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In-situ metalation of tetraphenylporphyrin (2HTPP) 
(sub)monolayers with Ni on a TiO2(110) surface to nickel(II)-
tetraphenylporphyrin (NiTPP) depends on temperature and 
order of deposition, and affects conformation and bonding 
geometry of the porphyrin. 

Metalloporphyrins have high potential for applications as building 
blocks for the design of supramolecular architectures,1 in gas 
sensors,2 spintronics3 and as catalysts4. Recently, it has been shown 
that metalloporphyrins can be synthesized under ultra-high vacuum 
(UHV) conditions by a redox reaction between adsorbed metal-free 
porphyrins (e.g., tetraphenylporphyrin, 2HTPP) and metal atoms. 
This metalation process works with post- or pre-deposited metal 
atoms5,6 or intrinsic substrate atoms7 on well-defined metal surfaces.  
However, to our knowledge, porphyrin metalation on oxide surfaces 
has not been observed before, although metalloporphyrins on oxides 
are interesting as catalysts: CoTPP supported on TiO2 effectively 
catalyzes the reduction of NOx with H2 or CO8 and the 
photocatalytic degradation of dyes.9   
We selected rutile TiO2(110) as the oxide substrate to study the 
metalation of 2HTPP with Ni, because rutile TiO2(110)-11 can be 
prepared with large atomically flat terraces. This surface thus offers 
an effective platform for adsorbate characterization via surface 
science techniques, such as X-ray photoelectron spectroscopy (XPS) 
and scanning tunnelling microscopy (STM). So far, only a few 
studies exist about adsorption of porphyrinoids on TiO2(110). 
Rienzo et al. found a strong interaction of zinc-protoporphyrin with 
TiO2, such that the Zn atom is pulled out of the molecule.10 In 
another study, a highly localized interaction between zinc(II) 
etioporphyrin molecules and oxygen vacancies on TiO2(110) was 
found by lateral manipulation of the molecule with an STM tip.11  
In this work, XPS and STM were employed for a quantitative study 
of the metalation of (sub)monolayer coverages of 2HTPP with Ni 
atoms on TiO2(110)-11, revealing interesting similarities and 
differences to porphyrin metalation on metal surfaces.  
Figure 1a shows the N 1s XP spectrum of a monolayer of 2HTPP on 
TiO2(110)-11. The two components with binding energies of 400.1 
and 398.2 eV are assigned to pyrrolic (-NH-) and iminic nitrogen 
(=N-), respectively, in agreement with previous work.5b,5g 

 
Figure 1. N 1s XP spectra of (a) a monolayer of 2HTPP on TiO2(110)-11, 
(b-d) after incremental deposition of Ni with the indicated Ni/2HTPP ratios 
onto sample (a), (e) after heating sample (d) to 550 K, and (f) N 1s XP 
spectrum of a monolayer of NiTPP on TiO2(110) for comparison. The 
following line colours are used for the fitting curves: blue = 2HTPP, dark 
yellow = NiTPP, magenta = additional satellite peak to account for shakeup 
processes (ESI†), and red = envelope. 

 
Post-deposition of a stoichiometric amount of nickel (i.e., one Ni 
atom per 2HTPP molecule) onto the 2HTPP monolayer at 300 K 
leads to substantial changes: the two 2HTPP related N 1s peaks lose 
intensity, while a new peak appears at 399.0 eV, as shown by Figure 
1b (dark yellow line). The binding energy (BE) of this new peak is 
identical to the reference spectrum in Figure 1f, obtained from a 
monolayer of NiTPP that was directly vapour-deposited onto the 
TiO2(110) surface. Therefore, this new peak at 399.0 eV is attributed 
to N atoms in NiTPP6a formed by reaction between 2HTPP and Ni 
following the equation 2HTPP + Ni  NiTPP + H2. The 
corresponding oxidation of Ni(0) to Ni(II) can be seen in the Ni 2p3/2 
XP spectra in Figure S1 of the ESI†. By comparing the integrated 
areas for all components in the N 1s XP spectrum, the yield of 
NiTPP was determined to be (35 ± 5)% of the initial 2HTPP, which 
is a lower yield than previously found for porphyrin metalation on 
metal surfaces.5b, 6a Further increasing the amount of Ni to 
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Ni/2HTPP ratios of 2:1 and 3:1 leads to further formation of NiTPP, 
as evidenced by the increased intensity of the NiTPP related N 1s 
component in Figure 1c and 1d. However, even with a Ni/2HTPP 
ratio of 3:1 only (60 ± 5)% of 2HTPP are converted to NiTPP (cf. 
Table S1, ESI†), i.e., the metalation degree is not proportional to the 
amount of Ni. This is attributed to the increasing probability that 
adsorbing Ni atoms add to Ni clusters instead of reacting with 
2HTPP (cf. Figure S1, ESI†). Heating the sample in Figure 1d to 550 
K (Figure 1e) does not increase the metalation ratio.  

