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Stepwise On-Surface Synthesis and Transformations of
Two-Dimensional Covalent Organic Frameworks by

Controlled Thermal Stimuli

Ana Barragdn,* Elena Pérez-Elvira, Diego J. Vicent, Marco Lozano, Diego Soler-Polo,
Koen Lauwaet, José M. Gallego, Rodolfo Miranda, José I. Urgel, Pavel Jelinek,*

Nazario Martin,* and David Ecija*

The development of covalent organic frameworks (COFs) is currently a primary
objective in materials science, taking into account the envisioned applications
in a variety of fields, including gas and energy storage, sensing, catalysis, and
optoelectronics. Recently, the advent of on-surface covalent synthesis has al-
lowed the design of one-atom-thick COFs, although the in situ transformations
of such materials at interfaces have remained elusive. In this work, advantage
is taken of an ex-professo synthesized molecular precursor endowed with
gem-dibromide functional groups and a phenanthroline moiety to exploit steric
hindrance as a synthetic controlling concept and, by subsequent chemical
coupling reactions through thermal activation, afford COF transformations at
interfaces in a controlled stepwise manner. In a first step, 1D covalent molecular
chains are formed and self-assembled in a 2D supramolecular network, which,
upon annealing, gives rise to a 2D porous organo-metallic network. Further an-
nealing at higher temperatures affords the formation of a 2D-COF comprising
linear chains based on ethynylene bridges at the cores of the monomers and
carbon-carbon couplings at their peripheries. Such ethynylene linkages are
transformed into antiaromatic pentalene moieties upon subsequent annealing,
thus exemplifying the conversion of 2D-COFs at interfaces. These results
provide new avenues toward the engineering and in situ chemical trans-
formations of 2D-COFs in a stepwise manner, anticipating the tailoring of the
structure and electronic properties of monolayer 2D-COFs by thermal stimuli.

1. Introduction

Covalent organic frameworks (COFs) are a
class of highly ordered crystalline materi-
als formed from molecular organic build-
ing units linked by covalent bonds. Their
unique combination of properties, includ-
ing high surface area, tunable pore, and
remarkable chemical stability, have drawn
enormous scientific and industrial atten-
tion in areas like gas storage, sensing, catal-
ysis, drug delivery, and energy storage.!-]

Among the various types of COFs, 2D
covalent organic frameworks (2D-COFs)
have garnered significant attention for
their unique layered and sheet-like struc-
ture. Herein, 7n—z interactions between
stacked layers promote the mobility of
electrons, making 2D-COFs excellent
candidates for applications in electron-
ics and optoelectronics, including sen-
sors, supercapacitors, and solar cells.[*]

Despite the rapid advances in 2D-COF
synthesis, several critical challenges remain
unresolved. A key issue is the dynamic
reversibility of the covalent bonds, which
is essential for error correction during
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assembly yet difficult to control precisely without compromising
structural stability. In parallel, achieving spatial control over the
covalent linkages at the molecular level is an ongoing challenge;
the lack of such control can lead to inhomogeneous pore distri-
bution and suboptimal electronic properties. These limitations
hamper the design of 2D-COFs with fully tailored functionalities
and represent major obstacles in the field.[*]

Within the field of 2D-COFs, an enormous effort is set on re-
ducing the thickness, thus affording 2D-COF nanosheets rang-
ing from few- to single-layer materials.[®! The latter is partic-
ularly relevant for sensing and catalysis, considering that the
entire materials would then be exposed to the environment,
meaning all the surface is available for interaction with gases,
liquids, or other substances. Additionally, electrons would be
restricted to move within a 2D plane, which can enhance
charge mobility and transport efficiency.l”] However, overcom-
ing the challenges of dynamic bond reversibility and achiev-
ing precise spatial control remain pivotal for achieving these
advantages.

The methods to produce 2D-COF nanosheets can be catego-
rized as top-down or bottom-up. On one hand, the top-down strat-
egy takes advantage of the exfoliation of the COF bulk, either by
mechanical or liquid exfoliation. On the other hand, the bottom-
up paradigm exploits the synthesis on a surface, including dis-
tinct environments such as ultra-high vacuum (UHYV), vapor-
assisted synthesis, and solid-liquid interface synthesis, or, alter-
natively, interfacial synthesis, either air/water or liquid/liquid
interfaces.[®’] In particular, on-surface synthesis under UHV
conditions offers the design of monolayer 2D-COFs,[#2%] and the
capability of characterizing the chemical structure of the material
and its inherent electronic properties at the atomic scale thanks
to the use of surface science techniques.!'/18]

A key aspect of the field is understanding how external stimuli
can transform a pristine COF into a new COF with unique struc-
tural and electronic properties. Seminal examples have illustrated
such challenges in bulk COFs.!"-23] However, to the best of our
knowledge, the transformation of a monolayer 2D-COF at inter-
faces, where dynamic bond reversibility and spatial control are
even more challenging, has remained elusive.

