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Abstract

The crystallization and the crystal and molecular structure of a very slightly soluble 

electrostatically interacting pair of porphyrins is described. The tetra-anion 5,10,15,20-tetrakis-(4-

sulfonatophenyl)-21,23H-porphyrin [H2TPPSO3]4− and the tetra-cation 5,10,15,20-tetra(N-

methylpyridyl)21H,23H-porphyrin [H2TMePyP]4+ are found to form an alternating one-

dimensional stack that is stabilised by electrostatic interactions between the porphyrin rings but 

also by π–π interactions between all substituted phenyl rings in the ensemble. The resulting 

interactions between the porphyrins is exceptionally tight.

Graphical Abstract

The solid-state interaction of oppositely charged porphyrins leads to a tightly stacked 1-D chain 

with both electrostatic and π–π interactions.
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Introduction

The initial reports on the properties of species formed by pairing cationic and anionic 

porphyrin derivatives were by Shimidzu and Iyoda [1], Gaspard [2], and by Linschitz and 

coworkers [3, 4]. This work was initially motivated by noting that closely coupled 

porphyrinic structures are involved in bacterial [5] and green plant photosynthesis [6]. Since 

that time, there have been a number of additional reports that involve the idea of 

electrostatically paired rings all without the participation of covalent interactions [7].

A number of solution studies of electrostatically interacting rings (porphyrins and/or 

phthalocyanines) have shown 1:1 [8, 9, 10, 11] or 2:1 [12, 13] stoichiometry and where the 

rings are either free bases or metallo derivatives. Electrostatically interacting pairs have also 

been used to form multi-electron electrocatalysts [14, 15].

To date, a solid-state structure of such electrostatically interacting species has not been 

reported. [16] Herein we report the X-ray crystallography study on an electrostatic “pair” 

and methods useful for obtaining crystalline material of this type. The interaction of two 

oppositely charged porphyrin species, the tetra-anion 5,10,15,20-tetrakis-(4-

sulfonatophenyl)-21,23H-porphyrin [H2TPPSO3]4− and the tetra-cation 5,10,15,20-tetra(N-

methylpyridyl)21H,23H-porphyrin [H2TMePyP]4+ (Figure 1) should lead to interesting 

solid-state structures owing to their electrostatic interactions. Especially note that the 

dimensions of the two species are commensurate. In addition to the possible formation of 

face-to-face heterodimers, other possibilities are 1-D linear or 2-D solid-state networks. 

Recently, the interaction of [Zn(TPPSO3(H2O)]4− and [Sn(TMePyP)(H2O)2]4+ has been 

shown to form a 2-D network. [18]

Experimental Section

The free base porphyrin salts, Na4[H2TPPSO3] and [H2TMePyP]Cl4, were purchased from 

Midcentury Chemical and used without further purification. Mixing equivalent amounts of 

methanol solutions of Na4[H2TPPSO3] and [H2TMPyP]Cl4 at room temperature gave an 

“immediate precipitate.” The mixture was stirred for one hour, the dull red solid product was 

harvested by centrifugation and washed six times with methanol. A completely colorless 

supernatant was never achieved suggesting that substantial amounts of coprecipitated 

starting materials are present within the solid matrix of the amorphous [H2TMePyP–

H2TPPSO3].

Obtaining single crystals of the electrostatically interacting [H2TMePyP]4+–[H2TPPSO3]4− 

system is complicated by its extremely low solubility. A number of different crystallization 

experiments failed to provide crystals adequate for a single crystal X-ray study. Attempts to 

use gels [19] to overcome this complication have thus far been unsuccessful. In addition, the 

gel crystallization process has pH-sensitivity requirements that rule out the use of gels for 

certain water-soluble metalloporphyrin derivatives. Eventually crystals of the 

electrostatically interacting complex [H2TMePyP–H2TPPSO3]·5H2O were obtained by 

allowing 3 × 10−3 M aqueous solutions of Na4[H2TPPSO3] and [H2TMePyP]Cl4 to slowly 

diffuse together in a U-tube assembly shown in Figure 2. The middle section of the tube was 
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filled with propylene glycol which was then frozen. Each porphyrin solution (~2.5 mL) was 

carefully added to one leg of the U-tube as shown. The two porphyrin solutions were then 

allowed to diffuse together in the middle section. After standing approximately 1 1/2 yrs, the 

crystals that had formed were removed by breaking open the tube. Crystal specimens were 

stored in a refrigerator until use.

