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Abstract
Two

Zn

porphyrin

complexes,

Zn-5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)porphyrin

(ZnTBPP) and Zn-tetraphenylporphyrin (ZnTPP) were prepared and physically adsorbed on the surface
of mesoporous SBA-15. The resulting materials were tested about the stability of the adsorbed dyes to
leaching, and characterized by X-ray diffraction analysis (XRD), low temperature nitrogen
adsorption/desorption isotherms, infrared and electronic (Diffuse Reflectance UV-Visible adsorption
and emission) spectroscopies. Thermogravimetric and spectrophotometric analyses indicates a surface
concentration around 1/40 molecule/nm2, on an average. The high dispersion of the complexes within
the silica pores was suggested by the negligible modifications of the ordered mesoporous structure and
textural properties (specific surface area and porosity). A detailed spectroscopic analysis allowed
investigating the molecular interaction with silica surface, taking place through hydrogen bonding with
Si-OH groups. In the case of ZnTBPP this interaction was mediated by the bulky tert-butyl
substituents. This resulted in a higher stability to leaching and in a consistent blue-shift of the
adsorption and emission bands typical of porphyrins, suggesting a more efficient orbital overlapping
between porphyrin and phenyl groups as a result of hindered rotation. This effect was less evident in
the ZnTPP complex, which was shown to directly interact with surface Si-OH through the aromatic
rings.
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1. Introduction
The chemistry of porphyrins has a long and fruitful history and in present
days involves a variety of practical areas, such as medicine, textile industry,
chemical analysis and catalysis [1-3]. Among the others, photodynamic therapy (PDT) for
cancer treatment and the exploitation of alternative energy sources are the most promising applications
[4-10]. For both applications, the key role of porphyrins is the harvesting of light and in its effective
conversion and transfer. In this view, one of the main issues is the improvement of light conversion
efficiency, which could be dramatically decreased as an effect of molecular association [11-14].
An important aspect influencing the efficiency of PDT process is related to the transport of the
photoactive molecule to the desired target, without affecting its structural integrity. Both aspects could
be solved by employing appropriate carriers, which are able to bind and transport the bio-agent,
concomitantly preventing the molecules association through encapsulation or dispersion on the matrix
surface. Promising results in this field were reported, involving silica based materials for porphyrins
immobilization or covalent linking [15-20]. Among the others, mesoporous silica materials
(particularly in the form of nanoparticles) are regarded as a new frontier in nanomedicine, for the
versatility of the carrier that can be easily functionalised with different molecules or “supermolecules”
[21, 22].
Mesoporous silica (MPS) materials were firstly proposed at the beginning of the nineties [23,
24], and their success as matrices or carriers for many applications is related to a huge surface area,
large pore size and pore volume. No less important is the fact that silica-based structures have good
biocompatibility, high tolerance to many organic solvents [25, 26] and easy surface functionalisation
[27]. Among the different applications we quote catalysis [17, 28], drug delivery [27, 29-32], cell
labelling [33-35], optical sensing [36, 37], biomolecules immobilisation [38-40], and photostabilisation
of antioxidants [41-43]. Furthermore, the surface of MPS structures can be easily functionalised for

targeting tumour cells specifically in vivo. These aspects, together with the potential to circumvent
drawbacks of photosensitizer delivery systems, makes them attractive as carriers for PDT applications
[44].
SBA-15 mesoporous silica was selected to immobilize porphyrin dyes, thanks to the large size
of ordered pores (up to 10 nm) [45, 46], that can host bulk molecules such as substituted porphyrins, at
the same time providing access to oxygen molecules from the external environment. Despite these
peculiarities and several reports about the employ of SBA-15 for drug immobilization[38], only few
examples

were

devoted

to

SBA-15/porphyrin

systems

[47].

