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A new porphyrin modified polymer by the nucleophilic substitution at the chlorobenzyl
groups on the side-chain of a polysiloxane with an asymmetrical mono-hydroxy-
functionalized porphyrin, namely: 5-(4-hydroxyphenyl)-10,15,20-triphenyl-porphyrin is
reported. The porphyrin-containing polysiloxane was characterized by 'H-NMR and FT-
IR spectroscopy and thermal analysis (DSC and thermo-gravimetric), the obtained data
confirming the porphyrin connection on the polysiloxanic chain and showing an increased
thermal stability of the modified polymer. A comparison between optical absorption
spectroscopy data and emission spectra of the bare porphyrin and of the polymer shows
that the porphyrin-base polysiloxane preserves the optical properties of the porphyrinic
dye. Atomic force microscopy (AFM) put into evidence a spongeous structure of the
functionalized polysiloxane material, with uniformly dispersed globular pores, a
topography that encourages to further application of this material in formulation of sensor
devices.
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1. Introduction

The chemistry and technology of siloxane-based polymers, or silicones, is a very broad
and still growing research area. As the most stable polymer available, silicones offer superior
reliability, god service life and reduced production costs. Due to their excellent properties (low
glass transition temperature, very low surface energy, gas permeability, resistance to oxidation and
ultraviolet light, biocompatibility, etc.) this class of polymers lead to materials which have been
investigated for a wide range of potential applications: surfactants, biomaterials, membranes,
adhesives, electrical insulator, cosmetics etc. [1]. The siloxane bond particularity has a great
impact concerning the polymer applications. The Si-O bond distance, shorter than the sum of
covalent radii, implies a partial double bond character of Si-0. Nevertheless the barrier of rotation
around the Si-0 bond is very low (ca. 2.5 kJ mol) the polymer chain having a very high flexibility
[2]. The silicone materials may be conveniently grouped into products based upon fluids, cross-
linked elastomers and resins [3]. Modifications of polysiloxane are extensively explored in order
to obtain special properties thus giving access to new applications. Polydimethylsiloxanes in
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which some methyl groups are replaced by reactive organo-functional ones are now widely used in
order to obtain new organic-silicone architectures [4-7]. If the reactive group is situated in the
side-chain, materials with self-assembly properties can be obtained [8, 9].

As a consequence of these results, extended research has already performed to bind in a
covalent way porphyrins, because of their amazing optical [10] electrical [11] and catalytic
properties [12], onto different types of polymers [13-15].

Porphyrin-based covalently linked polymers preserve the initial properties of chromophore
dye and can find possible application in the photodynamic therapy of cancer [16] as well as in the
formulations for gas sensing [17], as a source of free charge carriers [18] or in conducting
polymer devices [19].

The present study reports the obtaining of a new porphyrin modified polymer by the
nucleophilic substitution of the chlorobenzyl groups on the side-chain of a polysiloxane with an
asymmetrical mono-hydroxy-functionalized porphyrin, namely: 5-(4-hydroxyphenyl)-10,15,20-
triphenyl-porphyrin (THPP). The porphyrin-containing polysiloxane was characterized by 'H-
NMR and FT-IR spectroscopy and thermal analysis (DSC and thermo-gravimetric), the obtained
data confirming the porphyrin connection on the polysiloxanic chain and showing an increased
thermal stability of the modified polymer. A comparison between optical absorption spectroscopy
data and emission spectra of the bare porphyrin and of the polymer shows that the porphyrin-base
polysiloxane preserves the optical properties of the porphyrinic dye. Atomic force microscopy
(AFM) put into evidence a spongeous structure of the functionalized polysiloxane material, with
uniformly dispersed globular pores, a topography that encourages to further application of this
material in formulation of sensor devices.

2. Experimental

The synthesis of 5-(4-hydroxyphenyl)-10,15,20-triphenyl-porphyrin (THPP) was done by
multicomponent method Adler-Longo (Scheme 1), according to improved literature data [20-24],
and fully characterized by '"HNMR, UV-vis, FT-IR, fluorescence excitation and emission spectra,
MS, HPLC and TLC.