Here, we report a comprehensive scanning probe microscopy
study, complemented by theoretical DFT simulations, about the
synthesis and transformation of an unprecedented monolayer
2D-COF into another one on an Au(111) surface, going from
ethynylene to pentalene bridges and peripheral carbon-carbon
(C-C) coupling upon applying a thermal stimulus. To this aim, an
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ex-professo synthesized precursor equipped with gem-dibromide
functional groups and a phenanthroline moiety is deposited on
Au(111) and annealed to 150 °C, affording the formation of
1D ethynylene-based chains parallelly aligned through intersti-
tial bromine atoms. A second annealing step promotes the Au-
catalyzed C-H activation of specific hydrogens of the phenanthro-
line moiety and incorporates gold adatoms between the molecu-
lar wires, giving rise to a 2D organometallic network. Further an-
nealing results in the C-C coupling among chains, affording a 2D-
COF (SURFCOF-IMDEAT1) with an electronic bandgap of 1.35 V.
Finally, the last annealing step gives rise to ladderization of the
molecular wires, allowing the formation of pentalene linkages,
and also promoting further C-C coupling in between chains, alto-
gether resulting in a distinct 2D-COF (SURFCOF-IMDEA?2), with
a reduced electronic bandgap of 0.90 V. Thus, this stepwise strat-
egy not only addresses the inherent challenges of dynamic bond
reversibility and spatial control over covalent linkages but also
enables the tuning of the electronic band gap by 0.45 eV. These
bandgap values position the reported materials within the mod-
erate semiconductor range, a relatively rare and highly promis-
ing characteristic in the field of 2D-COFs. This range is ideal for
achieving efficient charge carrier generation and controlled trans-
port, effectively bridging the gap between materials with very
wide bandgaps and those that are gapless. Moreover, the one-
atom thickness of the COFs introduces pronounced quantum
confinement effects, which may enhance their electronic and op-
tical properties. The potential for even lower effective bandgaps
underscores the tenability of these systems, which is critical for
developing applications in nanoelectronics, optoelectronics, and
energy conversion technologies.

Our results exemplify how to transform stepwise monolayer
2D-COFs at interfaces, overcoming key synthetic challenges and
paving the way for future control of the structural and electronic
properties of low-dimensional porous organic matter.

2. Synthesis of 2D Supramolecular Networks

Tetrabromo-p-quinodimethane precursor 1 (cf. Scheme 1) was
synthesized following the procedure described in the Support-
ing Information (cf. Figures S1-S3, Supporting Information).
The aim of this molecular design was to steer the polymerization
through the activation of =CBr, moieties!?*?%] and, simultane-
ously, exploiting the on-surface steric hindrance!?’] and reactivity
of the phenanthroline moieties, thus growing different 2D poly-
mers in a thermally controlled sequential manner, as described
below (cf. general Scheme 1).

The deposition of a submonolayer coverage of 1 on Au(111)
held at room temperature (RT) under UHV conditions gives
rise to patches of amorphous self-assembled pristine species (cf.
Figure S4, Supporting Information). A first annealing step at
150 °C results in the formation of supramolecular nanoarchitec-
tures based on 1D polymeric wires, as shown in the topographic
scanning tunneling microscopy (STM) image shown in Figure
1a. A closer inspection reveals that the molecular precursors have
lost their Br substituents, which are visualized as protrusions in
the constant-current STM images, >l and can be found either
forming atomic chains over the surface or located in between the
polymers (cf. Figure 1b), stabilizing a 2D supramolecular net-
work, to be termed phase a, with a projected average distance
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Scheme 1. Scheme of the chemical transformations of precursor 1 on Au(111) upon sequential steps of increasing thermal annealing, affording the
formation of SURFCOF-IMDEAT and SURFCOF-IMDEA2, while illustrating the seminal 2D-COF to COF transformation on a metal surface. Ethynylene
linkages are drawn in green, C-C couplings in red, and the formation of antiaromatic pentalene bridges is indicated in blue.

