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ABSTRACT

One of the most importantbut undesirable properties of the
porphyrins is their oxidative photodegradation which can occur in non-
polar solvents,under irradiation and in the presence of molecular oxygen.
The mechanism of this oxidative photodegradation implies singlet oxygen
and different radical species.

This paper is concerned with the mechanism of the
photodegradation of some meso-tetra(4-X-phenylporphyrins(TXPP) and
meso-tetra{4-X-l-naphtyDporphyrins(TXNP),where X could have
different organic structures (-NH»,-NO»,-503H,-OH,-OCHj3,-CHs).

Based on different spectral methods (UV-Vis and IR absorption
spectroscopy , emission spectroscopy X-ray diffraction , electronic
microscopy and mass spectrometry,we propose a photodegradation
mechanism and we evaluated the effect of some scavengers (2,6-di-tert-
butyl-phenol (DTBF) for radical species,1,3-diphenylisobenzofuran
(DPBF) for singlet oxygen and nifro-blue tetrazolium (NBT) for
superoxide anion) during the porphyrin photodegradation
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RESUMO

Este trabalho trata do mecanismo da fotodegradagao de

algumas meso-tetra{4-X- fen1l&porf1r1nas (TXPP) e meso-tetra-
{(4-X~1-naftil)porfirinas (TXNP), onde X corresponde a varios

substituintes (-NH2, -NO,, -S0H, -0H. -0CH;, -CHg).

Usando métodos de espectroscopia UY¥-visivel, infraverme-
Tho, espectroscopia de emissao, difragao de raios~X, micro-
scopwa eletronica e espectrometria de massa fofi proposto um
mecanismo de fotodegradacao. 0 efeito de alguns compostos
como 2,6-di-tert-butilfenol (DTBF) sobre radicais como
as especies do 1,3-difenilisobenzofuranc (DPBF), oxigenio
singlete e do nitro-azul tetrazslio (NBT) sobre anion super-
gxido foi também estudado durante a fotodegradacao.das
porfirinas.

1. INTRODUCTION

Porphyrins,both as free base and metallocomplexes, play an.
important role in many energy transfer processes from chemistry and |
biology 1-

Porphyrins can be oxidized chemically electrochemically or photo-
chemically generating porphyrin-ring centered oxidized products,2-7.

Competition between singlet oxygen (type 1) and electron transfer
(type I) photosensitization mechanisms ,has been observed in
homogeneous and heterogeneous model systems, 8-10, |

A possible photodegradation mechanism for different meso-tetra(4-
X-phenylyporphyrins (TXPP) and  meso-tetra(4-X-naphtyl)porphyrins
(TXNP) , where X could have different organic structures (-NHp,-NOj,-

- SO3H,-OH,-OCHj,-CHz) is discussed in this paper.

We could demonstrate this photodegradation mechanism by means
of different spectral technics:UV-Vis and IR absorption spectroscopy ,
emission spectroscopy ,X-ray diffraction ,electrontc microscopy and mass
spectrometry.

The effects of some traps for reactive species of oxygen (1,3-
diphenylisobenzofuran (DPBF) for singlet oxygen, 2,6-di-tert-butylphenol
(DTBF) for radical species and nitro-blue tetrazolium chloride (NBT) for
the superoxide anion) on the photodegradation reaction of meso-
substituted porphyrins, were analysed in this paper.
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2.EXPERIMENTAL PROCEDURE
2.1. Materials and Methods

The structure of the meso-tetra(4-X-phenyl)porphyrins(TXPP),of
the meso-tetra(4-X-naphtyl) porphyrins (TXNP), and the name of these
porphyrins are shown in Tables 1, 2 and Figure 1.

All the porphyrins have been prepared and puirified in the
laboratory according to the literature data 11-20 or means of our own
methods, 2.

The singlet oxygen trap, DPBF, obtained from Fluka (Purum grade)
was used as received. Also, the superoxide anion frap (NBT) and the
radical inhibitor (DTBF) were Fluka products and were used without
further purification.

