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ABSTRACT: Molecular insights into porphyrin adsorption
on nanostructured metal oxide surfaces and associated ion
exchange reactions are key to the development of functional
hybrids for energy conversion, sensing, and light emission
devices. Here we investigated the adsorption of tetraphenyl-
porphyrin (2HTPP) from toluene solution on two types of
MgO powder. We compare MgO nanocubes with an average
size d < 10 nm and MgO cubes with 10 nm ≤ d ≤ 1000 nm.
Using molecular spectroscopy techniques such as UV/vis
transmission and diffuse reflectance (DR), photoluminescence
(PL), and diffuse reflectance infrared Fourier-transform (DRIFT) spectroscopy in combination with structural characterization
techniques (powder X-ray diffraction and transmission electron microscopy, TEM), we identified a new room temperature
metalation reaction that converts 2HTPP into magnesium tetraphenyl-porphyrin (MgTPP). Mg2+ uptake from the MgO
nanocube surfaces and the concomitant protonation of the oxide surface level off at a concentration that corresponds to roughly
one monolayer equivalent adsorbed on the MgO nanocubes. Larger MgO cubes, in contrast, show suppressed exchange, and only
traces of MgTPP can be detected by photoluminescence.
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■ INTRODUCTION

The functionalization of nanostructured metal oxides with
organic molecules and the implementation of the resulting
organic−inorganic hybrids into devices1,2 require detailed
knowledge about the reactivity and stability of the inorganic−
organic interfaces in different chemical environments. Current
challenges in the functionalization and processing of related
materials call for detailed studies of the adsorption and surface
reactions at a molecular level. Toward this aim, tailored and
well-defined model particle systems with interface properties
that are straightforwardly accessible to experiment are
indispensable.3

Microscopic level insight into the interface between the
organic molecule and the oxide material and into interfacial
electron and proton transfer processes is particularly important
for emerging applications in solar energy conversion, photo-
catalytic reactors, electrochromic devices, or new materials for
sensing and rewritable storage media.4,5 With regard to the
functionalization of metal oxide nanoparticles with organic
dyes, there is only little quantitative information available on

adsorption strength and adsorbate coverage. As a consequence
of the immanent complexity of the material, preconditioning of
the metal oxide particle surface and its reactivity require more
attention than typically paid to this issue in the past.6,7

Another important aspect of nanoparticle functionalization
with dyes relates to the metastable nature of nanomaterials.
Because their properties are largely determined by the nature
and composition of the interface, they are expected to respond
to the removal of the surrounding medium.8

The functionalization of MgO surfaces with organic
molecules is important for a variety of functional materials
and resulting applications. In dye-sensitized solar cell research,
interlayers of insulating MgO have been reported to
significantly improve the performance of solid state and liquid
electrolyte-based devices.9,10 Both electronic (band edge shifts,
increase of the electron lifetime) and optical effects (increased
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dye loading) have been claimed to contribute to the
performance increase. The underlying mechanisms of the
beneficial effects, however, are still under debate.11

Another important application field of high surface area MgO
materials, which still poses considerable challenges for interface
science and technology, is the removal of organic dyes from
effluents. Recent reports have highlighted the outstanding
adsorption properties of mesoporous MgO architectures.12,13

Although mechanistic details of the reactions that give rise to
high adsorption capacity and adsorption rates are not yet fully
understood, electrostatic interaction forces and surface
complexation are considered to be crucial issues in this context.
The present study aims at the structural characterization of

MgO materials before and after functionalization with
tetraphenyl-porphyrin (2HTPP). We employ complementary
molecular spectroscopic techniques to investigate the activation
of porphyrin molecules dissolved in toluene at the toluene−
MgO interface. For the functionalization approach we used
MgO nanoparticles that were grown in the gas phase and which
exhibit bare and dehydroxylated oxide surfaces after further
vacuum processing.14 Because we immersed the nanoparticle
powder into toluene solutions of the porphyrin, several aspects
of the functionalization process have to be taken into account
such as solvent- and porphyrin-induced particle erosion, as well
as changes of the particle aggregation. Understanding these
effects is essential to discriminate between spectroscopic
changes induced by adsorption and surface chemistry, on the
one hand, and those that arise from the modification of the
microstructure of the particle, which may originate from
materials functionalization.15,16

