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Abstract Susceptibility to interact with trifluoroacetic acid (TFA) of selected free-

base porphyrins, including a novel lipophilic 3-n-pentadecyl(phenoxy)-ethoxy-

phenyl-substituted porphyrin, and photostability of their diprotonated compounds

was explored in benzene and N,N-dimethylformamide (DMF). Results have been

discussed in terms of the commonly applied pKa-based procedure and confronted

with a simple approach derived from experimentally-determined correlations

reflecting the porphyrins affinity for TFA. Density functional theory (DFT) has

proved the porphyrin moiety creates stable diprotonated species involving two TFA

molecules, in which the fluorine atoms effectively contribute to the overall inter-

action of the acid with the porphyrin macrocycle. The relevance of the meso-

substituent and ambient medium to the reactivity and photostability of diverse

porphyrin derivatives was emphasized and referred to structural features of the

investigated diprotonated porphyrins.
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Introduction

The free-base porphyrins (H2Por), in contrast to their metallated derivatives, display

a different chemical behavior in the presence of electron-acceptor species [1]. The

most explored case is the porphyrin’s chemistry in the presence of protic species in

organic solvents, usually described in terms of acid–base equilibrium [2–5]. The

significance of protonated H2Por species follows from the fact that they may serve

as convenient models which can be used to explore the strength and photochemistry

of the chromophore in structurally different porphyrin units.

It is generally accepted that, under acidic conditions, the porphyrin core (Fig. 1)

undergoes protonation at one or both of the pyrrole nitrogen atoms, which results in

formation of either a monocation or dication, respectively [6–18]. Although the

existence of the mono-protonated cation was reported elsewhere, the diprotonated

porphyrin form was practically the only stable product found in acidic media [9–

17]. The dication, H4Por2?, can be obtained by adding some acid into a solution of

H2Por in an organic solvent. Trifluoroacetic acid (TFA) is a common electron-

acceptor reagent, frequently used for this reason. The reaction of porphyrins with

TFA and/or other acceptor species (e.g., HCl, BF3, SbCl3 etc.) in homogenous

solutions can be monitored by electronic absorption spectra measurements [19–33].

Theoretical ab initio calculations allowed analyzing the structure and nature of

the H2Por-acceptor adducts. Stability of the modified macrocycle has been related

directly to the bonding stress resulting from hosting one or two electron acceptor

species at the porphyrin core. In consequence, the symmetry of the initially quasi-

flat molecule considerably changes [34–38]. Due to redistribution of electronic

density within the bonding system of the core, the newly created adducts may reveal

unique chemical and photochemical properties, unlike typical porphyrins, first

reflected in their absorption and fluorescence spectra [20].

Diverse tetra-meso-aryl-substituted H2Pors, further formulated as H2Por–R4

(where R is a phenol derivative), have been well described in the relevant literature

[36]. It was found that electron-donating functional groups may considerably

increase the activity of the porphyrin moiety towards protonation and, hence, its

chemical stability [37]. This usually has been addressed to the acid/base relation in a

porphyrin-protic acid system even in organic solvents, although such approximation

is based on a concept dedicated primarily to aqueous solutions (Henderson–

Hasselbalch equation). In fact, the porphyrin-acid interaction expressed in terms of

acid/base dissociation constants may have raised some objections, mainly because

of the unidentified ionization state of the interacting species and the unknown

Fig. 1 The meso-substituted
porphyrin (H2Por–R4) and the
functional groups (R) involved
in compounds used in this study
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contribution of the acid-derived anion to the postulated equilibrium states. It must

be noted that CF3COO- is yet a strong Lewis acid, and its impact upon the

condition of the porphyrin system has not been elucidated thus far. Hence, the pKa

or pKb quantities reported elsewhere are occasionally referred to as ‘‘relative acidity

constant’’ [9] and/or ‘‘apparent pKa’’ [10]. With this in mind, we have demonstrated

a simple alternative approach to assess the porphyrin’s susceptibility to form a

diprotonated chromophore system (bis-TFA adduct), based on direct correlation

analysis applied to raw experimental data. The proposed method, although not

immediately addressed to the protonation mechanism itself, yet may help analysis of

protonation data, allowing avoidance of the above mentioned acid–base equilibrium

approximation. This may appear particularly useful in estimating the activity of

diversely substituted H2Por derivatives.

