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ABSTRACT: On-surface engineering of supramolecular struc- ('
tures has attracted considerable interest during the past few o7 H,

decades. However, organic nanostructures coordinated by group V
semimetals have rarely been demonstrated. Herein, we report the
metalation of a metal-free phthalocyanine (H,Pc) via the
incorporation of semimetal atoms (Sb and Bi) with insights from
X-ray photoelectron spectroscopy, ultraviolet photoelectron spec-
troscopy, and density functional theory. While H,Pc becomes
completely metalized on the Sb(111) surface after annealing to 200
°C, the metalation of H,Pc is only partially triggered on Bi(111) at
annealing to 300 °C, and the complete metalation is done after BEwv)

further higher temperature annealing. Inspired by the metalation

path predicted by DFT calculations, we propose that the metalation of H,Pc on Sb and Bi semimetals is possible by the dissociation
of hydrogen atoms from the pyrrolic nitrogen atom as a result of the orbital hybridization between the N-sp” state and the Bi-6p,
state, and the metalation process needs to overcome a relatively high energy barrier due to the weak mixing of atomic orbitals at
discriminated energy levels. While Bi/Sb coordinated organic nanostructures have been seldom investigated before, the direct
synthesis of SbPc/BiPc via on-surface reaction in this report might bring promising progress for physical chemistry and related fields.

B INTRODUCTION Although numerous investigations have been paid to
metallophthalocyanines, interaction between phthalocyanines
and nontransitional metal atoms has been scarcely reported.'®
Specifically, Pcs with the group-V atoms coordinated in the
center are seldom seen in the literature,'’ """ probably due to
the difficulty in synthesizing semimetal organic complexes with
nitrogen-donor ligands. On the other hand, such complexes
with coordinated semimetals are proposed to have appealing

Wide interest has been attracted in past by the on-surface
metalation of tetrapyrrole organic layers, namely, porphyrins
(Ps), porphyrazines (Pzs). and phthalocyanines (Pcs), due to
the promising physiochemical and optoelectronic properties of
such metal complexes. In particular, appealing applications
have been proposed for metal phthalocyanines (MPcs) in

semiconductor devices,' " energy conversion,” catalysis,6_9 properties in chemistry and biology, such as the effective
and information communication.'’ In addition to this, the treatment of diseases, tuning lightfastness and so on.”’ With
coordinated metal atom lying in the center of z-conjugated this motivation, herein, we demonstrate the synthesis of BiPc/
macrocycles represents well-defined and uniform active sites, SbPc via the metalation of H,Pc under a dry-chemistry
thus crediting MPcs with an a giant significance for robust approach, which is performed on group-V semimetal surfaces
biological and chemical properties."'~'* Correspondingly, the by external thermal annealing. Sb(111) and Bi(11l) are
family of transition metal phthalocyanines (TMPcs) has been chosen as they are the archetypal semimetal substrates
synthesized in routine for intense investigation by changing the commonly investigated in surface science.”’ The metalation
central coordination atoms,"> for example, from CuPc to CoPc, process of H,Pc on Bi(111) and Sb(111) surfaces is
FePc, and so on, to find alternative catalysts at low cost toward

fuel cells."* Nowadays, considerable efforts are still devoted to Received: January 31, 2020

TMPcs from both experimental and theoretical points of view, Revised: ~ March 12, 2020

in order to exploit novel physiochemical properties for spread Published: March 16, 2020

applications. For instance, SnCl,Pc has been proposed for

signal transfer between molecules along the predesigned
10

route.
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Figure 1. Evolution of N 1s core level spectra of H,Pc on Sb(111) and Bi(111)/Au as a function of thermal annealing. (a) N 1s spectra recorded
after the deposition of 4.3 A H,Pc onto Sb(111) at RT followed by thermal annealing to 175 and 200 °C, respectively, and an additional deposition
of H,Pc to multilayer. (b) Changes of N 1s XPS from H,Pc film (10.0 A thick) adsorbed on the Bi(111)/Au substrate as a function of in-sequence

annealing. Black: raw data. Colored lines: fitted components.

investigated by X-ray photoelectron spectroscopy (XPS) and
further supported by density functional theory (DFT)
calculations, which predict the reaction path for the on-surface
metalation process and identify the electronic structures of as-
formed BiPc/SbPc. Moreover, difference of the activation
barrier has also been clearly distinguished between the bismuth
and antimony atoms involved metalation.

