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Simultaneous construction of two linkages for the
on-surface synthesis of imine—boroxine hybrid
covalent organic frameworks+

Jie-Yu Yue,?® Yi-Ping Mo,?® Shu-Ying Li,®* Wei-Long Dong,?® Ting Chen?
and Dong Wang*?

The orthogonality between the Schiff base reaction and the boronic acid dehydration reaction is explored
during the on-surface synthesis process. By activating the above two reactions in one-step and employing
asymmetrical substituted monomers and the 3-fold symmetric monomer 1,3,5-tris(4-aminophenyl)
benzene (TAPB), highly ordered imine—boroxine hybrid single-layered covalent organic frameworks
(sCOFs) have been successfully constructed on HOPG by a gas—solid interface reaction method and

characterized by scanning tunnelling microscopy (STM). In particular, the reaction between the
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Accepted 25th Novernber 2016 meta-substituted monomer and TAPB generates sCOFB with a windmill structure, which is the first SCOF
with surface chirality so far reported. The demonstration of the one-step synthesis of multiple linkages to

DOI: 10.1035/c65c03590f form sCOFs can further enlarge the sCOF family and expand the design routes for functional 2D organic

www.rsc.org/chemicalscience nanomaterials.

Introduction

The discovery of interesting properties associated with two
dimensional (2D) materials,** such as graphene, transition metal
chalcogenides, hexagonal boron nitride and silicene, has stimu-
lated the booming development of the synthesis and application
of 2D nanostructures and materials.>* Single-layered covalent
organic frameworks (SCOFs),”* featuring graphene-like but
adjustable topological structures and tunable organic functional
moieties, have attracted enormous interest as a new member of
the 2D materials family and have been predicted to have great
application potential in optoelectronic devices, molecular elec-
tronics and sensors." On-surface synthesis has been a promising
method to fabricate sCOFs." So far, different linkages have been
exploited to achieve the synthesis of diverse sCOFs, such as
boroxine,>” boronate ester,” the imine bond,*'*** the C-C
bond,**" the acetylene linkages'®*** and so on. Notably, however,
most of the sCOFs reported so far usually have single linkages. To
further broaden the family of sCOF structures, it is desirable to
develop sophisticated and multi-component molecular covalent
nanostructures using multiple linkages.

When two chemical reactions are mutually compatible and
occur without crosstalking, they can be defined as orthogonal
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reactions. Orthogonal reactions have served as a powerful
toolbox in chemistry, such as in the synthesis of dendritic
macromolecules,* the fabrication of functional nanocapsules,*
the preparation of core-shell nanoparticles*® and the construc-
tion of covalent organic frameworks (COFs).>*?* Previously, a few
reports have demonstrated a hierarchical construction strategy
to achieve sCOFs with improved ordered structures by sequen-
tial activation of two orthogonal chemical reactions. For
example, Grill et al. demonstrated that by sequentially activating
the I- and Br- based Ullmann reaction based on the bond
dissociation energies, sCOFs show larger ordered domain
sizes.”® Similarly, phenylene-boroxine sCOFs have been ob-
tained in two steps by thermally activating the condensation
reaction of boronic acid and the subsequent Ullmann reac-
tion."”" However, this strategy is so far limited to 2D polymeri-
zation of a single component equipped two different reaction
motifs. To further expand the diversity of the sCOF structure, it
is desirable to develop a methodology for bi- or multi- compo-
nent reactions. Generally, the formation of highly ordered sCOFs
requires precise control of the conformation of each precursor.””
Furthermore, to achieve the ideal 2D polymerization of two
components, linkages should be formed in the correct order
during the reaction process. Therefore, it is rational to deduce
that the simultaneous activation of two or more orthogonal
reactions in one stage is a more practical way to achieve highly
ordered sCOFs with multiple linkages.