Photodegradation of the macrocycle in H2Por has usually been attributed to

oxygen-mediated reactions that may be prompted due to absorption of photonic

energy by both the porphyrin substrate and molecular oxygen. Since excited

porphyrins may sensitize O2 species to give rise to the formation of singlet

molecular oxygen (1Dg) along with some other radicals, it is frequently referred to as

the principal reason for the photo-bleaching of porphyrins [39–42]. Hence, it is

important to assess the stability range for the most promising porphyrin systems,

including their protonated forms. Moreover, the lack of published experimental data

strictly concerning the photostability of diprotonated H2Por compounds prompted

us to report on this issue too.

A novel symmetrically tetra-meso-functionalized free-base porphyrin involving

3-n-pentadecyl(phenoxy)-ethoxy-phenyl substituents [43] has been presented here

for the first time and its activity towards TFA was compared with commonly studied

compounds. This new lipophilic porphyrin was partially derived from cardanol oil

produced from renewable resources [44]. In addition to the typical optoelectronic

properties of porphyrins, this particular derivative has demonstrated excellent

solubility both in organic solvents and lipophilic media, as well as very good

processability and adhesivity to smooth surfaces. Hence, this compound could

possibly be interesting for biological and medical applications, and useful as a

(photo)active component in chemo- and bio-sensors.

A density functional theory (DFT) approach dedicated to the interaction of TFA

with the porphyrin core in H2Por allowed demonstrating how far structural

modifications may go in diprotonated porphyrin molecules and how this can affect

the stability thereof.

Experimental

Extensive spectral and other experimental data have been reported in the

Supplementary Information (SI) appendix . Where relevant in the ‘‘Results and

discussion’’ section, the appropriate figures referring to the SI material have been

numbered in the following way S-1, S-2, etc.
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Materials

5,10,15,20-Tetraphenylporphine (1) and 5,10,15,20-tetrakis(4-methoxy-phenyl)por-

phine (2) were purchased from Sigma-Aldrich; 5,10,15,20-tetra(4-tert-butylphenyl)-

porphine (3) and 5,10,15,20-tetrakis-[4-(2-(3-pentadecyl)phenoxy)-ethoxy]phenyl

porphyrin (4) were obtained according to the methods reported elsewhere [44, 45].

The relevant structures have been shown in Fig. 1. Benzene, N,N-dimethylfor-

mamide (DMF) and TFA were provided by Sigma-Aldrich.

Spectrophotometric measurements

A JASCO V-670 spectrophotometer (Spectra Manager V.2 software) and a 1-cm

quartz cuvettes were used to measure electronic absorption spectra in the ultraviolet-

vible light (UV–Vis) range.

Porphyrin protonation

The porphyrins were investigated in benzene and DMF. This choice mainly

followed from extreme different properties featured by these liquids, and, beyond

other issues, the results were expected to elucidate how far the nature of the solvent

might have affected the plausibility of protonation studies. Benzene is considered

much more suitable since it is non-polar and chemically inert under typical

conditions used in such tests. DMF, instead, is a polar proton-acceptor compound

and its use in a bulk together with TFA may be regarded controversial. However,

DMF is effective as a porphyrin solvent and, hence, widely applied, also in

protonation experiments [32].