For

instance,

meso-meta-

tetra(hydroxyphenyl)chlorine (m-THPC) was incorporated into silica by non covalent encapsulation,
showing a good spectral correspondence between free and embedded m-THPC and an increase of
singlet oxygen 1O2 production with respect to free porphyrin.
Different methods can be employed to prepare hybrid materials based on the
incorporation/immobilisation of drugs/photoactive molecules in inorganic, silica-based, materials.
These include methods for non covalent [38, 48] or covalent incorporation [15, 49, 50], depending on
the materials and applications. As for the non covalent interaction, usually adsorption from solution or
incipient wetness impregnation are employed, with variations including heating of a powder mixing of
the two components [38], or the “kneading” method, which employs a very small amount of acetone
solution [43]. Other approaches include one-pot synthesis methods, to obtain the encapsulation of the
photosensitizer within porous nanoparticles [48], silica [47] or organically modified silica (ORMOSIL)
particles [51, 52], both allowing gradual release and contact with oxygen of the dye.
Notwithstanding the large variety of available porphyrin structures, only few (including
Protoporphyrin IX, the classical structure for PDT) were employed in inclusion complexes [52]. Recent
results showed the important role of bulk substitutes of porphyrins on their electronic properties when
adsorbed on surfaces [7, 9, 53-55]. Accordingly, two similar metal porphyrin structures were selected

for

this

work,

Zn-5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)porphyrin

(ZnTBPP)

and

Zn-

tetraphenylporphyrin (ZnTPP) (Scheme 1). In the former, the presence of 3,5-di-tert-butylphenyl
substitutes promotes a higher solubility, while preventing dye molecules agglomeration and dimer
formation, which would result in a decrease of their chromophore activity [56-58]. Thus, SBA-15 was
employed to encapsulate ZnTPP and ZnTBPP complexes within the porous structure by
adsorption from solutions. The resulting hybrid materials were characterized to
obtain information on the effective porphyrin immobilisation by powder X-ray
diffraction (XRD), thermogravimetric and gasvolumetric analyses. The interaction of
the molecules with the silica surface was investigated by Fourier Transform
infrared (FTIR) and electronic spectroscopies, the latter both in adsorption
(Diffuse reflectance, DR UV-Vis and luminescence). Comparison of the data obtained on
the two complexes on silica and in solution allowed us to evaluate the effect of
the bulky substituents on the interaction with the surface.

2 Experimental
2.1 Materials
2.1.1 Synthesis of SBA-15
Ordered mesoporous SBA-15 silica was prepared according to the literature[45]. Briefly,
triblock copolymer Pluronic P123 was dissolved in water, a 2 M HCl solution was added and the
suspension was kept under stirring at 40 °C for 2 hours. Afterwards, tetraethyl orthosilicate (TEOS)
was added drop wise, under continuous stirring. All reagents and solvents were purchased by SigmaAldrich and used as received. After 24 h, the silica suspension was transferred into a Teflon lined
autoclave and placed in an oven for hydrothermal treatment at a temperature of 90°C for 48 h. The

formed precipitate was filtered off and washed with abundant demineralised water, then the triblock
copolymer was removed from the as-prepared material through calcination at 550°C, under N2 and
subsequent O2 flux.
Tetraphenylporphyrin (TPP) was synthesized and purified as reported in Ref. [59], while for the
5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)porphyrin (TBPP) the method proposed in Ref. [60] was
followed. The corresponding Zn-porphyrin complexes (ZnP) were prepared by mixing a 2.0·10-4 M
benzene solution of the porphyrin ligand with the same concentration of Zinc acetate in methanol [61].
The resulting solution was refluxed for 1 hour until the bands due to the free ligand disappeared in the
UV spectrum. It was then washed with distilled water, concentrated, and purified by column
chromatography on Al2O3. The final product was recrystallized by methanol.

2.1.2 Preparation of porphyrin/silica hybrid materials
ZnP/SBA-15 materials were prepared by adsorption from solution, by quickly adding weighted
SBA-15 aliquots, previously treated at 300 °C in vacuum to remove adsorbed water, to ZnP solutions.
Different solvents were employed, depending on ZnP solubility: ZnTBPP was dissolved in
cyclohexane and ZnTPP in chloroform. In both cases 200 mg of outgassed SBA-15 were added to 40
ml of 2.1 ·10-4 M ZnP solutions. All suspensions were stirred at room temperature (RT) for 30 minutes.
The resulting materials were recovered by centrifugation (10 minutes at 6000 rpm) and dried in air at
40°C.
Supernatant analysis was carried out to estimate ZnP uptake from SBA-15 silica and to study
their leaching upon repeated washing with the corresponding solvents (cyclohexane/chloroform). To
this aim, a Cary 300 UV-Vis Spectrophotometer (Varian) was employed, working at = 545 and 552
nm for ZnTBPP and ZnTPP, respectively. Calibration curves were obtained with diluted solutions over

the range 5.0×10-6 - 5.3×10-5 M. The molar extinction coefficients (ε) were 2.42×104 and 2.15×104 M1

∙cm-1 (R2 = 0.994) for ZnTBPP and ZnTPP, respectively.

