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On-surface manipulation of atom substitution
between cobalt phthalocyanine and the Cu(111)
substratet
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Han Huang,” Justin W. Wells? and Fei Song*®

On-surface fabrication of controllable nanostructures is an appealing topic in the field of molecular
electronics. Herein, the adsorption of cobalt phthalocyanine (CoPc) on a Cu(111) surface is investigated
utilizing a combination of photoelectron spectroscopy (PES) and density functional theory (DFT).
Interestingly, the scenario of atom exchange is discovered at the interface at room temperature (RT),
namely the substitution of the cobalt atom in CoPc by a surface Cu adatom. Moreover, thermal
annealing enhances the substitution process considerably which is demonstrated to be complete at
about 573 K. As revealed by DFT calculations, the driving force for the observed interface transmetalation
is most probably provided by the initial strong molecular-substrate interaction between Co atoms and
the Cu(111) surface, the external thermodynamic energy gained from thermal sublimation and thermal
annealing, and the tendency to form Co-Cu alloy at the interface. While CoPc has been successfully
utilized in electrocatalysts for fuel cell applications and CuPc is commonly used as a leading material in
organic solar cells, this report of interface transmetalation from CoPc to CuPc in a solid state
environment may offer an encouraging approach towards the artificial engineering of organometallic
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Introduction

Controllable manipulation of organic nanostructures has been
widely utilized as a promising approach for tuning the elec-
tronic, optical, chemical or physical properties at the surface/
interface, with appealing application manifested in molecular
electronics and biosensors." Fabrication of artificial on-surface
structures is therefore a key procedure, including both the
bottom-up method (for example, molecular self-assembly) and
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nanostructures and related properties for surface catalysts, molecular electronics and so on.

the top-down technique. The family of transition metal phtha-
locyanines (TMPcs, a 7 electron conjugated ring system
complex) has been for a long period the subject of intense
interest, due to their unique electronic and optical properties in
biological processes,>* catalysis,*® field-effect transistors,’ solar
cells® and the dye industry."* As realized, the performance of
TMPc molecules in devices can be easily affected by the inter-
face interactions.’” For example, the contact to specific
substrate can alter or suppress the electronic properties of the
TMPcs. Consequently, detailed investigations at molecular level
of the interface between TMPcs and metallic substrates is
necessary and will continually shed valuable insight into the
understanding of various processes taking place at device
interfaces.

Due to the presence of partially empty d orbitals of the
central metal atom in TMPcs, molecular substrate interaction
can be systematically tuned depending on its contribution to
the formation of interface structures. Therefore, well control on
the transitional metal center incorporated into Pc macrocycles
is of utmost importance to achieve tailored properties. For
instance, the interface electronic structure has been studied for
FePc, ZnPc, CuPc et al. on metallic substrates, and it was found
that depending on the transition metal, the d-levels of metal
atoms can significantly contribute to the highest occupied
molecular orbital (HOMO) or lowest unoccupied molecular
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orbital (LUMO) of the TMPc.'**® In particular, CoPc is a para-
magnetic molecule with the cobalt ion interacts with its
surrounding giving rise to different electronic and magnetic
configurations,” and is therefore a prototype candidate in view
of a possible implementation of molecular magnetic junctions
and electrocatalysts.*® Moreover, it has been repeatedly
demonstrated in the literature that the cobalt atom in CoPc
interacts strongly with metal substrates (Au, Cu or Ag),'>**?
which might lead to the structural modification of the CoPc
adsorbate, for example, the incorporation of surface adatom
into the Pc macrocycle from the substrate and finally the
substitution of central Co atom. This atom exchange process is
the extension of on-surface metalation scenario, and usually
called transmetalation in the form of M;Pc + M, — M,Pc + M;
which has been demonstrated in solution before.”*** As re-
ported by Doyle et al. for nickel porphyrin compounds
(NiDBrDPP and NiTBrPP) adsorbed on a Cu(111) surface,
transmetalation at interface was discovered upon the contact
with metal support and was enhanced by thermal annealing
where nickel was completely removed from the porphyrin core
and replaced by a substrate copper atom.>® However, on-surface
transmetalation of transitional phthalocyanine macrocycle has
not been observed before in solid-state conditions.

