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 The molecular interactions of 4-Nitrophenol (4NP) with free-base meso-tetraarylporphyrins (H2T(4-X)PP; X = OCH3, CH3, H, 
Cl) have been studied. The formation constants and other thermodynamic parameters were calculated by using UV-Vis 
spectrophotometry titration results. The formation constants show the following trend relative to X substituent of porphyrins: 
H2T(4-CH3O)PP > H2T(4-CH3)PP > H2TPP > H2T(4-Cl)PP. 
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INTRODUCTION  
 
 Molecular interaction studies contributing to the 
understanding of fundamental intermolecular forces have been 
able to mimic biological functions and stimulate development 
of supramolecular devices. In the last decade, the attention of 
many chemists has turned to non-covalent complexes because 
of their importance in the life sciences. Ultraviolet-visible 
(UV-Vis) and nuclear magnetic resonance (NMR) 
spectroscopies are traditionally used for investigation of non-
covalent complexes based on the hydrogen bonds (HB) 
interactions between a receptor and its substrate. The 
molecular interactions of free-base porphyrins with acceptor 
molecules, such as nitroaromatic systems [1-9] have been the 
subject of a considerable number of studies. The interaction of 
phenol derivatives, such as 4-nitrophenol (4NP) [1,2], 2,4-
dichlorophenol (2,4-DCP) [3], 2,4,6-trichlorophenol (2,4,6-
TCP) [4] and pentachlorophenol [10], with water-soluble 
porphyrins and other biological systems are of interest. 
Porphyrins with two N-H proton-donating bonds and 
numerous nitrogen atoms as proton-acceptor centers can  form  
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HB complexes with some hydroxylated compounds. Despite 
the potential importance of water-insoluble free-base 
porphyrins and phenols we could find just one report on their 
interaction, which demonstrated that (4NP) gives a 2:1 
hydrogen-bonded complex with free-base porphyrins in 
benzene and chloroform [1].  
 Substituent X alters the electron density of the free-base 
porphyrin; the extent of this alteration depends on the degree 
of the substituent’s electron-releasing property. In the present 
work we investigated the thermodynamic parameters for the 
interactions of 4NP with H2TPP (meso-tetraphenylporphyrin), 
H2T(4-Cl)PP (meso-tetrakis-(4-chlorophenyl)porphyrin), 
H2T(4-CH3)PP (meso-tetrakis-(4-methylphenyl)porphyrin), 
and H2T(4-CH3O)PP (meso-tetrakis-(4-methoxyphenyl) 
porphyrin) in chloroform as a solvent. 
 
EXPERIMENTAL 
 
Reagents 
 Benzaldehyde, para-substituted benzaldehydes, propionic 
acid, chloroform, and 4NP (Merck and Fluka) were used as 
received.    Pyrrole  (Fluka)   was   distilled   before   use.  The 
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 hloroform solvent for UV-Vis measurements was distilled 
over K2CO3 before use.  
 
Instrumental 
 UV-Vis measurements were carried out using a Scinco S-
2100 UV-Vis spectrometer equipped with a thermostatted, 
refrigerated circulating bath (DTRC-620, Jeio Tech Co., Ltd., 
Korea).  
 
Preparations 
 H2TPP, H2T(4-Cl)PP, H2T(4-CH3)PP, H2T(4-CH3O)PP 
were prepared and purified by the usual methods [11]. 
 
General Method 
 UV-Vis measurements were carried out by titration at 5, 
10, 15, 20, and 25 ± 1 °C, in duplicated experiments. In a 
typical measurement, 2.0 ml of a solution containing H2TPP 
(2.5 × 10-6 M) in chloroform was titrated using 4NP (1.0 M). 
UV-Vis spectra were recorded over a range of 396-710 nm, 
from which we selected 10-15 wavelengths that showed 
suitable absorbance variations. The formation constant K (M-2) 
was calculated using the SQUAD software [12], which refines 
the stability constants of a general complex, MmM'lHjLnL'q, 
where m, l, n, q ≥ 0 and j is positive (protons), negative 
(hydroxide ions), or zero, employing a non-linear least-squares 
approach. The types of data fed to SQUAD included 
absorption spectra, chemical composition (total concentrations 
of M, M, L, L, and pH) and a chemical model to describe the 
system. The residual sum (U) is calculated from the following 
equation:  
 
 U = Σ1

lΣ1
NW (Acalcd

i,k - A 
obsd 

i,k )2 
 
where Ai,k is the absorbance value of the ith solution at the kth 
wavelength. A total of solutions and a grand total of NW 
wavelengths are given. The other thermodynamic parameters 
for adduct formations were obtained using the Van’t Hoff 
equation.  
 