B METHODS

Initially, H,Pc molecules were deposited onto the Sb(111)
surface and the bismuth covered Au(111) (where the bismuth
film is around 10 nm thick), respectively. As reported in
literature, the bismuth film with thickness bigger than seven
bilayers usually holds the (111) orientation, since the Bi(111)
facet is the preferred growth orientation,”>* which has also
been confirmed by LEED in the present work. Metal substrates
were cleaned by cycles of Ar* sputtering and thermal annealing
at 500 °C for Au(111) and 200 °C for Sb(111) (Mateck,
Germany) under ultrahigh vacuum (UHV), respectively. The
quality and cleanliness of crystal surfaces were verified
afterward by UPS and XPS. High purity H,Pc and Bi powder
(Sigma-Aldrich, purity higher than 97%) were thoroughly
degassed before deposition by heating to a temperature slightly
below the sublimation temperature, while the temperature was
monitored by a k-type thermocouple close to the evaporator.
During deposition, metal substrates were held at room
temperature. The bismuth film was annealed at 100 °C for
30 min after deposition onto Au(111) in order to obtain
uniform Bi layers. Film thickness was estimated by fitting the
peak intensity attenuation from XPS assuming a layer-by-layer
growth mode. XPS and UPS measurements of the H,Pc/
Sb(111) absorption system were performed using a PHOI-
BOS100 electron spectrometer (SPECS GmbH) equipped
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with a monochromatic Al Ka X-ray source (hv = 1486.6 eV)
and a helium lamp (He I, hv = 21.2 V) while the base pressure
is better than 1 X 10~ mbar in the UHV chamber.”* XPS and
UPS characterizations of H,Pc on the Bi(111)/Au surface
were performed at the Matline beamline at ISA in Aarhus
university, Denmark. Peak fitting of XPS was done using the
CASAXPS software.

DFT calculations including the simulation of reaction
pathway were carried out in the framework of Perdew—
Burke—Ernzerhof (PBE) and generalized gradient approxima-
tion (GGA) for the description of the exchange-correlation
energy,”® while projector augmented waves (PAW)***” and a
plane wave basis set are implemented in the Vienna ab initio
simulation package (VASP). Geometries of the gas-phase
metallophthalocyanines and adsorbed systems were fully
optimized until the atomic force is smaller than 0.02 eV/A.
An unit cell with dimension of 25 X 25 X 15 A® was used for
the calculation of gas-phase phthalocyanines, and a slab with
three ¢(6 X 6) layers of semimetal atoms and the vacuum
thickness of 19.0 A was utilized to simulate the adsorption
complex, while the bottom two semimetal layers were kept
frozen during optimization. The energy cutoff was set to S00
eV for the plane wave set. A 2 X 2 X 1 Monkhorst—Pack k-
point mesh was used. Charge densities for the adsorption
configuration were plotted on the basis of Bader analysis. The
prediction of the metalation reaction for H,Pc on Sb(111) and
Bi(111) was performed by the climbing-image (CI) NEB
modified method.”®

B RESULTS AND DISCUSSION

To check whether the metalation of H,Pc can happen on
Sb(111), the change of N 1s core level from XPS after
adsorption is an evidence fingerprint, as widely discussed in

https://dx.doi.org/10.1021/acs.jpcc.0c00895
J. Phys. Chem. C 2020, 124, 8247—-8256
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Figure 2. Evolution of valence band spectra of (a) the H,Pc/Sb(111) system and (b) H,Pc on Bi(111) surface at sequential annealing steps.