SHCRY;

Scheme 1. The general equation for multicomponent synthesis of 5-(4-hydroxyphenyl)-10,15,20-
triphenyl-porphyrin (THPP)

R;=R,=R;=R4=H, namely: 5,10,15,20-tetrakis-phenyl-porphyrin;
R;=R,=R;=H; R4=0H, namely: 5-(4-hydroxyphenyl)-10,15,20-triphenyl-porphyrin;
R=R,=H; R;=R4=0H, namely: 5,10-di(4-hydroxyphenyl)-15,20-diphenyl-porphyrin (cis);
R=R;=H; R,=R4=0H, namely: 5,15-di(4-hydroxyphenyl)-15,20-diphenyl-porphyrin (trans);
R;=R,=R;=0H; Rs=H, namely: 5,10,15-tri(4-hydroxyphenyl)-20-phenyl-porphyrin;
R;=R,=R;=R4=0H, namely: 5,10,15,20-tetra(4-hydroxyphenyl)-porphyrin.

Method for synthesis of 5-(4-hydroxyphenyl)-10,15,20-triphenyl-porphyrin (THPP).
Benzaldehyde (20.1 mL, 196.8 mmol) and 4-hydroxybenzaldehyde (8.0 g, 65.6 mmol) were
solved in 350 mL propionic acid, vigorously stirred and bring to reflux. A solution consisting of
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propionic acid (50 ml) and freshly distilled pyrrole (13.6 mL, 262.4 mmol) was added through a
funnel during 40 minutes. After two hours, the reaction mixture was cooled and let to stay over
night. The reaction mixture was washed with 600 mL hot water, filtered and washed again with
excessive hot water giving rise to a mixture of dark-red colored porphyrins. Then the mixture was
extracted in dichloromethane until the extracts are colorless. The solvent was evaporated and a
mixture of porphyrins red colored in crystalline forms were obtained. HPLC and TLC analysis
were performed and it has to be noticed that the mixture was formed from only five compounds
(instead of six theoretically). The porphyrins were separated by column chromatography using as
eluent the following mixture of solvents: dichloromethane/chloroform/methanol = 2/2/1-12/3/1.
Each collected ring was further analyzed by TLC.

Porphyrin modified polysiloxane synthesis. The porphyrin modified polymers were
obtained starting from a polysiloxane containing chlorobenzyl groups in the side-chain, according
to the Scheme 2.

CH4 CHy

T T CHy  Ch,
+S"O}+S"O°\_ +Si—0}+8i—0-}—
CHaCl CHZC' K,CO3/NaOH CH,Cl t:H2

OH DMSO

Scheme 2. Reaction scheme for the synthesis of the porphyrin modified polysiloxane

The polysiloxane with molecular weight between 5 and 6x10° were prepared by the
hydrolytic polycondensation of [2-(4-chloromethylphenyl)ethyl]methyldichlorosilane. Details
concerning polysiloxane synthesis and characterizations have been previously reported [5].
Porphyrin-containing polysiloxanes were prepared by the nucleophilic substitution on the
chlorobenzyl groups. In a typical experiment, 0.3 g of the polysiloxane precursor was dissolved in
3 ml dimethylsulfoxide (DMSO) and mixed with 0.09g of THPP and 0.01g K,COj3. The mixture
was heated at 80 °C for 16 h. The resulting polymer was precipitated and washed several times
with methanol to eliminate unreacted products before drying under vacuum.

Apparatus. FT-IR spectra were registered as KBr pellets on a Jasco 430 instrument in the
4000-400 cm™ range. UV-visible spectra were recorded on a UV/VIS PERKIN ELMER,
LAMBDA 12 spectrometer and on a JASCO UV-visible spectrometer, V-650 model. Fluorescence
spectra were recorded in THF and in THF-aqueous systems on a Perkin Elmer Model LS 55
apparatus in a 1 cm cuvette. The HPLC analysis were performed on a JASCO apparatus equipped
with KROMASIL SI 100 5 um polar column, 240x4 mm with MD 1510 detector, at ambient
temperature using UV detection at 420 nm. The samples were subjected to analysis (20 pl) at a
flow rate of 1 mL/min using a mixture of solvents: dichloromethane/chloroform/methanol, as
eluent for polar column. Solvent systems associated with chromatography are reported as v/v
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ratios. '"H-NMR spectra were registered in CDCl; on a Bruker DRX 400 apparatus at 400 MHz.
Proton chemical shifts, expressed in & (ppm), were internally referenced to the residual proton
resonance in CDCl; (8 7.26). For MS analysis of porphyrin base a 212 Varian Finnigan Mat mass
spectrometer was used.