A deep blue crystal with approximate dimensions of 0.33 × 0.45 × 0.06 mm was mounted on 

a glass fiber and coated with epoxy cement. Crystals were examined on an Enraf-Nonius 

CAD4 diffractometer with graphite-monochromated Cu Kα radiation (λ̄ = 1.54184 Å) and 

found to be monoclinic (space group P21/c) containing four porphyrin rings, two of each 

type [20]. For an ordered structure the asymmetric unit of structure must contain two half 
porphyrin rings, each with required inversion symmetry, along with any required molecules 

of solvation (that might required for crystal stability). All subsequent details of structure 

solution and refinement are consistent with an ordered structure.

Results and Discussion

The X-ray crystal structure determination not only gives information about the molecular 

structures of the two porphyrin free bases (negatively charged [H2TPPSO3]4− and the 

positively charged [H2TMePyP]4+) but also the solid-state interactions between them. We 

first describe the molecular structure of the individual porphyrin units and then the crystal 

structure of the entire electrostatically interacting ensemble.

Figure 3 shows the average values of the bond distances and bond angles in each of the two 

porphyrin cores. As is readily seen, the two porphyrin systems have quite similar metrical 

values. The most significant features are the values of the Ca–N–Ca bond angles that are 

consistent with the two inner hydrogen atoms of each porphyrin ring delocalized over all 

central nitrogen atoms [21]. The values of bond distances and angles otherwise do not need 

further comment. The radius of the central hole is 2.060 Å for [H2TMePyP]4+ and 2.056 Å 

for [H2TPPSO3]4−. Also shown in Figure 3 are the deviations of the individual atoms from 

the mean plane of the 24-atom porphinato core. Deviations from exact planarity are seen to 

be small but do appear to show intra-stack correlations in the displacements (vide infra). In 

the [H2TMePyP]4+ cation, the dihedral angles of the peripheral 4-methylpyridyl rings with 

the mean plane of the core are 53.3° and 54.0°; peripheral phenylsulfonate rings form 

dihedral angles of 53.8° and 52.3° relative to its porphyrin core. These values are 

significantly smaller than the usually observed values (> 60°)[22] and reflect aspects of the 

tight interactions between the oppositely charged porphyrin cores as described below. 

Figures S1 and S2 display ORTEP diagrams of the two porphyrin ions with the 

crystallographically unique atoms labeled.

The interaction of the two oppositely charged porphyrin species self-assemble to form one-

dimensional columns. Each ring is centered on an inversion center along the a axis with 

alternating anionic and cationic porphyrin molecules in the stack as shown in Figure 4. The 

centers of the two types of porphyrins are separated by 4.253 Å (a/2). The adjacent 

porphyrin rings are coplanar within 0.2°, with an interplanar spacing of 3.81 Å, although no 
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special requirements are imposed by the crystallographic symmetry. A space filling model of 

the electrostatically interacting columns is given in Figure S3.

Figure 5 illustrates the small lateral shift between a cofacial pair of porphyrin rings. The 

lateral (parallel) shift of ring centers is only 1.88 Å from a precise eclipsing of adjacent 

cores, but with a relatively large interplanar spacing of 3.81 Å. Figure 5 also shows another 

interesting feature of the crystal structure: the correlated positions of the peripheral, charged 

rings on the anion and cation. Adjacent N-methylpyridyl and phenylsulfonate rings are 

virtually parallel with dihedral angles between pairs of rings of 0.5 or 2.8° and, of course, 

extend over the entire stack length. These sulfonatophenyl–N-methylpyridyl ring alignments 

represent the closest possible approach of the oppositely charged peripheral groups (vide 

infra). These peripheral group contacts also lead to the alignment of the porphyrin core 

coordinate systems that are seen in Figure 5. The edge-on view of the [H2TMePyP–

H2TPPSO3] ensemble in Figure S4 further illustrates the intermolecular interactions 

between the oppositely charged porphyrins. Consistent with the crystallographic 

(translational) symmetry, the same interplanar spacing (~3.81 Å), center ··· center distance 