between parallel wires of 1.7 nm. High-resolution non-contact  can be observed (cf. Figure S5, Supporting Information). Im-
atomic force microscopy (nc-AFM) imaging acquired with a CO-  portantly, most of the z-conjugated system of the monomer is
tip allows us to discern the chemical structure of the monomers,  adsorbed flat on the surface, whereas the peripheral rings of
which are linked to each other through ethynylene bridges, be-  the phenanthroline units are visualized brighter and, thus, are
ing the triple bond unambiguously distinguished as a bright pro-  slightly bent upward. At this stage, the molecular coverage is cru-
trusion for adequate tip-sample heights (cf. Figure 1c,d).?*%]  cial since a large amount of Br intercalating in between the chains
Monomers along the polymer alternate their orientation due to  prevents the formation of defect-free phase « (cf. Figure S6, Sup-
steric hindrance among adjacent species, although some defects  porting Information).
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Figure 1. On-surface synthesis of supramolecular phases a and g on
Au(117). a,e) Overview STM images after deposition of 1 on an Au(111)
substrate and post-annealing at 150 and 200 °C, respectively. V, = 1.0V,
I, =80 pA, scale bar: 10 nm, and Vy, =0.5V, |, = 50 pA, scale bar: 10 nm, re-
spectively. b,f) Zoom-in constant-current STM images of phases a and g,
respectively, with superimposed chemical structure sketches. Vy =0.05V,
I, =50 pA, scale bar: Thm, and V, = —0.5V, I, = 50 pA, scale bar: 1nm, re-
spectively. ¢,g) Constant-height frequency-shift nc-AFM images of phases
a and B, respectively, acquired with a CO-functionalized tip. Z-offset: —80
and —60 pm, respectively, above STM set point (5 mV, 50 pA). d,h) Corre-
sponding Laplace-filtered nc-AFM images.
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A second annealing step at 200 °C preserves the 1D covalent
nanoarchitecture, while Au adatoms promote the C—H activation
of specific hydrogen atoms at the phenanthroline moieties, being
incorporated into the pores of phase a (cf. Figure le,f), estab-
lishing organometallic complexes between the lone pairs of the
two nitrogen atoms of the phenanthroline units in one wire and
one carbon atom in the contiguous one, altogether resulting in
a 2D porous organometallic network, to be termed phase g. It is
worth mentioning that these organometallic complexes exhibit a
Br atom attached to the Au adatom, and the whole Au-Br pair is
visualized as two bright protrusions with STM (cf. Figure 1f). As
a result of these organometallic linkages, the 1D covalent chains
are slightly offset while facing adjacent pyridine peripheries, with
an experimental distance between parallel chains of ~1.9 nm,
0.2 nm larger than in phase a, due to the presence of gold
adatoms. The high-resolution nc-AFM image shown in Figure 1g
allows us to clearly resolve the ethynylene bridges, while the as-
sociated Laplace-filtered image in Figure 1h enables the detec-
tion of the bright protrusions assigned to the gold adatoms, cor-
roborating the findings by STM. Complementary, nc-AFM im-
ages acquired at different tip-sample heights have also been in-
cluded in Figure S7 (Supporting Information). Although many
phenanthroline-based organometallic complexes have been syn-
thesized using conventional wet chemistry methodologies!?!! and
their supramolecular complexation of metal adatoms on surfaces
has been reported,[?! it is important to highlight that this is the
first example of an on-surface synthesized 2D phenanthroline-
containing organometallic network, which in this case is based
on N2-Au-C bonds, i.e., an assembly stabilized by one metal-
carbon bond and by two metal-nitrogen links from the phenan-
throline functional group.

3. On-Surface Synthesis and Stepwise
Transformations of 2D-COFs

The next annealing step at 250 °C results in the formation of
single C—C bonds in between adjacent wires, which are now at
a distance of 1.6 nm, in such a way that the C atom of the
organometallic complex of each monomer establishes just one
C-C linkage with the one in the antiparallel monomer, thus giv-
ing rise to a 2D-COF, to be termed phase y in the text, and given
the name of SURFCOF-IMDEA1. Large-scale STM images re-
veal the formation of small patches comprising phase y, coex-
isting with defective organic material (less than 30%) and the
desorption of Br atoms from the Au(111) surface (cf. Figure 2a).
High-resolution STM images acquired at constant-current (cf.
Figure 2b) and constant-height (cf. Figure 2¢) display the forma-
tion of such C—C bond as a protrusion of similar contrast to the
monomer backbone while preserving the integrity of the longi-
tudinal covalent axis. Importantly, the Au adatoms are not de-
tected, and the antiparallel monomers from adjacent wires are
now displaced with respect to the axis of symmetry to estab-
lish the C—C bond. Nc-AFM images display that the periphery
of the monomer not involved in the C-C linkage is non-planar
and slightly out of the plane, being visualized as a bright line (cf.
Figure 2d—f). In addition, the ethynylene bridge is still preserved.
The match between experimental (cf. Figure 2d), Laplace-filtered
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(cf. Figure 2e), and calculated nc-AFM images (cf. Figure 2f) is
excellent, ratifying our rationalization of the structure.

