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Spectrophotometric study was applied to the interaction of SbF; with para-, meta-, and ortho-substituted meso-tet-
raarylporphyrins (Hot(Xp)p; X: H, OCHs, CH3, and Cl) in CHCl;. The 1:1 formation constants of the resulting com-
plexes were calculated at several temperatures by the computer fitting of absorbances of solutions versus mole ratio data
with appropriate equations. Thermodynamic parameters (AG®, AH?, and AS”) have been determined and the influence
of electron donation and steric effect of the substituted aryl groups in the free base porphyrins on the stability of the
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complexes is discussed.

The molecular interaction of free base porphyrins (as o-
electron donors) with various acceptors has been of interest
to chemists.!® In most of this work, each acceptor molecule
takes only an electron pair of a pyrrole nitrogen in the
meso-tetraarylporphyrin and therefore, a 2:1 (acceptor:donor)
molecular complex is formed.>® Recently, we reported the
reaction of free base meso-tetraarylporphyrins with BiCl;
and SbCl; for formation of dimer molecular complexes
(IMCl3{Hxt(Xp)p})2], M = Bi and Sb) that the porphyrin
cores of those act as two electron pairs donors.!> This paper
presents the formation constants and thermodynamic parame-
ters for the molecular complexation of meso-tetraarylporphy-
rins and its para-, meta-, and ortho-substituted derivatives
(Figure 1) with SbF;. In these molecular complexes, the por-
phyrins act as donors by two lone electron pairs of nitrogens
to one molecule of antimony(IIl) fluoride. The suitable selec-
tion of SbF; as electron acceptor resulted in the successful
preparation of 1:1 molecular complexes. The central antimony
atom in SbF; was a big atom and had enough empty d-orbitals
to accept two electron pairs of the pyrrole nitrogen atoms in
the porphyrins and formed 1:1 molecular complex in contrast
to usual 2:1 (acceptor:donor) molecular complexes.>™ The
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Figure 1. meso-Tetraarylporphyrins, H,t(Xp)p.

structure of these molecular complexes was similar to SAT
(sitting-atop) complexes. The SAT complex is a metallopor-
phyrin which two pyrrole protons remain yet on the porphyrin.
The metalloporphyrin formation is an important process relat-
ed to the biosynthesis of heme and the SAT complex is pro-
posed as intermediate in this reaction.'®

Results and Discussion

The absorption spectra of the porphyrins and those molecu-
lar complexes with SbF; in chloroform were obtained. The
spectra for titration of SbF; with H,t(4-OCHsp)p at 25°C
are shown in Figure 2. The original peaks of H,t(4-OCH3p)p
(Soret band and Q bands) changed considerably by interaction
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Figure 2. Typical spectral change in the course of titration
of SbF; with Hyt(4-OCH3p)p in chloroform at 25°C.
Bands appearing at 454 and 688 nm are related to the
molecular complex.
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Table 1. UV-Vis Data for Free Base meso-Tetraarylpor-
phyrins and Their Molecular Complexes with SbF; in

CHCIl5 Solvent

Compound Wavelength/nm
Hatpp 417, 514, 549, 589, 646
(SbF3)H, tpp 445, 660
H,t(4-OCH3p)p 421, 518, 555, 594, 649
(SbF3)H,t(4-OCH;3p)p 454, 688

H,t(3-OCH3p)p

(Squ )Hzt(3-OCH3 p)p
H,t(2-OCH3p)p
(SbF3)H,t(2-OCH;p)p
H,t(4-CH3p)p
(SbF3)H,t(4-CH3p)p
H,t(3-CH3p)p
(SbF3)H,t(3-CH3p)p
H,t(2-CH;p)p
(SbF3)H,t(2-CHzp)p
H,t(4-Clp)p
(SbF3)H,t(4-Clp)p

420, 517, 550, 590, 646
451, 661
420, 514, 548, 590, 648
450, 652
419, 516, 553, 591, 649
448, 670
419, 514, 548, 591, 646
446, 662
415, 512, 544, 588, 644
442, 654
418, 514, 550, 590, 646
449, 665
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Figure 3. Thermal dissociation spectra of SbF;—Ht-
(4-Clp)p molecular complex by addition of porphyrin
(7 x 107> moldm™2) to the solution of SbF; (7 x 107
mol dm~3) in chloroform in a UV—vis cell at 15°C. The
numbers in the spectra show temperatures (°C).

of the porphyrin with SbF; (Table 1) and in result produced
an isosbestic point at 438 nm, Figure 2. Upon the interactions
of the free base porphyrins with SbF;, the purple color of
the meso-tetraarylporphyrins changes to green. Interactions
of SbF; with H,t(Xp)p were very sensitive to temperature
(Figure 3). Increasing the temperature causes to change the
green color of the molecular complex solution to the purple
color of the related porphyrin.