2.2 Characterization
Powder X-Ray Diffraction (XRD) patterns were obtained with a Philips 1830 instrument,
operating with Co K

radiation, generated at 20 mA and 40 kV. Specific surface area (SSA) and

porosity were analyzed by N2 adsorption-desorption isotherms at liquid nitrogen temperature (LNT)
using a Micromeritics ASAP2020 instrument. SSA was calculated by the Brunauer-Emmett-Teller
method (BET); pore volume (total and mesopore, the latter in the 50-150 Å range) and average pore
size were estimated using the Barrett-Joyner-Helenda method with the Kruk-Jaroniec-Sayari equations
(BJH/KJS). Micropore volume was calculated with t-plot method. All calculations were performed on
the adsorption branch of the isotherms.
Thermal Gravimetric Analysis (TGA) was carried out on a TAQ600 (TA Instruments) heating the
samples at a rate of 10 °C/min from RT to 800 °C in a nitrogen flow. Before starting the measurements,
the samples were equilibrated at 30 °C.
Fourier Transform Infrared (FTIR) spectra were collected in transmission mode with a Bruker
IFS88 spectrometer equipped with DTGS detector, working at a resolution of 4 cm-1. Self-supporting
wafers (ca. 2 mg/cm2) suitable for transmission measurements were prepared and inserted in quartz
cells equipped with KBr windows, allowing in situ activation (room temperature outgassing) before the
measurements. Diffuse Reflectance UV-Vis spectra of the powders were collected with a Varian Cary
5000 spectrophotometer equipped with a BaSO4 covered integrating sphere.
Photoemission and excitation steady-state spectra were acquired with a Horiba Jobin Yvon
Fluorolog3 TCSPC spectrofluorimeter equipped with a 450 W Xenon lamp and a Hamamatsu R928
photomultiplier. The spectral response was corrected for the spectral sensitivity of the photomultiplier.

Solutions and suspensions were kept in contact with air, because dissolved oxygen was expected to be
quite ineffective as quenching agent toward fluorophores with lifetimes shorter than 5 ns, [62] as
typically exhibited by porphyrins. Fluorescence lifetimes were measured using a time-correlated single
photon counting (TCSPC) technique (Horiba Jobin Yvon) with excitation source NanoLed at 455 nm
(Horiba) and impulse repetition rate of 1 MHz at 90° to a TBX-05 detector. The instrument was set in
the Reverse TAC mode, where the first detected photon represented the start signal by the time-toamplitude converter (TAC), and the excitation pulse triggered the stop signal. DAS6 decay analysis
software was used for lifetime calculation.

3. Results and Discussion
The inclusion of ZnTBPP and ZnTPP into the pores of SBA-15 was performed by physical
adsorption from saturated solutions of ZnP complexes in cyclohexane or chloroform, respectively. The
ZnP loading was calculated by spectroscopic analysis by measuring the amount in the supernatant
before and after impregnation, and checked by TGA (Table 1). The agreement between the values
estimated by the two techniques for each sample is not perfect, but is within the experimental error,
considering the low amount. Table 1 also reports the loading expressed as molecule/nm2, calculated by
employing the SSA measured on the parent SBA-15 (see below).
All the following results were obtained on the as-prepared materials, with the loading listed in
Table 1. However, spectrophotometric analysis was also carried out to check the leaching of ZnP from
the silica matrix, by employing the corresponding solvent (cyclohexane for ZnTBPP and chloroform
for ZnTPP) for consecutive washing steps (Figure 1). The results suggest a different stability of the two
complexes within SBA-15 pores. While the leaching of ZnTBPP ranges from a 20% loss in the first
washing step, up to a final 33% total loss, ZnTPP is easily removed from the matrix in a single washing
step (ca 72% decrease), but is stable in the consecutive steps. Interestingly, similar experiments

performed in water did not show any appreciable leaching of the ZnP complexes from the matrix, in
agreement with the low solubility of the molecules. This suggests that ZnP/SBA-15 could be a stable
candidate for use in biological environments.