previous reports.”” Initial deposition of 4.3 A H,Pc on Sb(111)
was performed followed by stepwise annealing, while in situ
XPS measurements were done to monitor chemical state
changes of the nitrogen atom, as shown in Figure la. It can be
judged from the molecular structure that H,Pc comprises two
chemically different types of nitrogen atoms: the pyrrolic
(—NH-, denoted as Ny, in this paper) and the iminic (=N—)
nitrogen (denoted as N)). It is obvious in Figure la that, the N
1s spectrum of as-deposited H,Pc on the Sb(111) surface at
RT indeed own two components. The peak located at 400.0
eV should be assigned to the N} atom, while the component
staying at 398.5 eV originates from the N; atom, as compared
to literature reports.”””" Similarly, in the case of 10.0 A H,Pc
on Bi(111)/Au at RT, there are also two components with the
binding energy at 400.2 and 398.7 eV, respectively, which are
supposed to origin from the Np and Nj atoms as well
Moreover, the peak intensity ratio between these two
components is found to be 1:2.97 for H,Pc on Sb(111) and
1:3.03 for H,Pc on the Bi(111) surface, corresponding well to
the molecular stoichiometry of 1:3.

Following the initial deposition of H,Pc on Sb(111) and
Bi(111), thermal annealing was performed afterward in
sequence. At the first stage, no visible change is observed in
the line shape of the N 1s spectrum after annealing to 175 °C
for the H,Pc/Sb(111) system or after annealing to 200 °C in
the case of H,Pc/Bi(111). Specifically, both the peak position
and intensity ratio of these two components remain
unchanged, indicating that no reaction occurs at interface at
this stage. Interestingly, further annealing the H,Pc/Sb(111)
system to 200 °C leads to dramatic changes. The N 1s
component located at 400.0 eV originating from Nj atoms
completely disappears while the peak at 398.5 eV remains in
the spectrum. Such change clearly indicates that nitrogen
atoms of phthalocyanines are now faced to a new chemical
environment. Disappearance of the Np component suggests
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that the original —NH— group no longer exists and that the
pristine pyrrolic nitrogen might get coupled to the Sb atom as
compared to XPS spectra in the metalation of H,Pc on
Cu(111) or other transition metal (TM) surfaces.””*' On the
other hand, since there is only one relatively broad peak
resolved in the N 1s spectrum after annealing to 200 °C, it can
be speculated that the Sb-bonded N atoms might have a
similar binding energy as the iminic nitrogen. In practice,
analogous phenomena have been reported in literature, for
example, the N 1s spectrum from CoPc and CuPc was revealed
to have only one component including both the metal-
coordinated and iminic nitrogen atoms,">*’ which therefore
makes it difficult to distinguish them from XPS. To make the
metalation demonstration convincing, an additional deposition
of H,Pc (around 6.3 A more) to multilayer coverage was done,
which results in the emergence of the pristine Np component
and therefore supports the metalation of H,Pc at interface.
The occurrence of metalation of H,Pc with semimetal is
further confirmed by recording the evolution of the N 1s core
level from an analogous system with 10 A thick H,Pc on
Bi(111) as a function of thermal annealing, as depicted in
Figure 1b. It can be resolved that the N component gradually
becomes broad when annealing from RT to 300 °C, probably
indicating the occurrence of partial reaction in the H,Pc/
Bi(111) complex was induced at 300 °C annealing.
Interestingly, besides the pristine Np and N; components,
one additional peak has to be introduced in the N 1s spectrum
to obtain reasonable fitting in Figure 1b, which is revealed to
be at the binding energy of 400.5 eV. Since the metal
coordinated nitrogen and iminic nitrogen in phthalocyanines
are very close to each other in XPS (398.5 and 398.7 eV,
respectively obtained from fitting), we propose that the new
component at 400.5 eV might be assigned to the Bi
coordinated or bound pyrrolic. Moreover, the peak intensity
ratio between the component at 400.2 eV (Np) and at 398.7

https://dx.doi.org/10.1021/acs.jpcc.0c00895
J. Phys. Chem. C 2020, 124, 8247—-8256
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Figure 3. NEB predicted path for the metalation reaction of H,Pc with a Bi atom on Bi(111) (blue) and H,Pc with a Sb atom on Sb(111) (red).
Intermediate states in the metalation procedure are shown and labeled with the relative energy barrier compared to the final step with the BiPc and
H, products. Pink: bismuth. Dark gray, carbon. Blue, nitrogen. White, hydrogen.