The stoichiometry of the molecular complexes in chloro-
form was examined by the method of continuous variation
(Job’s method).!'=13 It is clear that 1:1 molecular complex is
formed in the solution. Furthermore, the formation of the
species in chloroform is supported by the mole ratio method.
For example, the computer fitting of the absorbance-mole
ratio data and the continuous variation plot for [(SbF;)H;t-
(4-CHsp)p] molecular complex are shown in Figure 4 and
Figure 5, respectively.
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Figure 4. Computer fit of absorbance of H,t(4-CHjzp)p/
SbF3 in chloroform at 670 nm and 25 °C as a function of
mole ratios. (=) Experimental and calculated points are
the same with the resolution of the plot.
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Figure 5. Continuous variation plot for [(SbF3;)H,t-
(4-CHsp)p] (total concentration = 2.8 x 1073 mol dm—3
at 25°C and A = 671 nm).

It is useful to consider the enthalpy and entropy contribu-
tions to these reactions, in order to have a better understanding
of the thermodynamics of molecular complexation between
porphyrins and SbF; in chloroform solution. The enthalpies
and entropies of the molecular complexation reactions were
determined by measuring the formation constants of the 1:1
molecular complexes as a function of temperature. All the
log K values evaluated from the computer fitting of the corre-
sponding absorbance-mole ratio data are listed in Table 2.
van’t Hoff plots of InK vs. 1/T for all of the molecular com-
plexes in chloroform were linear (Figure 6). AH® and AS° val-
ues were determined in the usual manner from the slopes and
intercepts of the plots, respectively (Table 3).

The investigation of Table 3 shows that the nature of substi-
tutions (X) on the aryl rings of the meso-tetraarylporphyrins
significantly influence the interaction of the porphyrins with
SbF;. In all of the five temperatures we had the following order
for formation constants (Table 2): [(SbF3;)H,t(4-OCH3p)p] >
[(SbF3)Hat(4-CHsp)p] > [(SbF3)Hatpp] > [(SbF3)Hat(4-Clp)p]
> [(SbF3)H,t(3-OCH;p)p] > [(SBF3)Hat(3-CH3p)p] > [(SBF3)-
H,t(2-OCH3p)p] > [(SbF3;)H,t(2-CHsp)p]. This trend is in
accordance with the better electron donation (77-resonance is
more significant than o-induction effects) and lower steric
effects (para > meta > ortho) for the porphyrins. For exam-
ple, the ability of ortho-substituted derivatives of meso-tetra-
arylporphyrins is lower than those of meta-substituted ones.
This is related to more steric hindrance for the ortho-substitut-
ed derivatives and in result lower tendency for participation of
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Table 2. The Formation Constants K (mol dm~3) for Molecular Complexes between meso-Tetraarylporphyrins and

SbF3 in CHCl; Solvent

Complex Temperature/°C
5 15 20 25

(SbF3)H,tpp logK 7.05(£0.01) 6.97 (£0.01) 6.91 (£0.01) 6.85 (£0.01) 6.79 (£0.01)
(SbF;)Ht(4-OCHzp)p  logK  7.23 (£0.01)  7.13 (£0.01)  7.06 (£0.01) 6.97 (£0.01) 6.90 (£0.01)
(SbF;)H,t(3-OCHsp)p  logK  6.92 (£0.01) 6.87 (£0.01) 6.82 (£0.01) 6.76 (£0.01) 6.72 (£0.01)
(SbF3)Hyt(2-OCH3p)p  logK  6.64 (£0.01)  6.60 (£0.02)  6.55 (£0.05) 6.51 (£0.08) 6.48 (£0.01)
(SbF3)H,t(4-CH3p)p logk 7.13 (£0.01) 7.04 (£0.01) 6.96 (£0.01) 6.90 (£0.01) 6.84 (£0.01)
(SbF3)H,t(3-CH;p)p logK 6.84 (£0.01) 6.80 (£0.01) 6.76 (£0.01) 6.70 (£0.01) 6.66 (£0.01)
(SbF3)H,t(2-CH3p)p logK 6.52 (£0.01) 6.49 (£0.01) 6.45(£0.01) 6.41 (£0.01) 6.38 (£0.01)
(SbF3)H,t(4-Clp)p logKk 7.00 (£0.01) 6.95 (£0.01) 6.88 (£0.01) 6.82 (£0.01) 6.77 (£0.01)

Table 3. The Thermodynamic Parameters for [(SbF3)H,t(Xp)p] Molecular Complexes in CHCl3 Solvent

Complex AH® /KT mol~!

