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Molecular spatial conformational evolution following the correspond-
ing chemical reaction pathway at surfaces is important to understand
and optimize chemical processes. Combining experimental and theo-
retical methods, the sequential N-H and C—H dehydrogenation of
pyromellitic diimide (PMDI) on a Cu(111) surface are reported. STM
experiments and atomistic modeling allow structural analysis at each
well-defined reaction step. First, exclusively the aromatic N-H dehy-
drogenation of the imide group is observed. Subsequently, the C-H
group at the benzene core of PMDI gets activated leading to a dehy-
drogenation reaction forming metalorganic species where Cu adatoms
pronouncedly protruding from the surface are coordinated by one or
two PMDI ligands at the surface. All reactions of PMDI induce confor-
mational changes at the surface as confirmed by STM imaging and DFT
simulations. Such conformational evolution in sequential N-H and C-H
activation provides a detailed insight to understand molecular dehy-
drogenation processes at surfaces.

Introduction

On-surface synthesis is a promising approach to prepare cova-
lently bonded nanostructures having potential application for
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nanomaterials and nano-devices. So far, several reaction types
such as Ullmann coupling,** Glaser coupling,>® carbene
coupling,”® cycloaddition,”* and polymerization including
carboxylic acid derivatives'** have been shown to be suitable
processes in on-surface chemistry. Among the reported reaction
types, the Ullmann reaction is the most popular approach for
synthesis of cycloarene,'* graphene nanoribbons,"™** bipheny-
lene sheet," and other one-dimensional polymers,**>* or two-
dimensional networks*>” sequentially by carbon halide bond
activation followed by C-C coupling. In addition, by dehaloge-
native homocoupling direct formation of polymers connected
via C-C double?® and triple bonds* has been achieved as well.
However, a limiting factor of on-surface Ullmann reactions is
halogen contamination at the surface. Along these lines, on-
surface dehydrogenation reactions avoid this kind of contami-
nation, since only hydrogen gas is formed as the by-product.
Therefore, surface assisted dehydrogenation reactions via C-H
activation,*** N-H activation,**?*3° O-H activation,'>***' and
Si-H activation® have attracted great attention. The hierar-
chical dehydrogenative coupling of amine groups and aromatic
C-H bonds has been reported.* Inspired by these works, we
studied the chemo selective stepwise dehydrogenation of imide
N-H and aromatic C-H groups within an aromatic 7 system. It
is expected that the molecular spatial conformation at the
surface will be dominated by the corresponding dehydrogena-
tion states. The molecular conformational evolution based on
its dehydrogenation state is also important to understand the
pathway of multiple dehydrogenation reactions. Considering
the dehydrogenation of arenes bearing multiple C-H bonds,
regioselectivity is a challenge. An effective approach is to select
a precursor limited to few reactive C-H bonds. For instance, s-
indacene-1,3,5,7(2H,6H)-tetrone (INDO4)* has only two poten-
tial positions for C-H activation, reducing the complexity of the
regioselectivity problem. For the present work, we chose pyro-
mellitic diimide (PMDI, 97%, Sigma-Aldrich) containing two
types of potentially activated X-H bonds (X = C, N) for selective
X-H activation studies and sequential dehydrogenation of
PMDI on the Cu(111) surface.
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As shown in Scheme 1, PMDI consists of a benzene core that is
conjugated by two annulated imide functionalities, overall bearing
four carbonyl groups at the 1,3,5,7-positions, two N-H groups at
the 2,6-positions and two C-H groups at the 4,8-positions. The
different chemical nature of the two X-H bonds (Scheme 1, N-H
highlighted in blue, and C-H highlighted in red) provides the
opportunity to monitor the dehydrogenation reaction. The
bonding energy of the N-H in five-membered heteroatomic amine
(such as pyrrole, indole, and carbazole, around 88 kcal mol ™) is
significantly lower than the bonding energy of C-H in atomic
benzene (around 113 kcal mol '), which allows the stepwise
activation of N-H and C-H on the metal surface.** Furthermore,
a previous study by L. Chi and co-workers showed that removal of
an H atom from aniline has a significantly lower barrier than the
dehydrogenation of the adjacent C atom on the Cu(111) surface
(compare 1.04 €V to 1.67 eV), resulting in a stepwise dehydroge-
nation of the 4,4”-diamino-p-terphenyl (DATP) via N-H and C-H
activations, respectively.*® Thus, stepwise reaction via N-H and
C-H activations of PMDI is expected. The conformational evolu-
tion of the PMDI molecules during the dehydrogenation is affected
by two types of interaction, the intermolecular interaction between
adjacent PMDI molecules within the self-assembled monolayer
and the molecule substrate interaction. When PMDI is deposited
on a Cu(111) surface, the molecules arrange in a self-assembled
structure, which is stabilized by hydrogen bonds between neigh-
boring molecules (see Fig. S1t). Over time, selective thermal N-H
bond activation occurs at or even below room temperature (RT). As
a result, the hydrogen will secede, and the nitrogen forms a coor-
dination bond to the Cu surface. Complete scission of the
hydrogen atoms from the N-H groups is achieved upon annealing
the sample to 405 K (PMDI’ in Scheme 1). Upon further increasing
the annealing temperature to 485 K, the PMDI'-Cu complex with
one Cu adatom is formed. All these reaction states are accompa-
nied by their corresponding geometries at surface, which help to
understand the stepwise dehydrogenation mechanism. The step-
wise dehydrogenations of aromatic N-H and C-H groups in PMDI
was studied by scanning tunnelling microscopy (STM), combined
with X-ray photoelectron spectroscopy (XPS) under ultra-high
vacuum (UHV) condition. The experimental results were further
supported by density functional theory (DFT).

