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Hydrogen bond guided synthesis of close-packed
one-dimensional graphdiyne on the Ag(111) surface

Aided by hydrogen bonding, alkyne and oxazole functionalized
precursors undergo uniform self-assembly, which serves as a
template for the fabrication of large area close packing of
one-dimensional graphdiyne-like wires on the Ag(111) surface.
This work provides a new hydrogen bond guided synthetic route
to obtain a large area close packing one-dimensional conjugated
organic polymer on a surface.
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Introduction

Recently, surface confined molecular engineering has attracted
much attention, because it can be used to build one-
dimensional (1D) chains or two-dimensional (2D) networks
showing intriguing chemical and physical properties, with
potential application in electronic devices, catalysis and sepa-
ration." Molecules with terminal alkyne functional groups have
been used as precursors for surface homo-coupling and cyclo-
trimerization to fabricate 1D and 2D structures.'®%¢ In 2010, the
first artificial graphdiyne (GDY) was synthesized through homo-
coupling of terminal alkynes on Cu foil.> With directional
anisotropy and tunable bandgap through versatile structural
design, graphdiyne is a remarkable material beyond graphe-
ne.'»*%* However, the synthesis of good quality graphdiyne is
still challenging and this limits the widespread application of
this material. On-surface synthesis has been considered as
a promising method to grow graphdiyne,* although in practice
the synthesis is challenged by side reactions and reduced
reactivity after polymerization.

To overcome these obstacles, various strategies have been
proposed to achieve highly ordered polymerization of mole-
cules. One strategy is the use of a surface template. For
example, the vicinal Ag(877) surface can steer the alignment of
terminal alkyne-functionalized molecules along the step-
edges of substrates. This suppresses the unwanted
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which serves as a template for the fabrication of one-dimensional graphdiyne-like wires on the Ag(111)

branching side reactions of terminal alkyne groups, facili-
tating the growth of 1D graphdiyne-related chains.* Another
strategy is the use of sterically hindered groups. For instance,
alkane,” benzoic ethynyl groups*® and polar carbonitrile
groups*® have been introduced into alkyne derivatives to form
1D graphdiyne chains. However, the 1D chains synthesized by
both strategies are sparsely distributed and lacked long range
order.

It is well known that coordination bonds® and hydrogen
bonds® can be used to assist the self-assembly of organic
molecules to form large domains with low defect densities on
the metal surface, on account of the reversibility of bond
formations. In contrast, the irreversibility of the covalent bond
formation prevents self-repair, thus it is challenging to form
highly periodic networks using covalent bonds alone. Instead,
coordination or hydrogen bonds are a better choice for pre-
packing the monomer into a highly crystalline network, which
can serve subsequently as a template for intermolecular cova-
lent cross-linking to form 1D or 2D conjugated polymers. In
such a pre-packed assembly, the organic monomer only needs
to move a short distance or rotate a small angle to trigger the
coupling reaction under thermal annealing or UV radiation. A
metal-free assisted assembly affords unique advantages; as
there will be no residual metal atoms after the coupling reac-
tion, the latter can cause a structural disorder and also affect
device performance.”

Here, we introduced a hydrogen bond donor and acceptor
group oxazole onto the alkyne derivative backbones and
synthesized the precursor 4,8-diethynylbenzo[1,2-d-4,5-d']
bisoxazole (DEBBA) (Fig. 1a, inset), with the objective of
improving the chemoselectivity of homo-coupling of alkynes. In
DEBBA, the oxazole group has an O atom and N atom as
hydrogen acceptors and also a relatively active C-H as
a hydrogen donor at the middle position between O and N
atoms. These functionalities impart on DEBBA the ability to
participate in network formation.
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Fig. 1 (a) STM image of the self-assembly of DEBBA on a Ag(111)
surface. Inset: a chemical structure of DEBBA. (b) High-resolution STM
image of the self-assembled structure of DEBBA on Ag(111). The
directions of the close-packed substrate are indicated at the lower left
with a blue star. The close-packed DEBBA directions are indicated with
a red-green-blue dashed triangle, which is along the (112) directions
of Ag(111). Scanning parameters for (@ and b): U = —1.5V; /| = 0.1 nA.