The porphyrins 1–4 were all explored in the concentration range of

1.0–5.0 9 10-6 mol/dm3. A 2-ml sample of the porphyrin solution was treated

with 1 ml of TFA of a specified concentration, mixed and its UV–Vis absorption

spectrum was measured. This procedure was repeated by gradually increasing the

concentration of TFA, until the maximum possible amount of the diprotonated form

of the porphyrin was produced. Protonation was assumed complete when the

intensity of the newly emerged red-shifted B band (Soret) achieved its maximum

(see ‘‘The protonation progress’’ section). The demand for TFA in these titrations

clearly depends on the solvent polarity and its ‘‘basicity’’; hence, it was higher in the

case of DMF solutions, compared to benzene. To demonstrate the relation between

the molecular structure of the porphyrin and the amount of the acid involved in

protonation, the porphyrin solutions were prepared to display similar initial

absorbance values (Table 1). Molar absorptivities (e) are provided in the SI

appendix (Table S-1). For the sake of brevity, wherever relevant, the diprotonated

porphyrins were all labeled H4Por2? regardless of the compound type. Experimental

results were analyzed by the means of CurveExpert v.1.34 software (a curve-fitting

system for Windows Double-precision/32-bit package).
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Photostability studies

To assess the photostability, a similar procedure was applied, as in our previously

reported work [46, 47]. Porphyrin solutions were exposed to UV radiation

(k = 366 nm) in a quartz cuvette fitted with a Teflon stopper and thermostated at

20 �C; irradiance IUV = 150 lW/cm2 (measured at the wall facing the light source).

The explored solutions were not de-aerated prior to testing. Kinetic curves, A = f(t),

reflecting the porphyrin decay due to irradiation were determined from time-

correlated absorbance measurements, i.e., from the peak value (A) of the B-band

(Soret). The effective rate constants, ke, for the photodegradation process were

computed directly from kinetic data (CurveExpert v.1.34 software).

Theoretical calculations

All calculations were performed with the Gaussian 09 software [48] using DFT

methods. The B3LYP [49, 50] and M06-2X [51, 52] functionals were used with the

6–31 ? G(d) basis set by Pople et al. [53]. The hybrid meta exchange correlation

functional M06-2X was chosen since it is recommended for calculations dedicated

to non-covalent interactions, and proved very effective in prediction of electronic

and geometric structures of porphyrins [54, 55]. Geometry optimization and

vibrational analysis of the porphine adduct including two molecules of TFA (and/or

acetic acid, HAc, as reference) was carried out in the gas phase without symmetry

constraints. All normal frequencies at the optimized geometry are real, showing that

it is indeed a stable minimum. The intermolecular interaction energies (DE) for

H2Por ? 2 TFA (and/or 2 HAc) adducts were calculated using the Boys and

Bernardi counterpoise (CP) method to correct the basis set superposition error

(BSSE) [56]. Dihedral angles reported in ‘‘The acid–base equilibrium’’ section were

calculated using the Mercury 1.3 software (http://www.ccdc.cam.ac.uk/mercury/).

At this stage of investigation, we have demonstrated a simplified DFT approach,

only to show the general trend and the possible extent of changes upon addition of a

Table 1 Parameters of the protonation process

Compound 1 2 3 4

Benzene

Ao 1.21 1.18 1.19 1.20

Amax 1.22 1.15 1.16 1.16

cef 2.4 9 10-4 8.5 9 10-5 1.7 9 10-4 9.6 9 10-5

DMF

Ao 1.22 1.26 1.21 1.24

Amax 1.07 0.90 1.03 1.00

cef 1.55 0.19 0.66 0.29

Ao absorbance of the initial H2Por–R4 solution; Amax maximum absorbance of the H4Por2? form and the

experimentally determined effective concentration of trifluoroacetic acid (TFA), cef (mol/dm3); DMF

N,N-dimethylformamide
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stoichiometric amount of TFA, i.e., assuming the ratio of the free base to TFA was

1:2. In fact, under real experimental conditions, the liquid phase contained a great

excess of TFA added (see p. 3.2). For this reason, such calculations should have

involved not only the solvent itself but also the highly possible interactions between

the solvent and TFA should be taken into consideration, with all of the possible

consequences, which might have resulted from this fact. These issues, however, will

be addressed in an advanced theoretical follow-up work.