Herein we investigate the growth of CoPc on a Cu(111)
surface with particular attention to explore the variation of
interface structures and the related electronic properties.
Surprisingly, it is shown in our study that CoPc interacts
strongly with the Cu(111) substrate leading to the substitution
of the Co ion by a Cu adatom from the substrate with the
assistance of external thermodynamic energy, which subse-
quently results in the formation of Cu-metallated phthalocya-
nine and the releasing of metal cobalt atoms at interface.

Results and discussion

At the organic film/metal interfaces, various scenarios can be
found: formation of the dipole layer due to charge transfer,
redistribution of electron cloud, and interfacial chemical reac-
tion,” where the chemical interactions may result in new
features/states at interface. As well known, XPS is a very
powerful tool at detecting the changes in chemical state and
environment of an atom, and will therefore provide fingerprint
information regarding on the process occurring at CoPc/
Cu(111) interface. First, 1 ML CoPc was prepared on the
Cu(111) surface under UHV at RT followed by thermal anneal-
ing to 373 K, 473 K, 573 K, 673 K, 723 K for 30 minutes,
respectively, while the corresponding core levels of Cu 2p;,, Co
2pss, N 1s, and C 1s were recorded after each annealing treat-
ment. Similarly, thick film of CoPc (around 3 ML) was also
evaporated onto the Cu substrate afterwards and treated with
the above-mentioned step-by-step annealing for direct
comparison.

To explore possible interactions at the interface involving the
central metal atom of CoPc, Co 2p core level photoemission
spectra was investigated in detail. In Fig. 1, the evolution of the
Co 2p3, core level at the CoPc/Cu(111) interface are depicted as
a function of annealing temperature for the thickness of 1 ML
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Fig.1 Co 2ps,» XP spectra for the deposition of CoPc on Cu(111) kept
at RT followed by subsequent annealing. (a) Co 2ps,, core level of 1 ML
and (b) 3 ML CoPc deposited on the Cu surface. Black dots: raw data,
blue line: fitted component from Col(il) oxidation state, black line: fitted
Co(0) component, orange line: the shake-up component related with
the Co(il) state. As a reference, thin Co metal film (around 4 A) was also
prepared on the Cu(111) surface as shown in the bottom of (a) with red
curve.

and 3 ML CoPc, respectively. At the first glance, a significant
change of peak shape is observed by increasing annealing
temperature. As seen, the second bottom spectrum in Fig. 1(a)
for the as-deposited CoPc layer at RT is dominated by two
components: a broad feature at high binding energy at 780.6 eV
assigned to the Co(u) oxidation state, and an intense peak at
lower binding energy of 778.5 eV, which can be assigned to the
cobalt metal state (Co(0)).® For convincing arguing, the spec-
trum of Co 2ps, from a Co metal film (around 4 A) adsorbed on
Cu(111) was also present at the bottom of Fig. 1(a) (red curve) as
a reference, which matches well with the claimed cobalt(0) state
from the CoPc/Cu(111) interface. Upon increasing annealing
temperature, the Co(u) component attenuates in intensity and
gets more and more faint, with a corresponding increase in the
intensity of the Co(0) component from RT until to 573 K where
the Co(ir) component almost vanishes. Furthermore, no obvious
change was observed afterwards when further annealing from
573 K to 723 K, except that the peak originated from Co(0) state
turns broader which might be related to the desorption upon
high temperature annealing, and shifts down to lower binding
energy by about 0.3 eV. Similarly, in the case of 3 ML CoPc
adsorbed on the Cu(111) substrate, Co(0) component was
initially discovered at RT even though the signal of Co(u) state
from multilayer is mostly dominating. Moreover, an additional
component at 782.6 eV was resolved in Fig. 1(b), which can be
assigned to the shake-up peak associated with Co(u) oxidation
state at thick coverage,” while in the case of monolayer thick-
ness such satellite peak was not visible mostly due to the

This journal is © The Royal Society of Chemistry 2017
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molecular-substrate interaction. Further annealing to 373 K and
473 K did not give any difference to the peak shape or relative
intensity of Co(u) and Co(0) state, however, considerable
enhancement of the peak intensity of Co(0) component was
recorded when the annealing temperature went up to 573 K for
multilayer of CoPc on Cu(111). Surprisingly, the peak contrib-
uted from the Co(u) oxidation state got much weaker and
became equally intense to the peak related to the Co(0) state at
573 K, and shrunk further to about one third of the Co(0)
component after annealed to 673 K, while the Co(0) peak was
kept almost constant from 573 K to 673 K. Meanwhile, the
satellite peak associated with the Co(u) component was also
reduced in a similar manner.