 

 
 

Figure 2. Constant-current STM images (a) after deposition of ∼0.1 ML 
2HTPP onto TiO2(110)-11. The red line represents a molecular mirror plane. 
(b) Enlarged image of the white square indicated in (a) overlaid with 
molecular models. (c-e) STM images after incremental deposition of Ni onto 
the sample with Ni/2HTPP ratios of 1:1, 2:1, and 3:1. In image (c), two types 
of molecules are labelled by blue and green squares. (f) After heating sample 
(e) to 550 K. (g, i) High resolution STM images of two types of single 
molecules and (h, j) images superimposed with corresponding molecular 
models. Tunnelling parameters: (a) I = 0.04 nA; (b) I = 0.03 nA; (c) I = 0.04 
nA; (d) I = 0.03 nA; (e) I = 0.06 nA; (f) I = 0.03 nA; (g, h) I = 0.04 nA; (i, j) I 
= 0.03 nA. All sample bias voltages are - 2.2 V. 

The corresponding STM experiments were conducted with a 2HTPP 
submonolayer on TiO2(110). Figure 2a shows the overview STM 
image after deposition of ∼0.1 ML 2HTPP onto TiO2(110) at 300 K. 
According to XPS, these adsorbates are intact 2HTPP. Instead of the 
4-fold symmetry of free 2HTPP, the adsorbed molecules show a 2-
fold symmetry, which is typical for the saddle-shape conformation 
that tetraarylporphyrins are known to adopt on metal surfaces.12 The 
molecules are disordered and do not self-assemble in close-packed 
islands. This behaviour is typical for 2HTPP on strongly interacting 
surfaces such as Cu(111), where the iminic N atoms form bonds to 
substrate atoms. Another similarity to 2HTPP on Cu(111) is the 
alignment of the molecular mirror plane with high-symmetry 
directions of the substrate.13 Here, on TiO2(110), the molecular 
mirror plane through the two protrusions is nearly parallel to the 
[001] direction, indicating a rotational barrier posed by strong 
adsorbate-substrate interaction as previously observed for 2HTPP on 
Cu(111).13a,7d Figure 2g shows an STM image with submolecular 
resolution of a single 2HTPP molecule (overlaid with a molecular 
model in Figure 2h) with the substrate resolved. The bright rows 

along the [001] direction correspond to rows of five-fold coordinated 
Ti4+ ions.14 The centres of the 2HTPP molecules lie in the dark rows, 
which correspond to the bridging oxygen rows.14b Thus we 
tentatively propose that the H atoms of the two pyrrolic groups (-
NH-) are pointing downwards forming hydrogen bonds with the 
surface bridging oxygen atoms. The N 1s XPS core level shifts 
support this interpretation: On Cu(111), with which 2HTPP also 
interacts strongly, but in this case through its iminic N atoms (=N-), 
the separation between the two N 1s components is only 1.5 eV,13a in 
contrast to the 1.9 eV found here for 2HTPP on TiO2(110) (Figure 
1a). On Cu(111), the small peak separation results from a shift of the 
iminic peak to higher BE caused by electron donation from the 
iminic N to the Cu surface.13a Despite the fact that 2HTPP also 
interacts strongly with TiO2, this type of bond is apparently not 
formed on this surface, in agreement with the proposed H bonding 
through the pyrrolic groups (-NH-).  

Figure 2c shows the STM image acquired after deposition of the 
stoichiometric amount of Ni (i.e., one Ni atom per 2HTPP) onto the 
sample in Figure 2a at 300 K. Interestingly, after deposition of Ni, 
some of the molecules undergo a ~45o rotation (example marked 
with green square) relative to 2HTPP (example marked with blue 
square). A magnified view of the rotated molecule in Figure 2i 
shows a flat conformation with four-fold symmetry, suggesting that 
the metalation reduces the apparent height and conformational flexi-
bility of the porphyrin. Furthermore, statistical analysis of 24 STM 
images taken on the same sample as Figure 2c (cf. Table S1, ESI† 
for details) show that the proportion of rotated molecules is (32 ± 
8)%, which agrees with the (35 ± 5)% fraction of NiTPP calculated 
from the XPS data for the stoichiometric Ni:2HTPP ratio. Thus we 
assign these rotated four-fold symmetric molecules to NiTPP (see 
the overlaid molecular model in Figure 2j) formed by metalation. 
Increasing the amount of deposited Ni to Ni:2HTPP ratios of 2:1 and 
3:1 leads to more metalation. This again agrees with the XPS results 
presented above (cf. Table S1, ESI†). Figure 2f shows the STM 
image after further annealing to 550 K (cf. Figure 2e): the degree of 
metalation does not increase, which is again consistent with the XPS 
results in Figure 1. A likely reason for this finding is the formation 
of large, stable Ni clusters in combination with the known low 
mobility of Ni atoms on TiO2(110).15  

