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Abstract 

Insertion of early lanthanide(III) ions into the coordination cavity of porphyrins is a slow and 
complicated process in aqueous solution, originating from the stability of their aqua complexes 

and their possible oligomerization. The presence of potential axial ligands can accelerate the 
coordination of the first porphyrin, but it can hinder the connection of a further porphyrin. 

Lanthanide ions may coordinate not only to the pyrrolic nitrogens of porphyrins but, under 
kinetic control, also to the peripheral substituents possessing O-donor atoms. In the case of such 
anionic porphyrins, the coordination position of metal ions can be influenced by the change of 

temperature. 
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Metalloporphyrins are the strongest ultraviolet-visible light absorbing materials in nature, 

therefore they are also called as “the pigments of the life” [1]. Their formation reactions belong 
to the most important processes from both bioinorganic and analytical points of view. 

Nevertheless, the mechanism of the metal ion’s insertion into the coordination cavity has not 
been completely elucidated yet [2]. Porphyrins are peculiar ligands in the respect of 
complexation because, due to their planar, cyclic, rigid, aromatic, tetradentate, as well as 

protonated structure, the formation of metalloporphyrins is a special ligand-controlled reaction 
[3]. As a consequence of the coordination cavity’s limited size, the metal ions, depending on 

their radius, can occupy an in-plane (IP) or an out-of-plane (OOP or SAT=sitting-atop) position 
[4]. 
The formation of the complexes with large metal ions are usually at least two-orders-of-

magnitude faster than those with medium-scale ones, what can be explained with the higher 
chance for the formation of end-product through intermediate {H2-Porph-M}m+ (i-SAT) 

complexes, in which the metal ion and the pyrrolic protons are simultaneously coordinated to 
the porphyrin cavity. This two orders of magnitude difference between in-plane and out-of-
plane complexes is manifested also in their dissociation rate constants, i.e. in their lability, 

which are proportional to the radius of the metal ions [5, 6]. 
The formation of metalloporphyrins in aqueous solution (or in other polar solvents) is 

an equilibrium reaction, owing to the higher activity and mobility of metal ions than in nonpolar 

solvents [3]. This process can be characterized by the apparent stability constant (’x:y in Eqs. 

1-2), which includes the proton concentration, determined mainly in buffered solutions. 
H2TSPP4– {anionic 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin, also abbreviated as H2P4– 
in our work} is the most widely used water-soluble porphyrin [7], besides its negative charge 

enhances the coordination of positively charged metal ions [5, 6, 8]. 
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Due to the out-of-plane position, a larger metal ion can simultaneously coordinate to the cavitiy 
of two macrocycles, and, reversely, two metal ions can connect to one ligand, resulting in the 
formation of so-called sandwich complexes with various compositions [9-12]. In these 

complexes, the strength of π-π interaction depends on the distance between the macrocycles, 
which is strongly influenced by the size of the metal center. Therefore, lanthanide(III) ions offer 

good opportunities to examine this dependence due to the fine tuning of the out-of-plane 
distances, utilizing the well-known lanthanide contraction. From optical and photophysica l 
aspects, porphyrins are able to efficiently sensitize the near-infrared luminescence of lanthanide 

ions, which can be widely applied, e.g. in optical telecommunication, spectral conversion of 
solar energy, and biomedical optical imaging [13-17]. From coordination chemical aspects, 

lanthanide(III) ions incline to higher coordination number (8-12), which can be manifested in 
their aforementioned sandwich complexes [18-20]. As a consequence of their strong 
susceptibility to higher coordination numbers, the investigation of their monoporphyrins is 

complicated: another multidentate, but O-donor ligand must be applied to hinder the 
coordination of the second porphyrin to the metal ion [13-17, 21]. 

In this work, we studied the reaction between the mentioned anionic porphyrin (H2TSPP4–

) and early lanthanide(III) ions (Ln=La,Ce,Nd,Sm) under various conditions. The presence or 
absence of acetate ion as bidentate, O-donor ligand proved to be a key factor from the viewpoint 

of the metal-porphyrin interactions in our systems. Insertion of these larger metal ions into the 
porphyrin cavity can be spectrophotometrically followed due to the redshifts of UV-Vis, 

intraligand ππ* absorption bands, similarly to other typical OOP complexes, which display 
“common” absorption properties in both region of visible spectrum [5, 6, 11, 22-25]: B- or 
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Soret-bands at about 350-500 nm and Q-bands at 500-750 nm. Instead of the electronic, the 

steric effect of a metal ion in OOP position has a stronger influence on the absorption bands 
due to the dome-distortion of the macrocycle. In arylated porphyrins, the distortion can result 

in the extension of delocalization by the twisting of aryl substituents from almost perpendicular 
orientation closer to the mean-plane of porphyrin [5, 26]. 
Owing to the very high molar absorbance of the porphyrin {ε(H2TSPP4–)413nm=4.66×105  