3.1. Characterization of ZnP/SBA-15 Hybrid Materials.
The dye-silica materials were characterized by XRD and N2 adsorption-desorption analyses to
obtain information on the mesoporous structure before and after immobilisation of Zn-porphyrins and
to monitor the effect of ZnP inclusion. Figure 2 shows the XRD profiles of the parent SBA-15 with
those of the two ZnP/SBA-15 materials. The diffraction patterns are very similar in all cases and show
the (100), (110), and (200) reflections typical of a hexagonal array of pores. This indicates a negligible
effect of the dye inclusion on the mesostructure of silica.
The results obtained by gas-volumetric analysis are summarized in Figure 3 and Table 2. The
materials show a type IV isotherm, typical of mesoporous materials with one-dimensional cylindrical
channels [63, 64]. After impregnation, SSA decreases in a similar way in both inclusion complexes
(Table 2). The H1-type hysteresis loop 0.67-0.72 p/p0 in the SBA-15 isotherm corresponds to N2
capillary condensation within large mesopores. The same trend is present in the isotherms of dye
loaded samples with very small downward shift, corresponding to a decrease in the pore diameter from
99 to 98 Å, irrespective of the molecule. Due to the very small entity of this change (similarly to what
observed for pore volumes) it is not possible to safely ascribe it to the presence of ZnP complexes. At
pressure above 0.9 p/p0, another narrow hysteresis loop is observed for all samples, due to nitrogen
condensation in textural porosity. On the whole, this analysis indicates a relatively small effect of ZnP
inclusion in SBA-15, in agreement with the low loading, suggesting a high dispersion of the complexes
within the pores.

3.3. FTIR Spectroscopy
FTIR spectroscopy was employed to confirm the structural integrity of the molecules and to
study their interaction with the surface of silica. The results are reported in Fig. 4, together with the
spectra of bare SBA-15 and of the two complexes, for comparison. In the high frequency region (top
panel of Fig. 4), the spectrum of parent SBA-15 is characterized by a strong and narrow peak at 3742
cm-1, with a weaker component at 3713 cm-1 and a broad absorption between 3700 and 3000 cm-1
(maximum at 3582 cm-1). These are well known features related to isolated (3742 cm-1), terminal (3713
cm-1) and hydrogen bonded surface Si-OH groups (3700-3000 cm-1) [64-67]. The weak bands at 2926
and 2856 cm-1 are due to small amounts of hydrocarbon impurities.
In the same panel the spectra of the two ZnP complexes are shown in the 3200-2700 cm-1 range
only, since no significant signals are present at higher frequency. ZnTPP (grey curve) shows weak
bands above (3054 and 3020 cm-1) and below 3000 cm-1 (2920 and 2850 cm-1), which can be assigned
to aromatic and aliphatic C-H stretching modes (νCH), respectively, in agreement with what reported
for metal-free TPP [68]. The spectrum of ZnTBPP (light grey) shows similar weak bands at 3120, 3066
and 3050 cm-1, due to aromatic νCH, with intense bands at 2960, 2904 and 2862 cm-1, clearly related to
the tert-butyl groups. In the spectra of the ZnP-SBA-15 complexes the νCH modes of ZnTBPP are
clearly discernible, particularly the most intense bands at 2960 and 2862 cm-1 (dotted curve), while
ZnTPP-SBA-15 shows intense bands in the region of aliphatic νCH (full curve), which could be related
to some hydrocarbon impurities. Both samples show a decrease in the intensity of the bands due to
isolated and terminal Si-OH groups (3742 and 3713 cm-1), and a corresponding increase in the broad
absorption between 3700 and 3000 cm-1 These features indicate that the two ZnP complexes interacts
via hydrogen bonding with surface Si-OH.
Additional information can be obtained by analysis of the low frequency region (bottom panel
of Fig. 4). The spectrum of ZnTPP (grey curve) is mainly characterized by the bands related to the ring