eV (N)) is now analyzed to be 3.95, which is apparently lower
compared to the initial value at RT, pointing out the decline of
N, component. Further annealing to 400 °C, the Np
component is significantly reduced but not completely gone,
which could be derived from unreacted H,Pc molecules from
multilayer.”*® In fact, the analogous macrocycle of 2H-
tetraphenylporphyrin on the iron-decorating Ag(111) surface
also shows the pyrrolic component coexists with the Fe(1l)—
tetraphenylporphyrin feature after annealing to 550 K.**
Therefore, it can be judged that the metalation of H,Pc on
Bi(111) is temperature-dependent, similar to the metalation of
H,Pc on Cu(111).”” Based on these results, we can conclude
that the metalation of H,Pc on the Bi(111) surface starts from
around 300 °C and is most probably completed at 400 °C
annealing. Compared to the metalation of H,Pc on Sb(111),
which is finished after annealing to 200 °C, a relatively high
thermal energy is needed to trigger the metalized reaction of
H,Pc on Bi(111), which also suggests that the metalation
activity or catalytic ability of antimony to the H,Pc macrocycle
is stronger than that of bismuth in the framework of on-surface
reaction.

To shed more insights on the metalation of H,Pc with Sb
and Bi, ultraviolet photoemission spectroscopy (UPS) was
performed to exploit valence band structures during the
metalation procedure and is depicted in Figure 2. As expected
for the H,Pc on Sb(111), there are several new features
appearing in the binding energy range 0 to 12 eV in Figure 2a
(labeled as B—G) while the surface state is found to be at a
binding energy of around 0.4 eV (marked as A;) below the
Fermi level (E;). Valence structures at 1.8 and 2.6 eV derived
from the Sb Sp state of the clean Sb(111) get quenched after
the adsorption of H,Pc at RT as seen in Figure 2a.
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Additionally, the component of A, can be assigned to the
highest occupied molecular orbital (HOMO) level of H,Pc on
Sb(111). Subsequently heating to 175 °C partially recovers the
valence structures, while peaks B—G at higher binding energy
becomes weak with slight difference in energy due to the
desorption of molecules. Interestingly, further annealing to 200
°C results in obvious changes of valence structures. First, peak
B located at 3.6 eV becomes weak while peak C at 4.2 eV gets
sharp and more dominant with a slight shift toward lower
binding energy, and the similar shift goes with peak D as well.
Moreover, peak F located at 9.0 eV moves toward larger
binding energy and another two peaks labeled as G, and G,
completely disappear. Since additional deposition of H,Pc
brings pristine features from H,Pc molecules back, we
therefore infer these obvious changes of interface electronic
structure at 200 °C result from new adsorbates formed on
Sb(111), which was also confirmed in the XPS results. As
compared to the situation of annealing at 175 °C, the peak
near the right side of peak C, and the lower binding energy
peak beside peak D and the larger binding energy peak near
peak F appear after heating to 200 °C should be attributed to
the mixing between atomic orbitals within the inner iminic N
(in the pentagon of porphyrin compared to other iminic N
atoms at the corner of porphyrin) and Sb valence states. On
the other hand, the fading of features G,, G, and the
weakening of peak B might also be related to the removal of
adsorbed H,Pc on Sb(111). Notably, there is a wide peak
clearly visible around 4.0 eV below E; (labeled as E) which
remains constant and could be assigned to the Pc macrocycle,
mainly the 7-conjugated MOs formed by sp* hybrid state
between carbon and nitrogen atoms, since these MOs can
hardly be influenced.*

https://dx.doi.org/10.1021/acs.jpcc.0c00895
J. Phys. Chem. C 2020, 124, 8247—8256
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among reaction steps 6, 7, and 8. (a) Hybridized state labeled with violet bar between the Bi and inner Nj atoms in step 6. (b) Four new mixed
states between Bi and N atoms in step 7 and (c) another two coupled MOs in step 8. Red: s state. Gray: p state.