We employed powders of vapor phase grown cubic MgO
particles.14 The absence of solvents during particle nucleation
and growth prevents substantial particle aggregation and
sintering during annealing and provides, in terms of micro-
structure, a well-defined starting point to study molecular
adsorption at the interface between liquids and nanostructured
solids. Both model particle systems, MgO nanocubes obtained
by chemical vapor synthesis (CVS) and larger MgO cubes,
which were prepared by Mg combustion in air, are well-defined
in terms of morphology.17 We annealed all particle powders in
high vacuum as well as in pure oxygen atmosphere to eliminate
surface contaminants that may affect the adsorption process.
With the present study we demonstrate for the first time a
heterogeneous metalation reaction that involves a free base
porphyrin as educt species and MgO particles as adsorbent and
Mg2+ ion source. Supported by results from quantitative
adsorption experiments, this study shows that it is feasible to
gain a high level of control over adsorption chemistry at
organic−inorganic interfaces using an integrated character-
ization approach.

■ EXPERIMENTAL SECTION
Material Synthesis and Activation. MgO nanocube powders

were prepared by CVS.18 The CVS reactor consists of two concentric
quartz glass tubes placed inside a cylindrical furnace. The inner tube
hosts ceramic ships containing Mg pieces (99.98%, Alfa Aesar).
Heating to 913 K guarantees a metal vapor pressure of 1 mmHg
column (1.33 mbar). An argon stream (Ar 5.0) transports the metal
vapor from the evaporation zone to the end of the inner glass tube. At
this position the argon/metal vapor mixture comes in contact with
molecular oxygen from the outer glass tube. The exothermic oxidation
reaction gives rise to a bright flame in the reactor, and MgO
nanoparticles are formed as a result of homogeneous nucleation in the
gas phase. Stable process conditions are guaranteed by the spatial

separation of the Mg evaporation and oxidation zone. Furthermore,
continuous pumping keeps the residence time of resulting nuclei
within the flame short and prevents substantial coarsening and
coalescence.

Larger MgO cubes were synthesized by combustion of Mg pieces
(99.98%, Alfa Aesar) in air. A glass-plate was kept at a constant height
(∼10 cm) above the combustion zone, allowing for the collection of
particles near the generation zone.

After production, the two types of MgO powdersensembles of
MgO nanocubes and those of larger sized cubeswere transferred into
quartz glass cells, which allow thermal activation of the powders in
vacuum (p < 10−5 mbar) as well as in defined gas atmospheres.
Cleaning of the as-obtained MgO powders and removal of organic
contaminants is carried out by heating to 1123 K at a rate of 10 K
min−1 in high vacuum (p < 10−5 mbar) and subsequent exposure to
molecular oxygen at this temperature. Then, at pressures p < 5 × 10−6

mbar the sample temperature was raised to 1173 K and kept for 1 h at
this temperature until full dehydroxylation of the sample surface was
achieved.19 The activated MgO nanocubes are characterized by a
narrow particle size distribution below 10 nm. The larger MgO cubes
show a very broad size distribution in the range 10 nm ≤ d ≤ 1000
nm.17