Results and discussion

The precursor DEBBA was synthesized by following a reported
procedure.® All scanning tunneling microscopy (STM) experi-
ments were performed using a commercial ultrahigh vacuum
(UHV) scanning tunneling microscope. A single-crystalline
Ag(111) substrate was cleaned by repeated cycles of Ar' sput-
tering and annealing at about 500 °C. DEBBA molecules were
then evaporated from a quartz crucible heated at 120 °C onto
the clean Ag(111) substrate held at room temperature (RT). The
sample was subsequently annealed at different temperatures.
The STM tip used here was a commercial Pt-Ir wire. All STM
images were acquired at —196 °C, in the constant current mode
and processed by WSxM.°

After the deposition of DEBBA onto Ag(111) at room
temperature, a large area self-assembled network of DEBBA was
formed (Fig. 1a). The high-resolution STM image (Fig. 1b)
indicates that an individual molecule of DEBBA shows ellipsoid-
like protrusions and follows a chevron-type arrangement with
a rectangular lattice defined by unit cell lengths of a =
0.87(2) nm and » = 1.82(3) nm. The close-packed DEBBA
directions are indicated with a red-green-blue dashed triangle,
which is along the (112) directions of Ag(111). The three kinds
of distance between two nearby DEBBA molecules are
1.03(2) nm, 1.02(2) nm and 0.87(2) nm, respectively (Fig. 1b).
The superimposed structural model shows that the monolayer
pattern is mainly formed by C-H:--O hydrogen-bonding
between adjacent ligands. The C-H in the terminal alkyne
group plays the role of a proton donor and the O atom in the
oxazole group acts as a proton acceptor. As a result, each DEBBA
molecule forms four hydrogen-bonds with the neighbouring
four DEBBA molecules. Due to the hydrogen bond interaction,
the self-assembled network is highly uniform and has few
defects.

To induce C-C covalent coupling between the pre-packed
molecular network, we chose different annealing tempera-
tures. After the sample was annealed at 160 °C for 10 min
(Fig. 2a), 1D linear chain segments were observed on the Ag(111)
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Fig. 2 STM images of 1D graphdiyne formed by annealing the self-
assembled DEBBA network at different temperatures: 160 °C, 10 min
(a); 130 °C 30 min (b); 100 °C 1 hour (c—e). Scanning parameters for (a—
e): U= -15V; /= 0.1nA (f) The energetically favored adsorption
geometry and STM image (U = —1.5 V) of 1D graphdiyne on Ag (111),
obtained from DFT calculations.

substrate, indicating that thermal treatment is able to trigger
alkyne homo-coupling to form graphdiyne wires. However, the
majority of the wires are randomly distributed on Ag(111).
Annealing at a lower temperature of 130 °C allows the self-
assembly of DEBBA to form multiple domains (Fig. 2b), where
each domain consists of ordered arrangement of 1D graphdiyne
chains. However, vacancies are present in domains and the
assembly is not closely packed.

To further check how annealing temperature and time affect
the packing of 1D graphdiyne, a one-hour annealing at 100 °C
was performed. As shown in Fig. 2c-e, and S2,t highly ordered,
closely packed 1D graphdiyne with an area larger than 100 x 50
nm” can be observed on the Ag(111) surface. Each domain
consists of parallelly aligned 1D graphdiyne wires. The distance
of two oxazole repeat units is 0.96(2) nm, which is in good
agreement with the length of 0.97 nm obtained from the
Density Functional Theory (DFT) calculated model on the
Ag(111) surface (Fig. 2f). The optimized model of graphdiyne
has an almost flat lying molecular geometry on Ag(111) (Fig. 2f).

This journal is © The Royal Society of Chemistry 2019
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The corresponding simulated STM image obtained at a bias
voltage of —1.5 V (Fig. 2f) is in good agreement with the
experimental results (Fig. 2e). To analyse the electronic prop-
erties of 1D graphdiyne, we calculated the electronic band
structure of an infinite defect-free 1D graphdiyne wire using
DFT (Fig. S41). The energy gap is about 1.2 eV and 1D graph-
diyne is a direct bandgap organic semiconductor.

When annealed at an even lower temperature of 80 °C, the
polymerized products and the self-assembled DEBBA molecules
coexist (Fig. 3a) which is different from fully homo-coupled
ones at higher temperature annealing. Studying the image
reveals the homo-coupling reactions started from the edge of
the self-assembled domain and extended to the centre. The
reacted domains (as shown in the red, green, and blue dashed
boxes in Fig. 3a) mainly follow the three close-packed directions
of DEBBA self-assembly (as red, green and dark blue dashed star
in Fig. 3a). The red dashed box follows the repeating packing
direction (red dashed line) of the self-assembly of DEBBA, and
each molecule is required to rotate 45° to form the 1D graph-
diyne chain (Fig. 3b up, red dashed line). The blue and green
boxes follow the zigzag packing directions (blue and green
dashed line) of the self-assembly, in which alternative mole-
cules need to rotate 60° (green dashed line) or 65° (blue dashed
line) to form the 1D graphdiyne chains (Fig. 3b). Because the
rotation angles are not large, the occupied area by the DEBBA
molecules only becomes 3.0% smaller after homo-coupling
under a mild annealing condition; thus 1D graphdiyne chains
remain closely packed. The close packing of graphdiyne wires is
assisted by interchain hydrogen bonding.