As shown in Figures 3a and 3b, the apparent heights of 2HTPP 
(green line) and NiTPP (black line) are 6 Å and 5 Å, respectively (cf. 
Figures 3e and 3f). This height difference is mainly caused by the 
change from a saddle-shape conformation to a flat conformation, as 
schematically visualized by the molecular models in Figures 3c and 
3d. Further inspection of Figures 3a and 3b reveals NiTPP (blue 
line) and 2HTPP (magenta line) species which carry bright 
protrusion. Apparent height profiles across these species are shown 
in Figures 3g and 3h. In both cases, the maximum apparent height is 
9 Å relative to the substrate. The bright dots on the molecules are 
assigned to Ni atoms or small clusters sitting on-top of the porphyrin 
molecules, because none of these molecules with protrusions occur 
before Ni deposition. Similar observations have previously been 
made for Fe deposition onto CoTPP on Ag(111), where the Fe atoms 
occupy off-center positions on the CoTPP molecules.16 A single Fe 
atom on CoTPP increases the apparent height by almost 3 Å. 
Therefore, it is possible that the additional protrusions observed in 
our study result from single Ni atoms or clusters of monoatomic 
height on the porphyrin molecules. Apparently, Ni atoms (or small 
clusters) can occasionally even sit on unmetalated 2HTPP without 
metalation to occur. This can tentatively be attributed to a substantial 
barrier for the transition from the off-center bound Ni atom to an 
initial sitting-atop complex.5h 
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Figure 3. (a, b) Constant-current STM images after deposition of a 
stoichiometric amount of Ni onto 0.1 ML 2HTPP on TiO2(110)-11 (θNi = 
0.01, Ni:2HTPP = 1:1). Tunnelling parameters: U = -2.2 V, I = 0.03 nA. (c) 
Side view model of 2HTPP with a marked saddle-shaped conformation, 
where the pyrrolic nitrogen atoms are pointing downwards. (d) Side view 
model of NiTPP conformation with a flat macrocycle. (e-h) Apparent height 
profiles of the features marked with lines of corresponding colors in the STM 
images (a) and (b). 

In the following, the order of deposition was reversed, i.e., Ni was 
pre-deposited onto TiO2(110) at 300 K and then a monolayer 2HTPP 
was deposited. In contrast to the procedure with Ni post-deposition, 
the N 1s spectrum (Figure 4a) shows only 2HTPP related signals, 
which indicates that no metalation occurred. After annealing to 550 
K, the NiTPP-related peak at 399.0 eV appears, as shown in Figure 
4b, indicating the formation of NiTPP. Similar observations were 
made for 2HTPP/Ni/Au(111),6a where it was suggested that elevated 
temperatures are needed to overcome the activation barrier for the 
transition of the Ni atom from the surface (or from a Ni cluster) to 
the 2HTPP molecule and for increasing the 2D vapour pressure of Ni 
atoms in equilibrium with the Ni clusters. Figure 4c shows an STM 
image taken after deposition of submonolayer Ni (θNi = 0.01) onto 
TiO2(110)-11. Ni forms non-uniform clusters that distribute 
randomly at both terraces and step edges. After vapor deposition of 
2HTPP onto this sample (cf. Figure 4c) at 300 K, no rotated 
molecules (NiTPP) can be seen (cf. Figure 4d), indicating that no 
metalation occurred. However, after the sample was heated to 550 K, 
rotated four-fold symmetric molecules (example marked by green 
square) appear, indicating formation of NiTPP. Moreover, the 
fraction of NiTPP calculated by both XPS and STM is almost the 
same as for Ni/2HTPP/TiO2(110) (cf. Table S1, ESI†). 
Using XPS and STM, we have shown that NiTPP can be synthesized 
in-situ on a TiO2(110)-11 surface from vapor-deposited Ni atoms 
and 2HTPP. If Ni is deposited onto (sub)monolayer 2HTPP on TiO2, 
the reaction proceeds already at room temperature, while elevated 
temperatures are required when Ni is deposited first. The reaction 
from 2HTPP to NiTPP is accompanied by changes of the molecular 
conformation from saddle-shaped to a four-fold symmetry. These 
results provide a new insight into the metalation behavior of 
porphyrins on oxide surfaces and pave the way for porphyrins 
metalation on other oxide surfaces and with other metals. 
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Figure 4. N 1s XP spectra of (a) 2HTPP monolayer on pre-deposited Ni on 
TiO2(110)-11 at 300 K (θNi = 0.0985). (b) after heating the sample to 550 K. 
Constant-current STM images of (c) Ni on TiO2(110) (θNi = 0.01); (d) after 
deposition of 2HTPP on Ni/TiO2(110) at 300 K (Ni:2HTPP = 1:1); (e) after 
subsequent heating sample (d) to 550 K. Tunnelling parameters: (c) I = 0.03 
nA; (d) I = 0.06 nA; (e) I = 0.03 nA; in all cases U = -2.2 V. 
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