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33 Abstract

35 We study a thermally-activated on-surface planarization reaction by a detailed ana-
37 lysis of the reactant and reaction products from atomically-resolved atomic force mi-
39 croscopy (AFM) images and spectroscopy. The three-dimensional (3D) structure of the
41 reactant, a helical diphenanthrene derivative, requires going beyond constant-height
43 imaging. The characterization in three dimensions is enabled by acquisition and anal-
45 ysis of the AFM signal in a 3D dataset. This way, the structure and geometry of
47 non-planar molecules as well as their reaction products on terraces and at step edges

49 can be determined.
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Introduction

By introducing CO-functionalized tips in frequency-modulated atomic force microscopy (FM-
AFM) Gross and coworkers directly resolved the chemical structure of individual planar
molecules! in real space. Inspired by this novel possibility, the technique has been ap-
plied to identify the structure of an unknown molecule,? to resolve the structure of reaction
products in single molecule chemistry# as well as in thermally-induced on-surface chemical
reactions.®® To avoid additional complexity in these demanding experiments, mostly planar
molecules were studied, so that the structure determination could be achieved in the basic
imaging mode, in which the tip is scanned in constant height over the sample. For select
cases of non-planar structures, the molecule was still flat enough to resolve its geometry.” *°
To quantify slight deviations from a flat configuration, as e.g. an overall small tilt of the
molecular plane with respect to the surface it is adsorbed on, FM-AFM spectroscopy was
employed more recently. !

Most chemical reactions, however, involve three-dimensional (3D) molecular structures.
In addition, the reaction pathway is critical for the reaction product. Although many cat-
alytically activated reactions involve the presence of surfaces, on-surface chemistry and its
reaction pathways are still poorly understood. In particular, the presence of a surface will
strongly affect the possible reaction pathways — at least by restricting the molecular geome-
try.

Here, we study a thermally-activated on-surface reaction by a detailed analysis of reactant
and reaction products from atomically-resolved FM-AFM images and 3D spectroscopy. To
analyze the on-surface reaction in three dimensions, we extend the constant-height imaging
used so far by analyzing the frequency shift along a non-planar surface of a 3D dataset.
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This way, the orientation and tilt angle of individual carbon rings in the reactant can be
determined. Subsequently, these molecules are submitted to an on-surface planarization
reaction that is activated by annealing. The reaction products are also atomically resolved
in real space from FM-AFM imaging. The comparison of the structures of reaction products
and the 3D reactant suggests that the pathway of the on-surface reaction could involve an

out-of-surface rotation of one phenanthrene moiety to enable a planarization of the molecule.

Experimental section

The experiments were carried out with a homebuilt combined STM/AFM, operating in
ultra-high vacuum at a temperature of 5 K. The AFM’s qPlus tuning fork'? was operated
in the frequency modulation mode.'® Sub-Angstrom oscillation amplitudes were used to
maximize the lateral resolution.!* Bias voltages refer to the sample with respect to the tip.
The Cu(111) single-crystal sample was cleaned by several sputtering and annealing cycles.
A small amount of CO was dosed onto the surface for tip functionalization.! NaCl islands
were grown to facilitate the pick-up of CO molecules to the tip apex from these islands. All
AFM data was obtained with a CO-terminated tip apex and away from the NaCl islands.
Individual molecules were sublimed onto the sample being located in the microscope at a
temperature of T 2 5 K. Density functional theory (DFT) calculations'® of the free monomers
were performed to obtain the molecular geometry. To confirm the structural assignment from
AFM, matrix-assisted laser desorption and ionization — time of flight (MALDI-TOF) based
mass spectrometry, nuclear-magnetic resonance (NMR) spectroscopy, and elemental analysis

were performed. 6

Results and discussion

Diphenanthro[9,10-b:9’,10’-d|thiophene (DPAT) molecules were synthesized from a solid-