RESULTS AND DISCUSSION 
 
 Previous studies have demonstrated a 2:1 mole ratio for 
these HB complexes by 1H NMR method [1]. Similarly, after 
studying various molar ratios (from <1:1 to > 2:1)  by  UV-Vis 
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Fig. 1. Titration spectra of H2T(4-CH3)PP (2.5 × 10-6 M, 2 ml)  
           with    4NP   (0.8  M, 50 μl    for    each   injection)   in  
           chloroform  at  10 °C.  Peaks  at 448  and  664  nm  are   
          related to the adduct and isosbestic point is at 432 nm. 

 
 
spectrophotometry, we found that the interaction of 4NP and 
H2T(4-X)PPs, in CHCl3 produced (4NP)2H2T(4-X)PP 
compounds, which turned green, due to the HB interactions of 
4NP with free-base porphyrins. The spectrum of this green 
solution, with its two new main absorption bands ranging from 
446 to 456 and 660 to 695 nm, was completely different from 
that of H2T(4-X)PPs. On the other hand, the spectrum of the 
1:1 4NP-H2T(4-X)PP reaction system clearly demonstrated the 
superimposition of the H2T(4-X)PPs and (4NP)2H2T(4-X)PP 
spectra, with no indication of a 1:1 adduct. Furthermore, the 
addition of an excess of 4NP, which is beyond the required 
molar ratio for complexation, causes no observable changes in 
the spectrum of the (4NP)2H2T(4-X)PP complex.  
 For example, when a solution of H2T(4-CH3)PP in 
chloroform is titrated with 4NP, the original peaks of H2T(4-
CH3)PP (λ = 418, 514, 548, 590, and 646 nm) vanish and two 
new peaks (λ = 448 and 664 nm) appear for the adduct (Table 
1). The presence of clear isosbestic points, seen at 332 nm 
along this interaction (Fig. 1), indicates a reversible adduct 
formation reaction in the solution. For experimental 
illustration of an endothermic equilibrium reaction, 2 ml of a 
solution of H2T(4-CH3)PP 5 × 10-6 M and 90 μl 4NP (1.5 M) 
at 25 °C was cooled to 5 °C in a UV-Vis cell. Observations 
show that, upon cooling the adduct (4NP)2H2T(4-CH3)PP, 
with a Soret band at 446 nm, dissociated to 4NP and the free-
base porphyrin H2T(4-CH3)PP, with Soret band at 417 nm. By 
heating   the   solution   to  25 °C,  the  Soret  band  was  again 
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Fig. 2. logK vs. 1/T for 4NP-H2T(4-X)PP hydrogen bond  

                complexes. 
 
 
observed at 446 nm.  
 Thermodynamic parameters are useful tools for studying 
these interactions and understanding the relative stability of 
corresponding adducts. The formation constant K (M-2) for 
adducts were determined at several temperatures by analyzing 
the concentration and the temperature dependence of UV-Vis 
absorption   by  SQUAD,  Table 2.  van’t Hoff  plots  of  these 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Table 3. The Thermodynamic Parameters for Interaction of  
                  4NP with H2T(4-X)PP in Chloroform 
 

 ΔSº ΔHº ΔGº 
H2T(4-Cl)PP 156 ± 5 38 ± 2 -8 ± 2 
H2TPP 193 ± 7 48 ± 2 -9 ± 2 
H2T(4-CH3)PP 260 ± 9 62 ± 3 -15 ± 3 
H2T(4-CH3O)PP 316 ± 13 78 ± 4 -17 ± 4 

 
 
formation constants K (Fig. 2) are used to calculate ΔHº and 
ΔSº, as shown in Table 3.  
 The data in Table 2 show that the formation constant, K 
(M-2) of the adducts, undergo a regular increase from H2T(4-
Cl)PP, H2TPP, H2T(4-CH3)PP, to H2T(4-CH3O)PP. For 
example, at 20 °C we have the order of the formation 
constants, K (M-2): as 1.35 < 1.47 < 2.41 < 2.71 for 
(4NP)2H2T(4-Cl)PP < (4NP)2H2TPP < (4NP)2H2T(4-CH3)PP  
< (4NP)2H2T(4-CH3O)PP, respectively, which follows the 
trend in basicity of the free-base porphyrins.  
 The   basicity  of  a  porphyrin  is  related  to  its  reduction 

Table 1. UV-Vis Bands λ (CHCl3/nm) of the Free Base Porphyrins and their Adducts with 4NP 
 

Compound  Wavelength (nm) 