Moreover, obvious changes of interfacial electronic
structures have also been found in the H,Pc/Bi(111)
adsorption system after heating to 400 °C (Figure 2b),
which might be seen as an indicator of the surface mediated
process for H,Pc on Bi(111). Specifically, the HOMO from
H,Pc is clearly resolved at around 1.6 eV (marked as “a”
below E; after deposition onto the Bi thin film at RT.
Subsequently, peak “a” moves toward to the Fermi level side
when heating to 400 °C, which may result from the interfacial
charge transfer from Bi atoms to the H,Pc macrocycle.
Meanwhile, a new structure appears at the binding energy of
4.2 eV below E;; which is similar to the feature C observed in
the H,Pc/Sb(111) system. Contrary to the shift to larger
binding energy of peak F and the disappearance of peak G, and
G, after metalation in the H,Pc/Sb(111) system, annealing the
H,Pc/Bi(111) system to 400 °C results in the shift of peak “c”
to lower binding energy while a new feature labeled as “d”
formed, respectively. It can therefore be inferred the interfacial
electronic structures of H,Pc/Bi(111) adsorption system has
been modified after heating to 400 °C due to the orbital
coupling between bismuth valence states and molecular
orbitals contributed by the pyrrole. In a word, changes of
interfacial electronic structures have been indeed discovered
for H,Pc adsorbed on Sb(111) after annealing to 200 °C and
on Bi(111) at annealing to 400 °C, agreeing reasonably with
previous discussions of XPS results, while both UPS and XPS
results suggest together that H,Pc can be metalized by Sb and
Bi semimetals after thermal annealing. Last but not least, it
needs to be addressed that changes of valence structures for
the metalation of H,Pc are quite similar on both Sb(111) and
Bi(111) substrates, although rich features are observed initially
in the UPS of the pristine Sb(111) compared to the Bi(111)
surface, as bismuth has relatively low density of states around
Fermi level.*®

Photoemission spectroscopy results demonstrate the metal-
ation of H,Pc on both Sb(111) and Bi(111) semimetal
substrates, we have performed DFT calculations with the
nudged elastic band (NEB) method to get a further insight
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into the metalation procedure of H,Pc on both the bismuth
and antimony surfaces. Reactants are set to be H,Pc and one
Bi or Sb atom on top of the Bi(111) or Sb(111) surface, while
the products are a metalized macrocycle of BiPc or SbPc and
H, gas. As the reaction mechanism is revealed to be similar on
both substrates as depicted in Figure 3, where the reaction on
Sb(111) is marked with red and blue on Bi(111), only one
metallization procedure is chosen and discussed in detail as an
example: H,Pc on Bi(111). Based on the assumption that
surface atoms can be induced by thermal annealing, a Bi atom
was first placed at the hollow site on top of three bismuth
layers, and it can move freely around surface during reaction.
The predicted metalation path is summarized in Figure 3, and
it can be seen that the Bi adatom moves from the initial hollow
site to the top site (from step 1 to step 6) and stays exactly
underneath the center of H,Pc. Afterward, the Bi atom is lifted
up and jumps into the H,Pc macrocycle being bonded to two
Np atoms to form a H,Pc—Bi intermediate state (step 7). As
the on-surface reaction continues, one N—H bond is first
activated by and bound sequentially to the Bi atom. When it
goes further to the highest barrier step (step 8), the second
hydrogen atom isdissociated from the Np atom as well
Ultimately, the BiPc macrocycle is formed by desorbing two
leased hydrogen atoms in the form of H,. As revealed from the
reaction diagram, the highest energy barrier to overcome
during the metalation procedure is 2.43 eV from step 6 (0.55
eV) to step 8 (2.98 eV), which is in general consistent with our
experimental observation according to the Arrhenius equation,
and it is apparently higher than the metalation of H,Pc by Zn,
Fe, V, Co, or other metal atoms,’*” Since bismuth is relatively
inert compared to other transition metals and has a low density
of states close to Fermi level,*® it therefore makes sense that
the metalation of H,Pc with Bi involves a higher activation
energy by relatively intense thermal annealing up to 400 °C
which is close to the melting point of the bismuth crystal but
still far below that of the Bi(111)/Au system. The procedure is
endothermic in total with the energy of 1.6 eV required, which
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Figure 5. Energy level diagram of MOs from the gas-phase BiPc/SbPc labeled by the C,, irreducible representation, and the corresponding
contribution to the PDOS of BiPc identified as an example. For easy discussion, three typical MOs from BiPc under the C,, constraint, al, 2al, and
Sal with the isovalue of +0.005, + 0.02, and +0.01 e/bohr’, respectively, are also shown on the right side. * indicates antibonding,

