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Abstract. Twelve new crystalline materials based on zinc-tetra(4-chlorophenyl)polphyrin (8 com- 
pounds) and zinc-tetra(4-fluorophenyl)porphyrin (4 compounds) building blocks have been prepared 
and characterized by X-ray diffraction analysis. Several different modes of guest solvent incorpo- 
ration into the porphyrin lattice, including enclathration (of solvents of low polarity) and complex 
formation (with strong Lewis bases), and of interlnolecular organization have been detected. Unique 
interporphyrin architectures, affected by directional C1-..C1 interactions, characterize most of the 
known solid structures of the chlorosubstituted materials. A small number of the latter, as well as the 
fluorosubstituted derivatives, exhibit interporphyrin arrangements of the type which are commonly 
observed in the clattu-ates of unsubstituted tetraphenylmetalloporphyrins. The pore structure of these 
compounds is affected to a large extent by the nature of the incorporated solvate and, consequently, 
the degree of coordination of the metal center. In crystals of four-coordinate porphyrins the solvent 
guest components are usually incorporated into channel-type cavities formed between columns and 
layers of densely stacked hosts. In five-coordinate and six-coordinate materials the guest sites coin- 
cide with the axial coordination sites of the porphyrin metal atoms. The latter structures reveal a tight 
fit between adjacent layers of the complexed entities, the axial ligands of one layer being incorporated 
into localized interporphyrin cavities of another layer. Dipolar forces play also an important role in 
the interporphyrin organization. 

Key words. Zinc-tetra(4-chlorophenyl)porphyrin, zinc-tetra(4-fluorophenyl)porphyrin, crystalline 
complexes of, aggregation modes of. 
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1. Introduction 

Crystal l ine aggrega t ion  o f  t e t raphenylporphyr in  (TPP) and te t raphenylmeta l lopor-  

phyr in  (M-TPP)  was  found  to be domina t ed  pr imar i ly  by  the molecu la r  shape o f  

these c o m p o u n d s .  The  structural sys temat ics  o f  such materials  has been  e lucidated 
in a series o f  recent  publ icat ions,  reveal ing conserva t ion  o f  the po rphyr in  host  

s tructure in over  200 lattice clathrates based  on the TPP  bui lding b locks  [1-4] .  The  

bulky  and pseudo- r ig id  T P P  f ramework ,  with four  aryl r ings nearly perpendicular  

"~ Author for correspondence. 
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to the porphyrin core, can pack densely only in two dimensions, thus yielding in 
most cases hollow architectures (interporphyrin cavities and channels) in the con- 
densed crystalline state. Correspondingly, crystallization of the TPP materials is 
often associated with incorporation of a 'guest' component into the crystal lattice, 
via either simple enclathration or metal coordination. The resulting solids represent 
a novel type of microporous materials ('porphyrin sponges'), and can be used for 
a variety of applications, such as isolation, separation and controlled release of 
molecular moieties. 

Functionalization of the rigid porphyrin molecular framework with polarized 
aryl groups can be used to develop simple chemical models of self-assembly 
via weak intermolecular forces. In this context, we have indicated recently that 
it is possible to induce specific modes of interporphyrin organization by intro- 
ducing polar sensor groups into the molecular framework [5,6]. For example, 
the tetra-(4-hydroxyphenyl)porphyrin moiety [4(OH)TPP] can form characteristic 
two-dimensional polymeric chains and three-dimensional networks via intermolec- 
ular hydrogen-bond linkages between the peripheral functions. Initial examination 
of crystalline structures based on the tetra(4-chlorophenyl)metalloporphyrin enti- 
ty showed similar modes of intermolecular organization, suggesting that direct 
C1- �9 .C1 interactions, along with dipolar interactions between chlorophenyl groups, 
are also significant in determining the interporphyrin architecture [5]. Effective 
formation of one-dimensional and three-dimensional coordination polymers based 
on metallated tetra(4-pyridyl)porphyrin, and directed by pyridyl-to-metal ligation 
has also been previously demonstrated [6]. 

The current study focuses further on the halogen-substituted tetraphenylmet- 
alloporphyrin building blocks. We report here on the detailed structures of ten 
new materials based on the mononuclear zinc complexes of tetra(4-chlorophenyl) 
porphyrin and tetra(4-fluorophenyl)porphyrin in various stoichiometric combina- 
tions with molecular guest solvents (1-7, 9, 10 and 12), and ellucidate the typical 
interporphyrin aggregation modes and conditions of their occurrence. Crystal data 
for two additional solids with disordered and incompletely refined structures, 8 and 
11, are also indicated. The crystalline compounds referred to in this investigation 
are: 

1 . 2  
2 .1  
3 .1  
4 .1  
5 .1  
6 .1  
7 .1  
8 . 2  

: 1 Zn-4C1TPP : o-chlorotoluene [2C44H24C14N4Zn �9 C7H7C1]; 

: 1 Zn-4C1TPP : guaiacol [C44H24C14N4Zn �9 C 7 H 8 0 2 ] ;  

