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Enthalpy—entropy compensation upon metal ion coordination with porphyrins: 
generalization for the free bases and doubly deprotonated macrocycles*
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Enthalpy—entropy compensation upon the coordination of zinc ions by porphyrins with 
various structural organizations of peripheral substitution in solutions at 298 K was studied. 
The same compensation temperature Tc was found for both free bases and doubly deproton-
ated porphyrin macrocycles. The data obtained indicate that the coordination of the metal ion 
in the tetrapyrrole macrocycle core by the free bases and doubly coordinated forms of por phyrins 
is characterized by the same promoting vibrational modes. 
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The molecular structure of tetrapyrrole macrocycles 
makes it possible to fi nely tune their physicochemical 
properties by changing the architecture of peripheral 
substituents, the formation of metal complexes and axial 
liganding of the latter, shifting acid—base equilibria in the 
macrocycle core.1—5 The tetrapyrrolic compounds are 
involved in performing numerous vitally important func-
tions, and the possible candidates for practical use in di-
verse areas among the existing and newly synthesized 
tetrapyrrole compounds were searched up to now.6 Changes 
in the molecular structure favor often both direct and 
structurally mediated electronic eff ects, and it seems 
necessary to consider in detail these two cases in order to 
determine specifi c relations between structural changes in 
the tetrapyrrolic macrocycles and new properties gained 
due to these transformations.7—8 We studied the electronic 
eff ects appeared upon macrocycle substitution to explain 
the observed changes in the rate constant of metal ion 
coordination with the purpose to use unique physico-
chemical properties of the deprotonated tetrapyrrole 
macrocycles in the development of new effi  cient ap-
proaches to the synthesis of metal complexes and produc-
tion of new sensors for positively charged substrates. 

Enthalpy—entropy compensation was shown for the 
complex formation of zinc ions with 10 free bases of 
various structures.9 It was assumed that a relationship 
between the activation enthalpy ΔH≠ and activation 

entropy ΔS≠ was due to the additivity of electronic sub-
stitution eff ects. The enthalpy—entropy compensation is 
assumed to be an essential property of complicated systems 
having numerous soft vibrational modes.10 The slope of 
the linear dependence of ΔH≠ on ΔS≠ makes it possible 
to determine the so-called compensation temperature Tc, 
which should contain, as expected, an extrathermody-
namic information about metal ion coordination. This 
information can concern the shape of the potential energy 
surface, distribution of energy levels, some specifi c features 
of intramolecular interaction in the system, etc. The 
purpose of this work is to examine the data on the coor-
dination of zinc ions with a series of porphyrins existing 
as the free bases and the doubly deprotonated form and to 
propose a physical explanation of the enthalpy—entropy 
compensation upon the coordination of metal ions by 
porphyrins. 

Calculation Methods

The equation logKа = log(Ind) + nlogсан, where Kа is the 
total acidity constant, сan is the analytical concentration of 
the deprotonating agent in solution, Ind is the indicator ratio 
P2–/H2P, and n is the number of dissociated protons (n = 2), 
was used for the calculation of the acidity constants of the stud-
ied compounds.3—5,9

The formation of metalloporphyrins (МР) from the free 
porphyrins (Н2Р) and divalent metal salts (МХ2) in organic 
solvents is described by the kinetic equation of the second order 

dcH2P/dt = –kvcH2PcMX2
.

* Dedicated to Academician of the Russian Academy of Sciences 
I. L. Eremenko on the occasion of his 70th birthday. 
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According to described procedures,3—5 the activation energy 
(Еа) for the studied temperature range was calculated using the 
Arrhenius equation 

kv = Ae[–Ea/(RT)]

or

Еа = 19.1•[(T1T2)/(T2 – T1)]log(k2/k1).

The activation entropy (ΔS≠) was calculated from the equa-
tion of the absolute reaction rate theory 

kv = χ(kT/h)•e[(TΔS≠ – ΔH≠)/(RT)],

where χ is the transmission coeffi  cient, k is the Boltzmann con-
stant, h is Planck´s constant, T is temperature, ΔS≠ is the en-
tropy of activation, and ΔH≠ is the enthalpy of reaction activation. 
Assuming that the transmission coeffi  cient is χ = 1 and taking 
into account that the activation enthalpy is ΔH≠ = Ea – RT, we 
have ΔS≠ = 19.1•logkv + Ea/T – 253.

Results and Discussion

A group of 21 porphyrins diff ering in the number and 
type of peripheral substituents and structural organization 
of the latter was chosen as objects of the study. These 
compounds were synthesized and characterized according 
to previously described procedures.3—5,9 The molecular 
structure of the studied porphyrins is presented in Scheme 1. 
Both the free bases, which were synthesized by the addition 
of the "proton sponge" (1,8-diazabicyclo[5.4.0] undec-7-ene) 
to a solution of porphyrin in acetonitrile (MeCN).3 Zinc 
diacetate Zn(OAc)2 was used as the chelating agent. The 
experimental procedure was described in more detail.5,9 

The dependence of the activation enthalpy ΔH≠ on 
the corresponding activation entropy ΔS≠ for the coordi-

nation of zinc ions by the studied compounds being 
free bases and doubly deprotonated forms is presented 
in Fig. 1. 