modes (νC=C) of the phenyl and porphyrin rings (1592, 1573, 1524, 1500 and 1486 and 1462 cm -1)
and to the corresponding CH bending (δC-H) modes (1440, 1385 and 1340 cm-1) [68, 69]. Important
differences can be seen by comparison with the spectrum of the tert-butyl substituted complex,
ZnTBPP (light grey curve). In particular, the bands at 1573, 1486, 1462, 1440, 1385 and 1340 cm -1 are
affected both in position and intensity, as a consequence of the phenyl rings substitution. The expected
bending modes of the tert-butyl groups (asymmetric and symmetric δCH3) are clearly seen at 1475 (δas
CH3) and 1362 cm-1 (δs CH3).
The spectrum of ZnTBPP-SBA-15 (dotted curve) is very similar to that of the corresponding
molecule. The main changes can be seen in the relative intensity and position of the CH bending modes
(δCH and δCH3), which are usually not very sensitive to small changes in the molecular environment.
This deserves some comments. On the basis of their chemical structure, one would expect a hydrogen
bonding interaction between surface Si-OH groups and the phenyl and porphyrin ring -electrons, with
a less important role of the tert-butyl substituents. However, the infrared evidence suggests a stronger
perturbation of the latter, indicating a modification in their geometry and/or bond lengths. The
perturbation of the bulky substituents conformation does not however allow for a porphyrin optimal
geometry necessary to optimize hydrogen bonding with the surface.
On the contrary, the spectrum of ZnTPP is strongly modified by the interaction with the silica
surface, in that the intensity of the main bands at 1592, 1440 and 1340 cm-1 decreases, while new broad
absorptions at 1532 and 1465 cm-1 are observed, in the typical region of aromatic ring vibrations [69],
together with other minor changes. These evidences suggest a more important involvement of the
aromatic rings in the formation of hydrogen bonding adducts with surface Si-OH.

3.4. UV-VIS spectral analysis

DR UV-Vis and photoluminescence spectra of the prepared hybrid samples and of the
corresponding porphyrin solutions were measured and compared in order to evaluate the effect of the
immobilisation on the dyes electronic properties, and to disclose possible correlations between the
porphyrin molecular structure and the overall performances of the hybrids.
Absorption and emission spectra of ZnTPP and ZnTBPP solutions are shown in Fig. 5A. The
UV-Vis absorption spectra of porphyrins exhibit an intense band at about 400 nm (the Soret or B band)
and several weaker absorptions (the Q or α bands) at higher wavelengths (in the 450-700 nm range).
Both Soret and Q bands are characteristic “fingerprints” of porphyrin adsorption spectra. The Soret
band (usually around 420 nm) is related to a highly permitted transition to the second excited state (S0
→ S2), while the Q bands (usually near 550 nm) are due to weakly allowed transitions to the first
excited state (S0 → S1) and are usually sensitive to the coordination state of the metal ions. In our case
the closed-shell metal ion Zn(II) (d10) is characterized by dπ (dxz , dyz) metal-based orbitals relatively
low in energy. Hence these have very little effect on the porphyrin π to π* energy gap in the electronic
spectra [1]. Variations of the peripheral substituents on the porphyrin ring often cause negligible
changes in the absorption features, both in terms of absorption wavelength and intensity.
Absorption spectra of both ZnTPP and its tert-butyl substituted analogue ZnTBPP (Figure 5A)
are characterized by an intense Soret band centred at 418-420 nm and Q bands of different relative
intensities at 546/587 nm in the case of ZnTBPP and at 551/594 nm in the case of ZnTPP. This
comparison indicate a small effect of the bulky substituents on the efficiency of π porphyrin- π phenyl
and dπ porphyrin-π phenyl orbital overlapping in spite of their steric effect, suggesting a negligible
effect in hindering the rotation of the phenyl rings with respect to the porphyrin one [1]. In the case of
ZnTBPP an additional band is observed at 620 nm, which could be attributed to a small amount of
metal free complex or to some partial oxidation products, such as the meso-tetraphenylchlorin, as
reported by Rousseau et al. [70].