For convenient comparison, spectrum of monolayer and
multilayer CoPc adsorbed on the Cu(111) surface at RT is also
stacked together as shown in Fig. S1 in ESLj In the case of
multilayer, relatively intense feature of Co(u) state was discov-
ered as compared to the Co(0) state upon deposition at RT, since
additional layers after the first layer are less affected by the Cu
substrate. From the above analysis of Co 2p;/, spectra between
the monolayer and multilayer coverage, it is fairly visible that
a Co(0) state is present upon adsorption regardless of the film
thickness, which is located at 2.1 eV lower binding energy
relative to the pristine Co(u) state from CoPc, and is almost
identical to that of the metallic Co film on Cu(111). At this point,
the presence of a Co(0) component in Fig. 1 implicating the
appearance of metallic Co atom, might point out that the Co ion
was displaced from the phthalocyanine macrocycle by Cu ada-
toms from substrate and turned to be metallic atoms at the
interface. In addition, such replacement process on the Cu(111)
surface begins at RT, enhanced by thermal annealing which
probably provides adequate thermal dynamic energy for the
surface Cu adatom, and finishes at about 573 K when all the Co
ions have already been replaced by Cu atoms. Moreover, the
vanishing of Co(u) peak at 573 K at the coverage of 1 ML and the
remain of such peak after annealed to 673 K in the case of
multilayer together suggest that the ion exchange process only
happens for the first layer contacted with the copper substrate.
Notably, the shift of Co(0) peak to lower binding energy by about
0.3 eV at the monolayer coverage from 573 K to 623 K is most
probably induced by the polarization screening effect.”**° As
known, for atoms in a similar chemical state but adsorbed in
the submonolayer, first and second layer, respectively, on
a metal surface such shifts between the respective signals are
always explained with polarization screening by metallic
substrate.*

As reported by Chassé et al, charge transfer process
involving mainly the Co atom was claimed from the significant
changes of Co X-ray absorption spectra at the interface.”
Moreover, charge transfer induced strong chemical interaction
between CoPc and various metals including silver, gold, and
graphene/Ni(111) have also been demonstrated from previous
reports,'****3° where it is claimed that such interactions
directly affect the initial state of the metal ion and changes the
effective oxidation state of the ion itself, resulting in a free Co
metallic component shifted by about 2 eV to lower binding
energy in the Co 2p,; spectrum.***** Since the interaction
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between CoPc and copper is expected to be much stronger
compared to silver or gold, and the presence of cobalt metallic
state (Co(0)) is undoubtedly evident, it can be concluded that
the central atom Co in CoPc macrocycle is displaced by copper
adatom from the Cu substrate, and therefore, atom exchange
process-transmetalation is believed to occur at the CoPc/
Cu(111) interface which forms the new CuPc organic and
releasing metallic Co atoms. This procedure happens partially
at RT, and gets greatly enhanced by thermal annealing which
delivers free Cu adatoms to the interface from substrate and
provides enough dynamic energy for barrier overcoming.
However, due to the present of copper bulk substrate, no further
information could be drawn from the Cu 2p core level since the
spectra are kept unchanged during the whole annealing
procedure except the intensity attenuation (as shown in
Fig. S2+t). Similarly, on-surface Ni-Cu ion exchange process has
also been reported for Ni-porphyrinato on Cu(111),”® where an
exchange of the Ni ion in the macrocycle with a substrate Cu
atom results in Cu metallated porphyrins and metallic nickel
atoms on the surface.