Adsorption Experiments. 2HTPP (98%, Porphyrin Systems) was
immersed into anhydrous toluene (99.8%, Sigma-Aldrich) and stirred
for 24 h at room temperature upon quantitative dissolution. Afterward,
400 mg of MgO powder was dispersed in 25 mL of the porphyrin
solution. Stirring at room temperature for another period of 24 h
guarantees that the adsorption equilibrium is established. During this
procedure the flask was wrapped in aluminum foil to protect the
suspension from daylight and unwanted photochemical reactions.
Subsequently, MgO particles were separated from the toluene solution
by centrifugation (8 min, 4000 min−1). The supernatant solution was
decanted, and the solid fraction was redispersed and washed repeatedly
in fresh toluene to efficiently remove weakly bound porphyrin
molecules. Five washing cycles were performed, and the composition
and the porphyrin concentration of the resulting washing solutions
were determined by UV/vis spectroscopy. The solid fraction was dried
using a membrane pump and finally transferred into a quartz glass
cuvette for further drying at pressures p < 5 × 10−6 mbar using the
vacuum of a turbomolecular pump. This cell was used for diffuse
reflectance (DR) and photoluminescence (PL) measurements. The
amount of adsorbed porphyrin was inferred from the photometrically
determined porphyrin concentration inside the supernatant solution.
This procedure was carried out before contact of the MgO nanocubes
with the porphyrin solution and after the adsorption equilibrium being
established.

Material Characterization: Structure, Morphology, and Size
Distribution. Before and after porphyrin adsorption, X-ray diffraction
(XRD) on the MgO powders was measured on a Bruker AXS D8
Advance diffractometer using Cu Kα radiation (λ = 154 pm). Small
amounts of the powders were cast on a carbon grid for investigation
with a TECNAI F20 transmission electron microscope equipped with
a field emission gun and an S-twin objective lens.

Spectroscopy. A PerkinElmer Lambda 750 spectrometer was used
to record UV/vis transmission spectra of porphyrin solutions. UV/vis
diffuse reflectance (DR-UV/vis) spectra of MgO powders were
acquired using an integrating sphere. After porphyrin adsorption from
the liquid toluene phase, the samples were transferred to an optical
high-vacuum cell, which allows for powder drying down to pressures of
p < 5 × 10−6 mbar. All UV/vis DR spectra were recorded in the
presence of 100 mbar of O2 to quench luminescence, which would
interfere with the optical absorption measurements. Photolumines-
cence emission spectra of the powders, on the other hand, were
measured in the same cuvette at p < 5 × 10−6 mbar using an
Edinburgh instruments FLS 980 spectrometer.

The IR spectra presented here were performed in diffuse reflectance
infrared Fourier-transform (DRIFT) mode using an open sample cup
placed in a Praying Mantis DR accessory (Harrick). The IR
spectrometer is a Bruker 80/v spectrometer. The sample chamber
was evacuated for at least 30 min before the measurements to allow
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pumping of atmospheric water and CO2. For the background we
acquired spectra on nonfunctionalized MgO nanocube and cube
powders, respectively.

■ RESULTS

Contact of a MgO nanocube powder with a 2HTPP solution
produces significant optical changes in the supernatant solution
as well as in the powder (Figure 1). Starting at low porphyrin
concentrations (c < 1 × 10−3 mol L−1), the color of the initially

purple solution (left quartz glass cell in Figure 1) fades and we
obtain a colorless clear solution (right quartz glass cell in Figure
1). At the same time, the originally white MgO powder adopts
a dark green color.
Despite significant changes of the optical properties of the

material, there are no structural, microstructural, or morpho-
logical changes of the MgO crystallites as evidenced by X-ray
diffraction (Figure S1) and transmission electron microscopy
(TEM) (Figure 2 and Figure S2). Both the size distributions

Figure 1. Scheme illustrating the experimental procedure of 2HTPP adsorption at MgO nanocubes, which by porphyrin metalation leads to the
discoloration of the porphyrin solution and coloration the MgO nanocube powder. Further details about the different steps of powder treatment are
provided in the text.