Photoluminescence spectra of the porphyrin solutions, obtained upon excitation at 418 nm, are
reported in Fig. 5B. The emission profile of ZnTPP is characterized by a broad band in the 550-700 nm
range, with two maxima at 602 nm and 646 nm having the same intensity; the emission profile of
ZnTBPP is similar but blue shifted, with the two components at 588nm and 640 nm, the longer
wavelength one being the most intense.
DR UV-Vis spectra of the ZnP-SBA-15 materials were registered and compared to the
absorption spectra of the corresponding ZnP solutions; the spectra are reported in Figs. 6A and 6D with
a magnification of the Q bands region in Figs. 6B and 6E. The inclusion of ZnTPP in SBA-15 leads to
a slight broadening of the Soret band, along with a significant change in the relative intensity of the
Soret and Q bands, the former being almost halved with respect to the solution spectrum. Only a
moderate red shift (2-5 nm) is observed in the Q bands (Fig. 6B) upon inclusion. Conversely, the effect
of inclusion on the absorption spectrum of ZnTBPP is much stronger (Fig. 6D): we assist to a
significant broadening of the Soret band, along with a red shift and a huge decrease in its relative
intensity with respect to Q bands. Broadening and a significant red shift (12-13 nm) are also observed
for the Q bands. This observation indicates that the electronic properties of both complexes are affected
by inclusion, particularly in the case of ZnTBPP. We underline the absence on the hybrid sample of the
component formerly observed at 620 nm, assigned to ZnTBPP impurities or oxidation products. This is
also confirmed by the analysis of the supernatant after washing (not reported), suggesting that ZnTBPP
is the main compound loaded on SBA-15.
It has been widely reported in literature that adsorption of organic molecules on oxide surfaces
causes strong perturbations of the absorption maxima and the molar absorption coefficients [71, 72].
One of the most common effect is the broadening of the absorption bands, probably related to the
interaction of the aromatic

electrons with the oxide surface [71, 73]. We usually assist to a spectral

red shift when the excited state of the molecule has and increased permanent dipole or if it is more

polarizable than the ground state and to a spectral blue shift if the reverse is true [74-77]. Thus, a red
shift of the Q-bands and a large absorbance decrease and broadening of the Soret band for ZnP-SBA-15
suggest that ZnP molecules are adsorbed onto SBA-15 and that the porphyrin π-electrons interact with
the surface hydroxyl groups of SBA-15. Similar spectral changes for porphyrin adsorption on oxide
surfaces have been reported for ZnTPP on TiO2 [78], CoTPP and H2TPP on TiO2 [77], and for H2TPP
loaded on MCM-41 [75]. Moreover Nakagaki et al. showed a similar behavior for zeolite-encapsulated
metalloporphyrins compared with the free complexes [79].
Different mechanisms were proposed for the absorption spectral shift exhibited by porphyrins in
interactions with oxide surfaces; among them, the more credited are the aggregation effect [80, 81], the
solvent polarity effect and the conformation change upon adsorption [82], in particular related to the
flattening of the meso-substituent with respect to the plane of the porphyrin ring. The spectral shift due
to this mechanism depends on the fact that the molecular flattening will extend the π-conjugation of the
porphyrin molecule [82-84].
As far as our results are concerned, the aggregation effect can be excluded because it usually
induces more severe changes in the spectra with respect to what we observed; the solvent polarity
usually induces only small shift and can play a role in our systems as of course the polarity experienced
by the ZnP inside the channels of SBA-15 is different from the polarity of the solvent in which the
absorption spectra were registered (chloroform for ZnTPP and cyclohexane for ZnTBPP). Although
most of the studies about the molecular flattening and conformational changes of porphyrins have been
carried out using nanosheets as inorganic support [85], similar effects can be imagined in the case of
the interaction of the ZnP with the SBA-15 surface, due to the large size of the ordered pores. The
stronger shift of the absorption spectrum exhibited by ZnTBPP-SBA-15 material suggests a different
interaction with the SBA-15 surface with respect to unsubstituted ZnTPP, promoted by the tert-butyl
substituent. We can thus infer that the interaction of ZnTBPP with surface Si-OH via the bulky

substituents, as suggested by FTIR spectroscopy, hinders the free rotation of phenyl rings with respect
to the porphyrin rings, extending