Since the desorption of CoPc molecule was recognized in
Fig. 1, one may doubt about the intactness of the macrocycle
after high temperature annealing and accordingly the conclu-
sion of Co-Cu atom exchange at interface. To avoid such
ambiguity, the N 1s and C 1s spectra were also recorded during
annealing procedure, as shown in Fig. 2 and 3, respectively,
meanwhile aiming to exploit the relative role of ligand atoms (C,
N) in the interaction with the Cu substrate and the ion exchange
process at the interface. The CoPc molecule has two different
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Fig. 2 N 1s XP spectra of CoPc deposited onto Cu(111) with different
thickness, followed by annealing to the temperatures as indicated. (a)
N 1s core level spectra for 1 ML CoPc and (b) 3 ML CoPc as a function
of annealing temperature. Black dots: raw data, black curve: the fitted
iminic N (-N=) component, blue curve: the fitted metal coordinated
N component, orange curve: the shake-up feature.
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Fig. 3 C 1s XP spectra for varying coverages of CoPc adsorbed on
Cu(111), followed by subsequent annealing, (a) C 1s XP core level
spectra for 1 ML and (b) 3 ML CoPc prepared on the Cu substrate. Black
dots: raw data, black curve: the component related to C atoms within
the benzene ring, blue curve: the component from the pyrrolic C
atoms, orange curves: components from the satellite shake-up.

sites of nitrogen: the iminic nitrogen (-N=) and the Co bonded
nitrogen (Co-N) in a chemically identical state.’ Previous
studies show that the metallic nitrogen species is typically
located at between 398.3 and 400.6 eV binding energy**** and
the iminic N in MPc macrocycle is approximately in the binding
energy range from 398.4 to 398.9 eV.****54¢ In addition, there
are 4 nitrogen atoms at iminic site and 4 metal-bonded nitrogen
atoms in CoPc, which should give a 1:1 ratio of the corre-
sponding peak intensity. As expected, the N 1s spectra of CoPc
monolayer (Fig. 2(a)) and multilayer (Fig. 2(b)) on Cu(111) both
show two well-resolved main peaks (blue and black curve) with
approximately equal amplitude, the peak at 398.5 eV can be
directly assigned to the iminic nitrogen while the peak at
400.1 eV is related to the Co-bonded nitrogen with the energy
difference well consistent with the literature.*® Moreover, the
evolution of N 1s peak with increasing annealing temperature is
also presented. As seen, the peak shape was kept constant as
well as the relative intensity ratio and the binding energy
difference of the two components, except that both peak
decrease and shift to lower binding energy by about 0.5 eV
annealed from 523 K until to 723 K in the case of one monolayer
CoPc deposition while the shift is almost negligible (less than
0.1 eV) at multilayer coverage. The attenuation of peak intensity
is caused by desorption of CoPc molecules during annealing,
which agrees well with the discussion in the Co 2p core level
section. The peak shift can be explained again with the polari-
zation screening effect induced by the metal substrate, which is
distinct when the coverage varies from monolayer to sub-
monolayer while ambiguous in the case of multilayer.?»*->>
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However, there is still one point needed to be considered: the
effect of the substitution of Co ion in CoPc by copper atom on
the N 1s core level spectrum. As we pointed out before, the
displacement of Co ion by Cu adatom results in the formation
of CuPc, however, due to relative adjacency in binding energy of
Co bonded and Cu bonded nitrogen*** and the chemical
similarity of metal coordinated nitrogen atoms,*>** it is fairly
difficult to discriminate the difference between each other in
the N 1s spectrum. For easy comparison, the N 1s of pristine
CuPc prepared on Cu(111) with different thickness were also
displayed in Fig. S3 in the ESI, where it is quite visible that the
binding energy of N 1s in CuPc is nearly same to that in CoPc on
Cu(111). Although no further support could be drawn from N 1s
spectra for the Co substitution process, it is still clear seen that
typical N 1s peaks for the organic macrocycle in Fig. 2 were
preserved well during thermal annealing. At this point, it can be
concluded that either the original CoPc or the new formed CuPc
is kept intact during the whole procedure.