The thermal analysis was performed by means of a Mettler Toledo TGA-SDTAS851e
device, in N, atmosphere, with a flow of 20 mL/min, a heating rate of 15 K/min and sample weight
of 4-6 mg. DSC thermograms were recorded on a Mettler DSCI12E calorimeter with a
heating/cooling rate of 10 K/min.

Atomic force microscope (AFM) investigations were performed with a Nanosurf®
EasyScan 2 Advanced Research AFM. All surface imaging measurements were done in ambient
conditions with samples obtained onto a pure silica plate by slow evaporation of the solvent from a
solution of the porphyrin or the polymer in THF. A stiff (450 pm x 50 pm x 2 um) piezoelectric
ceramic cantilever (spring constant of 0.2 N/m), with an integral tip oscillated near its resonance
frequency of about 13 kHz was used in the measurements. AFM data are quantitative on all three
dimensions, and were investigated in contact or tapping mode.

Spectroscopic studies. Absorption and fluorescence spectra were recorded at ambient
temperature using 1 cm path length cells. The luminescence spectra were recorded at a 100
nm/min, with constant slit widths, for excitation (3 nm) and for emission (3.4 nm). Cut-off filters
(390 nm or when proper 430nm) to eliminate harmonic or scattering peaks were used. For
introducing basic and acidic conditions in THF solvent, stock aqueous solutions of 0.1 M NaOH
and 0.1 M HCI were used. The pH values of the solutions were measured with a digital Radelkis
pH-meter. Mcllvaine buffer solutions of pH 2.5; 3.5 and 4.5 using disodium hydrogen phosphate
and citric acid were made to verify the fluorescence sensor's measurements both for porphyrin-
based and for porphyrin modified polysiloxane-based sensor.

Reagents. The reagents were provided of highest purity obtainable from Merck, Fluka and
Scharlau and where is not specified, used without further purification. Other chemicals used in the
sol-gel process were chloroform, dichloromethane, tetrahydrofuran, absolute ethanol, methanol,
hydrochloric acid (HCI, 36%), all provided of Merck, and distilled water. Chloroform was stored
over 4A molecular sieves. Dichloromethane was distilled from CaH, under nitrogen. All aqueous
solutions were prepared with distilled water. Thin-layer chromatography (TLC) was performed
using Merck 60 F254 silica gel. Silica gel 60 (70-230 mesh, Merck) was used for column
chromatography.

3. Results and discussion

The most important spectrometric analysis results that certify the structure of 5-(4-
hydroxyphenyl)-10,15,20-triphenyl-porphyrin (THPP) are given below: dark red crystals; yield:
8.8 %; mp over 320°C; "H-NMR (CDCl;, 400MHz), o, ppm: 9.92 (s, 1H, OH) 8.92-9.02 (bs, 8H,
B-pyrrole), 8.29-8.32 (d, 6H, H-2,6 phenyl), 8.10-8.22 (d, 2H, H-2,6 phenyl), 7.90-7.94 (3 H, H-4
phenyl), 7.30-7.32 (d, 2H, H-3,5 phenyl), 7.22-7.26 (m, 6H, H-3,5 phenyl), -2.79 ppm (br s, 2H,
internal-NH-pyrrole); FT-IR (KBr), cm™: 3443 (v N-H), 3051 (v C-Hpy); 1611 and 1555 (v C=Cpy),
1509 (v C=C,n), 1470 (v C=N); 1347 (v C-N); 1216 (v C-OH); 1168 (5 C-Hpn), 1099 (8 C-Hpyrro1);
962 (& C-Hpyro1); 797 (v C-Hpymo); 722, 699 (y C-Hpp). UV-vis, THF (Amax (log €): 417.5(5.64),
514.0(4.29), 549.0(3.99), 592.0(3.74), 648.5(3.66). TLC (R¢
chloroform/dichloromethane/methanol 5/5/1): 0.41; HPLC (acetone/toluene 1/1) (Rt, min): 3.093;
MS (ESI"): m/z=630.70 M]™ (C44H3,N40]" molecular ion).