Figure 2. Transmission electron micrographs and particle size distribution plots of MgO nanocubes before (top) and after porphyrin adsorption
(bottom). Porphyrin concentration = 6 × 10−3 mol L−1.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b08123
ACS Appl. Mater. Interfaces 2015, 7, 22962−22969

22964

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b08123/suppl_file/am5b08123_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b08123/suppl_file/am5b08123_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b08123


and the shape of the nanocubes are retained after performing
the experimental sequence comprising (i) the dispersion of a
MgO nanocube powder in a porphyrin toluene solution, (ii)
centrifugation and sedimentation, (iii) multiple washing steps
with fresh anhydrous toluene solution (five times), and (iv) the
removal of the liquid phase and subsequent drying under high-
vacuum conditions (Figure 1).
Molecular spectroscopy was used to resolve the molecular

origin of the optical changes observed in the material (Figures 1
and 3a, left). The absorption spectrum of porphyrins in the
UV/vis range results from two characteristic contributions: an
intense absorption band in the range between 3.1 eV > E > 2.5
eV (400 nm < λ < 500 nm, Figure 3b,c, left), which is attributed
to the B- (or Soret)-band related to the S0 → S2(π, π*)
transition.20

In addition, weaker bands in the range 2.5 eV > E > 1.8 eV
(500 nm < λ < 700 nm), referred to as Q-bands, are consistent
with S0 → S1(π, π*) transitions that are split into different
vibrational states (Q(0,0) and Q(0,1)). Whereas the UV/vis
spectra of free-base porphyrins show four Q-bands (Figure 3c,
left), the higher symmetry of the molecular center in the
metalated porphyrin gives rise to a simple spectrum with only
two Q-bands (Figure 3b, left).21,22

After MgO nanocube dispersion in a 2HTPP solution and
subsequent drying, the UV/vis DR spectrum of the MgO
nanocube powder shows an intense Soret-band at 2.92 eV (425
nm) and two additional well-separated bands at 2.19 eV (565
nm) and 2.03 eV (610 nm) (Figure 3a, left). Furthermore, a
low-intensity band is observed at 2.34 eV (530 nm).
Comparison of this spectral region with that of 2HTPP and
magnesium tetraphenyl-porphyrin (MgTPP) in solution
showing the above-mentioned Q-bands (Figure 3b,c, left)
provides first evidence for adsorptive metalation of porphyrin at
the toluene−MgO interface and at room temperature.
After contact of the MgO nanocube powder with the

porphyrin solution, the respective PL emission spectrum
reveals two bands at 2.00 eV (620 nm) and at 1.85 eV (670
nm) as well as a minor contribution at 1.72 eV (720 nm)
(Figure 3a, right). With regard to the energies of the band
maxima, the two main emission bands are in good agreement
with those measured for the MgTPP in toluene solution
(Figure 3b, right). The contribution at 1.72 eV (720 nm)

together with the deviation of the relative band intensities at
2.03 eV (610 nm) and at 1.86 eV (665 nm) from those of the
MgTPP fingerprints is attributed to minor contributions from
free-base porphyrin. Consistent with UV/vis DR, photo-
luminescence provides further evidence for the metalation of
the porphyrin at room temperature on the MgO nanocube
surface.
The number of adsorbed and metalated porphyrin molecules

per MgO nanocube was photometrically determined using
2HTPP solutions with different initial concentrations (Figure
4). In porphyrin solutions with initial concentrations c < 1 ×

10−3 mol L−1, quantitative adsorption and metalation was
observed and demonstrated by the complete discoloration of
the supernatant solution (right quartz glass cell of Figure 1). At
2HTPP concentrations c > 5 × 10−3 mol L−1 the number of
adsorbed molecules saturates at a level that corresponds to 80
± 5 molecules per MgO nanocube. Considering a nanocube
with an edge length of 6 nm and assuming an area of 2 nm2 for
the spatial requirement of the flat-lying 2HTPP molecule,23,24

this concentration is of the order of one monolayer equivalent.
All powders were washed five times with anhydrous toluene to
remove weakly bound molecules. From the UV/vis DR
spectrum acquired thereafter it can be concluded that the
porphyrin remaining adsorbed at the MgO nanocube surface is
MgTPP (Figure 3). The determination of the porphyrin
concentration in the washing solution yields the number of

Figure 3. UV/vis DR spectra (left) and photoluminescence emission spectra (right) of MgTPP adsorbed on MgO nanocubes (a) as well as MgTPP
and 2HTPP in toluene (b and c, respectively). The porphyrin was adsorbed on MgO nanocubes from an anhydrous toluene solution with a 2HTPP
concentration of 10−5 mol L−1.