Results and discussion

The protonation progress

Conversion from the initial purple form, H2Por–R4, into its yellow–green

diprotonated modification was followed from the evolution of electronic absorption

spectra measured at different concentrations of TFA. Immediately after addition of

the acid into the porphyrin solution, a state of equilibrium was established, which

was confirmed by the UV–Vis spectrum showing no further variations in both the

position and intensity of the absorption bands. Therefore, one may assume that the

TFA-treated porphyrins remain stable at any reaction stage. In all studied cases,

including tests performed at very low TFA concentrations, protonation of the

porphyrin core produced similar changes in the UV–Vis absorption spectra (Fig. 2a,

and Figs. S-1, S-2, S-3), considered typical for this class of compounds [13, 17].

However, it must be emphasized that the amount of TFA necessary to achieve a

completely protonated porphyrin system (effective TFA concentration, cef) has

proved to vary with the solvent and the compound explored (Table 1), a fact which

is often neglected in reported data. This relation is evident from the graphs shown in

Figs. 2b, c, featuring the formation of the diprotonated porphyrin form.

The curves A = f(c) clearly evolve according to a similar fit equation type, as

shown by (1)

Fig. 2 Effect of TFA on the chromophore system in H2Por–R4. a Formation of the H4Por2? adduct
(diprotonated porphyrin) featured in the UV–Vis spectra of 4 in DMF; inset shows the conversion process
following the addition of TFA, A = f(c). Evolution of the diprotonated forms of 1–4 as a function of TFA
concentration (c, mol/dm3) in benzene (b) and DMF (c)
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A ¼ A1 1 � e�bc
� �

ð1Þ

where A denotes absorbance measured at kmax of the B band and A? refers to the

maximum value achieved for the diprotonated form, c is the TFA concentration in

the initial porphyrin solution, and b is the main correlation constant. Some

exception was revealed for the compound 1 in DMF, for which a better fit was

offered by Eq. (2), as compared with (1)

A ¼ a b� e�bc
� �

ð2Þ

where a and b are absorbance-related coefficients (note, that a�b = A?). This dif-

ference apparently results from the fact that in the case of 1, more acid must be

involved during the induction period of the protonation process, in contrast to the

other porphyrins.

The equation parameters are collected in Table 2. It should be noted the

computed A? and the experimental Amax values (Table 1) were found to be quite

similar and the effective amount of TFA (cef) corresponding to Amax in each case

goes well with the sequence of the b constant. Incidentally, b may be used to

characterize the susceptibility of the porphyrin system to undergo protonation.

Large b values mean less acid used in the process and, hence, a more reactive

porphyrin core. The highest b is shown by 2 followed by 4, both of which

containing O-phenyl components at the meso sites, which evidently activate the

system, thus making the protonation much easier than with the substituents in 3 and,

particularly, the sole phenyl groups in the case of 1. Similar observations were

reported elsewhere [12, 13, 37]. Although the presented approach allows bypass of

the acid–base equilibrium treatment discussed below, at this stage, the b coefficient

reflecting the ‘‘susceptibility to protonation’’ (affinity for TFA) should be considered

in terms of a proposal rather. However, its universal physicochemical significance

should be verified soon while studying other systems involving interactions between

the porphyrin core and diverse electron acceptor species.