The bands displayed on the FT-IR spectrum of the THPP — base compound are attributed
above, but the most important is the presence at 3419 cm™ of a shoulder corresponding to OH
group located on the broadened band attributed to N-H bond.

The UV-vis spectra of porphyrin (THPP) display efio type allure with the typical Soret
band at 417.5 nm, and the four Q-bands in the visible region displaying absorption maxima around
514, 549, 592 and 648.5 nm, as presented in Figure 1. The Soret band is generated by the
transition from a;, (1 ) - eg* (m ) and the other four Q bands correspond to ap, (w ) - eg* (m)
transitions.
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Fig. 1. The UV-vis spectrum of THPP in THF.

Previously reported data [24, 25] reveal that most of the porphyrin-bases manifest
pronounced aggregation in acid aqueous solutions, accompanied by changes regarding the
position, the shape and the intensity of the main absorption bands. In order to put into evidence the
photophysical behavior of THPP we have investigated the absorption spectra of this porphyrin in
THF-aqueous solution at different values of pH, as presented in Fig. 2.

By increasing acidity the protonation of the nitrogen atoms in the center of porphyrin ring
is produced. The curve (2) from Fig. 2 shows a broadened Soret band, accompanied by a single Q
band, which is the QI band, forbidden otherwise. The QI band is also bathochromic shifted from
648.5 nm (pH=5.5) to 669.5 nm (pH=3.5) and presents a significant hyperchromic effect.
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Fig. 2. The absorption spectra of porphyrin (THPP) in THF-aqueous solution in acid
media: pH=5.5 (line 1); pH=3.5 (line 2); pH=3 (line 3); pH=2.5 (line 4); pH=1.5 (line5).

Upon increasing acidity of the solution, a clear tendency toward resolution is displayed by
the splitting of the broadened Soret band into two individual Lorentzian bands located around 417
nm and 450 nm, respectively (Fig. 2, curve 2, 3, 4 and 5) as the result of the generation of
aggregates. The band centered on 417 nm can be unequivocally assigned to the monomer. The
presence of the isosbestic point around 430 nm is the proof of the existing equilibrium between the
two species the monomer and the J aggregate. The second isosbestic point, putting into evidence
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the second type of protonated species is at 649 nm. The noticed decrease in the number of bands
(Fig. 2, line 2 and 3) might be attributed to the increase of the D,, symmetry of the porphyrin-base
to D, corresponding to dication species.

A comparison between the UV-vis spectra of the solutions in THF of the pure porphyrin
and of the polymer, offer only an insignificant difference of 1-2 nm of hypsochromic shift
regarding the Soret and the Q II-IV bands of the polymer, as can be seen in Fig. 3.

Regarding the behavior of the new porphyrin modified polysiloxane in acid aqueous
solutions it respects the shape and the positions of the bands displayed by bare porphyrin in Fig. 2,
the difference consisting in the intensity of the bands, which is fourth times smaller for each band,
if measured at the same concentration.
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Fig. 3. Overlapped UV-vis spectra of the solution in THF of the pure porphyrin (line 1)
and of the functionalized polymer (line 2).

The overlapped FT-IR spectra, of the porphyrin and of the functionalized polymer are
displayed in Fig. 4.

Concerning the spectrum of the porphyrin-based polysiloxane one can identify together
with the porphyrin signals, the characteristic signals reported usually in the literature [26] for the
polysiloxanes, cm™: 799 (v Si-C), 1020 and 1092 (v Si-O-Si), 1262 (v Si-CH;), 2905 and 2960 (v
CHs).
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Fig. 4. Superposed FT-IR spectra (on MIRacle ATR accessory) of the porphyrin (line 1)
and of the polymer (line 2).
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The porphyrin-containing polysiloxane was characterized by 'H-NMR spectroscopy and
thermal analysis (DSC and thermo-gravimetric). In Fig. 5 are presented the unreacted and
porphyrin-modified polysiloxanes NMR spectra.
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Fig. 5. The 'H-NMR spectra corresponding to the unmodified polysiloxane (a) and
porphyrin-modified polymer (b), respectively.

The specific signal corresponding to the porphyrin connection to the polysiloxanic chain is
situated at 5.4 ppm (Fig. 5b). The substitution degree calculated based on this signal is 8.5 %. The
other signals characteristic to the porphyrin group are present too, in the NMR spectrum. The
molecular weight of the porphyrin-based polysiloxane, calculated taking into consideration the
substitution degree is Mn = 7200.