Results and discussion

PMDI was deposited by sublimation from a quartz crucible in
UHV at 463 K onto a Cu(111) surface at RT and cooled to 78 K for

Cu
Cu Cu Cu
PMDI PMDI’ PMDI’-Cu Dimer
Scheme 1 |llustration of the sequential on-surface dehydrogenation

of PMDI on Cu(111) surface.
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STM analysis. As shown in Fig. 1a, a self-assembled structure of
PMDI is observed with a unit cell @ = 0.89 + 0.02 nm, » = 0.68 +
0.02 nm, § = 70 £+ 1° (inset Fig. 1a). To get insight into the
molecule-substrate interaction, a single PMDI molecule was
optimized on a Cu(111) surface at the DFT level (Fig. 1c). The
calculation showed that the PMDI only slightly bended upon
adsorption on the surface. To understand the molecule-mole-
cule interaction, additional calculations were performed in the
gas phase, which shows the intermolecular interaction of the
PMDI molecules is hydrogen bonding between the carbonyl
group and the N-H group (Fig. S17). Notably, some molecules
appear with a lower contrast (highlighted by a green circles in
Fig. 1a, also see Fig. S21) compared with the molecules in the
hydrogen bonded network which was not observed neither on
Au(111) nor on Ag(111) surfaces (see in Fig. S31). To understand
this, PMDI was deposited on a cold Cu(111) surface by means of
cold deposition (detailed in the method section). STM images
(low coverage in Fig. 1b, high coverage in Fig. S41) show the
molecules with lower contrast (highlighted by a green arrow) as
compared to the intact PMDI (highlighted by a white arrow).
This might be caused by N-H bond activation of some of the
PMDI molecules on the Cu(111) surface at RT or below. As
a result, some of the hydrogen atoms split from the N-H groups
leading to the interaction of the nitrogen with the Cu(111)
substrate. A possible structure model of the PMDI after N-H
activation (PMDI') was optimized by DFT on a Cu(111) surface
(Fig. 1d). It shows a stronger interaction with the substrate
compared with the intact PMDI molecule, since the nitrogen
atoms interact stronger with the Cu atoms at the surface
resulting in a pronounced bending of the molecules.

After annealing to 405 K, a Moire pattern structure was
observed on Cu(111) surface in the overview STM image