Annealing at a high temperature of 250 °C is also performed
to check whether any further reaction occurs in this system. As
shown in Fig. S3,{ the 1D wires become deformed due to ther-
mally induced motion and interaction with the Ag substrate at
high temperature. Hence, high temperature annealing is not
beneficial for the ordered self-assembly of 1D graphdiyne.

Annealing
Ag(111)

Fig. 3 (a) STM image of self-assembled DEBBA and 1D graphdiyne
products at the edge of self-assembly after 80 °C annealing for 30 min.
The close-packed DEBBA directions are indicated with a red-green-
blue dashed star. The red, green and blue dashed boxes show that the
formation of 1D chains requires 45°, 60°, and 65° rotation of DEBBA
molecules, respectively. Scanning parameters: U = —-15V; | = 0.1 nA.
(b) Hydrogen bond-assisted self-assembly model of DEBBA, and its
transformation into homo-coupled 1D graphdiyne wires.
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Conclusions

In conclusion, we have synthesized a precursor DEBBA that
contains both alkyne and oxazole groups. These linkers allow
the molecules to undergo self-assembly on the Ag(111) surface
to form a pre-packed hydrogen-bonded network, which can be
subsequently annealed to generate close-packed 1D graphdiyne
wires. This work provides a new route to the synthesis of cova-
lently linked 1D organic structures that are packed together by
hydrogen bonds into a supramolecular framework.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by NRF-CRP grant “Two Dimensional
Covalent Organic Framework: Synthesis and Applications”
(Grant No. NRF-CRP16-2015-02, funded by the National
Research Foundation, Prime Minister's Office, Singapore), the
Shenzhen Peacock Plan (Grant No. KQTD2016053112042971),
the Guangdong Special Support Program and the National
Natural Science Foundation of China (Grant No. 21802067).

Notes and references

1 (a) F. Klappenberger, Y. Q. Zhang, J. Bjork, S. Klyatskaya,
M. Ruben and J. V. Barth, Acc. Chem. Res., 2015, 48, 2140;
(b) G. Franc and A. Gourdon, Phys. Chem. Chem. Phys., 2011,
13, 14283; (c) L. Dong, P. N. Liu and N. Lin, Acc. Chem. Res.,
2015, 48, 2765; (d) Z. Chen, C. Molina-Jiron, S. Klyatskaya,
F. Klappenberger and M. Ruben, Ann. Phys., 2017, 1700056;
(e) J. Bjork and F. Hanke, Chem.-Eur. J., 2014, 20, 928; (f)
Q. Shen, H.-Y. Gao and H. Fuchs, Nano Today, 2017, 13, 77;
(g) X. Li, H. Zhang and L. Chi, Adv. Mater., 2018, €1804087;
(k) L. Talirz, P. Ruffieux and R. Fasel, Adv. Mater., 2016, 28,
6222; (i) Q. Fan, J. M. Gottfried and J. Zhu, Acc. Chem. Res.,
2015, 48, 2484; (j) S. Clair and D. G. de Oteyza, Chem. Rev.,
2019, 119, 4717; (k) M. Di Giovannantonio and G. Contini,
J. Phys.: Condens. Matter, 2018, 30, 093001; (/) P. A. Held,
H. Fuchs and A. Studer, Chem.-Eur. J., 2017, 23, 5874.

2 G.Li, Y. Li, H. Liu, Y. Guo, Y. Li and D. Zhu, Chem. Commun.,
2010, 46, 3256.

3 (a) X. Gao, H. Liu, D. Wang and ]J. Zhang, Chem. Soc. Rev.,
2019, 48, 908; (b) Y. Li, L. Xu, H. Liu and Y. Li, Chem. Soc.
Rev., 2014, 43, 2572; (¢) A. L. Ivanovskii, Prog. Solid State
Chem., 2013, 41, 1.

4 (a) Y-Q. Zhang, N. Kepcija, M. Kleinschrodt, K. Diller,
S. Fischer, A. C. Papageorgiou, F. Allegretti, J. Bjork,
S. Klyatskaya, F. Klappenberger, M. Ruben and J. V. Barth,
Nat. Commun., 2012, 3, 1286; (b) H. Y. Gao, H. Wagner,
D. Zhong, J. H. Franke, A. Studer and H. Fuchs, Angew.
Chem., Int. Ed., 2013, 52, 4024; (c) B. Cirera, Y. Q. Zhang,
J. Bjork, S. Klyatskaya, Z. Chen, M. Ruben, ]J. V. Barth and
F. Klappenberger, Nano Lett., 2014, 14, 1891; (d) J. Liu,
Q. Chen, L. Xiao, J. Shang, X. Zhou, Y. Zhang, Y. Wang,