indicates that the metalation of H,Pc on bismuth cannot be
triggered easily.

Derived from the predicted reaction path, electronic
properties of intermediate states have also been investigated
to clarify the metalation mechanism of the N—H bonding
activated by the semimetal atom. As judged from the partial
density of state (PDOS) from the Bi atom, the N; and N,
atoms in step 6 shown in Figure 4a, there are several
hybridized states between the bismuth atom and its neighbors
via valence states mixing. Interestingly, the hybridization is
found between the Bi 6p, and Nj sp” states to form the Bi 6p,—
N, sp® intermediate state in step 6 as highlighted Figure 4a,
while the corresponding MO configuration is shown in Figure
S2a. It can be inferred that, additional activation energy could
enhance the orbital mixing between H,Pc MOs and valence
states of Bi atom, subsequently leading to new mixed states in
step 7, beside the Bi 6p,—N sp” state already shown in step 6
which now moves to —4.2 eV at this reaction step. These new
mixings are revealed to be couplings between the Bi and Nj
atoms and the relatively weak coupling between Bi and N
atoms, respectively. Deep investigation shows that these new
hybridized states (as depicted in Figure 4b) are the Bi 6s—N;
sp” state at —11.5 eV, Bi 6p,—Np, at —7.3 €V, Bi 6p,—N; sp’
at —4.7 eV which contribute to the formation of Bi—Nj
bonding, and the MO at —2.9 eV from the coupling between
Bi 6p, and Np sp” states which indicates that the N,—H bond
starts to be activated by Bi, in respond to the additionally
introduced N 1s component in Figure 1b at a binding energy
of 400.5 eV. Detailed information can also be found in Figure
S2b in the Supporting Information.

Further to the top barrier with step 8 in Figure 4c, the MO
at —5.1 eV (also shown in Figure S2b) is the mixing state of Bi
6py-NPsp2-H with major contribution from the Bi 6p, state.
Meanwhile, another MO at —7.6 eV is originated from the
hybridization between Bi and Np, with the coupling style of Bi
6p,—Np p,, stating that the Bi 6p, state is ready to activate the
Np—H bonding. Therefore, we can propose that the Bi 6p,
state plays an important role in activation of the Np—H bond.
In addition, as seen from the PDOS of both Bi and N}, atoms
in step 6, the relatively poor mixing between the Bi 6p, and
valence states of N atoms requires higher thermal energy to
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trigger the metalation reaction of H,Pc compared to that on
other TM substrates, where 3d orbitals of TM atoms can
couple relatively easily with the valence states of the Np and H
atoms due to the proximity of energy levels of MOs and the
orbital configuration of d,, and d,, states.