Fig. 1 STM images of PMDI deposition on Cu(111) surfaces. (a) STM
image of PMDI molecules as deposited on Cu(111) surface at RT, inset:
zoomed-in image (-1 V, 10 pA). (b) STM image of PMDI on Cu(111)
surface by cold deposition (=1 V, 50 pA). (c) Ball-and-stick optimized
DFT model of intact PMDI on Cu(111) surface, top view (top) and side
view (bottom). Black, blue, red, and white balls stand for C, N, O and H
atoms, respectively. (d) Ball-and-stick model of the optimized struc-
ture of the PMDI' on Cu(111) surface, top view (top) and side view
(bottom).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 2a). The Cu(111) surface and step edges were sculpted by
the molecules. It is worth noting that the molecules exhibit two
different topographic features in the STM images at —0.2 V and
1V (Fig. 2b and c) due to two electronic states of the molecules
on Cu(111). Both experimental STM topographic features fit
very well with the theoretical DFT model of PMDI'. The former
exhibits more contrast at the backbone and the later exhibits
more contrast at the C=O groups. It indicates that after
annealing to 405 K most of the molecules were transferred to
PMDI'. Thus, the N-H activation of PMDI was completed at this
temperature. The molecule-molecule interaction largely domi-
nated by N-H:--O hydrogen bonding is reduced and the
substrate-molecule interaction between the Cu-surface and the
PMDI molecules becomes the main leading force. Newly formed
molecular bonds between adjacent PMDI molecules such as N-
Cu-N or N-N bonds are suppressed by the reaction conditions.
Forming such bonds, a migration of the PMDI molecules would
be necessary to adjust the molecular positions and orientations
respectively. Provided by the assembly after deposition origi-
nating from the intermolecular hydrogen-bond network the
molecular degrees of freedom for such translational and

Fig. 2 STM images of PMDI on Cu(111) surface after annealing to 405
K. (@) Overview STM image (0.5 V, 10 pA), (b and c) zoomed-in STM
images of the same area obtained at different scanning bias ((b) —0.2 V,
100 pA, the inset; (c) 1V, 100 pA). The inset simulation STM images of
PMDI" in (b) and (c) was obtained based on the optimized DFT model
shown in Fig. 1d at —0.2 V and 1V, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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rotational motions are restricted which hinders the formation
of intermolecular couplings. Moreover, no such diffusion or
migration inside the close-packed assembly was observed by
STM in our experiments. The N-Cu-N or N-N structure is,
therefore, unlikely to be formed in this case. The strong inter-
action between the N and Cu atom hinders the formation of the
N-N bond, as described before.?**

Increasing the annealing temperature to 485 K, spots with
remarkable higher contrast compared to the dehydrogenated
molecules were observed connecting the molecules in chains, as
shown in Fig. 3a. The zoomed-in image (Fig. 3b) shows the
bright spot mainly links with one or two molecules, taking the
nearby located individual PMDI’ molecule as the reference. The
bright spot is suggested to be Cu adatom on the Cu(111) surface
and coordinated with one or two PMDI' molecules via C-Cu
coordination®* to form PMDI'-Cu dimer (highlighted by
a dashed rectangle in green) and PMDI'-Cu monomer

Side View

Fig. 3 STM images of PMDI on Cu(111) after annealing to 485 K. (a)
Overview STM image (0.3 V, 30 pA). (b) Zoomed-in STM image at the
area marked by yellow square in (a) (0.3 V, 50 pA). A PMDI’-Cu dimer
and a PMDI'-Cu monomer was highlighted by rectangle in green and
in white, respectively. (c) Ball-and-stick optimized DFT model of
a PMDI’-Cu dimer on Cu(111) surface, top view (top) and side view
(bottom).

Nanoscale Adv., 2021, 3, 6373-6378 | 6375
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(highlighted by a dashed rectangle in white). It is deduced that
C-H of PMDI' was activated after annealing to 485 K. The
PMDI'-Cu dimers form a linear structure following regular shift
(left or right side) in the same plane with the neighbouring
dimers and individual PMDI’ molecules. It is supposed that the
driving force to form linear structure should be C-H---O
hydrogen bonding between the dimers, or between the PMDI'-
Cu dimer and PMDY’ (see Fig. S51). Therefore, only one of the
C-H bonds in the PMDI’ forms the C-Cu coordination, while
the other is activated. The optimized DFT model of a PMDI'-Cu
dimer on Cu(111) surface was proposed as shown in Fig. 3c,
where a Cu adatom is linking two PMDI' via C-Cu coordination
at the carbon of the central benzene group. Notably, the side
view image shows two C=0 groups of the PMDI’ at the C-Cu
side are obviously closer to the surface compared to those at the
C-H side. The schematic structure of PMDI'-Cu monomer on
Cu(111) surface was shown in Fig. S61 where a Cu adatom is
linking the PMDI’ molecule via C-Cu coordination. After further
annealing to higher temperature (505 K) more PMDI'-Cu dimers
were observed (Fig. S77).