AS®/Jmol ! K~! AGY0x /KJ mol =1

(SbF3)H,tpp
(SbF3)H,t(4-OCH3p)p
(SbF3)H,t(2-OCH3p)p
(SbF3)H>t(4-CH;3p)p
(SbF3)H,t(3-CH3p)p
(SbF3)H,t(2-CH;p)p
(SbF3)H,t(4-Clp)p

—20.22 (£0.66)
—26.30 (£0.27)
—16.40 (£0.44)
—13.07 (£0.19)
—23.00 (£0.44)
—14.89 (£0.94)
—11.19 (£0.46)
—18.77 (£0.77)

62.14 (£0.04)
43.79 (£0.95)
73.50 (£1.54)
80.09 (£0.67)
53.62 (£1.52)
77.54 (£3.26)
84.61 (£1.60)
66.54 (+2.66)

—38.77 (£0.65)
—39.40 (£0.02)
—38.45 (£0.02)
—37.1 (£0.01)
—39.05 (£0.02)
—38.15 (£0.04)
—36.57 (£0.02)
—38.73 (£0.03)

a) The uncertainty values are calculated on the basis of 6(AG®) = 16(AH®) — Ta(AS?).14
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Figure 6. van’t Hoff plot of InK vs. 1000/T for [(SbF3)-
H,t(3-CHsp)pl.

those aryl rings in the resonance of the porphyrin core. The
porphyrin of H,t(4-Clp)p is a weaker donor than H,tpp and
this related to the electron withdrawing of the chloro group.
Further, methoxy substituent acts as a 7r-donor group and the
para position has lowest steric hindrance and consequently
H,t(4-OCHj3p)p is the strongest donor in the trend.

These molecular complexes had negative values of AH°
and AGP that indicate the strong interaction in our reaction
system. The negative values of AH and the positive value
of AS° are because the formation of adduct was favorable.

UV-vis correspondences between spectral data of molecular
complexes of 0- or ;T-acceptors with meso-tetraarylporphyrins
(o-electron donors) and [(SbF3)H,t(Xp)p] lead to the proposi-
tion of similar structure for the porphyrin core in all of the spe-
cies, with non-coplanar pyrrole rings tilted alternatively up and
down.!~%!316 This conformation causes the lone pairs of two

Figure 7. A saddle distortion of porphyrin core due to
donating of two electron pairs of pyrrole nitrogens to an
antimony atom of SbF3. Two nitrogen atoms of pyrroles
in one side of porphyrin plane act as the electron donors
to antimony atom of SbF;.

pyrrole nitrogens to act as the electron donors to one molecule
of SbF3, that locate above or below the mean plane of the por-
phyrin so two hydrogen atoms of pyrroles (NHs) are located on
the other side of the porphyrin plane (Figure 7). The porphyrin
core of the proposed structure for [(SbF3)H,t(Xp)p] was sim-
ilar to those of dimer molecular complexes of meso-tetra-
arylporphyrins with BiCl;.! But this study showed that
[(SbF;)H,t(Xp)p] molecular complexes had a monomer struc-
ture and the donor:acceptor mole ratio for those was 1:1
whereas [(BiCl3{H,t(Xp)p})2] molecular complexes had a
mole ratio of 2:2 (donor:acceptor) and were as dimer. Further-
more, BiCl; was a weaker acceptor than SbF; and in result
showed no interaction with ortho-substituted meso-tetraaryl-
porphyrins.!

'"HNMR spectra results showed that upon the molecular
complexation of Hyt(Xp)p with SbF;, the aryl ring signals
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Table 4. 'HNMR Spectral Data (§) for Molecular Complexes of Different meso-Tetraarylporphyrins and SbF;

Compounds N-H Hg H, Hy H,, H,» H, X
[(SbF3)H,tpp] —2.88 8.80 8.62 8.03 8.03 —
[(SbF3)H,t(4-Clp)p] —2.85 8.78 8.53 8.05 — —
[(SbF;)H,t(4-CH3p)pl] —-2.52 8.72 8.56 7.85 — 2.91
[(SbF3)H,t(3-CH3p)p] —2.78 8.77 8.42 — 7.91 7.73 2.83
[(SbF3)H,t(2-CHsp)pl —-3.21 8.68 — 8.30-8.32 7.74 7.86 2.06-2.16
[(SbF3)H,t(4-OCH3p)pl —2.45 8.66 8.54 7.56 — 4.17
[(SbF3)H,t(3-OCH3p)pl —2.98 8.84 8.17 — 7.92 7.54 4.17
[(SbF3)H,t(2-OCH3p)p] —2.98 8.72 — 8.23 7.90 7.45 3.55-3.77

are shifted downfield and the B-hydrogens upfield. These shifts
were similar to the observed shifts for the molecular complex-
ation of meso-tetraarylporphyrins with o- or 7r-acceptors, and
were related to the tilting of the porphine core in the meso-
tetraarylporphyrins.!=>1>16 Further, the NH chemical shifts
for the studied molecular complexes were similar to those of
the porphyrins with BF; as electron acceptor.” The 'HNMR
data for the molecular complexes is presented in Table 4.