conjugation. This effect is somewhat similar to what reported by

Fiorilli et al., who observed a different solvatochromic effect of the silica surface towards large dyes
molecules depending on the flexibility of the anchoring ligand [86].
Photoluminescence properties of the hybrid materials were evaluated and compared to the
corresponding porphyrin molecules in solution (Figs. 6C and 6F). The excitation wavelengths were
chosen on the basis of the absorption spectra; hence photoluminescence spectra were recorded by
exciting the samples at 418, 545 and 560 nm. The shape of the emission profile does not sensibly
changes as a function of the excitation wavelength, which only affects the overall emission intensity.
For the sake of brevity and comparison only spectra obtained by exciting at 418 nm are displayed.
Similarly to what observed in absorption, photoluminescence features of the ZnTPP-SBA-15
material are not so significantly different from those of the porphyrin solution: we assist to a moderate
red shift (more significant for the longer wavelength component of the spectrum) of the band along
with a small change in the relative intensities. More severe modifications were found in the case of the
tert-butyl substituted ZnP. The photoluminescence profile of ZnTBPP solution is characterized by two
main components at 588 and 640 nm; in the case of the ZnTBPP/SBA-15 hybrid the whole spectrum is
red-shifted and the two main components are characterized by different relative intensities with respect
to what evidenced for the solution. The lower energy band is no longer the more intense, and an
intermediate weak component arises (637 nm). A red shift indicates that the adsorption of dyes on
SBA-15 causes a decrease in the energy transfer between high and low energy levels of ZnTBPP. This
could be due to some structural deformations of ZnTBPP, as already discussed, and/or due to the
energy transfer from porphyrin to surface. The presence of the weak component at 637 nm can be
explained as a splitting of one band (640 nm in solution) into two components (637 and 653 nm).
Energy level splitting is often related to the presence of slightly different emitting species; in the case

of our material we can hypothesize the presence of ZnTBPP molecules undergoing different
conformational constraint due to different location within the SBA-15 pores.
An assessment of the dye distribution in the ZnTBPP-SBA-15 hybrid was made on the basis
of fluorescence lifetime ( , Table 3). This is defined by the average time the molecules spend in the
excited state prior to return to the ground state and it is measured by fitting the emission decay curves
with mono-or bi-exponential functions. The corresponding

2

value in Table 3 is an indication of the

goodness of the fit.
While in the case of ZnTPP-SBA-15 material the decay curves were well fitted by a monoexponential function, revealing the presence of a single emitting species, the decay curve of the
ZnTBPP-SBA-15 hybrid was fitted by a biexponential decay function. This suggests the presence of
two different silica microenvironments around the dye molecules and it is in accordance with both the
fluorescence spectral data and the observed two-steps leaching of the ZnTBPP from the hybrid system.
For both the materials, however, the τ values are longer than those exhibited by the ZnP solution,
suggesting that the entrapment of the molecules within the channels of SBA-15 reduces the ZnTBPP
intermolecular collisions and the dye-solvent interactions, extending the fluorescence lifetime of the
metal porphyrin.

4. Conclusions
Two Zn porphyrin complexes were adsorbed within the channels of mesoporous SBA-15,
resulting in hybrid materials that were characterized about their structural and electronic properties. No
evident changes about the textural properties of the silica host (porosity and specific surface area) were
observed, indicating a good molecular dispersion of the complexes.
Vibrational (FTIR) and electronic spectroscopies (DR UV-Vis and luminescence) testified of
the successful incorporation of the dyes, providing useful information on the molecular interaction and
on the solvatochromic effect of the host. Namely, FTIR spectroscopy suggested an important role of
the bulky tert-butyl substituents in mediating the interaction of ZnTBPP with the silica surface, through
hydrogen bonding interactions with Si-OH groups. This interaction also affected the stability of the

complex inside the pores, as observed by leaching tests, and the electronic properties with respect to
solution. The observed blue shift suggests a more effective electron delocalization between porphyrin
and phenyl rings, as a consequence of hindered phenyl rotation.
On the contrary, vibrational analysis of unsubstituted ZnTPP indicates a more direct
involvement of the aromatic rings with surface Si-OH, which results in a lower stability towards
leaching. Surprisingly, the blue shift of absorption and emission bands with respect to solution is small,
suggesting that the interaction does not dramatically influence the - overlapping between porphyrin
and phenyl rings.
The previous conclusions are in agreement with luminescence lifetime measurements, showing
a minor increase for ZnTPP with respect to solution and a more relevant one for ZnTBPP. Moreover, in
the latter case two distinct decay profiles were measured, suggesting different local environments of the
included complexes.
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Table 1 Amount of ZnP complexes loaded in the samples, as calculated by spectrophotometric and
thermogravimetric analyses.
Samples