The connection of the porphyrin group in the polysiloxanic side-chain is accompanied by a
modification of the Tg value, that increase from -39 °C (unmodified polysiloxane) to -20 °C
(porphyrin modified polysiloxane) — Fig. 6. This Tg modification also confirms the porphyrin
connection on the polysiloxanic chain.

The porphyrin-based polymer has a good thermal stability, the degradation process
beginning up to 300 °C (Fig. 7). The TG curves profiles prove the existence of two degradation
stages, the differences concerning the degradation domains supporting the idea of the porphyrin
chemical connection in the side-chain.
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Fig. 6. DSC curves (second heating) corresponding to unmodified polysiloxane (1) and
porphyrin-modified polymer (2) respectively.
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Fig. 7. The TG curves corresponding to unmodified polysiloxane (1) and porphyrin-
modified polymer (2) respectively.

The emission spectra of bare THPP porphyrin in THF (Figure 8, line 1) exhibited two
maxima, a strong and broad Q(0,0) fluorescence band at 654 nm, and a weaker emission band
situated at 719 nm, assigned to Q(0,1) transition. The values of A.,, were obtained by exciting the
samples at the wavelength of 415 nm.

The fluorescence spectra of the pure porphyrin were investigated in different acidic
conditions and from Fig. &, it is to be noticed that the position of the strong Q(0,0) bands is not
changed but their corresponding intensity is continuously decreased with the increasing of the
acidity (Fig. 8, lines1+10, corresponding pH=5.5+1.5).
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Fig. 8. The emission spectra of porphyrin (THPP) in THF-aqueous solution by varying the
pH of acid media: pH=35.5 (linel) ~ pH=1.5 (linel0).

Although the position of the main emission band remain unchanged in the emission
spectra of THPP by varying pH of the acid media, the position of the second band is hypsochromic
shifted, moving from 719 nm (displayed in the interval of pH from 5.5+3.7) to 706 nm (displayed
in the interval of pH from 3.5+1.5), but in the case of these bands the intensity does not suffer
major modifications. Besides, the presence of two isosbestic points at 683 and 687 nm, indicates
the presence of two equilibriums in the solution. The behavior of this porphyrin in acid media
indicates the possibility of using it as a fluorescence pH sensor (Figure 9).

The dependence between the intensity of the main emission band of THPP measured at
655 nm and the pH of the environment is linear with a good correlation coefficient.
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Fig. 9. The dependence between the intensity of the emission spectra of THPP measured at
655 nm and the pH of the environment.
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In Figure 10 are presented the excitation and the emission spectra of the functionalized
polymer, and the shape, position and the intensity of the bands are the same with that of the bare

porphyrin.
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10. Excitation (A, =655 nm, cut of filter 430 nm) and emission spectra (A.,=424 nm,
cut of filter 430 nm) of the functionalized polymer in THF.

For a better view of this aspect, in Figure 11 a superposed image of the emission spectra of
the porphyrin and of the functionalized polymer is displayed. The insignificant differences consist
in a 1 nm hypsochromic shift of both bands of the polymer in comparison with the bands of the
pure porphyrin and a small decrease of the intensity of the Q(0,0) fluorescence band with respect
to the polymer.
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Fig. 11. Superposed emission spectra in THF of the bare porphyrin (linel) and of the

functionalized polymer (line2).

The emission spectrum of the polymer was also investigated after 90 days to determine if a
fluorescence quenching is registered (Figure 12).
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Fig. 12. The emission spectrum of the solution of the functionalized polymer in THF after
90 days.

As presented in Figure 12, the shape of the spectrum is totally changed, the Q(0,0)
fluorescence band is only significant decreased in intensity, but the band assigned to Q(0,1)
transition is hypsochromic shifted with 26 nm and is almost 100% increased in intensity,
becoming the most important band.