M-1cm-1 [27]}, its concentration may be in the order of 10-6 M in the generally used 1-cm-
pathlength cuvette. However, the lanthanide salts must be applied in 3-4 orders of magnitude 

excess to shift the equilibrium towards the complex formation (Eq. 1) [20]. Lanthanide(III) ions 
are hard Lewis acids, due to the classification of Pearson, therefore, their insertion into the 
coordination cavity of the tetradentate, N-donor porphyrin ligand is a slow and complicated 

process in aqueous solution, originating partly from the strong bond of the solvent water 
molecules to the metal ions [14, 28-30]. This kinetic barrier is vanquishable, e.g. by heating: in 

our case to ~60 oC; hence, the required time to reach the equilibrium is shortened to half a day 
(Fig. 1.a). The presence of bidentate, O-donor acetate ion enhances the coordination of the first 
porphyrin ligand, due to its trans effect, but it hinders the connection of a further porphyrin, i.e. 

the formation of bisporphyrins, because it remains on the lanthanide(III) ion in axial position.  
While its axial coordination to a lanthanide(III)-monoporphyrin, exchanging two water 

molecules, has negligible effect on the absorption bands (Fig. 1.a, b and Fig. S1), in contrast 
with the typical redshift in the case of the axial ligation of post-transition metalloporphyr ins 
[25, 31, 32]. However, it increases the stability of the monoporphyrin complex with half order 

of magnitude, due to its trans effect, e.g. in the case of lanthanum(III): lgß’1:1[(Ac)LaP]4-=3.8 
and lgß’1:1[LaP]3-=3.3 [20]. 

  
Fig. 1. Soret-absorption spectral changes during the reaction (in 1-cm optical length cuvette) 

between 1.0×10-6 M H2P4- and 1.2×10-2 M Sm3+ (at 65 oC), 
a) in the presence of 1 M NaAc/HAc buffer (pH=6), reaction total time: 15 h. 

b) in the presence of 1 M NaClO4, reaction total time: 56 h. 

If non-coordinating perchlorate ion is applied to adjust the ionic strength, lantanide 
bisporphyrin can form too, which has slightly further redshifted and broadened absorption 
bands, compared to those of the monoporphyrin (Fig. 1.b and Fig. S1). As a consequence of 

this small difference between the molar absorption spectra of the metallo-mono- and 
bisporphyrin, the formation of the latter is indicated only by the decrease of absorbances at 

nearly the same wavelengths (421 nm on Fig. 1.b). Furthermore, the reaction decelerates: 56 
hours is not enough to reach the equilibrium (Fig. 1.b and Fig. S2), while in the presence of 
acetate ~8 hours proved to be sufficient (Fig. 1.a) at the same concentrations, ionic strength, 

pH, and temperature. 
During a deeper investigation of this phenomenon, low (0.01 M) acetate concentration 

was enough to totally hinder the formation of bisporphyrin. In this concentration range the 
partial molar fraction of monoacetato-lanthanide(III) complexes, [LnAc]2+, began to increase 
(Eq. 3). Simultaneously, the apparent (calculated for the total, inital metal ion concentration) 
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formation rate constant of the porphyrin complex decreases; the acceleration is observable only 

at somewhat higher acetate concentration (Fig. 2), together with the appearance of diacetato 
complexes, [LnAc2]+. The coordination number may change from 9 (in the inital nonaaqua 

complex, which is characteristic for the early lanthanide ions [28]) to 8, and this latter one fits 
better to the insertion into the porphyrin’s cavity, resulting in the SAPR-8 (square antiprism) or 
CU-8 (cubic) coordination polyhedron [10, 13]. Finally, at higher acetate coordination, the 

formation of triacetato-lanthanide(III) complex, [LnAc3], can slightly decelerate again the 
insertion into the macrocycle, as a consequence of the steric hindrance of the third, bidentate 

ligand. 

𝑘+

′(𝑎𝑥𝑖𝑎𝑙)
= ∑ Φ[𝐿𝑛𝐿𝑥]

𝑎𝑥𝑖𝑎𝑙 (𝐿𝑛3+)
𝑛

𝑥=0

× 𝑘+([𝐿𝑛𝐿𝑥])           (3) 

 
Fig. 2. Change of the apparent formation 

rate constant of samarium(III)-
monoporphyrin with the increase of acetate 

concentration. 

Fig. 3. Decrease of the apparent formation 
rate constant of samarium(III)-

monoporphyrin with the increase of initial 

Sm3+ concentration. (Calculated data from 
the assumption of tetramers.) 

On the basis of our experiments, the coordination of potential axial ligands to a lanthanide ion 
may result in steric, rather than in electronic effects on the formation of the metalloporphyrin. 