ZnTBPP/SBA15

UV-Vis a
% Weight
molecule/nm2 c

3.1

1/50

TGA b
% Weight
molecule/nm2 c
2.4

1/62

a

Amount
calculated by measuring
ZnTPP/SBA-15
2.3 the ZnP supernatant
1/38concentration before
4.2 and after impregnation:
1/20
for ZnTBPP in cyclohexane = 545; for ZnTPP in chloroform = 552 nm.
b

Amount estimated on the basis of the measured weight loss between 100 and 800 °C.

c

Values calculated by normalizing the measured weight % to the samples SSA reported in Table 2.

Table 2. Textural properties of the samples determined by nitrogen adsorption/desorption isotherms

Samples

SSA a
(m2·g-1)

Pore
diameter b
(Å)

Total pore
volume c
(cm3·g-1)

Mesopore
volume d
(cm3·g-1)

Micropore
volume e
(cm3·g-1)

SBA-15

789

99

1.17

0.76

0.06

ZnTBPP/SBA-15

674

98

1.05

0.76

0.05

ZnTPP/SBA-15

625

98

0.97

0.72

0.05

a

Calculated by the BET method. b Mean pore diameter calculated by the BJH method in the adsorption
branch, employing the Kruk-Jaroniec-Sayari model. c, d, e Calculated by the BJH method: c in the 251000 Å,

d

in the 25-50 Å and e the 200-1000 Å ranges.

Table 3. Lifetime measurements of ZnP complexes in solution and immobilized in SBA-15 upon
excitation at 455 nm.

a

Samples

τ1

τ2

χ2 a

ZnTPP solution

40,0 ps

-

1,04

ZnTPP-SBA-15

45,0 ps

-

1,02

ZnTBPP solution

0,20 ns

-

1,10

ZnTBPP-SBA-15
0,54 ns
3,10 ns
1,09
χ is the correlation coefficient of the least squares fit of decay curves and is an indicator of the
2

goodness of fit.

Scheme 1. Structure of Zn-5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)porphyrin (ZnTBPP) and Zntetraphenylporphyrin (ZnTPP).

Figures captions

Figure 1. Effect of washing with the corresponding solvent (cyclohexane for ZnTBPP and chloroform
for ZnTPP) on the ZnP/SBA-15 complexes as measured by spectrophotometric analysis. Values are
referred to 1g of SBA-15.

Figure 2. XRD patterns of a) SBA-15, b) ZnTBPP/SBA-15 and c) ZnTPP/SBA- 15. Patterns were
vertically shifted for easier comparison.

Figure 3. Adsorption () and desorption () isotherms of N2 adsorbed at LNT on a) SBA-15, b)
ZnTBPP/SBA-15 and c) ZnTPP/SBA- 15. Isotherms were vertically shifted for easier comparison.

Figure 4. FTIR spectra of ZnTBPP/SBA-15 (dotted), ZnTPP/SBA-15 (full line) and parent SBA-15
(dashed) in the high and low frequency ranges (top and bottom panels, respectively). For comparison
the spectra measured on ZnTBPP and ZnTPP complexes diluted in KBr (vertically shifted for easier
comparison) are reported in light grey and grey, respectively.

Figure 5. A) UV-Vis absorption and B) emission spectra of ZnTPP (red solid curve) and ZnTBPP
(black dashed curve) in solution. Emission spectra were obtained upon excitation at 418 nm.

Figure 6 A) and B) UV-Vis absorption and C) emission spectra of ZnTPP/SBA-15 and corresponding
solution (red solid and black dashed curves, respectively). D), E) and F) report the corresponding data
for ZnTBPP/SBA-15. Emission spectra were obtained upon excitation at 418 nm. B) and E) insets are
magnification of the adsorption spectra in the Q bands region.
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