state reaction under CO, atmosphere between phenanthrene and elemental sulfur.®1® The
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Figure 1: Characterization of DPAT molecules by means of scanning probe mi-
croscopy in standard modes of operation: a Stick models of the molecule’s geometry
as calculated for the free molecule after full relaxation (top) and with three benzene rings
(marked in red) forced to one plane (bottom) to mimic the on-surface geometry, respectively.
Carbon, hydrogen and sulfur atoms are represented in black, white and yellow, respectively.!”
b and ¢ Simultaneously recorded topography (b) and frequency shift (c) acquired with ac-
tive current feedback (constant-current mode, I = 2pA, V = 0.05V) d-f Set of A f-images
(Az=0.3A,0.5A, and 0.7 A with respect to the STM set point (I = 2pA, V = 0.1V)) of
one DPAT molecule on clean copper. g Af-image (Az = 2.0 A with respect to the STM set
poAint (I =1pA, V =0.1V)) of a DPAT molecule pinned to two CO molecules. (Scale bars
5A)
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molecule in the gas phase is non-planar because of steric hindrance. The two phenanthrene
moieties are bent out-of-plane at the side opposing the sulfur atom, thus giving rise to a
helical shape of the molecule. Its structure as calculated from DFT is displayed in Fig. 1a.
Provided that DPAT remains intact, adsorption onto the Cu(111) surface will break the
symmetry between the two phenanthrene moieties since only one of them can directly face
the surface. Interestingly, this asymmetry is not apparent in the topography of a constant
current image, as depicted in Fig. 1b. However, the simultaneously recorded frequency
shift channel (Fig. 1c) shows a clear asymmetry between the two phenanthrene moieties.
Figures 1d—g show several constant-height AFM images of the molecule at decreasing tip-
sample distances. Note that in Fig. 1g the two CO molecules adsorbed next to the DPAT
molecule stabilized the molecule against lateral displacement. Similar imaging attempts
without CO molecules next to the DPAT molecule resulted in lateral displacement of the
molecule in such a way that it could not be stably imaged (Fig. 1f). At the upper left part
of Fig. 1d, the repulsive interaction sets in at considerably larger tip height than over the
rest of the molecule. Hence, this part of the molecule has to be pointing out towards the tip.
Otherwise, the image acquired at closest tip-sample distance carries most of the information:
four of the benzene rings are readily identified and seem to be oriented roughly parallel to
the sample surface — all at a comparable adsorption height. This can be deduced from the
intramolecular contrast being relatively homogeneous over these four benzene rings. This
suggests that the phenanthrene moiety facing the surface (to the right in Fig. 1g) is flattened
out upon adsorption, whereas the other one bends even further due to steric hindrance. There
is one atom exhibiting a bond angle slightly smaller than 90°, whereas all other atoms show
approximately the 120° bond angles expected for sp2-hybridized carbon atoms. This suggests
that the atom with the smaller bond angle is sulfur. Whereas one can guess from the image
that the sulfur atom is part of a five-membered ring structure, the part of the molecule that
sticks out of the surface plane cannot be identified, and it only leads to the strongly distorted

part of the AFM image.
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To also resolve the structure for this part of the molecule, we acquired a three-dimensional
(3D) data set of frequency shift Af as a function of all coordinates x, y and z, by recording
Af(z) versus distance z at a closely spaced grid in the surface plane z, y. To avoid too
strong tip-sample interaction at close distances z, each of the Af(z) spectra was aborted
upon reaching a predefined Af value as proposed and described by Mohn et al.?® With this
dataset, we can extract and display the data for any arbitrary plane within the 3D dataset.
The analysis of such 3D imaging is shown in Figure 2. By a variation of the orientation of
such planes and looking at the resulting images, one can unambiguously resolve the remaining
structure of the molecule. Furthermore, as the orientations of the imaging planes are set,
this technique allows us to extract the out-of-plane distortion angles of the molecule within
to a few degrees uncertainty. Based on this analysis, we can identify the molecular structure
itself as well as its 3D geometry after adsorption, despite the out-of-plane rotation of one of
the benzene rings being as large as ~ 23°. This possibility to resolve the 3D geometry of
molecules is not at all self-evident, because at some even larger tilt angle one may expect
that the CO bending at the tip apex?! prevents a structural analysis.