The examination of the obtained plot allowed us to 
make two important conclusions. First, the plot shows 
that the dependence is linear for both the free bases and 
doubly deprotonated forms, which is consistent with the 
earlier observed tendency for the free bases porphyrins.9 
Note that these results are new for the doubly deprotonated 
forms of porphyrins. Second, the slope of the dependence 
of ΔH≠ on ΔS≠ is the same for both the free bases and 
doubly deprotonated forms. Taking into account that these 
two groups of compounds have diff erent electronic struc-
tures and the mechanisms of metal ion coordination for 

Scheme 1 Com- R1 R2 R3 R4 R5
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6 Me Et C6H4(p-OMe) C6H4(p-NO2) C6H4(p-NO2)
7 Et Et H H H
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13 Br Br Et Et Et
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Fig. 1. Activation enthalpy ΔH≠ as a function of the activation 
entropy ΔS≠ upon the coordination by zinc ions with a series of 
the free bases (dark circles) and doubly deprotonated (light 
circles) porphyrins in MeCN at 298 K.
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them involve diff erent number of steps, the data obtained 
seem to be unexpected. 

The dependence of ΔH≠ on ΔS≠ made it possible to 
determine the compensation temperature (Tc) equal to 
342±16 K. The pair correlation coeffi  cient for the linear 
regression was found to be 0.966. We found that the cal-
culation of the compensation temperature separately for 
the free bases and doubly deprotonated porphyrins showed 
the value in the same range but with higher root-mean-
square deviations. This indicates that the common analy-
sis of two sets of data improves the correlation parameters. 

There were attempts to ascribe some physical meaning 
to the Tc value.10—12 We used the simple statistical Sharp 
model for processing the data on Tc.10 The model describes 
a conservative polyatomic system with a complex potential 
function including various types of interactions between 
the atoms. This choice of the potential funciton results in 
the quasi-continuous distribution of energy levels. An 
important feature of this model is that the model requires 
no knowledge of the explicit shape of the energy level 
distribution when the number of disturbed states is not too 
high and the perturbation is signifi cant. The developed 
model makes it possible to obtain the estimation of the 
compensation temperature 

Tc = T/(1 – kT/δE), (1)

where k is the Boltzmann constant, and δE is some char-
acteristic energy for the disturbed transition state (diff er-
ence in energies between the disturbed and initial states). 
According to the description presented above, δE should 
be considered as some average or most probable value 
related to the group of disturbed energy levels rather than 
the single value. After substitution of the Tc values, tem-
perature T = 298 K (at which the experiments were carried 
out), and the Boltzmann constant into Eq. (1), we have 
that δE = 19.2 kJ mol–1 (about 1600 cm–1). We believe 
that Tc correlates with the energy of promoting vibrational 
modes of the reaction, which provide/facilitate the coor-
dination of the metal ion. Thus, the δE value about 
1600 cm–1 can be interpreted as the energy of the corre-
sponding vibrational modes of the tetrapyrrole macrocycle. 

It is known that the vibrational modes of the porphyrin 
macrocycle are not localized12 and all atoms of the macro-
cycle are involved more or less in all vibrational modes. 
The role of the molecular fragment (atom, bond, group 
of atoms) is described by its contribution to the potential 
energy distribution of this vibrational mode, and the same 
fragment can contribute substantially to several vibrational 
modes. The Ca—Cb, Ca—N, Cb—Cb, and Ca—Cm bonds 
contribute predominantly to the potential energy distri-
bution of vibrational modes in a frequency range of 
1300—1600 cm–1. The modes with the contribution of the 
Ca—Cb, Ca—N, and Ca—Cm bonds, which are necessary 
for the arrangement of the metal ion, directly aff ect the 
size (and shape) of the macrocycle core. Among these 

modes, those whose main contribution is made by the 
Ca—N bond are of special attention, since they remain 
almost invariant in both the free bases of porphyrins and 
their metal complexes and are barely sensitive to the peri-
pheral substitution of the macrocycle. It should be em-
phasized that we are far from intention to assign the 
measured energy value to any certain vibrational mode, 
but the role of vibrational modes involving the Ca—N bond 
should be distinguished. If this mode (or modes) is pro-
moting, the coordination of metal ions can be considered 
as the isoenergetic (adiabatic) motion along the reaction 
coordinate. From the thermodynamic point of view, this 
promoting mode will be the most effi  cient regardless of 
the symmetry of this mode (there are modes of various 
symmetry involving the Ca—N bond).13 It is important 
that the same character of compensation for both the free 
base and doubly deprotonated porphyrins excludes all 
modes involving the N—H bond, because the latter has 
no hydrogen atoms bound to the pyrrole rings in the 
macro cycle core. 

It has been assumed previously14 that the linear char-
acter of the enthalpy—entropy compensation can be 
considered as the manifestation of the additivity source in 
the studied systems; i.e., in the considered case, all por-
phyrins in the series should have the same source of ad-
ditivity. This source can be the eff ect of electronic substi-
tution, which was recently discussed in detail.9 The 
electron energy redistribution between the macrocycle and 
periphery by both resonance and inductive eff ects should be 
considered as the main reason for the observed tendencies 
in changing the complex formation rate with metal ions. 

It can be mentioned that the solvent or, more exactly, 
vibrational modes of the solvate shell should also be con-
sidered as a source of promoting modes, since the changes 
in the solvate shell upon the coordination of the metal ion 
in the macrocycle core can also be proposed as a source 
of compensatory processes for chemical reactions in solu-
tion.15 However, these eff ects should be omitted for the 
discussed set of data, because the plot refl ects the additive 
eff ects in the system and they are due to the diff erences in 
the porphyrin structure rather than in the solvate shell. 

This specifi c feature (structural distinctions) should be 
considered as the main one, since in the same solvent with 
the same coordinating metal ion in the studied series of 
porphyrins the structural diversity of the latter seems to 
be the only possible source of the observed eff ect. By 
contrast, only one porphyrin and one metal salt can be 
taken but a series of solvents will be used, which would 
result in the dependence appeared only as a result of 
changing the structure of the solvate shell. Thus, when the 
choice of the data set is valid, the single contribution 
can be remained and all other possible contributions can 
be excluded (or at least suppressed). Such an analysis of 
possible contributions will be the subject of our further 
research. 
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