Figure 4. Number of adsorbed MgTPP molecules per nanocube as a
function of the initial 2HTPP concentration in toluene solution.
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adsorbed molecules per MgO nanocube (Figure 4). For
adsorption experiments with concentrations corresponding to
the saturation region (i.e., c ≥ 3 × 10−3 mol L−1) the UV/vis
spectra related to the solutions of the first two washing steps
(for adsorption and washing procedure see Experimental
Section) show absorption bands specific to 2HTPP. The
intensity of the 2HTPP bands decreases continuously for
washing solutions 3, 4, and 5, and only negligible contributions
of MgTPP were observed.25

From this we conclude that MgTPP remains strongly
adsorbed at the nanocube surface at room temperature,
whereas 2HTPP is washed off almost quantitatively. It is
important to note that exposure of MgO nanocube powder to
porphyrin solutions of any concentration does not induce
structural or morphological changes on the nanocrystals as
concluded from a detailed TEM analysis from different parts of
the powder sample (Figure S1; Figure 2). Powder X-ray
diffraction measurements (Supporting Information, Figure S1)
reveal that MgO periclase remains the exclusive crystalline
phase after particle functionalization with porphyrins.
Significantly different observations are made for the optical

properties of MgO powders, which consist of larger MgO
smoke cubes (10 nm ≤ d ≤ 1000 nm),17 after steps i, dispersion
in 2HTPP solutions; ii, washing with toluene; and iii, drying of
the powder in high vacuum (Figure 5a), performed. The
respective UV/vis DR spectrum shows a slightly broadened
Soret-band at 2.95 eV (420 nm) (Figure 5a, left). In addition,
four well-separated bands at 2.41 eV (515 nm), 2.28 eV (545
nm), 2.10 eV (590 nm), and 1.91 eV (650 nm) are observed.
Comparison with the spectral region of the reference spectra
for 2HTPP and MgTPP in solution (Figure 3, left) clearly
reveals that the free-base porphyrin remains the prevailing
adsorbate on the large MgO cubes. Further evidence for the
preferential presence of 2HTPP is provided by PL spectros-
copy: the emission spectrum exhibits two intense bands at 1.89
eV (655 nm) and 1.72 eV (720 nm) (Figure 5a, right), which
are consistent with the PL emission fingerprint of 2HTPP in
solution (Figure 3b). Moreover, the extremely high sensitivity
of PL spectroscopy enables us to identify even minor
contributions of the metalated porphyrin, that is, via the low
intensity observed for the emission band at 2.00 eV (620 nm).
The absence of the related feature in the DR spectrum (Figure

5a, left) is attributed to the significantly lower sensitivity of the

latter technique.
The third independent spectroscopic evidence for porphyrin

metalation is provided by DRIFTS (Figure 6) measurements.

Figure 5. UV/vis DR (left) and photoluminescence spectra (right) of MgO cubes after 2HTPP adsorption (a) and MgO nanocubes after 2HTPP
adsorption (b). In this experiment the initial 2HTPP concentrations in toluene correspond for nanocubes and cubes to 10−5 and 3 × 10−3 mol L−1,
respectively.

Figure 6. DRIFT spectra of pure and adsorbed 2HTPP and MgTPP:
(top panel) reference spectra obtained on 2HTPP (a) and MgTPP (b)
diluted in a KBr powder; (bottom panel) spectra obtained on MgO
nanocubes after adsorption of 2HTPP (c) and MgTPP (d).
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MgO has strong absorptions in the MIR region below 1700
cm−1,26 that is, in the fingerprint region of 2HTPP.27,28