Potassium ferrioxalate used as a chemical actinometer with a
quantum vield of 1.11 at A =420 nm, was prepared by Parker' s
method 21,

Fig.1. The structure of meso-substituted porphyrins:
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Table 1. The structure of meso-substituents and the name of meso-

(tetra- X-phenyliporphyrins

Meso-substituent (ry ~ Name of porphyrins Abreviation

1. _Qg meso-tetra (4-phemyl) porphine (TPP)

D
3.~ SN0y mwo"tm;i;pjg;m (TNFF)
. >-som eso-telra gm:nmph Y rspp)
5. —@—OH m‘*“"t"”"g‘g&‘f‘y“’hm (THPP)
6. —@—CB3 meso-mgtxﬁ—phmﬂ) (TMPP)

-

. —{_>-ocm; ~ mesoteniimetoxy-phen) (o)

Table 2.The structure of meso-substitnents and the name of meso-
(tetra- X-phenyl)porphyrins

Meso-spbstituent ()  Name of porphytins Abreviation

8. I-.I meso-tetra (4-naphtyl} porphine (INP)
>

9. SO;H meso-tetra (4-sulphonato-paphtyl) NP
G

10. OH

meso-tetra (4-hydroxy-naphtyl) (THNP)
porphine
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2.2. Irradiation Conditions and Measurements

The porphyrin (104M) was added to a Pyrex flask containing 100
ml of benzene, with magnetic stirring and irradiated through the bottom
optimal pyrex windows (transmitting wavelenghts greater than 300
nm).The photoreactor was thermostated at 18¢ C by a water jacket Oxygen
was bubbled from a bottle at a rate of 3 Vh through a glass frit located
inside the reactor. The light was focused by a parabolic reflector on a 420
nm filter (IAUC) which was placed in front of a quartz window.

After photobleaching, the medium was extracted (three times) with
chioroform. The chioroform extracts were dried on sodium sulphate,
filtered and concentrated before gas chromatography / mass spectrometry
analyses,

Mass spectra were obtained with an Hewlett-Packard-5985
spectrometer. The following mass spectrometric operating conditions
were employed :  electron impact ionization - electron energy : 70 eV;
source temperature : 2000C ; positive chemical 1onization - electron energys

150 eV; source temperature - 1500C; methane pressure : 1 torr.

The final product of photodegradation reaction of the porphyrins
was identified with an IR Specord M 80 - Carl Zeiss Jena type spectro
photometer, from CCly solution.

All the spectral changes of the porphyrins were analysed by means
of the UV-Vis absorption spectra, recorded with a Specord M 400
spectrophotometer (Carl Zeiss Jena).

The chemiluminescence of some intermediate species resulted from
the photodegradation reaction were analysed with a proper
instalation 22,23 The device for measuring the chemiluminescence
consisted of a cuvette placed in a light-tight compartment situated in front
of a sensitive photomultiplier .The photocurrent from the photomultiplier
was measured directly by a storage oscilloscope .Since the
photodegradation of the porphyrin was very rapid the photocurrent was
integrated by charging a 1-uF condenser coupled between the imput of the
oscilloscope and ground.To increase : .. the signal to noise ratiothe
photons were collected by a six-branched fiber optics instead of an
ellipsoidal light reflector and led to the photomultipher cathode via a
synchronising chopperlens- assembly and filter cutoff- filters. The
apparatus was suitable for recording both total light intensity and
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spectra The minitnal light intensity with a signal ratio of 1 is 10-16 M,
aproximately 250 photons/s. The photocathode of the multiplier has been
cooled to -20 © C and the temperatuze of the reaction mixture (5 mi) could
be regulated within + 0.1 © C .Addition of the sample can be carried out
via syringe.

The singlet lifetime (radiative lifetime) of the porphyrins were
calculated with an integration method, ruled on a ATARI computer.
The formula used was that given by Bowen and Wokes, 32

1/t o = 2900 n2 \TOZJS V" (1, in seconds) (1)

where Js dvis the area under the curve of molar absorption
coefficient plotted apainst wavenumber ;
V o is the wavenumber of the maximum of the absorption
band;
n is the refractive index of the solvent.
The electronic micrograms were achieved with an agaratus Leitz
REM -1600 T,(England) For each measurement the samples were covered
with a one Ag conducting silver film and with a fine Pt layer,by
evaporation under high vacuum/ 10-6 torr)23,
The X-ray diffraction measurements were achieved with an
apmratus HZG-3 Freiberg PM -+ the X-ray being Cu-K 4.

Twinned crystals of porphyrins in the form of purple needles were
prepared by allowing methanol to dffuse into a saturated of the compound
in toluene1o torm hexagonal prisms.Some of these crystals could be
cleaved into two nontwinned crystal fragments A suitable nontwinned
crystal fragment with aproximate dimensions 0.05 x 0.075 x 0.5 mm was
used for the -ray studies.