The acid–base equilibrium

The relation between the concentration of system components including the free-

base porphyrin and its diprotonated form, as well as an excessive amount of TFA,

has usually been described in terms of acid–base equilibrium

Table 2 Parameters of the

protonation curves, A = f(c)

* Refers to a/b in equation

type (2). DMF N,N-

dimethylformamide

Compound 1 2 3 4

Benzene

A? 1.21 1.15 1.19 1.16

b 2.08 9 104 6.11 9 104 3.07 9 104 5.46 9 104

DMF

A? 1.40/0.79* 0.92 1.06 1.00

b 2.44 21.7 5.87 13.9
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H4Por2þ
� 2Hþ þ H2Por ð3Þ

and, hence, the equilibrium constant, Ka is given by

Ka ¼
Hþ½ �2 � H2Por½ �

H4Por2þ� � ð4Þ

Following the general approximation of this concept [10], the so-called

‘‘observed pKa constant’’ can be estimated from a plot of log([H2Por]/[H4Por2?])

versus -log c (where c is the TFA concentration) for the condition [H2Por] =

[H4Por2?], as presented in Fig. 3. Although dissociation of TFA could not be

included into these considerations, it has commonly been assumed to be

proportional to the concentration of protons in solution [10, 19]. For the sake of

this work, the apparent pKa constants were determined following the above

mentioned procedure, and the results have been shown in Table 3.

As it turned out, the order of magnitude, but also most of the pKa values, when

addressed to the same porphyrin compounds, were similar to those reported

elsewhere [5, 10, 18, 37, 57]. Moreover, the sequence of the pKa values collected in

Table 3 appeared convergent with that of the b coefficient assigned to the porphyrin

affinity for TFA (Table 2).

As a matter of fact, in all studied cases, the amount of TFA required to achieve

the maximum concentration of the H4Por2? cation considerably exceeded the value

following from the assumed adduct composition. For instance, for 1, the

concentration of TFA in benzene was about 20 times greater than the expected

value, whereas, in DMF, it was 2 9 105 times more; for 2, these values were 4 and

5 9 103, respectively. This fact should give some points to consider when

discussing any potential equilibrium regarding the H2Por–TFA system in organic

media since these results are indicative of possible intermolecular interactions other

than H2Por–TFA only. The probability of interactions involving bonding of extra

TFA molecules by the already-protonated species seems real, as suggested

elsewhere [33]. Hence, these additional bonding possibilities may account for the

higher demand of TFA observed during the protonation process.

In particular, the great excess of TFA required in DMF compared to benzene may

suggest that DMF is not an appropriate solvent in such studies. Hence, the results

reported for the tests performed in DMF should be carefully treated. Interestingly,

despite the completely different physicochemical character of the solvents used, the

course of the protonation process in the both media looks similar. Nevertheless, this

Fig. 3 Determination of pKa

for compound 4 according to
[10]; c—concentration of TFA,
mol/dm3
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issue seems not quite clear and needs a plausible explanation. Thus far, protonation

of H2Por in DMF has been reported very occasionally [37] and recently for

N-confused porphyrin series [32].

Effect of protonation on the electronic absorption spectra

Another interesting issue revealed in the UV–Vis spectra was the size of the red-

shift of absorption bands due to protonation. Distribution of the B and Q bands

apparently depends on the kind of the functional group attached at the meso site of

the macrocycle and, to some extent, on the solvent. The range of kmax values (D) for

both the B and Q bands in the spectra of initial forms of the studied porphyrins

equals 4–5 nm (the band positions are nearly the same), whereas it becomes much

larger after protonation, 13–14 and 29–37 nm for the B and Q bands, respectively

(Table 4; Fig. 4). Such behavior is well known from the literature [37], and usually

related to the solvent’s polarity [20]. Nevertheless, it is worth highlighting the

peculiar flexibility of the molecular system in diverse porphyrin compounds as

reflected by these spectral changes, which has been particularly emphasized in

Fig. 4, and also reported elsewhere [8].