As seen in Fig. 3, the evolution of C 1s core level spectra is
reported for both thin and thick layer of CoPc deposited onto Cu
surface as a function of annealing temperature. Detailed anal-
ysis of C 1s core level spectra first shows that the shape of C 1s
peaks clearly tells the characteristic features for phthalocyanine
C 1s spectra.*®**35* At monolayer coverage, the C 1s spectrum is
composed by two clearly resolved components with sharp peak,
and the intense features are related to the C atoms within the
benzene rings (284.4 eV) and pyrrole (285.7 eV). In the case of 3
ML coverage, there is also a pronounced shoulder attributed to
the relative shakeup satellites, which locate at 1.9 eV higher
binding energy compared to the main peaks and are well
consistent with other reports of metal phthalocyanine.?***>
Secondly, the peak shape was preserved well for all spectra
during annealing either at monolayer or multilayer. Similar to
the case of N 1s spectra, there is a peak shift of 0.4 eV when
annealed at 673 K for monolayer and less than 0.1 eV for
multilayer with respect to the spectrum as deposited at RT,
which again shall be attributed to the polarization screening
effect from metal substrate due to desorption of macrocycle
induced by thermal annealing. In the end, as concluded from
both N 1s and C 1s spectra in Fig. 2 and 3, there is no visible
indication for chemical interaction between the benzene ring or
pyrrole inside the CoPc macrocycle and the Cu(111) surface,
again supporting the interface interaction mainly localized
between the cobalt ion and copper substrate.

In order to reveal the mechanism underlying the experi-
mental observations and get more convincing insights for the
atom exchange process occurring at the CoPc/Cu(111) interface,
we have also performed DFT calculations regarding on the
stability of metal phthalocyanine adsorbed on Cu(111). The
binding energy of MPc (M = Cu or Co) on the Cu(111) surface
was calculated utilizing the following formula,

Epinding(MPc@Cu(111))
= EMPc@Cu(111)) — E(MPc) — E(Cu(111)) (1)

where E(MPc), E(Cu(111)) and E(MPc@Cu(111)) were the total
energy of MPc, the Cu(111) substrate and the complex of MPc/

This journal is © The Royal Society of Chemistry 2017
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Cu(111) system, respectively. Results of the calculated binding
energies are summarized in Table 1. As seen, the binding energy
was —0.157 eV for CuPc@Cu(111), and -0.380 eV for
CoPc@Cu(111), where the difference was only 0.223 eV, much
less than the strength (~0.5 eV) of a hydrogen bonding.*® Based
on the calculations, a model for the adsorption of MPc on
Cu(111) is shown in Fig. 4, where deformed configurations of
both CoPc and CuPc can be clearly distinguished upon
adsorption on Cu(111) compared to their planar structures in
gas phase, due to the strong molecular substrate interaction.
Especially, for CoPc adsorbed on Cu(111), the cobalt ion is
attracted out of the molecular plane towards substrate, while
the CuPc molecule is bent mostly on ligands upon adsorption
on the Cu surface. Nevertheless, the stability of CuPc adsorbed
on a Cu(111) surface is similar to that of CoPc on Cu(111), which
suggests that it is possible to observe the transformation of
CoPc into CuPc macrocycle on a copper surface in practice.
However, the mechanism underneath is still hidden. Conse-
quently, we further explored the energy of a Cu atom
substituting the Co ion in CoPc to form a CuPc molecule under
the following formula,

Esubstituling = [E(CUPC) + E(CO)] - [E(COPC) + E(Cu)
= [E(CuPc) — E(Cu)] — [E(CoPc) — E(Co)] (2)

where E(Cu) and E(Co) denote the energies of free Cu and Co
atoms, respectively, [E(CuPc) — E(Cu)] and [E(CoPc) — E(Co)] are
the binding energies of Cu in CuPc and Co in CoPc molecule,
accordingly. In the end, a substituting energy with 2.031 eV was
obtained (Table 1), indicating that a reaction energy of at least
~2 eV is needed to trigger the atom exchange process and form
CuPc macrocycle from original CoPc molecule on the Cu(111)
surface. Nevertheless, such energy can be easily gained by
thermal annealing performed in our experiments. However, the
appearance of Co-Cu atom exchange upon deposition at RT
needs to be elaborately investigated, even though only part of
CoPc was believed to be substituted, as discussed in Fig. 1. For
revealing the origin of atom substation at RT, metal alloying
process® has been further taken into consideration in
a possible case that a released Co atom from CoPc replaces a Cu
atom in the Cu(111) substrate and forms the Co-Cu(111) alloy
ultimately. Accordingly, alloying energy was calculated based on
the following formula,