The latter ones as trans-effects (acceleration of the solvent molecule’s exchange reaction in the 
opposite coordination position) were mainly referred to in the case of transition and post-

transition metal ions in the literature [33, 34]. 
A large difference can be observed between post-transition metal and lanthanide ions 

during the determination of the reaction order for them. The rate-determining step in the 

insertion of the former ones was found to be associative, first order for both the metal ion and 
the porphyrin. Insertion of post-transition metal ions usually follows the same, typically ligand-

controlled mechanism [2, 3, 5, 8], on the basis of the discovered isokinetic relationships [5, 35]. 
However, the reaction between the lanthanide(III) ions as hard acids and the softer, N-donor 
porphyrin ligand shows a simultaneous metal control that originates not only from the stability 

of their (nona)aqua complexes. The other reason is that the lanthanide ions have to be applied 
in 3-4 orders of magnitude excess (10-3-10-2 M), compared to the porphyrin concentration, to 

push the equlibrium towards the complex formation. In such a concentration, lanthanide(II I) 
ions compose oligomers through the counter-anion or hydroxide bridges in aqueous solution 
[36, 37]. Therefore, the pre-dissociation of these oligomers is required for the formation of 

porphyrin complexes because only the monomer lanthanide ion is able to insert into the 
coordination cavity. Consequently, the reaction rate, together with the partial molar fraction of 

lanthanide monomer (Eqs. 4-5), decreases with the increase of the initial metal concentration 
(Fig. 3). Hence, negative (and diminishing) fractions can be apparently determined as reaction 
orders from the method of initial rates. 

𝐻2𝑃4− + (𝐿𝑛3+)𝑧 ⟺ 𝐿𝑛𝐼𝐼𝐼 𝑃3− + (𝐿𝑛3+ )𝑧−1 + 2 𝐻+       (4) 

𝑘+

′(𝑜𝑙𝑖𝑔𝑜𝑚𝑒𝑟 )
= Φ1

𝑜𝑙𝑖𝑔𝑜𝑚𝑒𝑟 (𝐿𝑛3+) × 𝑘+((𝐿𝑛3+)1)              (5) 
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As a further consequence of the Pearson-type hard character of lanthanide(III) ions, they 

can coordinate rather to the peripheral substituent of porphyrin (e.g. to the ionic group ensuring 
water-solubility), if it possesses similarly hard O-donor atom (e.g. carboxy-phenyl), than to the 

pyrrolic nitrogens [17, 38, 39]. However, this phenomenon was previously unknown for the 
sulfonato-phenyl porphyrin. At lower temperatures (and in the absence of acetate), the position 
of the free-base porphyrin’s absorption bands did not change; only their intensities were 

approximately dimidiated (Fig. 4.a). Under this kinetic control, the early lanthanide(III) ions 
were not able to coordinate into the cavity, rather to the sulfonate groups; resulting in the 

formation of the free-base ligands’ tail-to-tail oligomer (Fig. 4.b). Only under thermodynamic 
control, i.e. at higher temperatures, can coordinate the metal ion also, or rather, to the four 
pyrrolic nitrogens; resulting in the formation of typical metalloporphyrin complexes (Fig. 5). 

 
Fig. 4.a) Soret-absorption spectral changes at 25 oC, reaction total time: 15 h. 

b) Structure of the anionic porphyrin’s tail-to-tail dimer, connected by a lanthanide(III) ion. 

 
Fig. 5. Temperature dependence (using Eyring-Polányi equation) of the rate constant of 

reaction between 1.0×10−6 M H2P4− and 1.2×10−2 M Sm3+ in the presence of 1 M NaClO4 

(pH≈6). 

After the discovery of the possible coordination bonds between lanthanide ions and sulfonato 
substituents, the formation of lanthanide bisporphyrins, in the absence of acetate, may be 
imagined as a tail-to-tail dimerization of two metallo-monoporphyrin complexes through a 

metal bridge, similarly to the free-base porphyrins (Fig. 4.b), and deviating from the head-to-
head connection as in the case of sandwich complexes. This assumption may be confirmed by 

the large similarities between the absorption spectra (Fig. 1.b and Fig. S1) as well as the single t-
1 fluorescence spectra of these early lanthanide(III)-mono- and bisporphyrin complexes. These 
spectral similarities and comparable fluorescence quantum yields may only originate from very 

weak   interactions between the macrocycles. If these interactions may be stronger, the 
absorption bands should show much larger redshifts and hyperchromicities, and the 

fluorescence should be much weaker, nearly disappear. This was manifested in the case of the 
(parallel) head-to-tail dimer of the protonated porphyrin, (H4TSPP2–)2 [40], and of the 

bisporphyrins of mercury(II) ion: (parallel) head-to-tail HgII
2(TSPP)2

8– and typical head-to-
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head HgII
3(TSPP)2

6– [5, 11]. However, other special types of aggregation (e.g. perpendicular 

head-to-tail) among lanthanide-monoporphyrins may occur, too, chiefly at higher porphyrin 
concentration. 

A more profound investigation of the reactions between lanthanide ions and water-
soluble porphyrins is in progress to separate the potential electronic and steric effects of the 
axial ligands, directly on the coordination of lanthanide ions to the cavity or the periphery of 

porphyrins, and indirectly, through the influence of oligomerization. 
Supplementary data (Fig. S1, S2) associated with this article can be found, in the online version. 
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