To further elucidate and confirm the sequential dehydroge-
nation reaction of PMDI on Cu(111), we performed XPS
measurements on the different sample states. As shown in
Fig. 4a, two clear peaks are already observed (at 400.6 eV and
398.8 eV), when PMDI molecules are deposited on Cu(111) at
RT. In accordance with the previous studies,***” we assign the
peak at higher binding energy (BE) to the intact N-H and the
one at lower BE to the nitrogen bound to the Cu surface (N-Cu).
This confirms that N-H activation in PMDI is already possible at
RT on Cu(111). After annealing to 405 K, the imide nitrogen
peak disappears indicating that complete dehydrogenation of
N-H occurred. After annealing to 485 K, a peak shift of the
imide nitrogen can be observed to the lower BE side to 398.4 eV,
due to the molecular conformational changes in the following
C-H reactions (Fig. 3). The corresponding O 1s spectrum is
depicted in Fig. 4b. The spectrum of PMDI deposited at RT can
be fitted with a single peak at E,[C=0] (O 1s) = 531.9 eV which
is consistent with the single oxygen species of the molecule.
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o Exp N-H
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— C=0

RT \ 531.9 01s

405K

C=0 (up) — C=0 (down)
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Binding Energy (eV) Binding Energy (eV)
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Normalized Intensity (arb. u.)
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Fig. 4 X-ray photoelectron spectra and curve-fitting of the N 1s (a)
and O 1s (b) core levels of PMDI on Cu(111). From top to bottom the
data in each tile corresponds to the as deposited state at room
temperature, first annealing step to 405 K and the final annealing step
to 485 K, respectively. All sample states were checked by STM before
the XPS measurement.
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After thermal annealing to 405 K, there is no significant varia-
tion in the O 1s spectrum. Further thermal annealing to 485 K,
induces a significant broadening of the oxygen peak suggesting
the appearance of an additional oxygen component. The posi-
tion of the initial peak is changed to E,[C=O (up)] (O 1s) =
531.8 eV and a second component appears at E,[C=0 (down)]
(O 1s) = 531.0 eV. A possible explanation for the observation of
the second component could be an effect due to the reduction
of the vertical distance between the oxygen species and the
substrate.”®*® This finding would be congruent with the STM
and DFT data describing the system after annealing to 485 K. In
case of the PMDI'-Cu dimer (Fig. 3c), the tilted geometry that
pulling down two oxygen atoms at the C-Cu side to the surface
are significantly closer to the surface compared to the PMDI'.
The STM data (Fig. 3a) shows that after annealing to 485 K,
a mixture of these states exists on the surface, which explains
the existence of two peaks in the corresponding XPS data. The
corresponding C 1s spectrum (in Fig. S81) further confirms the
complete dehydrogenation of the N-H groups after annealing to
405 K. The peak at the low BE side (E, = 284.4 eV) of the main
carbon peak is commonly considered as a strong indication for
the formation of organometallic bonds.*~** After annealing to
485 K, the obvious broadening, and the shift towards lower BE
of the C 1s peak confirm the formation of a significant amount
of C-Cu bonds.

Conclusions

In summary, we have presented a dehydrogenation study of
PMDI on a Cu(111) surface via sequential N-H and C-H acti-
vation. The N-H activation of PMDI partially occurs at RT and
even lower temperature, and is completed after annealing to
405 K. The C-H activation occurs after annealing to 485 K,
leading to PMDI'-Cu coordination with Cu adatoms. Impor-
tantly, the stepwise dehydrogenation processes are accompa-
nied by the geometric change of PMDI molecules. It has been
shown that the conformational evolution of PMDI molecules
during dehydrogenation depends strongly on both the inter-
molecular interaction between adjacent molecules which
establish a pre-ordering after deposition and the intermolecular
interaction between molecules and substrate, which gains
importance with continuing dehydrogenation. This study
provides an important contribution for understanding the
reaction pathway and mechanism of such conformational
evolution processes.

Experimental methods

The STM measurements were performed with an ultrahigh-
vacuum (UHV) low-temperature STM system (Omicron). The
base pressure was ~2 x 10~ "' mbar. The single crystal Au(111),
Ag(111) and Cu(111) surfaces were cleaned with several cycles of
Ar'" sputtering and high temperature annealing. The molecules
were thermally evaporated from quartz crucibles onto the metal
surfaces. The sublimation temperature of PMDI was at 190 °C.
For cold deposition here means the substrate was cooled to 78 K
and subsequently transferred to the deposition position in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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preparation chamber. After deposition, the crystal was trans-
ferred back to the STM chamber. The whole process was
finished within five minutes and the highest temperature of the
sample was lower than room temperature. Thermal annealing
of the samples which lasted 30 minutes was carried out in the
preparation chamber and monitored with an infrared
thermometer.
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