To verify our structural assignment, we performed MALDI-TOF and NMR !¢ measure-
ments of the molecules. Both mass and NMR spectra fully support our structural analysis.
Note that, without expecting the reaction product that was identified from AFM, the NMR
spectrum is not easily converted into a structural model. To further analyze the geometry
of the molecule, we mimicked the flattening of one phenanthrene moiety upon adsorption in
the geometry calculations by forcing three of the carbon rings to be planar, and by letting
the rest of the molecule relax. The resulting geometry fits very well to the geometry deduced
from AFM data, as can be seen in Fig. 2, including the out-of-surface tilt angles of ~ 10°
and ~ 23° respectively.

The molecular structure and the strong out-of-plane distortion suggest that the molecule

22,23

can be planarized by annealing. In analogy to other on-surface-reactions one might

expect a ring closure by a C-C bond formation at the position of steric hindrance resulting
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37 Figure 2: Molecular structure identification from 3D dataset: To resolve the molec-
38 ular structure from Af imaging, the 3D dataset is displayed along three different planar
39 cross sections. While one of them is parallel to the surface, the other two are aligned with
respect to the two carbon rings that are tilted with respect to the surface (green and red).
42 a 3D representation of molecular structure including the cross-sections, along which the ex-
43 perimental data is displayed in b. ¢ Top view of the geometric structure for reference.'” d
44 and e Top views of 3D data with only one of the tilted cross sections in each panel (scale

45 bars 5 A).
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in a Cy,-symmetric molecule!'® (having C's-symmetry when adsorbed).
Figure 3: Reaction products: a-c Constant height A f-images of different reaction

products. All products are planar (a) or almost planar (b and c), so that the two phenan-
threne moieties can be clearly identified. The latter are attached to each other in a non-
symmetric way and are clearly not aligned (anti-) parallel. Imaging parameters: Az = 3.2 A,
Az = 255A, and Az = 2.75 A with respect to the STM set point (I = 1pA, V = 0.1V)
(Scale bars 5A) d Reaction scheme for planar product.

To activate such an on-surface-reaction, we annealed the sample to 200 °C. After anneal-
ing, we analyzed 32 individual molecules from atomically resolved AFM images. Further
molecules were identified to be of the same species as some of the atomically resolved ones
from their appearance in scanning tunneling microscopy images (not shown). Via the atomi-
cally resolved AFM images we found four different species, which together account for 30 out
of the 32 individual molecules. The remaining two individual molecules must have formed
from more than just a single reactant and are disregarded here. One of the four species is
the non-reacted DPAT molecule. This observation confirms that the anneal temperature is
just at the verge of initiating the reaction. From the annealing time of two minutes and
the observation that 25 out of 30 molecules have reacted, we estimate an activation energy
of ~1.4eV. The constant-height AFM images of the three remaining species are shown in
Fig. 3a—c. One of the latter is completely planar, so that its structure can be readily identified
from the AFM image (see Fig. 3a and d) as phenanthro(9,10-e)acephenanthrylene.?* None
of the bond angles is particularly small, which may indicate that the sulfur was eliminated

from the molecule. The molecule does not have an out-of-plane mirror symmetry that would
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Figure 4: A potential reaction pathway: a 3D representation of the proposed reaction
pathway starting with DPAT on the left hand side. The experimentally observed non-
symmetric arrangement of the two phenanthrene moieties can be explained by a reaction
pathway involving an out-of-plane rotation of one of the phenanthrene moieties as depicted
by the models from left to right. b and c stick models of planar reaction products without
(b) and with (c) pentagonal ring closure, respectively. The dashed red lines highlight the
different alignment of the phenanthrene moieties in both cases. In comparison, all the
experimentally observed structures indicate a ring closure in their center. Molecular models
in panels b and ¢ were structurally optimized and displayed using Avogadro.!”

be expected for the simple reaction pathway for planarization discussed above.!'® Instead,
the two phenanthrene moieties are now connected to each other at the center of the molecule
with different orientations.