2.3.Quantum Yield Measurement

 Quantum yicld of photochemical degradation of the porphyrins
upon excitation of the Soret band (420 nm), was determined using
ferrioxalate actinometer 21,
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The photodegradation rate of the porphyrins (designated P)was
evaluated by optical measurements using €430 pm{molar absorption

coefficient)(M-1. cm-1), this value being determined independently ,23.
R=A[P]/At (2)
Quantum vield was calculated from the following equation
d=R/I, 3)

Based on Lambert-Beer law, the intensity of absorbed hight, I,
[einstein . 1-1 . s-1] may be expressed as:

Li=I-1=1; - I exp(- 1{P]) (4

where & is the molar absorption coefficient of the photochemically active

component of the porphyrin solution 2t the wavelength of initiating
radiation and | is the effective length of the photointiating beam.

3.RESULTS AND DISCUSSION

Table 3 shows the main parameters for the photodegradation
reaction of the porphyrins (the reaction rate at t=0(Vp® (M.s-D))the
quantumn yield (®) and the lifetime for the first excited singlet state (1(s)). ~

It can be seen that the TXNP derivatives have a photodegradation -
rate more higher than those from TXPP denvative The former have a
singlet lifetime for the first excited state much smaller than the latter.

Using X-ray diffraction we determined the spatial dimensions of the
porphyrin  crystals by means of the interplanar distances (A) and the
relative intensity of the diffraction maximum (I/Io in %),23.

In the case of TXPP derivatives the most intensive difraction
maxmum (I, in %), corresponds to an interplanar distance of 4.688 !-\f
much less than for TXNP derivatives  where this parameter has two
values:5.56 and 4448 A°_From the two values of this parameter we could
estimate the distorded spatial orientation of the naphtyl meso-
substituents, 23
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Table 3.The correlation between the Hammett constants and the
photochemical parameters of the photodegradation reaction for the meso-
substituted porphyrins (solvent dodecanol) *

roT——

Porphyrin To 4 o) Vgo M.s-1) $x102
TAPP -2.52 315 0.7 1.07
THPP -1.52 2.6 13 2.0
TMOPP -13 0.71 2.01 3.00
TMPP -15 0.38 24 3.18
TPP 0 0.33 2.5 33
TSPP 1.02 0.22 2.9 3.02
TNPP 3.08 0.16 32 438
THNP -1.52 21 280 432
TNP 0 20 : 34 523
TSNP 1.92 1422 476 744
%G y =the Hammeit constants;

o) =lifetime for the first excited state;
VRO M.s-1) =reaction rate;
& x 10 2 = quantom yield.

The electronic microscopy data show that the crystal dimensions for
TXNP derivatives (50-60 pun) are much less than for TXPP derivatives
(200 pm).From all these results we concluded that TXNP derivatives have
a more distorded structure than TXPP .in good agreement with our
previously published results,23.

For both series of porphyrinsthe compounds with the Hammett
constant smaller than zero,show a less photodegradation because in such
cases we have:

-a less intensive hyperconjugation macrocycle-meso-carbons,29; |
-a smaller inductive effect (from the meso-substituent to the porphyrinic
macrocycle) and
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-a greater conjugation between the macrocycle and the meso-substituent.
Under these conditions,the photodegradation mechanism for meso-

porphysins (designatéd P) could be:

P ceeefiyoen> 1 P 5)
1p* - [8C----=3P* (6)
3p* 4303 > 10y + P 7
3P*+309 -—ome > (FF ......0y) 8
P+ +10y <o =(POq) &

Dioxetane
Ap* +1P* > P +P* (10)
P* 430 ~me> (P- 309)F (11
P+ (P-309)t-->» POy + P* (12)
P+ + 30y~ P+ O~ (13)

P4 Op——> @-30)F —>P0)  (14)
PO7) ~mm> photodégtadaﬁon products (15

To prove the existence of the species that appear in this mechanism
we used different spectral methods:

A From UV-Vis spectra ,we could observe the photodegradation
of the porphyrin system ;some of the initial absorption bands dissapeared
and new absorption maxima were formed (for example at TNP Figure2).
This fact could be an evidence for the photodegradation reaction of these
porphyrins which vield to some tetrapyrrolic rings chain(Eq.(12) and
Eq.(14)),2%
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Fig 2. The visible spectra of TNP { ) and its photodegradation
product(-—);
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- Fig.3. The IR spectra of TNP(1) and its photodegradation product (2);
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B. With IR spectroscopy we could observe the ketone products that
resuited from the photodegradation reaction (Figure 3).For example.the
spectrum for TNP shows the frecquency from 1700 cm-l, attributed to
ketone group identified in the photodegradation product.This could be a
evidence for Eq.(15), = |