Table 3 Values of pKa estimated according to [10]

Compound 1 2 3 4

Benzene 4.35 4.99 4.44 4.72

DMF 0.32 1.45 0.89 1.31

DMF N,N-dimethylformamide

Table 4 Peak position (kmax, nm) of the B (Soret) and Q bands in the UV–Vis spectra of H2Por–R4 and

the diprotonated derivatives (H4Por2?) in benzene and DMF

Compound 1 2 3 4 D

Benzene

H2Por–R4

B 419 423 421 423 4

Q 514, 547, 589, 647 518, 554, 594, 652 516, 551, 593, 649 518, 554, 594, 652 4–5

(H4Por2?)

B 438 451 444 451 13

Q 655 684 669 684 29

DMF

H2Por–R4

B 416 421 419 421 5

Q 513, 546, 589, 645 517, 554, 593, 650 517, 552, 593, 650 517, 555, 594, 649 4–5

(H4Por2?)

B 439 453 445 453 14

Q 657 694 670 693 37

D represents the kmax range (nm); DMF N,N-dimethylformamide
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In particular, the position of the Q bands proved sensitive to protonation. The

most red-shifted peaks notably featured the species 2 and 4 either containing four O-

phenyl units directly anchored at the porphyrin’s chromophore system. Such

coupling is supposed to activate the porphyrin core by increasing the electronic

density within to a definitely larger extent than in the case of 1 and/or 3.

Consequently, this should result i.a. in different distribution of absorption bands in

the spectra of protonated porphyrins 1–4, as showed in Fig. 4, indicating the

relevance of the meso-substituent’s nature. Similar conclusions follow from a

variety of detailed analyses available elsewhere [13, 19, 37].

One may also note, e.g., from Fig. 2a, that the newly created diprotonated

chromophore displays higher symmetry in electronic density distribution with

respect to the initial H2Por compound, despite the porphyrin macrocycle no longer

being planar after having combined two additional protons supplied by TFA (see

Fig. 5).

Fig. 4 Distribution of the B and
Q bands in the UV–Vis spectra
of diprotonated porphyrins 1–4;
the D range in kmax reflects the
effect of protonation with
respect to the compound and
solvent used; numbers above the
peaks refer to the appropriate
porphyrins

Fig. 5 Deformation of the protonated chromophore (porphyrin core) in a model porphine moiety as
revealed in a DFT approach (only the pyrrole-combined protons have been included for brevity); a general
and side-view of the free-base macrocycle; b TFA adduct; c HAc adduct
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Structural consequences of porphyrin core diprotonation (a DFT approach)

The simple molecular model using a porphine moiety (Fig. 5) appeared sufficient to

illustrate not only the possible modification of the chromophore system but also

supplied useful hints concerning the very probable interaction of the CF3–COO-

anion with the porphyrin macrocycle. DFT computations performed using the

B3LYP and M06-2X functionals provided similar structural results, although energy

of the porphyrin-TFA interaction was found about 10 % lower in the first case.

However, the results reported in Table 5 refer only to the M06-2X functional, which

has been particularly recommended in porphyrin structural calculations [54, 55].

Formation of the H2Por–(TFA)2 adduct considerably affected the molecular

symmetry of the porphyrin moiety. Accommodation of two additional protons

resulted in a saddle structure of the set-up, the hydrogen atoms sticking upwards and

downwards, and the core plane pointing directly at the oxygen atoms of both TFA

species (Fig. 5). The estimated interaction energy appeared rather high; ca.

270 kJ/mol referred to a single H_O bond. The perimeter of the protonated core

(Sc) was found only slightly expanded (0.26 %), whereas the mean N–H bond length

increased by 3.6 %, compared to the free-base H2Por molecule. This would mean

that all the internal protons were equally strongly combined with the pyrrole units

and there was a large contribution of electrostatic forces to the overall bonding

energy within the (H4Por2?)_(OOC–CF3)2 system. Interestingly, the TFA

molecules were not found perpendicular to the virtual plane of the porphyrin

moiety, unlike the case of the HAc reference. Each of the both TFA anions showed

an equal inclination of 70.7� towards the pyrrole ring not involved in the H_O

bonding, which would suggest the fluorine atoms effectively participate in the

interactions between H2Por and TFA. Undoubtedly, such interactions would add to

the bonding energy of the H2Por-(TFA)2 adduct, which had proved to be 100 kJ/mol

greater in comparison with the effect brought up by acetic acid in H2Por–(HAc)2.