In order to compare the luminescence behavior in acidic medium of the porphyrin grafted
polysiloxane (Figure 13) with that of the bare porphyrin (Figure 8), the emission spectra were
investigated by varying the value of pH, and from Figure 13, it is to be noticed that the position of
the strong Q(0,0) bands is not changed but their corresponding intensity is continuously decreased
with the increasing of acidity. As in case of pure porphyrin a linear dependence between the new
polymer’s intensity of the emission measured at 655 nm and the pH of the solution was
established. The limits of the pH detection are narrower, but the confidence index is better (detail
of Figure 13).
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Fig. 13. The emission spectra of porphyrin modified polysiloxane in THF-aqueous
solution by varying the pH of acid media: pH=35.5 (line 1) ~ pH=3 (line 6). In detail the
dependence between the intensity of the emission measured at 655 nm and the pH of the
solution.
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AFM analysis is a valuable technique to investigate the topography of the surfaces. From
AFM measurements (more images for each sample) the following roughness parameters were
finally analyzed, average surface roughness (Sa, nm); maximum peak height (Sp, »m); maximum
valley depth (Sv, nm). In completion the diameter of the particles of the porphyrin and of the
polymer was also estimated and besides, the number of islands and the mean surface of islands.

AFM measurements of the novel polymer reveal that the surface roughness (Sa) is
increased from 0.4 nm, measured for the bare porphyrin (Figure 14), to 1.2 nm, measured for the
polysiloxane grafted with porphyrin THPP (Figure 15).
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Fig. 14. 2D and 3D contact mode AFM of pure porphyrin (THPP) deposited on pure silica
plates (1.13um x 1.13 um) (a) and (b); (9.08 um x 9.08um) (c) and (d).

The samples were formed by THF evaporation from a solution containing the porphyrin.
In case of polymeric films obtained after the porphyrin macrocycles are grafted on side-chain of a
polysiloxane it is possible to be generate some re-organization processes. As a consequence the
reorganization of the material at its surface might give nano or micro-structured geometries.
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Fig. 15. 2D tapping mode AFM of porphyrin-grafted on polysiloxane deposited as film on
pure silica plates: 1.14um x 1.14 um (a) and 9.13 um %X 9.13um (b).

The valley depth (Sv) is also deeper in case of polysiloxane material (— 9.2 nm) in
comparison with a value of only -3.4 nm in case of porphyrin base. The peak height (Sp) is
increasing from 2.8 nm on the surface of THPP to 7.4 nm on grafted polymer surface.

The spongeous structure of the functionalized polysiloxane material, with uniformly
dispersed globular pores, might be explained by a oriented organization process, accompanied by a
compression after releasing of the solvent (Figure 16).

0457

Fig. 16. 3D AFM image (aprox. 9 um x 9 um), of the porphyrin-grafted on polysiloxane
(soft NanoSurf EasyScan?2).

Regarding particle analysis, a comparison between the surfaces of porphyrin and the
functionalized polymer with respect to the number of islands and the mean surface of islands
reveal that on the same size analyzed aria, the porphyrin surface has almost six times more islands,
but the surface of islands is almost two hundred times smaller.

Vesicular type morphology with particles ranging in diameter between 143.5 to 244 nm
was put into evidence (Figure 15a). The particle size on the porphyrin surface is less than 82.5 nm
in diameter (Figure 14a).
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4. Conclusions

A new porphyrin modified polymer by the nucleophilic substitution on the chlorobenzyl
groups of the side-chain of a polysiloxane by an asymmetrical mono-hydroxy-functionalized
porphyrin, namely: 5-(4-hydroxyphenyl)-10,15,20-triphenyl-porphyrin (THPP) is reported. The
porphyrin-containing polysiloxane was characterized by 'H-NMR and FT-IR spectroscopy and
thermal analysis (DSC and thermo-gravimetric), the obtained data confirming the porphyrin
connection on the polysiloxanic chain and showing an increased thermal stability of the modified
polymer. A comparison between optical absorption spectroscopy data and emission spectra of the
bare porphyrin and of the polymer shows that the porphyrin-base polysiloxane preserves the
optical properties of the porphyrinic dye. Both the pure porphyrin and the porphyrin modified
polymer proved to be fluorescence pH sensors in acid domain. Atomic force microscopy (AFM)
put into evidence a spongeous structure of the functionalized polysiloxane material, with
uniformly dispersed globular pores, a topography that encourages to further application of this
material in formulation of sensor devices. Besides, the presence of the band around 700 nm in the
emission spectra of the porphyrin-grafted polysiloxane (very well preserved in time) gives hope in
using it in photodynamic therapy of cancer (PDT).
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