Apart from the planar reaction product shown in Fig. 3a, there are two more species,
displayed in Fig. 3b and c, that are not completely planar. While the entire structure is
not directly apparent from their AFM images, these do allow for an identification of the
orientation of the two phenanthrene moieties. In both cases, the orientation agrees with the
one of the planar reaction product. As the central part of the molecule cannot be imaged
so clearly, it is at first glance unclear whether a five-membered ring has formed at their
center in analogy to the planar reaction product. However, the five-membered ring enforces
an orientation of the two phenanthrene moieties in an angle of 150°, whereas a single bond
between the two would result in an angle of 180° (see Fig. 4b and c¢). As the observed angle
in the AFM images agrees with the former, we conclude that the five-membered ring has
to be present. Most probably, the sulfur atom is still present in these molecular structures,
giving rise to the additional feature at the center of the target molecule.

Hence, from the AFM images one can assign the backbone of all three products as
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phenanthro(9,10-¢e)acephenanthrylene — a molecule that has been synthesized from phenan-
threne, using wet chemistry.?

We now turn to the discussion of a potential pathway of the observed reaction. By
comparing the reactant and the product (see Fig. 3d) and their respective symmetries one
realizes that the two phenantrene moieties are interconnected quite differently. As illustrated
in Fig. 4a, a reaction pathway involving the sulfur atom elimination, an (almost) 180° out-
of-plane rotation of one of them, and, finally, a ring closure yield the observed molecular
structure. Note that, after a bond cleavage at the sulfur atom, the two phenantrene moieties
are connected by a single o-bond only, facilitating the rotation. Without such an out-of-
plane rotation, a reorganization of both bonds that connect the two phenantrene moieties
would be required. Such a pathway would not be easily reconciled with the observation of
almost all reaction products still consisting of two phenantrenes — though we cannot exlude
such bond reorganization from our data. We therefore propose C—S bond cleavage, the out-
of-plane rotation of one phenantrene moiety, and a ring closure as the reaction pathway. As
has been observed previously,?®?” the surface can coordinate atoms with open bonds that
occur from e.g. the sulfur elimination and thereby stabilize intermediate structures, such
as the one displayed in Fig. 4b. It may well be that the hydrogen that is released upon
pentagonal ring closure will saturate the open bond in the final product as shown in Fig. 4c.
While the planar structure of the reaction product may indicate the saturation of all bonds
by hydrogen atoms, we cannot exclude that instead the respective atoms are coordinated to
the substrate.

In contrast to our observation, in an earlier work!® the symmetric reaction product
dibenzo[2,3:10,11]perylo[1,12-bcd]thiophene was obtained from DPAT molecules in the pres-
ence of copper particles serving as a catalytic surface. It is well known that at step edges
the reactivity of the substrate is enhanced?52%° which possibly enables alternative reaction
pathways. Bearing this in mind, we imaged substrate defect step edges, to which molecules

are attached, after annealing. Interestingly, in a corresponding AFM image displayed in
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Figure 5: Reaction products at substrate step edge: AFM image of phenanthrene
units attached to a copper step edge after sample annealing. The higher reactivity at step
edges apparently facilitates dissociation of molecules. Imaging parameters: Az = 1.55A
with respect to the STM set point (I = 1pA, V = 0.1V) at the lower laying terrace in the
top part of the image. (Scale bar 5 A)

Fig. 5 we find planar molecules that can be readily identified as containing one of the two
phenanthrene moieties only. Hence, step edges obviously facilitate the dissociation of the
molecules separating the two phenantrene moieties. This observation resolves the appar-
ent contradiction of different reactions, as one might speculate that at even higher anneal

temperatures the two phenanthrenes can reunite to form a symmetric reaction product.

Conclusion

In summary, we analyzed the non-planar adsorption geometry of DPAT molecules adsorbed
on Cu(111) from atomically resolved 3D FM-AFM data. Upon annealing, the molecules
undergo an on-surface planarization reaction. The reaction pathway is proposed to involve
(i) C—S bond cleavage (ii) an (almost) 180° out-of-plane rotation of one phenanthrene moiety,
and (iii) aromatization by dehydrogenation. Finally, the higher reactivity at step edges leads

to a dissociation of the molecule separating the two phenantrene moieties.
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