Eqttoying = E(Cu@CoCu(111)) — E(Co@Cu(111)) 3)

where E(Co@Cu(111)) and E(Cu@CoCu(111)) are the total
energy of a complex with one Co atom adsorbed on Cu(111)

Table1 Binding energies of MPc adsorbed on the Cu(111) surface and
the metal atom in MPc (M = Cu and Co), as well as the alloying energy
of Co in CoCu(111)

MPc@Cu(111) M in MPc
Co in CoCu
CuPc CoPc Cu Co alloy
Epinding (6V) ~ —0.157  —0.380  —6.070  —8.101  —1.128
AE (eV) 0.223 2.031

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Configurations of MPc adsorbed on Cu(ll1l) surface. (a)
Deformed structure of CoPc was discovered once adsorbed on the
Cu(111) substrate, where apparently the Co ion was attracted towards
substrate from the molecular plane, (b) deformed structure of CuPc on
Cu(111). It is visible that molecular ligands are deformed due to the
molecular-substrate interaction.

surface and that with a Cu atom on CoCu(111) surface,
respectively. The calculated result was —1.128 eV as shown in
Table 1, indicating that the alloying process is exothermal
reaction and could therefore provide partial driving force for the
transformation from CoPc@Cu(111) to CuPc@Cu(111). In
practice, we have also discovered the formation of Co-Cu alloy
when thin film of cobalt (4 A) prepared on the Cu(111) surface
was moderately annealed, as present in Fig. S4 in ESI.f Impor-
tantly, one has to bear in mind that the CoPc organic was
thermally evaporated onto the Cu(111) substrate with the
sublimation temperature around 700 K, which implies that
roughly a thermodynamic energy of about 0.06 eV (E = kgT) was
applied to the evaporated gas CoPc molecules, although the
Cu(111) substrate was kept at RT. Considering the magnitude
order of one degree of freedom with 1/2kgT( = 0.03 eV), such
embedded thermal vibrations or motions of CoPc macrocycles
would provide additional energy to touch off the interface ion-
substitution reaction for some of the adsorbed CoPc mole-
cules on Cu(111). In a word, the combination of thermal energy
supplied by sublimation and an additional energy released by
the subsequent formation of CoCu alloy afterwards, contributes
to the ion substitution of Co in CoPc on Cu(111) at RT. Mean-
while, post annealing significantly enhance the ion substation
reaction and completely transformed CoPc into CuPc. In
another perspective, it can also be understood that the alloying
formation of CoCu(111) will definitely prevent the reversed
process of CuPc@CoCu(111) back to CoPc@Cu(111). As
a summarize and also for a direct picture, the most possible
reaction path occurring at CoPc¢/Cu(111) interface was depicted
in Fig. 5, as concluded from DFT calculations.

As reported by Doyle et al., interface atom exchange between
nickel porphyrin compounds and Cu adatoms on a Cu(111)
substrate was undoubtedly demonstrated especially at RT,
however, the principle for such substitution has not been clearly
addressed. As a consequence, herein, we have consistently
explained the experimental observation of cobalt metal state
upon adsorption of CoPc on a Cu(111) surface, which is origi-
nated from the ion substitution of Co in CoPc by Cu adatoms at
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Fig. 5 A possible reaction path occurring at the CoPc/Cu(111) inter-
face. (a) As-deposited CoPc on the Cu(111) substrate, (b) chemical
reaction between Cu atom and CoPc happened at RT and mild
temperature, (c) forming Cu/Co alloy in pretty high temperature.

interface. Importantly, the mechanism behind substitution has
been properly assigned to the driven force provided either by
high-temperature sublimation or post annealing and the
following formation of interface alloy, as revealed by detailed
DFT calculations.