H2TPP 
4NP-H2TPP 
H2T(4-Cl)PP 
4NP-H2T(4-Cl)PP 
H2T(4-CH3)PP 
4NP-H2T(4-CH3)PP 
H2T(4-CH3O)PP 
4NP-H2T(4-CH3O)PP 

417             514               549              589            646 
446               -                   -                  -                661 
418             514               550               590           646 
449                -                   -                  -               660 
419             516               552               591           647 
450                 -                   -                  -              671 
420            518               555               593            650 
456               -                   -                  -                695 

 
 
            Table 2. The Overall Formation Constant logK for 4NP-H2T(4-X)PP Adducts in CHCl3 Solvent 
 

Temperature (°C) Porphyrin 

5 10 15 20 25 
H2T(4-Cl)PP 0.97 ± 0.02 1.09 ± 0.02 1.24 ± 0.02 1.35 ± 0.02 1.44  ± 0.02 
H2TPP 1.02 ± 0.07 1.16 ± 0.05 1.29 ± 0.05 1.47 ± 0.05 1.63 ± 0.08 
H2T(4-CH3)PP 1.90 ± 0.02 2.12 ± 0.01 2.35 ± 0.02 2.48 ± 0.02 2.70 ± 0.03 
H2T(4-CH3O)PP 1.91 ± 0.01 2.22 ± 0.01 2.40 ± 0.01 2.71 ± 0.02 2.89 ± 0.02 
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potential (in volts) and to its radical anion form [14]. The 
value of  E1/2(1)  in  dimethylformamide (DMF)  is  known  for 
most of the free-base porphyrins [15,16]. For H2T(4-X)PP, 
where substituent X = Cl, H, CH3, and CH3O the 
corresponding E1/2(1) values are -1.47, -1.55, -1.57, and -1.59, 
respectively, as calculated using the following equation. 
 
 H2T(4-X)PP  +  e  =  H2T(4-X)PP-                             E1/2(1) 
 
 On the other hand, the kinetics of proton uptake resulting 
from the basicity of free-base porphyrins is usually 
determined,   when  possible,  by  pK3  measurements  for   the 
dissociation of the monocation H3T(4-X)PP+ into the free-base 
H2T(4-X)PP measured in detergent solutions, according to the 
following equation for K3: H3T(4-X)PP+ = H2T(4-X)PP + H+.  
 The following linear relationship between pK3 and E1/2(1) 
has been reported for some porphyrins:  
 
 pK3 = -5.9 E1/2(1) - 5.2 
 
According to this equation the most basic porphyrins are more 
difficult to reduce [15,16]. Therefore, more negative values of 
E1/2(1) indicate stronger basic properties of free-base 
porphyrins.  
 Our results in Table 3 are consistent with the expected 
effect of the free-base porphyrin basicity on these intractions. 
The free energies of the adduct formations become more 
negative through the series H2T(4-Cl)PP, H2TPP, H2T(4-
CH3)PP, to H2T(4-CH3O)PP, which indicates the increasing  
interaction strength along this sequence.  
 The adducts have positive values of ΔHº and ΔSº. A 
greater contribution of ΔSº relative to ΔHº leads to a negative 
value of ΔGº in the Eq. (1): 
 
 ΔGº = ΔHº - TΔSº                                                             (1) 
 
 The positive change in ΔSº indicates a release of a large 
number of solvent species that solvate the initial molecules 
during the association reaction between the 4NP and the free- 
base porphyrin molecule (see Table 3). On the other hand, a 
positive change in ΔHº is mainly due to the strong hydrogen 
bonding between phenol molecules in the solid state. This 
provides an endothermic process to aid  in  dissolving  4NP  in 

 
 
chloroform. Therefore, in this temperature range, the 
interaction of 4NP with free-base porphyrins is endothermic. 
Such thermodynamic behavior has recently been reported for 
the interaction of 2,4-dichlorophenol (2,4-DCP), 2,4,6-
trichlorophenol (2,4,6-TCP) [13] and tetracyanoethylene 
(TCNE) [9] with free-base porphyrins. 
 The standard Gibbs free energy, ΔG°, of interactions is 
negative; it seems that, in Eq. (1), when ΔSº 〉 0 we see more 
effect than when ΔHº 〉 0, resulting in a negative value for 
ΔG°. Negative values of ΔG° show that the interactions of 
4NP with free-base porphyrins are energetically favorable. By 
comparing   the  present  values  of  ΔG°  with  corresponding 
values for 2,4-DCP, and 2,4,6-TCP, the formation of HB 
complexes of 4NP-porphyrin are more favorable than 
chlorophenol-porphyrin complexes. Moreover, the present 
values of formation constants indicate that 4NP-H2T(4-X)PP 
hydrogen bond complexes are more stable than chlorophenol-
H2T(4-X)PP complexes for 2,4-DCP and 2,4,6-TCP.  
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