Diverse activity displayed by different meso-aryl-substituted porphyrins has

usually been related to the torsion of the meso-phenyl rings relative to the virtual

macrocycle plane. In fact, the p-electronic systems of the phenyl and the porphyrin

core are significantly non-co-planar (Fig. 6; Table 6). A general trend was observed

that when the rotation of the phenyl rings had led towards a more flat arrangement,

the H2Por moiety usually revealed higher activity and was found more susceptible

to protonation, especially when the phenyl rings were para-functionalized by

Table 5 Selected molecular data (M06-2X) for the base model porphine (H2Por) and its TFA and HAc

adducts: DE intermolecular interaction energy; Sc core perimeter (Å), N–H and H–O are the respective

mean bond lengths (Å
´

)

Compound DE (kJ/mol) Sc N–H H–O

H2Por – 22.048 1.017 (0) -

H2Por-(TFA)2 1090 22.105 1.054 (8 9 10-5) 1.651 (1 9 10-3)

H2Por-(HAc)2 990 22.085 1.084 (2 9 10-3) 1.537 (6 9 10-3)

Standard deviation (SD) is given in parentheses
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electron-donating groups [19, 37]. Such inductive effect, although less pronounced,

was also demonstrated in porphyrins which were meso-substituted by only phenyl

and alkylo-phenyl groups being almost perpendicular to the macrocycle, as

confirmed by theoretical (DFT) studies [8].

Our DFT-based results (Table 6) are convergent with these suggestions. Since

the analyzed systems proved sufficiently symmetrical, the magnitude of the phenyl

rings rotation was demonstrated by the dihedral angles formed by the trans-located

phenyls, as defined in Fig. 6 (see also SI Figs. S-4, S-5). In diprotonated species, this

angle was found to be considerably increased, mainly due to structural deformation

of the macrocycle, which allowed a more free torsion of the quoted phenyls. In

particular, compounds 2 and 4 including O-phenyl units displayed enhanced rotation

of the meso-benzene rings towards a more flat arrangement, compared to 3 and 1.

Consequently, the data presented in Table 6 fit well to the sequence of the b
coefficient (Table 2) and the distribution of absorption bands reported in Fig. 4.

Photostability studies

Photodegradation of the studied compounds was accompanied by typical spectral

changes, as shown in Fig. 7a. Kinetic curves featuring the decay of the photolyzed

porphyrins [A = f(t)] all followed the simple first-order exponential relation (5),

where A0 = A(t = 0),

A ¼ A0e
�ket ð5Þ

and demonstrated similar performance on the time scale, as in the example featuring

compound 4 shown in Fig. 7b. The effective photolysis rate constant, ke, can be

Fig. 6 The dihedral angle (�)
between the trans-positioned
meso-aryl rings representing the
relative torsion of the benzene
rings versus the virtual
macrocycle plane in free-base
(top) and diprotonated (bottom)
compound 1

Table 6 Selected DFT structural data for the free-base porphyrins, H2Por, and their diprotonated forms,

(H4Por2?); dihedral angle (�) between the trans-positioned meso-aryl rings

Compound 1 2 3 4

H2Por 40.6 48.3 42.0 54.6

(H4Por2?) 112.4 123.9 117.6 126.4
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used to characterize the compound’s photostability and the experimentally deter-

mined values are reported in Table 7 (For more experimental data see SI, Figs. S-6–

S-11).