In short, we have experimentally explored the chemical
states of Co 2p, N 1s and C 1s in with consecution and revealed
the interface transmetalation process by DFT calculations,
initially induced by the combined contribution from strong
molecular-substrate interaction, external thermodynamic
energy and interface alloying formation. Spontaneously, one
will then easily get curious about the change of valence band
structure regarding on new electronic states induced by the
interface substitution and molecular-substrate interaction.
Besides, a detailed knowledge of the valence band structure is
fairly beneficial for the understanding of interfacial electronic
structures. Consequently, UPS was recorded as well and ana-
lysed elaborately to further exploit the on-surface trans-
metalation. As plotted in Fig. 6, the valence band of 1 ML CoPc
adsorbed on the copper substrate was stacked in sequence as
a function of post annealing temperature, as well as the change
of work function. While Fig. 6(a) shows the overall change of the
valence band structure, a detailed investigation of the valence
range from Fermi level (Ef) to about 1.5 eV below E; was per-
formed in Fig. 6(b). First, a peak (labeled as A) located at 1.40 eV
below E; is well resolved, which can be attributed to the HOMO
of the organic adsorption. Since the HOMO level of CoPc is

*Cu(111)

/
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Fig. 6 Valence band structure measured at hv = 21.22 eV for 1 ML of
CoPc on Cu(111) deposited at RT, followed by step-by-step annealing
to the indicated temperature. As a guide to eyes, the spectrum of the
clean Cu(111) surface was also shown on top. (a) The evolution of UPS
as a function of annealing temperature, (b) the zoom-in spectra of
panel (a) from Fermi level (Ef) to 1.7 eV below E;. (c) The change of
working function (WF) at interface during annealing, the WF of clean
Cu(111) is also indicated as reference.
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similar to that of CuPc adsorbed on Cu(111), as shown at the
bottom of Fig. 6(b) for direct comparison and consistent with
other theoretical reports,* it is implausible to discriminate the
contribution from CoPc or CuPc below 573 K when both of them
exist. Notably, peak A gets weaken after further annealing which
might be related to desorption of metallized macrocycle, as also
discovered by XPS. Moreover, another peak (labelled as B in
Fig. 6(b)) located at 0.90 eV below Fermi level is recognized for
all the spectra of CoPc on Cu(111) at varying annealing
temperatures, and this feature is most probably connected to
the appearance of Co-Cu compound once Co atom is released
from CoPc macrocycle and subsequently interacts with the Cu
substrate, as pointed out by our DFT calculations. Further
convincing insight can also be gained from a comparison to the
valence band structure of pristine CuPc deposited on the
Cu(111) substrate as shown at the bottom in Fig. 6(b), where no
feature located at 0.9 eV below E; can be resolved, in consistence
with the previous report of CuPc adsorbed on Cu foil.*®

As summarized in Fig. 6(c), work function of the clean
Cu(111) is determined to be 4.95 eV, while the organic adsorp-
tion of CoPc on top dramatically diminish the work function,
which is reported to be related with the redistribution of the
metal electron cloud or the formation of interface dipole due to
the presence of the organic molecules, causing a reduction of
the metal work function,**-** while in our case herein, it can also
be related to the appearance of HOMO levels of CoPc on
Cu(111), since the occupied HOMO orbitals will definitely affect
the electron redistribution at interface. Interestingly, the
decreasing of interface work function is enhanced by the
thermal annealing until 573 K, where the transmetalation of
CoPc into CuPc gets fully completed, indicating the newly
formed CuPc/Cu(111) system has a lower work function than
the as-prepared CoPc/Cu(111) complex. However, the work
function starts to recover after 573 K, which is most probably
due to the fact that the organic macrocycle begins to desorb
with further annealing as confirmed by XPS.