FT-IR (4004000 cm™!) spectra of the free base H,t(4-Xp)p
show an N-H stretching band at 3320 cm™'!7 that upon molec-
ular complexation with SbF; does not change. Consequently
there was no intramolecular or intermolecular hydrogen bond-
ing for the N-H of H,t(4-Xp)p in [(SbF3)H,t(4-Xp)p] molecu-
lar complex.!

Conclusion

The formation constants for the molecular complexes in-
creased with the enhancement of electron donation and the
steric hindrance diminution of aryl rings in the porphyrins.
The AG° for the molecular complexes were negative values.
This indicated that the formation of adduct between the por-
phyrin and SbF; is favorable. In the molecular complexes,
the lone pairs of two pyrrole nitrogens acted as electron donors
to one molecule of SbF;. In the proposed structure two hydro-
gen atoms of pyrrole (N—H) are located on one side of the por-
phyrin plane and there is no hydrogen bonding in the molecu-
lar complex.

Experimental

For the synthesis and purification of porphyrin and its deriva-
tives, distilled pyrrole (Merck), benzaldehyde and para-, meta-,
and ortho-substituted benzaldehydes (Merck), propionic acid
and chloroform (Merck) were used. Chloroform solvent for
UV-vis measurements was distilled over K,CO3; before use.
Antimony(III) fluoride was obtained from Merck, and used as
received. Porphyrin and para-, meta-, and ortho-substituted por-
phyrins were prepared and purified by usual methods.!8-2

Molecular complexes of the porphyrins with SbF; in chloro-
form solvent were prepared. Firstly, the solutions of Hjtpp
(7 x 107> moldm~3) and SbF; (7 x 107> mol dm~3) were provid-
ed separately. Then, on the basis of mole ratio method,?! different
amounts of the porphyrin solution were added to fixed amounts of
SbF; solution and all of the solutions brought to the specified vol-
ume and 12 solutions with different Cy,/Cy mole ratios were ob-
tained. The absorbance of the solutions was measured and the
plots of absorbance vs. CL/Cym were obtained. UV—vis spectra
of the solutions were taken for 5 different temperatures (5, 10,
15, 20, and 25 °C). The formation constants of 1:1 molecular com-

plexes (ML) produced as a result of the interactions between
meso-tetraphenylporphyrin or its derivatives (L) and SbF; (M)
in solution were calculated by fitting the absorbance as a function
of porphyrin/SbF; mole ratios. The mass balance equation for for-
mation of ML, was solved in order to obtain an equation for free
acceptor concentration [M]. The resulting equation is:

KIMP* + (1 + K(CL. — C\)[M] — Cy = 0, (1)

where K is the formation constant for the 1:1 complex, Cr, and Cy
are the analytical concentrations of porphyrin and SbF3, respec-
tively. It has been shown that the observed absorbance of solution
is also given by:

Aobs = EL[L] + EmLIML], @

where €1 and €y are the respective molar absorptivity of the free
and complexed porphyrin.

The non-linear least-squares curve-fitting program KINFIT,?
based on Powell’s technique,23 and was used to evaluate the for-
mation constants of the resulting complexes. The free SbF3 con-
centrations, [M], were calculated by means of a Newton—Raphson
procedure by using the estimated values K and € at the current
iteration step of the program. Then, by using the calculated value
of [M] and all estimated parameters, the absorbance was calculat-
ed from eq 2. Refinement of the parameters was continued until
the sum-of-squares of the residuals between calculated and ob-
served values of absorbance for all experimental points were mini-
mized.

Equilibrium constants can be expressed in terms of the Gibbs
free energy change for the reaction:?*2

Ki = exp(—AG°/RT) = exp(—AH°/RT + AS°/R),  (3)

where AHC is the enthalpy change and AS° is the entropy change
for the reaction, and R is the universal gas constant.

UV-vis measurements were carried out in a GBC Cintra 6 UV—
vis spectrometer equipped with a Lauda Ecoline RE204 thermo-
stat. The "HNMR spectrum was recorded on a Bruker 400 Ultra-
shield spectrometer in CDCl3. The residual CHCl3 in the conven-
tional 99.8% atom CDCl; gives a signal at § 7.26, which was used
for calibration of the chemical shift scale. FT-IR spectrum was re-
corded on a Magna 550 Nicolet spectrometer using KBr pellets.

This work was supported by Kashan University Research
Council.
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