A final annealing step at 350 °C gives rise to the formation
of phase 8, which is also an unprecedented 2D porous COF
(named SURFCOF-IMDEA?2) and results from two concomitant
reactions from phase y: i) the formation of an additional C-C
coupling in between antiparallel adjacent monomers, and ii) the
ladderization of the inner longitudinal covalent axis. The forma-
tion of small patches comprising phase ¥ is illustrated in Figure
3a, coexisting with defective material (less than 30%). High-
resolution constant-current (cf. Figure 3b) and constant-height
(cf. Figure 3c) STM images clearly display the ladderization of
the longitudinal pathway, as previously illustrated from the an-
nealing of cumulene-based bisanthene polymers.?63] In addi-
tion, the antiparallel monomers are now doubly connected by
C—C bonds. Such assumptions are clearly confirmed by the ac-
quired nc-AFM images where both the ladderization exemplified
by a pentalene bridge, as well as the single C—C bonds seen as
straightlines, are noticed. Notably, the ethynylene bridge has also
been able to transform into antiaromatic pentalene bridges (cf.
Figure S8, Supporting Information for experimental elucidation
of the dominant resonant form), thus enhancing the portfolio to
promote ladderization of organic polymers not only in one-, but
in two-dimensions. Again, the agreement between experimen-
tal and calculated nc-AFM images is excellent (cf. Figure 3d-f),
overall justifying the structure of SURFCOF-IMDEA2, which
can be seen as a 2D porous COF, forming a triangular pore
size of ~0.55 nm?, with potential relevance for hosting molec-
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Figure 2. On-surface synthesis of 2D-COF phase y on Au(111), named SURFCOF-IMDEAT, upon annealing phase g at 250 °C. a) Overview STM image.
Vp, =0.5V, I, =50 pA, scale bar: 10 nm b, c) Zoom-in constant-current and constant-height STM images, respectively. Vy =50 mV, I, = 50 pA, scale bar:
1nm, and Vy =5 mV, I, = 50 pA, scale bar: 1nm. d,e) Original and Laplace-filtered experimental nc-AFM images of a small patch, respectively. Z-offset:
60 pm above STM set point (5 mV, 50 pA), scale bar: 1 nm. f) Corresponding simulated nc-AFM image using PP-AFM codel3%! with chemical structure
superimposed.

ular adsorbates and, thus, to be used for organic templating and
sensing.

The average morphology of phases SURFCOF-IMDEA1
(phase y) and SURFCOF-IMDEA2 (phase 8) consisted of nanois-
lands with nearly rectangular shapes, typically measuring 10 nm
by 20 nm. These nanoislands were almost defect-free at the in-
terior, while their borders were decorated with amorphous mat-
ter. The yield of the nanomaterial was 75% and 78% for phases
SURFCOF-IMDEA1 and SURFCOF-IMDEA2, respectively (see
Figure S9, Supporting Information and discussion about defects
in Supporting Information). The average surface coverage of the
phases was ~0.3 ML, with higher coverages precluded due to
coverage-dependent reactivity as discussed above (see Figures S6
and S9, Supporting Information).

Finally, we focus on the electronic properties of the two
novel 2D-COFs to clarify how these properties are influenced
by the reported chemical transformation. To this aim, we ac-
quire scanning tunneling spectroscopy (STS) at selected loca-
tions within the 2D-COFs. According to our results (cf. Figure
4a,b), SURFCOF-IMDEAL1 displays four electronic resonances at
—1.10, —0.65 V (onset of valence band), 0.70 V (onset of conduc-
tion band) and 1.30 V, being the resonance at around —0.30 V
simply the displacement of the surface state of Au(111), which
altogether would imply an electronic bandgap of ~1.35 V (cf.
Figure S10a, Supporting Information for dI/dV mapping of the
onsets of the bands). Upon annealing such phase to give rise
to SURFCOF-IMDEA2 a clear transformation of the electronic
structure is detected (cf. Figure 4c,d), being the onsets of the
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Figure 3. On-surface synthesis of phase & on Au(111), named SURFCOF-IMDEA2, by annealing phase y at 350 °C. a) Overview STM image. Vy, = 0.5V,
I, = 50 pA, scale bar: 10 nm. b,c) Zoom-in constant-current and constant-height STM images with the chemical structure superimposed, respectively.
Vy = 0.05V, I, = 50 pA, scale bar: 1 nm, and Vy, =5 mV, I, = 50 pA, scale bar: 1 nm. d,e) Original and Laplace-filtered experimental nc-AFM images
of a small patch, respectively. Z-offset: 140 pm above STM set point (5 mV, 50 pA), scale bar: 1 nm. f) Corresponding simulated nc-AFM image using
PP-AFM code.[*]