(4.253 Å), lateral shift (1.88 Å), and slip angle (26.4°) are applicable to any adjacent pair of 

porphyrins in the stack illustrated in Figures 4 and S4. These inter-ring interactions are the 

tightest known for pairwise interacting tetraarylporphyrin systems, where the inter-ring 

separations are comparable, but the center ··· center distances and hence the lateral shifts and 

slip angles are larger. These interactions are tighter than those seen for the dimeric 

interactions of π-cation derivatives of tetraarylporphyrins. [23, 24] See also Table XXIV of 

Reference 22 for further examples. The tightness of the current structure is also shown by 

the experimental density of 1.42 g/cm3 compared to the the observed value of 1.22 g/cm3 for 

the triclinic [25] and tetragonal [26] forms of H2TPP.

The mutual parallel orientation of all five rings between any adjacent pair of porphyrins 

isparticularly evident. Figures 4 and 5 illustrates the interaction of the individual peripheral 

groups. Particularly note that any individual substituted phenyl ring interacts with two 

adjacent rings (of opposite charge) on both faces of the ring. Distances between phenyl ring 

centers range between 4.23 and 4.28 Å. The slipped rings, however, each have (two) 

interactions with perpendicular separations of 3.26 to 3.45 Å, with most ≤3.35 Å. These 

distances are those expected for attractive phenyl–phenyl π-π bonding. We can thus 

conclude that the solid-state structure of the stacked, alternating porphyrin rings is stabilized 

by both electrostatic interaction of the two oppositely charged porphyrin rings and π-π 
interactions between the substituted peripheral phenyl groups.

The 1-D stacked rings lead to a crystal structure with solvent channels containing hydrogen 

bonded water molecules as illustrate in Figure 6. There are five crystallographically unique 

water molecules or ten water molecules for each electrostatic porphyrin pair. There are a 

total of six unique hydrogen bonds; four are between the water molecules themselves and 

the final two are to oxygen atoms of the sulfonate groups. Each sulfonate group of the 

tetrasulfonated porphyrin has a single hydrogen bond. The O···O distances range between 

2.720 to 2.921 Å.
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In conclusion, the interactions of the oppositely charged porphyrin rings, negative 

[H2TPPSO3]4− and positive [H2TMePyP]4+, lead to a tightly stacked one dimensional chain. 

Stabilizing interactions between the rings in the stack not only include the electrostatic 

interactions of the oppositely charged porphyrin rings, but also strong π–π interactions 

between the substituted peripheral phenyl rings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Illustrations of [H2TMePyP]4+ and [H2TPPSO3]4−.

Scheidt et al. Page 7

J Porphyr Phthalocyanines. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Schematic illustration of the U-tube assembly used to prepare crystals of [H2TMePyP–

H2TPPSO3]·5H2O. The diameter of the tube is 1 cm.
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Figure 3. 
Formal diagram of the porphyrin cores in (a) the [H2TMePyP]4+ cation and (b) the 

[H2TPPSO3]4− anion showing the averaged values of the unique classes of bond distances 

and angles in the 24-atom porphyrin cores. Values of the perpendicular displacement, in 

units of 0.01 Å, of each atom from the mean plane of the 24-atomn core is given.

Scheidt et al. Page 9

J Porphyr Phthalocyanines. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
ORTEP drawing (parallel projection) of four porphyrin rings in the stack of the 

electrostatically interacting [H2TMePyP–H2TPPSO3]·5H2O system. The center···center 

distance of 4.253 Å, the lateral shift of 1.88 Å, the slip angle of 26.4°, and the mean plane 

separation of 3.81 Å are applicable to any adjacent pair of porphyrin rings. Thermal 

ellipsoids are drawn at the 5% level.
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Figure 5. 
ORTEP drawing of [H2TMePyP–H2TPPSO3]·5H2O illustrating the cofacial interaction 

between the peripherally charged cationic (heavy bonds) and anionic (lighter) rings. (parallel 

projection, 40% probability surfaces).
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Figure 6. 
ORTEP drawing of [H2TMePyP–H2TPPSO3]·5H2O illustrating the cofacial interaction 

between the peripherally charged cationic (heavy bonds) and anionic (lighter) rings. (parallel 

projection, 40% probability surfaces).
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