C.The lability of the meso-substituent is different for different kind
of porphyrinsithe bond between the meso-substituent and the macrocycle
could be break more rapidly for the porphyrins with Hammett positive
constant 28 The mass-frapment for meso-tetra (1-naphtyl)porphyrin is
presented in Figure 4,and this could be a evidence for Eq.(15);

D.Wasser and Fuhrhop, 2223 proposed two ways of the
photooxidative distruction of the porphyrins macrocycle;one of these
implies 2 dioxetane state which was detected by chemiluminescence
signal in agree with the literature data,Scheme 1.

- Table 4. The correlation between the Hammett constants | the reaction
rate and the ketone and peroxide concentration penerated
during the photodegradation reaction of the meso-substituted

porphyrins™
Porphyrin  Zo Vgo Ketone Peroxide
Msl)  (mgml) (mgml)
TAPP -2.52 0.7 512 3.13
THPP ~1.52 13 7.16 8.90
TMOPP  -13 201 23.46 17.45
TMPP -1.5 24 34.15 12.15
TPP 0 2.5 43.12 34.00
TSPP 1.92 29 44 .39 39.05
TNPP 3.08 32 5080  69.07
THNP -1.52 2.89 23.46 17.45
TNP 0 34 2345 19.78
TSNP 1.92 4.76 46.21 68.00
2
20 x =the Hammett constants;

Vg© M.s-1) = reaction rate;
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Scheme 1. The photodegradation products of the porphyrins.

All these species were quantitative detected by spectrophotometric
methods,33(Table 4).From this table we can observe that the ketone and
peroxides concentrations increase in the same way with the Hammett
constants and the photodegradation rates.
for each class of meso-substituted porphyrins (TXPP and TXNP).
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Table 5. Quantum yields of 10, formation,standardized by taking @, for
all studied porphyrins(TPP or TNP as references).

Porphyrin DA
TPP(ref) 0.89
TAPP 0.69
THPP 0.70
TMOPP 0.77
TMPP 0.85
TSPP 0.85
TNPP 0.89
TNP(ref) 0.96
THNP 0.78
TSNP 0.80
(‘%) 4
{00+ R=Naphiyl B4g
% D R
20 4 <[Nﬁ A
70+ R-éj‘l OHN:;
R

50+

50+

128).
20+ 8

10
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i
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Fig 4. The mass spectrum of the photodegradation product of TNP;
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As we know,the porphyrins having no central metal atom had no
chemiluminescence activity,30 But.the photodegradation reaction of these
compounds generates dioxetanes as chemiluminescent species.The
decomposition of the dioxetane must produce one of the carbonyl
products in an exciled state The wavelength maximum of the
chemiluminescence is at 430-440 nm this showing that the decomposition
of the dioxetane is a concer, Lted electrocychc reaction which forms a
cartbonyl compound in the  excited singlet state,and confirms the
suggestion that the chemiluminescence is due to the decomposition of 1,2
dioxetanes Scheme 1.

E.We tried to demonstrate the mechanism of the photodegradation
reaction of the porphyrins. As we know, the photodegradation reaction of
the porphyrins is preponderently radical We have studied the reaction
between a meso-tetra(p-X-phenyl)porphyrin and a radical trap DTBF . The
photodegradation rate of TNP, measured at t=0 is very small than in the
absence Figure 5.This plot is specific for a radicalic reaction (with a
proper induction period) and we could observe that the induction period
for this plot is biger than in its absence and than in the presence of only
singlet oxygen trap.This fact could be an experimental evidence for the
presence of radical states in this reaction .These radical states could come
from the porphyrin or from the oxygen during the photodegradation Egs.
(13), (11).(10), (8. (12);

F.Also, as we know the photodegradation reaction of the
porphyrins 1S a concerted mechanism of singlet oxygen and radical
species, 31. The presence of singlet oxygen was demonstrated by means
of the reaction between the porphyrin and a singlet oxygen
trap, DPBF Figure 5. The optimum concentration of the scavenger for this
photodegradation reaction was 10-3 M a5 we already published - 31 .

In the presence of this scavengerthe photodegradation rate of the
porphyrin is smaller than in its absence this conclusion being a proof for
the Eq.(7).