valence and conduction bands located at —0.60 and 0.30 V, respec- 4, Conclusion

tively, thus reducing the electronic bandgap to 0.90 V (cf. Figure

$10b, Supporting Information for dI/dV mapping of the onsets ~ In summary, we report a comprehensive scanning probe mi-
of the bands). This experimentally observed bandgap reduction ~ Croscopy study, complemented by theoretical calculations, on the
could be accounted for by the experimental increase in planarity synthesis of a 2D surface covalent organic network (SURFCOF-
and 7-conjugation as well as the presence of antiaromatic pen-  IMDEAI) and seminally exemplify its further controlled sequen-
talene moieties (cf. Figure S10c,d, Supporting Information for tial transformation into a different 2D porous surface covalent

further discussion therein about the electronic structure of both ~ network (SURFCOF-IMDEA?2), by increasing the annealing tem-
phases). perature on the surface.

QO
-~
(2}
-~

di/dV (arb. units)
di/dV (arb. units)

| SV L Loncadiaee B 3 T Lt L
-15 10 -05 0 05 1.0 15 [N A) 1.7 -15 10 -05 0 05 10 15

Sample bias (V) Sample bias (V)

Figure 4. Electronic structure of SURFCOF-IMDEAT and SURFCOF-IMDEA2. a) dI/dV spectra of SURFCOF-IMDEA1 acquired at the positions indicated
by the blue, red, and black crosses in panel b, revealing an electronic bandgap of ~#1.35 V. b) SURFCOF-IMDEA1 patch. V|, = 0.05 V, I, = 50 pA, scale bar:
1 nm. c) dl/dV spectra of SURFCOF-IMDEAT acquired at the positions indicated in panel d, revealing a bandgap of 0.90 V. d) SURFCOF-IMDEA2 patch.
Vy, =0.05V, I, =50 pA, scale bar: 1 nm. Reference spectrum (orange) was taken on the Au(111) surface for both phases. Open feedback parameters for
dl/dV spectra: Vp = 1.5V, I, = 300 pA, V,,c =30 mV.
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To this aim, we have ex-professo synthesized precursor 1,
whose shape has been designed to tailor, using the steric hin-
drance concept and after a first annealing step at 150 °C, a for-
mer polymeric phase a based on 1D molecular wires featur-
ing ethynylene bridges and comprising antiparallel monomers
supramolecularly interacting through residual Br atoms. Af-
ter a second annealing step at 200 °C, an unprecedented 2D
organometallic network, phase g, has been synthesized, in which
Au adatoms come into play interacting with adjacent covalent
molecular wires while preserving the ethynylene bridges, and
aligning such wires into a parallel fashion through organometal-
lic N,-Au-C bonds. Next annealing to higher temperatures in-
duces the first C-C linkage in between antiparallel monomers
of adjacent molecular wires, resulting in the expression of
SURFCOF-IMDEAL (phase y), which can be rationalized as a 2D-
COF, featuring an electronic bandgap of 1.35 eV. A final anneal-
ing step at 350 °C results in a further ladderization of the longitu-
dinal molecular wires through a transformation of the ethynylene
bridge into antiaromatic pentalene linkages. Concomitantly, the
peripheries of adjacent antiparallel monomers establish a second
C—C bond, overall resulting in the 2D porous COF SURFCOF-
IMDEAZ2 (phase §), featuring an electronic bandgap of 0.90 eV.

As a result, simply by subsequent annealing steps, we illus-
trate the combined potential of supramolecular and on-surface
covalent synthesis to trigger, in a controlled stepwise manner, the
formation of surface-confined 2D supramolecular and covalent
organic frameworks on a metal surface, and we seminally illus-
trate how to guide a 2D-COF to COF transformation on a surface,
concomitantly changing not only the chemical structure but also
the electronic properties.

Our findings pave new avenues for the controlled stepwise syn-
thesis of 2D organic materials and illustrate a powerful strategy
to covalently tailor such designs on surfaces, which we envision
will have a potential impact in the fields of reticular chemistry,
plastic electronics, and sensing.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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