Chem. Sci,, 2019, 10, 10849-10852 | 10851


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9sc04530a

Open Access Article. Published on 28 October 2019. Downloaded on 12/6/2025 4:18:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

X. Shao, J. Li, W. Chen, G. Q. Xu, H. Tang, D. Zhao and K. Wu,
ACS Nano, 2015, 9, 6305; (e) T. Lin, L. Zhang, J. Bjork, Z. Chen,
M. Ruben, J. V. Barth and F. Klappenberger, Chem.-Eur. J.,
2017, 23, 15588; (f) T. Wang, J. Huang, H. Lv, Q. Fan,
L. Feng, Z. Tao, H. Ju, X. Wu, S. L. Tait and J. Zhu, J. Am.
Chem. Soc., 2018, 140, 13421; (g) F. Klappenberger,
R. Hellwig, P. Du, T. Paintner, M. Uphoff, L. Zhang, T. Lin,
B. A. Moghanaki, M. Paszkiewicz, 1. Vobornik, J. Fujii,
O. Fuhr, Y. Q. Zhang, F. Allegretti, M. Ruben and
J. V. Barth, Small, 2018, 14, €1704321.

5 (a) D. Ecija, J. I. Urgel, A. P. Seitsonen, W. Auwarter and
J. V. Barth, Acc. Chem. Res., 2018, 51, 365; (b) S. Stepanow,
N. Lin and J. V. Barth, J. Phys.: Condens. Matter, 2008, 20,
184002; (c) J. I Urgel, D. Ecija, G. Lyu, R. Zhang,
C. A. Palma, W. Auwarter, N. Lin and J. V. Barth, Nat
Chem., 2016, 8, 657; (d) Y. Q. Zhang, T. Lin, B. Cirera,
R. Hellwig, C. A. Palma, Z. Chen, M. Ruben, J. V. Barth and
F. Klappenberger, Angew. Chem., Int. Ed., 2017, 56, 7797.

6 (a) C. Zhang, L. Xie, L. Wang, H. Kong, Q. Tan and W. Xu, J.
Am. Chem. Soc., 2015, 137, 11795; (b) H. Kong, C. Zhang,
L. Xie, L. Wang and W. Xu, Angew. Chem., Int. Ed., 2016, 55,

10852 | Chem. Sci., 2019, 10, 10849-10852

View Article Online

Edge Article

7157; (¢) N. A. Wasio, R. C. Quardokus, R. P. Forrest,
C. S. Lent, S. A. Corcelli, J. A. Christie, K. W. Henderson
and S. A. Kandel, Nature, 2014, 507, 86; (d) A. G. Slater,
L. M. Perdigao, P. H. Beton and N. R. Champness, Acc.
Chem. Res., 2014, 47, 3417; (e¢) J. Li, S. Wieghold,
M. A. Oner, P. Simon, M. V. Hauf, E. Margapoti,
J. A. Garrido, F. Esch, C. A. Palma and ]. V. Barth, Nano
Lett., 2014, 14, 4486.

(@) S. Xing, Z. Zhang, X. Fei, W. Zhao, R. Zhang, T. Lin,
D. Zhao, H. Ju, H. Xu, J. Fan, J. Zhu, Y. Q. Ma and Z. Shi,
Nat. Commun., 2019, 10, 70; (b) X. Y. Wang, J. L. Urgel,
G. B. Barin, K. Eimre, M. Di Giovannantonio, A. Milani,
M. Tommasini, C. A. Pignedoli, P. Ruffieux, X. Feng,
R. Fasel, K. Mullen and A. Narita, J. Am. Chem. Soc., 2018,
140, 9104.

B. C. Tlach, A. L. Tomlinson, A. Bhuwalka and M. Jeffries-El, J.
Org. Chem., 2011, 76, 8670.

I. Horcas, R. Fernandez, J. M. Gomez-Rodriguez, J. Colchero,
J. Gomez-Herrero and A. M. Baro, Rev. Sci. Instrum., 2007, 78,
013705.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9sc04530a

	Hydrogen bond guided synthesis of close-packed one-dimensional graphdiyne on the Ag(111) surfaceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9sc04530a
	Hydrogen bond guided synthesis of close-packed one-dimensional graphdiyne on the Ag(111) surfaceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9sc04530a
	Hydrogen bond guided synthesis of close-packed one-dimensional graphdiyne on the Ag(111) surfaceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9sc04530a
	Hydrogen bond guided synthesis of close-packed one-dimensional graphdiyne on the Ag(111) surfaceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9sc04530a
	Hydrogen bond guided synthesis of close-packed one-dimensional graphdiyne on the Ag(111) surfaceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9sc04530a
	Hydrogen bond guided synthesis of close-packed one-dimensional graphdiyne on the Ag(111) surfaceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9sc04530a