Preparatory experiments are described in the Supporting
Information, which shows that relevant information can be
obtained from this spectral region despite the low sample
reflectivity (Figure S3).
The top spectra in Figure 6 were obtained on 2HTPP (a)

and MgTPP (b), which was diluted in KBr and serves as a
reference for the adsorption experiment. The sharp band at
3310 cm−1 (arrow in Figure 6a) corresponds to an asymmetric
νas(N−H) stretching vibration, and its absence serves as an
indicator for the metalation reaction. The features at 3170−
2970 cm−1 are attributed to ν(C−H) vibrations. The features
above ca. 3030 cm−1 are due to ν(C−H) vibrations in the
porphyrin, and the features in the energy range below originate
from IR active contributions of the phenyl rings. The less
intense features between 2970 and 1610 cm−1 are attributed to
overtones and combination vibrations.
The absence of νas(N−H) in the spectrum that was acquired

on MgTPP (Figure 6b) characterizes the porphyrin in its
metalated form. Features in the range between 3170 and 2970
cm−1 and in the region of overtone and combination bands
display lower intensities in comparison to 2HTPP. Finally, the
fingerprint region features less but well-separated absorp-
tions.27,28

Figure 6c describes the situation after contacting 2HTPP
with MgO nanocubes. This vibrational spectrum is consistent
with that of MgTPP (Figure 6b,d). As outlined in the
Supporting Information, variations in the relative intensity of
the bands in comparison to the pure porphyrins in KBr are due
to the low signal-to-noise ratio that results from the limited
reflectivity of MgO in this spectral region. Contacting 2HTPP
with larger MgO cubes (10 nm ≤ d ≤ 1000 nm, not shown)
did not reveal any significant absorptions above 1610 cm−1.
From the absence of any porphyrin-relevant IR signals from
these cubes, we conclude that the concentration of adsorbed
porphyrins is too low to allow for identification of porphyrin by
DRIFTS in the case of this material.

■ DISCUSSION

The comparison of the adsorption behavior between MgO
nanocubes with a particle size below 10 nm and larger MgO
cubes with a size in the range of 10 nm ≤ d ≤ 1000 nm reveals
pronounced size effects in the porphyrin metalation reaction at
the solid−liquid interface. The process of porphyrin adsorption
and metalation levels off and finally saturates for MgO
nanocubes at a coverage that corresponds to one monolayer
of porphyrin molecules adsorbed in a flat-lying geometry. The
vast majority of porphyrin adsorbs on MgO nanocubes in the
metalated form. For larger MgO cubes, on the contrary,
adsorbed porphyrins exist mainly as the free base. Apparently,
only a small fraction of the surface sites is capable of donating
Mg2+ ions and deprotonating the porphyrin. In accordance with
recent DFT calculations29 we attribute this structure depend-
ence to the presence of low coordinated Mg sites, for example,
corners and edges:

+ → + − −2HTPP (MgO) MgTPP Mg O (OH)n n n1 2 2 (1)

The two protons, which are released by the free-base
porphyrin after the uptake of the Mg2+ ion, are expected to
convert two surface oxygen anions into OH groups.29 We
assume that the limited mobility of MgTPP at the surface of

MgO nanocubes and cubes confines the molecules to the close
proximity of those reactive corner or edge sites where
porphyrin metalation takes place. Consequently, the process
of porphyrin metalation and adsorption would be self-limiting
provided that neither MgTPP diffusion to the center of the
(100) terraces nor porphyrin desorption into the toluene bulk
contributes to the recovery of the reactive sites. Indeed, we
observe that the porphyrins, once metalated at the MgO
surface, remain adsorbed even after repeated washing cycles
with the pure solvent. More importantly, no significant
morphological changes, which could give rise to the formation
of new reactive sites, are observed. Considering a nanocube
with an edge length of 4.5 nm and assuming an area of 2 nm2 as
the spatial requirement of the flat porphyrin molecule, around
80% of the whole surface would be covered if MgTPP
adsorption was limited to the close proximity of the nanocube
corners and edges, as schematically illustrated in Figure 7. On

the contrary, only ∼1% of the surface would be covered in the
case of a cube with an edge length of 450 nm. Consequently, a
significantly higher surface fraction is available for the
physisorption of the free base on larger cubes, which seems
to take place at extended (100) terraces. This is consistent with
our observation that on the large MgO cubes only a minor
fraction of the adsorbed porphyrin is metalated, whereas the
majority exists as the free base. Importantly, the same molecular
interactions are expected between 2HTPP and low-coordinated
surface sites on MgO cubes and nanocubes. The adsorption
properties of the respective particle powder, however, critically
depend on the relative abundance of corner and edge sites,
which are able to trigger porphyrin metalation, and of terrace
sites, where porphyrin physisorption is expected to take place.29