Experimental and calculations
Photoemission spectroscopy experiments

All the measurements were performed under ultrahigh vacuum
(UHV) conditions with the base pressure better than 5 x 10~ °
mbar. X-ray photoemission measurements were carried out in
the lab using a monochromatic Al-Ka radiation (hv = 1486.6
neV), while the ultraviolet photoelectron spectroscopy (UPS) was
done with a helium lamp (He I, zv = 21.2 eV). Photoelectrons
were collected at normal emission to the sample surface with
the specs electron analyser (Phoibos 100). The photon energies
were calibrated against the Au 4f;, line and the metal Fermi
level, respectively. The surface of the Cu(111) single crystal
(Mateck, surface roughness less than 0.01 um with orientation
accuracy <0.1°) has been cleaned by repeated cycles of Ar’
sputtering at 1k-1.5k eV, followed by thermal annealing to
around 770 K. The surface cleanliness has been checked by XPS
afterwards until no carbon or oxygen contamination detected.
The CoPc molecule (Sigma-Aldrich) was degassed in vacuum at
600 K for several hours prior deposition. Thin film of cobalt
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metal was prepared with a home-made e-beam evaporator.
Molecules were deposited from a quartz crucible with thermal
couple connected onto the substrate kept at room temperature
(RT). The deposition rate and film thickness were calculated
from the XPS intensity attenuation of Cu substrate assuming
layer-by-layer growth. Herein, one monolayer (ML) is defined as
the maximum coverage of molecules adsorbed in direct contact
with the substrate as calibrated by annealing a multilayer to 427
K, which is around 4 A. The intensity of spectra is normalized to
the peak height of the most intense component to highlight the
changes in the line shape, which were analyzed afterwards
using XPSPEAK.

DFT calculations

A hexagonal box is used to simulate the unit cell of the
adsorption complex, with a dimension of 17.89 A x 17.89 A x
19.17 A including three layers of Cu and 15 A vacuum. The MPc
macrocycles are placed into the vacuum and the absorption
location of MPc on Cu(111) surface is determined by the force
field simulation method implemented as absorption locator
tool in Materials Studio. The MPc@Cu(111) system generated
from the force field simulation is used as a input for the accu-
rate total energy calculation.

The total energy calculation is carried out using Projector
Augmented Wave (PAW) method® based on the Density Func-
tional Theory (DFT)*** as implemented in Vienna Ab initio
Simulation Package (VASP).®**” The exchange-correlation effect
is evaluated by the generalized gradient approximation as
parameterized by Perdew, Burke and Ernzerhof (PBE).*
C(2s22p2), N(2s22p3), Co(3d84s1), Cu(3d104p1), and H(1s1) are
treated as valence electrons. A plane wave basis set with a cutoff
energy of 600 eV is used. The convergence criterion for elec-
tronic self-consistent relaxation is set to 10-5 eV. The Cu atoms
in the substrate are fixed while the atoms in the absorbate
macrocycles are fully relaxed with a force convergence criteria of
0.01 eV A™*. The total energies of free standing MPc macrocycles
are calculated by placing them into an orthorhombic cell with
a size of 17 x 18 x 13 A%, Same energy cutoff and convergence
criteria with those for total energy calculation of MPc@Cu(111)
composite are used.

Conclusions

Although numerous investigations have been done for
transition-metal phthalocyanine adsorbed on metal substrates
before, essential details of the electronic structure at interfaces
are still unclear, to some extent. In the present work, trans-
metalation occurring at CoPc/Cu(111) interface has been
demonstrated by XPS, UPS and well investigated with DFT
theory. Whilst the Co(u) oxidation state in CoPc macrocycle is
reduced and the Co(0) state assigned to free cobalt metal atom
is increasing with external thermal annealing, as concluded
from detailed analysis of Co 2p5,, XP spectra, the substitution of
Co ion in the center of CoPc by the surface Cu atom was
confirmed. Supported by DFT calculations, strong interaction
between CoPc and the copper substrate is proposed; moreover,
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the mechanism underneath the observed on-surface trans-
metalation from CoPc to CuPc is revealed, which is jointly
contributed by the strong molecular-substrate interaction,
external thermodynamic energy and the Co-Cu alloying at
surface. Furthermore, UPS study also proves the formation of
Co-Cu compound at interface following the release of Co from
CoPc. While on-surface engineering of metal-organic nano-
structures has been an appealing topic to both fundamental
research and practical applications nowadays, our report of on-
surface transmetalation from CoPc to CuPc may predict
a controllable approach in solid-state environment to engineer
functional metal-organic nanostructures for rich applications
in molecular electronics and the related devices.
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