Herein, we report the simultaneous fabrication of
imine-boroxine hybrid sCOFs by orthogonal reactions of the
Schiff base reaction and the boronic acid dehydration reaction.
Reversible reactions are characteristic of dynamic covalent
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bonds,”® which can form and reform during the reaction
process, providing error-checking and self-healing opportuni-
ties. The Schiff base reaction and the boronic acid dehydration
reaction are typical reversible reactions and have been widely
applied in the synthesis of macrocycles, polymers and COFs.>**
Previously, the orthogonal character of these two reactions has
been demonstrated in solution phase chemistry,*** and is an
important prerequisite to achieve hybrid sCOFs. Scheme 1
shows the reticular structure design of hybrid sCOFs. The
bifunctional precursor 4-formylphenylboronoic acid (4FPBA)
was asymmetrically installed with a boronic acid group for the
boroxine linkage, and an aldehyde group for the Schiff base
reaction can react with 3-fold symmetry monomers 1,3,5-tris(4-
aminophenyl)benzene (TAPB) to attain 2D sCOFs. By adapting
the gas-solid interface reaction method we recently developed
for the synthesis of imine-based sCOFs,® we successfully obtain
a highly ordered imine-boroxine hybrid sCOFA featuring two
different vertices units. Furthermore, by changing the position
of the reaction groups on the phenyl ring (Scheme 1b), we
successfully fabricate the windmill structure containing sCOFB,
which is the first covalent network featuring surface chirality, to
the best of our knowledge. The demonstration of the one-step
construction of multiple linkages to form sCOFs can further
broaden the sCOF family and enrich the design toolbox for
functional 2D organic nanomaterials.

Results and discussion

Firstly, we utilize TAPB and 4FPBA as building blocks to explore
suitable synthetic conditions for hybrid sCOFs. We adapt the
gas-solid interface reaction methods that were recently devel-
oped to synthesize highly ordered imine-based sCOFs® to obtain
hybrid sCOFs. In brief, the molecule TAPB was deposited on
freshly cleaved highly oriented pyrolytic graphite (HOPG) by
drop-casting. Then the HOPG loaded with molecule TAPB was
placed into a reactor with 4FPBA powder as the other precursor
for sCOF construction and CuSO,-5H,0 powder as a chemical
equilibrium control agent.® The reactor was closed in an auto-
clave and heated at 120 °C for 3 h. After the reactor was cooled
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Scheme 1 Schematic diagram of the fabrication of sCOFs via
orthogonal reactions. (a) The formation of sCOFA from molecules
TAPB and 4FPBA. (b) The formation of CW-sCOFB and CCW-sCOFB
from molecules TAPB and 3FPBA.
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down to room temperature, the HOPG was taken out and
characterized by STM.

Fig. 1a presents a typical large-scale STM image of sCOFA
resulting from the condensation of molecule TAPB and 4FPBA
at 120 °C. The HOPG surface is almost fully covered with
honeycomb networks. The typical domain size is more than 80
x 80 nm>. The networks in the neighboring domains show the
same orientation, indicating that the growth of the network is
guided by the crystalline orientation of the substrate.>** The
comparison between the growth orientation of sCOFA and the
atom image of the underlying HOPG indicates that the network
orientates along with the lattice of the substrate (ESI Fig. S17).
Six scattering spots are observed through 2D fast Fourier
transformation (FFT) (inset in Fig. 1a) and the intensities
between them cannot be distinguished clearly. Although sCOFA
has 3-fold symmetry, the boroxine ring and the benzene ring at
the vertices of the networks are barely discernable in the STM
image (vide infra), and thus a hexagonal network is observed.
The structural details of sCOFA are revealed by the high reso-
lution STM image in Fig. 1b. A 2D continuous sCOF adlayer is
observed, although some of the hexagons are distorted.
Furthermore, defects due to the discontinuous network can also
be observed, as indicated by the pink arrows in Fig. 1b. These
distorted hexagons may result from the trans-/cis- configura-
tions of the imine linkages.>”**> A schematic structural model for
the distorted hexagons with mixed trans-/cis- configurations of
the imine bonds is shown in Fig. S2.1 The formation of a 2D
continuous network, regardless of the trans-/cis- configuration
of the imine bonds, can be ascribed to the substrate orientation
effect for on-surface synthesis. According to the STM image, the
lattice parameters of SCOFA are measured to bea = b = 2.7 +
0.1 nm and y = 60 + 1°, which are consistent with the structural
modelling. In addition, due to the similar size of the boroxine
ring and the benzene ring, the trimer condensed by 4FPBA has
a size close to the molecule 1,3,5-tris(4-formylphenyl)benzene
(TFPB).>* A comparison between the trimer condensed by 4FPBA
and molecule TFPB is shown in Fig. S3.f The similar lattice
parameters between sCOFA and the sCOF fabricated by TAPB
and TFPB further demonstrates that sCOFA is connected by