From another perspective, the concentration limit observed for
adsorptive porphyrin metalation (Figure 4) implies the absence
of multilayer adsorption. Interestingly, this result carries the
potential for the preparation of metal oxide hybrid structures
with controlled coverages of adsorbed functional molecules.
MgO particles represent a class of thermally exceptionally

stable nanomaterials with a high level of morphological
definition. Nanocubes (Figure 2) exhibit a high proportion of
surface edge and corner features with specific electronic
characteristics and reactivity.7,18,30 Further control over the
chemistry at organic−inorganic interfaces in combination with
advances in the site specificity and spatial organization of the
adsorbed porphyrins will enhance our abilities to organize
particles and porphyrins at a supramolecular level.31 In this
respect the metalation reaction in combination with the
saturation limit observed for adsorption (Figure 4) may lead
to a promising new method to adjust the interaction between

Figure 7. Scheme illustrating proposed MgTPP adsorption at sites in
close proximity of corner and edge sites of the MgO cubes, where
porphyrin metalation and oxide hydroxylation are expected to occur.
On large cubes only a limited surface fraction would be covered by
MgTPP, the major part of the surface being available for the
adsorption of the free base.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b08123
ACS Appl. Mater. Interfaces 2015, 7, 22962−22969

22967

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b08123/suppl_file/am5b08123_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b08123/suppl_file/am5b08123_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b08123/suppl_file/am5b08123_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b08123/suppl_file/am5b08123_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b08123


metal oxide nanoparticles and photoactive molecules. This
method takes advantage of interaction forces that are beyond
those commonly used, that is, covalent bonding, hydrogen
bonding, van der Waals interaction, and π−π interactions.31

■ CONCLUSIONS
Here we report very first evidence of ion exchange reactions
between oxide nanostructures and free base porphyrins at the
solid−liquid interface. The adsorption of 2HTPP on MgO
particle powders is governed by the relative abundance of low-
coordinated surface sites. Our results point to porphyrin
metalation at corner and edge sites of MgO nanocubes and
larger MgO cubes and provide unambiguous evidence for
MgTPP adsorption at coordinatively unsaturated sites of the
MgO cube surfaces. Terrace sites, on the other hand, seem to
bind porphyrin molecules more weakly by physisorption. The
potential site specificity of porphyrin metalation and adsorption
constitutes a promising approach for the spatial organization of
photoactive molecules in metal oxide hybrid structures. Last but
not least, our study emphasizes the importance of an integrated
characterization approach. Complementary spectroscopies are
the key to following the self-organization of the porphyrin−
metal oxide supramolecular arrangements.
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Bernardi, J.; Meyer, B.; Steinrück, H.-P.; Lytken, O.; Diwald, O.
Porphyrin Metalation at MgO Surfaces: a Spectroscopic and Quantum
Mechanical Study on Complementary Model Systems. Chem. Eur. J.,
2015, submitted for publication.
(30) Cadigan, C. A.; Corpuz, A. R.; Lin, F.; Caskey, C. M.; Finch, K.
B. H.; Wang, X.; Richards, R. M. Nanoscale (111) Faceted Rock-salt
Metal Oxides in Catalysis. Catal. Sci. Technol. 2013, 3, 900−911.
(31) Hasobe, T. Porphyrin-based Supramolecular Nanoarchitectures
for Solar Energy Conversion. J. Phys. Chem. Lett. 2013, 4, 1771−1780.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b08123
ACS Appl. Mater. Interfaces 2015, 7, 22962−22969

22969

http://dx.doi.org/10.1021/acsami.5b08123