Assuming photodegradation is an oxygen-mediated process involving the UV-

excited porphyrin moiety, as proved elsewhere [39], its kinetics and effectiveness

must be referred to the activity of the chromophore bonding system. As one may

learn from Fig. 7 and Table 7, the free-base porphyrins reveal two-step kinetics

when exposed to UV light in benzene solution. Initially, the photolysis rate is

similar to that in DMF. This fact suggests the time of the reactivity of the

chromophore setup has increased, probably due to interaction with some reactive

molecules formed during UV-irradiation, such as diverse reactive oxygen species

(ROS) and/or formation of less stable intermediates, as follows from some other

studies [39, 58]. This effect proved most pronounced for 2, 4 and 3, which were

found to be also much more susceptible to protonation than compound 1. The same

trend was demonstrated in DMF, thus confirming the important relation between the

activity of the porphyrin core and its photostability. The smaller ke values found for

Fig. 7 Photodegradation of the base and diprotonated forms of compound 4 displayed by a spectral
changes and b kinetic curves A = f(t); note the change in kinetics (ke,I ? ke,II) revealed by the free-base
H2Por–R4 in benzene (B) after 240 min of irradiation; initial concentration of 4 in both benzene and DMF
was 4.3 9 10-6 mol/dm3

Table 7 Photolysis effective rate constants, ke (10-4 9 min-1); IUV = 150 lW/cm2; for the free-base

porphyrins (H2Por–R4) in benzene ke,I and ke,II have been shown (ke,I/ke,II); all fitting curves used in order

to calculate ke showed a correlation coefficient R2 C 0.99

Compound 1 2 3 4

Benzene

H2Pp–R4 2.6/6.9 7.7/19 5.2/17 7.4/18

(H4Pp2?) 82 35 24 42

DMF

H2Pp–R4 3.8 7.1 5.1 7.2

(H4Pp2?) 320 270 320 270
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H2Por–R4 in DMF may definitely be assigned to the partial solvent photolysis, the

products thereof could have limited the effect of ROS, at least.

Once protonated, the symmetry of the porphyrin core is changed (Fig. 5) and in

consequence the whole molecular system becomes less stable. Furthermore, the

polarizing effect induced by the four positively charged pyrrole-linked protons also

contributes to the weakening of the bonding setup. However, depending on the

electron density delocalized over the chromophore, fixation of two additional

protons may have a different impact on the eventual photostability of a diprotonated

porphyrin macrocycle. Therefore, compounds 2 and 4 with presumably increased

core-electron density (due to coupling with O-phenyl groups) may still retain the

potential of a relatively more stable bonding within the porphyrin core, than in the

case of 1. On the other hand, the considerably lower photostability of diprotonated

compounds in DMF (Table 7) must be related to the much greater amounts of TFA

which had to be used to achieve the maximum level of protonation (Table 1).

Evidently, acidic conditions are not favorable to the stability of free-base porphyrins

when exposed to UV radiation.

Conclusions

Affinity to TFA of a free-base porphyrin compound effectively depends on the type

of the meso substituent. The general trends observed in benzene and DMF solutions

are similar, although these solvents featured different polarity and chemistry.

Interaction of the porphyrin moiety with TFA leads to a relatively stable [H4Por2?]–

(TFA)2 adduct, unless exposed to UV radiation. The susceptibility of the

chromophore system to accommodate extra protons may be characterized by the

b factor, resulting from an exponential correlation determined for the process of

porphyrin titration by TFA. This finding has a broader relevance and it may prove

crucial to estimating the reactivity (and stability) of diverse porphyrin derivatives,

particularly when in contact with small-sized electron-acceptor species.

Finally, it must be emphasized, that this investigation has a wider context with

respect to the activity of porphyrins in catalytic and biological systems, in which the

interactions with diverse electron-acceptor species are considered of fundamental

importance. A comprehensive knowledge concerning the photostability of pre-

activated (e.g., protonated) porphyrin-based materials is essential to assess their

applicability i.a. as photosensitizers in medical therapies like photodynamic therapy

(PDT) and/or state-of-the-art photocatalysts and chemosensors.
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