Fig. 1 STM images and a structural model for sCOFA. (a) Large-scale
STM image (100 x 100 nm?) of sCOFA with the inset depicting the
corresponding FFT spectrum of the STM image. (b) High resolution
STM image (20 x 20 nm? of sCOFA. The pink arrows direct to
a location where a precursor is missing. The white rings display the
vertices of sCOFA. (c) A structural model for hybrid sCOFA. The blue
modules represent the aromatic rings of the TAPB, while the red
modules are the boroxine rings condensed by 4FPBA. Imaging
conditions: (a) Vpias = 700 mV, [y = 500 pA; (b) Vpias = 600 mV, [, =
650 pA.
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hybrid covalent linkages. The vertices of the hexagons are made
up of alternate aromatic rings and boroxine rings, but they have
similar contrast and size, as shown by the white circles in
Fig. 1b, and cannot be discerned by STM. A structure model for
SCOFA is shown in Fig. 1c. The blue modules represent the
aromatic rings of TAPB, while the red modules are the boroxine
rings condensed by the boronic acid moiety of 4FPBA.

Next, we designed hybrid sCOFB by choosing another
bifunctional building block 3FPBA. 3FPBA is the isomer of
4FPBA, with a boronic acid group and an aldehyde group at the
meta-position of a phenyl ring. We expected that 3FPBA could
form windmill trimers on the surface and therefore sCOFs with
surface chirality could be created. The reaction results are dis-
played in Fig. 2. Fig. 2a displays a representative 100 x 100 nm>
STM image of sCOFB. Ordered honeycomb domains with two
orientations are observed on the HOPG. The yellow dotted line
areas are phase I and the red dotted line areas represent phase
II. The twelve scattering spots displayed in the inset 2D FFT
image of Fig. 2a further demonstrate the two phases of sCOFB.
The epitaxial orientation of the sSCOFB domains to the under-
lying substrate was obtained by comparing the STM image of
the adlayer and the atomic image of HOPG of the same area
obtained at the proper tunnelling condition (see ESI Fig. S47 for
details). The angle between the lattice orientation of phase I or
phase II relative to the underlying HOPG substrate (repre-
sented by o or B in Fig. 2a) is measured to be 20 & 2° and —20 +
2°, respectively. Other than the ordered hexagonal areas, the
disordered structures can also be observed at the boundary of

Fig. 2 STM images and structural models for sCOFB. (a) Large-scale
STM image (100 x 100 nm?) of sSCOFB with the corresponding FFT of
the STM image inserted. The yellow dotted line areas are phase | and
the red dotted line areas represent phase Il. The angle between phase |
and the underlying HOPG substrate is represented by o and the angle
between phase Il and the underlying HOPG substrate is shown as B.
The blue arrows show the disordered structures between the ordered
domains. (b, c) High resolution STM images (20 x 20 nm?) of CW-
sCOFB and CCW-sCOFB, respectively. The yellow symbols represent
a chiral hexamer. The white arrows reveal the rotational direction of
the chiral hexamer. The pink arrows direct to a location where
a precursor is missing. (d) Possible trimers polymerized by 3FPBA. (e, f)
Structural models for CW-sCOFB and CCW-sCOFB. The blue
components are aromatic rings of TAPB and the red components
represent the boroxine rings condensed by 3FPBA. Imaging condi-
tions: (@) Vpias = 700 mV, Iy = 500 pA; (b, ¢) Vpias = 550 mV, Iy = 600 pA.
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the ordered domains, as indicated by the blue arrows in
Fig. 2a.

