependent density functional theory calculations 

(Fig. 3B) and corresponding unoccupied-states STM image 

simulations (Fig. 3C). Stability of zigzag ends was also con-

sistent with previous reports on 7a-GNRs synthesized on 

metal substrates (7, 17, 41). 

Because the local electronic density of states related to 

LUMO resonance decayed in the central part of the GNR (see 

Fig. 3, B and C), the experimentally obtained STM image con-

trast was in this case determined by nonresonant tunneling 

through the molecule to the underlying substrate. Thus, it 

presented additional corrugation coming from the domain 

boundary structure. The good agreement between our STM 

results and gas-phase STM image simulations from Fig. 3C 

confirmed not only successful realization of the atomically 

precise GNR synthesis but also the weak coupling between 

obtained GNR and the rutile TiO2 substrate. 

Moreover, calculated electronic structure presented in 

Fig. 3B revealed two spatially and energetically localized zig-

zag end states comprising of spin-polarized wave functions. 

Thus, the electronic ground state can be seen as two single-

electron occupied molecular orbitals reflecting open-shell 

character of the finite length 7a-GNR molecules. The antifer-

romagnetically coupled end-states offers a model system to 

study nonlocal spin entanglement, as proposed previously 

(32). However, with increasing length of GNRs the corre-

sponding open-shell singlet to triplet excitation energy expo-

nentially decayed to zero, and our examples of 7a-GNRs at 77 

K became paramagnetic. 

Characterization of such magnetic zig-zag end-states re-

quires sufficient electronic decoupling from the substrate, 

which has been difficult to realize on reactive noble metals 

(42). Wang et al. (7) used insulating sodium chloride layers 

on Au(111) to decouple finite 7a-GNRs. Their systematic STS 

characterization showed that spectroscopic resonances of oc-

cupied and unoccupied end-localized states were split by en-

ergy-gap of Δzz=1.9 eV. Because of intramolecular electron-

electron correlation effects, self-consistent many-body per-

turbation theory calculations predict for free-standing finite 

7a-GNRs Δzz of about 2.8 eV (7). The ~0.9 eV difference in ex-

perimentally detected and calculated fundamental gaps was 

in that case explained by additional screening coming from 

electrons of the NaCl/Au(111) substrate. 

Figure 4 shows our STS differential conductance dI/dV 

data obtained on finite 7a-GNRs adsorbed on the rutile TiO2 

(see also fig. S5). Two zigzag end resonances (red curve) were 

localized within the energy gap of bulk armchair GNR states 

(blue curve), in excellent agreement with previous reports (7). 

Interestingly, the measured quasi-particle gap Δzz=2.45 ± 0.10 

eV was near the values expected for the free-standing system, 

indicating minimal interaction with the substrate electrons. 

A strong intensity asymmetry between registered resonances 

came from the difference in their relative energy positions 

with respect to the rutile TiO2 electronic structure. An unoc-

cupied edge state at +0.9 V was located near the CBE of the 

substrate. In contrary, occupied edge state at -1.45 V fell into 

a wide TiO2 bandgap that caused sharp, Lorentzian-like 

shape of the corresponding dI/dV resonance. 

Our results show that the magnetic ground state of the 

synthetized model open-shell GNRs was electronically decou-

pled from the substrate, which opens future possibilities for 

probing their intrinsic transport properties (43, 44). Moreo-

ver, recent developments of scanning probe microscopes 

(SPMs) compatible with the microwave transmission have 

demonstrated detection of single electron spin resonances 

(45, 46). Application of these techniques to decoupled spin 

centers in graphitic molecular systems would enable the com-

plete processing of quantum information including qubit in-

itialization, logic gate operation, and readout (10, 47). Finally, 

atom-manipulation protocols and multiprobe SPMs could 

further advance these efforts toward more complex quantum 

circuitry (40). 
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Fig. 1. On-surface synthesis strategies for nanographenes 

formation. (A) Scheme of the most common two-step strategy of 

graphene nanoribbons formation introduced by Cai et al. on noble 

metal substrates (16). X represents halogen atom (typically Br or I). (B 

and C) Multistep metal oxide surface-assisted strategies for formation 

of compact nanographenes [(B), from (30)] and extended graphene 

nanoribbons [(C), this work]. C-F bonds are shown as green circles for 

clarity 
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Fig. 2. Transformation of oligoanthracenes into graphene 

nanoribbons. (A) STM image (+3 V; 2 pA) of oligoanthracenes obtained 

after DBDFTA deposition on the rutile (011)-(2×1) kept at 470 K. (B) 

Cross sections along lines in panels a (red) and d (blue) obtained in 

comparable STM imaging conditions. (C) STM image (+2.5 V; 10 pA) of 

7 armchair graphene nanoribbon (7a-GNR) obtained after DBDFTA 

deposition on the rutile (011)-(2×1) kept at 470 K followed by annealing 

at 670 K. White arrow marks about 9 nm long GNR adsorbed on a 

domain boundary. Observed defects are related to polycondensation 

reaction by-products (red arrows). (D) Two sequential STM images (1; 

+2 V, 5 pA) and (2; +3 V; 2 pA) of the same 7a-GNR on a flat terrace. 

GNR is rotated by STM bias voltage pulse -3 V applied in location 

marked by white circle in (1). Note that initial adsorption site observed 

in (2) is covered by surface hydroxyl groups. Scale bars in all STM 

images are 2 nm. 
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Fig. 3. Spin-polarized end states in finite 7a-GNRs. (A) 3D visualization of high 

resolution STM image (+0.9 V; 2 pA) presenting finite 7a-GNR synthesized from six 

DBDFTA precursors with clearly symmetric edge electronic states (see inset). GNR is 

adsorbed on a domain boundary between two reconstructed rutile (011)-(2×1) terraces 

(blue color). Black region in the corner is the lower-laying terrace. (B) Real space 

visualization of spin-polarized electronic wave functions for finite 7a-GNR synthesized 

from six DBDFTA precursors and terminated by perfect ZZ edges. Two occupied and 

unoccupied electronic states in single-electron molecular orbitals correspond to 

HOMO+1, HOMO, LUMO and LUMO+1, respectively. Note that symmetric HOMO and 

LUMO states represent in this case spin-polarized zigzag edge states of 7a-GNR. (C) STM 

image simulation obtained for bias voltage corresponding to the first and second excited 

unoccupied state (LUMO and LUMO+1). Scale bars in A and C are 1 nm. 
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Fig. 4. Electronic structure characterization. (A) High-resolution STM 

image (+1.5 V, 10 pA) of 7a-GNR synthesized on the rutile (011). 

Molecule is adsorbed on a domain boundary between two 

reconstructed rutile (011)-(2×1) terraces (see also Fig. 2b). Scale bar is 

1 nm. (B) Scanning tunneling spectroscopy dI/dV data obtained in 

locations marked by three crosses in a. Two resonances marked by red 

arrow at about -1.45 eV and +1.0 eV correspond to occupied and 

unoccupied zigzag end state, respectively 
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