As the metalation mechanism of H,Pc on Bi(111) has been
exploited in detail, we now move the focus to the metalized
macrocycles. It has been reported that molecular structures of
TMPc in gas-phase are inclined to have the D,;, symmetry;*’
however, both SbPc and BiPc are revealed to possess the C,,
symmetry after full optimization as shown in Figure 5, where
the central semimetal atom is lifted outside the Pc plane.
Calculations based on the gas-phase configuration shows that
varied hybridized orbitals could be induced via couplings
between the Bi 6s/6p states (Sb Ss/Sp states) and the 2s/2p
states of Ny atoms. In corresponding to PDOS, MOs of the
gas-phase BiPc and SbPc are shown for direct comparison. By
comparing the PDOS of Ny and Bi from the gas-phase BiPc as
shown in Figure S3 in the Supporting Information, we can also
propose the coupling manner between the Bi and N valence
states: under the strong plane field induced by the Pc
macrocycle, p states of the Bi(Sb) ion split into Al(p,) and
E(p. py) levels. According to the hybridization of MOs and
orbital configurations listed in Figure S with three typical MOs
shown on the right (al, 2al, and Sal), it is inferred that the Bi
valence states are mixed mainly with three types of N valence
states: 2s, p,, and sp”. It shall be addressed that both the
doubly degenerated bl and e MOs appear with the same
hybridization form: the 6p, or 6p, state of Bi mixing with the
sp® hybrid sate of N; (Bi 6p,/p,~N sp®). In conclusion,
hybridized states between valence states of semimetal and N
atoms shed convincing insights on forming the stable Bi—N; or
Sb—N; bonding under the C,, symmetry constraint.

Besides the discovery of C,, symmetry in BiPc, it might also
be meaningful to exploit interfacial electronic properties in the
adsorption configuration of SbPc (BiPc) on Sb(111)
(Bi(111)), which stands for a new type of interface with the
organo-semimetallic adsorption on semimetal. In the case of
the TMPcs’ adsorption on metal substrates, molecules are
usually arranged with their aromatic plane parallel to the
substrate.”” In practice, the adsorption configuration of Pcs on
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Figure 6. Adsorption geometry of (a) BiPc on Bi(111) and (b) SbPc on Sb(111). Corresponding charge density differences are plotted in parts c

and d, respectively, with the isovalue of 0.01 e/bohr’.

varying substrates is affected by several parameters, for
example, the adsorption site, the azimuthal orientation of the
macrocycle with respect to substrate and the adsorption
height.” Similar to the report of SnPc on Ag(111),*’ geometry
optimization herein also shows that an apparent distortion of
the molecular plane is induced when BiPc is placed on top of
Bi(111), while a similar distortion is also found for the
adsorption of SbPc on Sb(111), as shown in Figure 6. It can
also be discovered that BiPc is, in principle, chemically
adsorbed on the Bi(111) surface with the central Bi ion
anchored to substrate and a Bi—Bi bonding length of 3.18 A is
revealed along the surface normal direction with the molecular
plane placed 4.04 A above the bismuth substrate. On the other
hand, the binding of SbPc on Sb(111) is slightly different: the
distance from the central Sb atom of SbPc to substrate is 3.35
A with no obvious chemical bonding formed, and the Pc plane
is arranged with the adsorption height of 4.28 A. These results
suggest that the adsorption of SbPc on Sb(111) might be
governed by weak molecule—substrate interactions while BiPc
is chemically ad sorbed on Bi(111). Moreover, the Bi—N
bonding length for adsorbed MPcs is also considered and
summarized in Table S1 in the Supporting Information, while a
length of 2.19 and 2.25 A are found for SbPc and BiPc,
respectively, as compared to the length of 2.17 and 2.28 A in
the gas phase.