The explanations for this observation are:

-the porphyrins have a very strong absorption at 410 nm (and a very big
molar absorption coefficient (100,000-400,000 M-1.cm-1) by comparison
with the scavenger at the same wavelength (25,000 M-Lcm-1 ),

-in such conditions the porphyrin will generate less excited states and
less singlet oxygen than the scavenger ;

-the scavenger will be firstly destroyed,and the porphyrin will be
degradated more slower in the presence of the scavenger From Fig 5 we
can observe that the induction period of the plot Cporphyyin%10-3 (M) vs.
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Fig 5. The variation of the porphyrin concentration during its
photodegradation reaction in different conditions:

1.TNP 10-3 M in benzene;,

2 TNP 10-3 M in benzene and in the presence of NBT 10-3 M;
3. TNP 10-3 M in benzene and in the presence of DPBF 10-) M;
4 TNP 10-5 M in benzene and in the presence of DTBF 10-4M.
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t (min) ,in the presence of the scavenger is two times and half biger than
in its absence.The scavenger will firstly absorb the incident photons and
the singlet oxygen generated will attack the porphyrin. This is the well
known filter effect of the scavenger,31.

In the presence of DPBF the singlet oxygen is desactivated as
follows:

L1 L Y— >30* 5 (in solvent) (16)
10%) + DPBF--—-->DPBF0; (17)

During 2 continuous irradiation processthe singlet oxygen has:
been observed from the absorption spectra of DPBF with the
formula 24-27,

_1/AA.= /e . £ [DPEF] + (B/[DPBF]). (/A) (18)

where :AA is the absorption changes of DPBF during the irradiation
process measured at 410 nm (e= 25000 M-l.cm-! being the molar
absorption coefficient and £=1 cm;

[DPBF] is the mole number of DPBF o:udzied in an unit of
volume where A--—> 00,B=kyk, (kg4 being the constant for the physical
quenching of singlet oxygen, and k, being constant for the chemical
quenching of singlet oxygen).

The plot of VAA = £(1/A) gives us P and [DPBF] ;B values are in
agreement with the literature data 26 |

The quantum yield for singlet oxygen generation has been
determined by comparison with this value for TPP and TNP,Table 5.

@ A= P pref [DPBF] /[DPBF] ref (19)

Where [DPBF] yer and @ arer correspond to the unsubstituted
meso- porphyrin Under our conditions the singlet oxygen is generated by
an intermolecular process of energy transfer.

ITPP* + 30y - TPP + 105 * (20)

From this table, we can observe that for all porphyrins studied the
photodegradation rate changes in the same way as ®,
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The presence of the radical species was evaluated by means of a

specific scavenger,2,6-di-tert-butyl-phenol (DTBF).
In the presence of this scavenger,the porphyrin radicals generated during
of the photodegradation reaction (see the eqs.10-14),are gquickly traped.As
we can see from the Figuze 5, the induction period for the reaction in the
presence of this scavenger is four time biger than in its absence. '

G. The superoxide anion that appeared in Eq.8 also participates in
the photodegradation reaction. To demonstrate this fact,we demonstrated
the reaction between the porphyrins and NBT,Figure 5.The conclusion
was the same :in the presence of this scavenger the photodegradation rate
is smaller than in its absence.So,under these conditions it was evident that
the superoxide anion participate in. this reaction.

Doing this reaction in the presence of all three scavengers,we have
observed that the photodegradation rate is twenty time smaller than in
their absence(Figure 5).

Even qualitatively,all these experimental proofs are very useful for
the application fields where the porphyrin solutions needs to be very
photostable.

H.The eqs.(5) and (6) were considered from the literature data,34-
4.CONCLUSIONS

In this paper we tried to elucidate a few of the complex aspects of
the photodegradation reaction of the meso-substituted porphyrins.

As we saw this reaction is a concerted process the main active
species of oxygen being :singlet oxygen superoxide anion,and different
excited and radical states derived from the porphyrins and also from
oxygen.

An imporiant conclusion is that. when the Hammetft constant for
the meso-substituent has a positive value the porphyrin undergoes a
faster photodegradation reaction.

In this paper we have summed the results from different spectral
technics the cuantic and experimental photochemical methods to proof
the intermediate states which concure to this reaction.

In this paper we have combined the experimental results from
different spectroscopic techniques,photochemical methods,and quantum
yields to prove the presence of intermediate states that padicipate in this
Teaction.
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