The structural details of phase I and phase II are revealed by
the high-resolution STM images in Fig. 2b and c, respectively.
The vertices of the hexagonal networks are resolved as triangles,
as depicted by the yellow triangles in Fig. 2b and c. The lengths
of the triangular units are about 0.9 £+ 0.1 nm, in accordance
with the size of the molecule TAPB and the trimers condensed
by molecule 3FPBA. By analysing the rotation manner of the
triangles to form a hexamer, we find that the ordered hexagonal
domains all have surface chirality. CW-sCOFB is used as the
notation when the hexamer spins clockwise as illustrated by the
white arrow in Fig. 2b. When the hexamer rotates anticlockwise
as displayed in Fig. 2c, CCW-sCOFB is obtained. According to
the molecular structure, we can infer that different kinds of
trimers, the CW-trimer and the CCW-trimer as described in
Fig. 2d, can be formed by the boroxine ring condensation
reaction. The reaction between TAPB and the CCW-trimer leads
to the formation of CW-sCOFB while the reaction between TAPB
and the CW-trimer results in the CCW-sCOFB. The confirma-
tion of the surface chirality from high resolution STM imaging
is consistent with the epitaxial orientation results shown in
Fig. 2a. The comparison of the growth orientation between
SCOFA and sCOFB (Fig. S5) indicates that the surface chirality
of sCOFB can be attributed to the substrate-molecule interac-
tion of TAPB. Although similar surface chirality induction has
been widely observed in non-covalent interaction driven surface
assembly systems,*~*° this is the first time, to the best of our
knowledge, that a covalent network with surface chirality has
been obtained. The unit cell parameters of the ordered hexag-
onal network sCOFB are determined to be a = b = 2.5 &+ 0.1 nm
and v = 60 = 1°, which is in agreement with the structural
modelling for a covalent bond linked hybrid sCOF. The
evidence for imine bond formation in SCOFB is further sup-
ported by X-ray photoelectron spectroscopy (XPS, Fig. S61). The
N 1s spectrum of the TAPB molecule on HOPG shows a peak at
399.8 eV (Fig. S6bT) and is attributed to the N in the amine
group.***** Upon reaction to form sCOFB, the N 1s spectrum
can be deconvoluted into two bands at 399.8 eV and 398.5 eV
(Fig. S6dt), and a new band at 398.5 eV is the characteristic peak
for the N in the imine bond.***** According to the STM images
and the analysis above, structure models for CW-sCOFB and
CCW-sCOFB are proposed in Fig. 2e and f. The boroxine rings
condensed by trimerization are represented by the red compo-
nents and the aromatic rings are disclosed by the blue modules.

Previously, we have demonstrated that the gas-solid inter-
face reaction method is a general method to attain highly
ordered sCOFs with imine linkages.® The advantage of the
gas-solid interface method is that the nucleation process is
suppressed and the growth process is promoted. We also
perform a control experiment by depositing the mixture solu-
tion of precursors TAPB and 4FPBA/3FPBA on HOPG together
while keeping the other experimental conditions the same. Only
disordered structures with incomplete reaction intermediates
and oligomers can be obtained as displayed in Fig. S7.f In
addition, the water releasing agent CuSO,-5H,0° plays an
important role in the growth process of sCOFs. The presence of

Chem. Sci,, 2017, 8, 2169-2174 | 2171
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CuS0,-5H,0 in the closed reaction system can help to improve
the reversibility of the dynamic covalent bonds, such as the
boroxine ring and the imine bond. Without the thermodynamic
regulation agent, the defects produced in the reaction process
cannot be repaired efficiently and disordered structures cover
the substrate, as displayed in Fig. S8.1

We further investigate the time evolution of hybrid sCOF
growth. Fig. 3a-d present typical STM images of sSCOFA ob-
tained after different reaction times of 0.5 h, 1 h, 2 h and 3 h,
respectively. The ordered structures start to form even at short
reaction time/low coverage. The increase in reaction time
results in the growth of an ordered domain and finally a high
coverage sCOF is obtained at reaction times of 3-4 h. A plot of
the coverage of SCOFA against the reaction time is shown in
Fig. 3e. Such an observation indicates that the gas-solid inter-
face reaction method is effective to suppress the nucleation step
and promote the growth of highly ordered sCOF. Similar time
evolution behavior is observed for sCOF of pure imine linkage,®
indicating that the formation of two linkages proceeds on
a similar time scale and has no effect on each other.

o
b

Coverage (%)
o
H

o
s

T T T

0 1 2 3 4
Time (h)