Moreover, investigation of charge redistribution upon
adsorption might also be helpful to understand the adsorption
mechanism. The charge density difference induced by the
adsorption is defined as Ap = Py — Peab — Pmop Where pyoq is
the charge density of the adsorption system, and pg, and p,,
and the charge density of the clean Sb(111) and Bi(111)
substrate and the gas-phase SbPc or BiPc, respectively. As
judged from Figure 6, where the red color represents charge
accumulation and blue denotes charge depletion, it is obvious
that the charge redistribution at the BiPc/Bi(111) interface is
much more apparent than that at the SbPc/Sb(111) system,
supporting the previous discussion that the BiPc molecule is
chemically adsorbed on the Bi(111) surface while SbPc is
relatively weakly attracted by the Sb(111) substrate.
Furthermore, the inner N atom in the adsorbed BiPc shows
a higher charge accumulation as compared to that in the
adsorbed SbPc, indicating that the coordinated Bi atom could
have a stronger influence on the chemical environment of the
inner N atom than that in the SbPc/Sb(111) system. This
difference is also in agreement with changes in N 1s core level
spectra, where a shift of N 1s with about 0.2 eV is observed on
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Bi(111) after heating to 400 °C while no obvious shift was
found on the Sb(111) substrate. For a detailed understanding
of the charge transfer at the BiPc/Bi(111) interface, a
comparison between the gas-phase BiPc and the adsorbed
BiPc on Bi(111) has also been performed and presented in
Figure S4 in the Supporting Information.

In a word, the metalation of H,Pc on both Sb and Bi
semimetal substrates have been proposed by XPS and UPS
discussion, and further verified by NEB and DFT calculations.
While the metalation of H,Pc on other transition metal
surfaces have been widely reported in literature, herein, the
demonstration of on-surface synthesis of semimetal phthalo-
cyanines on Sb and Bi substrates might shed interesting
insights onto the on-surface physics and chemistry for further
exploiting of phthalocyanines. While the mechanism of on-
surface metalation of H,Pc by semimetals has been
investigated, the feasibility of metallizing H,Pc by the Sb/Bi
atom is proven with the SbPc molecule to be formed much
easier than BiPc due to the relatively high activity of Sb.
Moreover, it is discovered that the synthesized BiPc is strongly
adsorbed on the bismuth substrate while SbPc is physically
attracted on top of the Sb surface, which might also point out
an effective approach for interfacial engineering of semimetallic
organics toward molecular electronics in future.

B CONCLUSIONS

On-surface metalation of H,Pc on both the Sb(111) and
Bi(111) semimetal substrates has been demonstrated herein by
XPS measurements and DFT calculations, and a systematic
investigation of the reaction mechanism on both surfaces has
been carried out. Regarding on the formation of BiPc, XPS
shows that the metalation of H,Pc with Bi atoms starts to
occur with annealing at 300 °C, and the reaction is further
promoted and finished after subsequent annealing to 400 °C.
On the other hand, the metalation reaction of H,Pc on
Sb(111) is revealed to be completely finished after annealing
to 200 °C. With additional insights from DFT calculations, it is
found that the metalation of H,Pc with Bi is endothermic with
an external energy required (1.60 eV), while the formation of
SbPc on Sb(111) is exothermic with energy released (1.23 V).
As judged from the summarized reaction diagram, the highest
activation energy to overcome toward the formation of BiPc is
2.43 eV, which is a bit higher than the situation of SbPc with
2.39 eV, in good agreement with the discussion of XPS results.
Moreover, BiPc is found to be chemically adsorbed on Bi(111)
while SbPc is weakly attracted by Sb(111). It is therefore
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concluded from DFT predictions that the metalation of H,Pc
is associated with the hybridization between valence states of
the bismuth and neighboring nitrogen atoms, while the 6p
state of Bi plays an important role in mixing with the inner N
to produce the intermediate complex BiH,Pc and subsequently
the dehydrogenation of N, atoms. The metalation process
needs to overcome a considerable energy barrier due to the
fact that the valence states of Bi or Sb are located higher than
the Np sp’~H 1s state resulting in relatively weak orbital
hybridization. Encouragingly, the direct synthesis of SbPc and
BiPc via the on-surface approach herein might highlight an
appealing approach toward the fabrication of semimetal
coordinated macrocycles and nanostructures using the dry-
chemistry concept, and it possesses appealing potentials in the
field of physics, chemistry and materials sciences.
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