Fig. 3 Effect of reaction time on the growth of sSCOFA. STM images (a,
b, c and d; 100 x 100 nm?) of SCOFA achieved after heating at the
gas—solid interface at 120 °C for different reaction times of (a) 0.5 h, (b)
1h, (c) 2 hand (d) 3 h. (e) Dependence of the coverage of sSCOFA on the
reaction time. Imaging conditions: (a) Vipias = 700 mV, I, = 500 pA; (b)
Viias = 700 mV, [ = 650 pA; (c) Vpias = 700 mV, Iy = 600 pA; (d) Vpias =
700 mV, Iy = 500 pA.
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We propose that the imine bond and boroxine ring are
formed on a similar time scale during the growth of hybrid
sCOFs. Firstly, we do not capture the single linkage linked
oligomers, which are single imine bond linked oligomers
(formed by molecule TAPB and 4FPBA in a ratio of 1: 3) and
single boroxine ring linked oligomers (trimers condensed by
molecule 4FPBA). Secondly, the nucleation and growth process
of imine and boroxine hybrid sCOFs is similar to that of pure
imine linked networks.? Thus, the formation of imine bonds
and boroxine rings proceeds at a similar rate and does not
crosstalk during the reaction. Moreover, the structural details at
the boundaries of sSCOFA during the growth process indicate
that two reactions can occur together. Fig. 4a-c show high
resolution STM images of sCOFA formed in a short reaction
time of 1 h. Several structural defects at the boundaries are
identified, such as a long trefoil structure, a short trefoil
structure and a zig-zag structure, as described by the structure
model in Fig. 4d. The long trefoil structure, outlined by the
black ring in Fig. 4a, can be attributed to the reaction between
molecule TAPB and molecule 4FPBA with unreacted boric acid
groups. The chemical structure of the long trefoil is shown in
Fig. 4e. The short trefoil structure displayed by the yellow ring in
Fig. 4b is attributed to the not fully reacted molecule TAPB. The
chemical structure of the short trefoil is shown in Fig. 4f. The
zig-zag structure, shown by the red ring in Fig. 4c, can be
ascribed to the unclosed boroxine from two 4FPBA molecules.
The chemical structure of the zig-zag structure is shown in
Fig. 4g. These phenomena demonstrate that the Schiff base
reaction and the boronic acid dehydration reaction are activated
on the surface and the imine-boroxine hybrid sCOFs form at
one stage.

Fig. 4 STM images (a, b and c; 10 x 10 nm?) of the boundaries of
sCOFA during the reaction process. (a) The long trefoil structure,
outlined by the black ring. (b) The short trefoil structure highlighted by
the yellow ring. (c) The zig—zag structure shown by the red ring. (d)
Structural models for the boundaries of SCOFA during the reaction
process. (e) Chemical structure for the long trefoil structure. (f)
Chemical structure for the short trefoil structure. (g) Chemical struc-
ture for the zig—zag structure. Imaging conditions: Vy,,s = 650 mV, |y =
660 pA.

This journal is © The Royal Society of Chemistry 2017
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Furthermore, the stability of the hybrid sCOFs is explored
since it is an important issue for their potential applications.
The ordered sCOFA can still be observed (Fig. S9at) after
annealing at 180 °C for 1 h under ambient conditions, indi-
cating that the hybrid sCOF is of good stability. Moreover, after
being stored under ambient conditions for 20 days, highly
ordered sCOFB can still be observed (Fig. S107), which
demonstrates that the hybrid sCOF is more stable than single
boroxine ring linked sCOFs.® On the other hand, when sCOFA is
in contact with an acidic (pH = 3) or basic solution (pH = 11),
the areas of the ordered networks decrease and chaotic struc-
tures appear (Fig. S9b and ct), which may be ascribed to the
labile character of both of the linkages to pH.

Conclusions

In summary, we successfully introduce bifunctional building
blocks into on-surface synthesis and fabricate hybrid sCOFs
linked by boroxine rings and imine bonds. These hybrid sCOFs
feature structural complexity from multiple linkages and
different vertex molecular modules. In particular, sCOFB
contains covalent-bonded windmill structures and has surface
chirality, which is the first reported chiral sCOF, to the best of
our knowledge. We demonstrate that the Schiff base reaction
and boronic acid dehydration have orthogonality during on-
surface synthesis and they can take place concurrently, which is
important for the formation of highly ordered hybrid sCOFs.
The one-step orthogonal reaction strategy enlarges the variety of
building blocks which can be utilized in on-surface synthesis
and paves the way to fabricate multi-component molecular
nanostructures with novel structures and functions.
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