: 1 Zn-4C1TPP : nitrobenzene [C44H24C14N4Zn �9 C6HsNO2]; 
: 2 Zn-4C1TPP : dimethylsulfoxide [C44Hz4C14N4Zn �9 2C2H6OS] ;  

: 2 Zn-4C1TPP : methyl salicylate [C44H24C14N4Zn �9 2C8H803]; 
:2 Zn-4C1TPP : L-c~-methylbenzylamine [C44H24C14N4Zn �9 2CsHlaN]; 
: 1 Zn-4C1TPP : benzyl alcohol [C44H24C14N4Zn �9 C7H80]; 
: 1 Zn-4C1TPP : ra-dichlorobenzene [2C44Hz4C14N4Zn �9 C6H4C12]; 

9. 1 : 1 Zn-4FTPP : p-xylene [C44H24F4N4Zn �9 CsH10];  

10. 1 : 2 Zn-4FTPP : acetophenone [C44H24F4N4Zn �9 2C8H80]; 
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11. 1:2 Zn-4FTPP : anisole [C44H24F4N4Zn �9 2C7H80]; 
12. Zn-4FTPP [C44H24F4N4Zn]. 
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2. Experimental 

Zn-tetra(4-chlorophenyl)porphyrin [Zn-4C1TPP] and Zn-tetra(4-fluorophenyl) 
porphyrin [Zn-4FTPP] were purchased from Midcentury Chemicals (Posen, Illi- 
nois); standard literature methods for the preparation of the porphyrin compounds 
are given in Ref. [25]. Their various complexes (see above) with other molecu- 
lar species were obtained by recrystallization of the porphyrin derivative from a 
minimum amount of the respective liquid guest component. Crystals of the pure 
fluoro derivative were obtained from o-chlorophenol. Common solvents (such as 
methanol, glacial acetic acid, ethyl acetate) were used in some cases to control 
the solubility of the tetraphenylporphyrin derivative. Suitable crystals for X-ray 
diffraction were prepared in various ways, including slow cooling, solvent dif- 
fusion, and solvent evaporation in the open air for long periods of time (several 
weeks). Some of the crystals had to be covered by an epoxy resin to avoid their 
deterioration during the diffraction experiments. 

The X-ray diffraction experiments were carried out at room temperature on 
an automated CAD4 diffractometer equipped with a graphite monochromator. 
Intensity data were collected by the a~-20 scan mode with a constant speed (either 
2.0 or 4.0 deg/min, according to the diffraction power of the analysed crystal), using 
Mo-K~ radiation (A = 0.7107 A). Three standard reflections from different zones 
of the reciprocal space were measured periodically, with no significant variation. 
No corrections for absorption and secondary extinction effects were applied. The 
crystal data and pertinent details of the experimental conditions are summarized in 
Table I. 

The crystal structures were solved by a combination of direct methods (SHELXS- 
86 [7]). Their refinements were carried out by either a full-matrix or large-block 
least-squares, including the positional and thermal parameters of the non-hydrogen 
atoms. The refinement calculations were based on F 2 (St~LXL-93, [8]). In order 
to maximize the data-to-parameters ratio the phenyl groups were characterized 
by a constrained geometry. The hydrogen atoms were introduced in calculated 
positions, the methyls being treated as rigid groups. In most cases, the refinements 
converged at reasonably low R-values (Table I), allowing a reliable description 
of the atomic parameters and of the intermolecular organization and interaction 
scheme. The final difference electron-density maps of the ten structures (all with 
peaks and troughs of < 0.8 e A -3) showed no indication of incorrectly placed or 
missing atoms. 

Some difficulties experienced in the refinement procedures, similar to those 
typically observed in related studies of composite porphyrin structures [3, 5, 9], are 
detailed below. The intensity distribution in the corresponding diffraction patterns 
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is determined primarily by the spatial arrangement of the large porphyrin moieties. 
The experimental data are often not sensitive enough to reliably detect incom- 
mensurate symmetries (if present) of the porphyrin and the much smaller solvent 
component. It is difficult, therefore, to assess whether the apparent disorder of the 
latter in a number of structures (see below) is genuine, or is an artifact resulting 
from the imposed space symmetry. In fact, a significant disorder of the small- 
er component incorporated into the Zn-4C1TPP lattice is characteristic of many 
of the structural models discussed in this study. In structure 1 molecules of the o- 
chlorotoluene solvent, not coordinated to the metalloporphyrin core, are located on, 
and disordered about, the crystallographic inversion centers in the interporphyrin 
space. In structure 2, one of the uncoordinated guest guaiacol molecules is also 
structurally disordered between two sites. In structure 4 the DMSO guest species, 
which are ligated to the porphyrin metal ions through their oxygen site, exhibit 
a common configurational disorder characterized by the presence of two mirror- 
image structures of the =S(CH3)2 fragment. An interesting feature was observed 
also in structure 5. Molecules of the methylsalicylate guest appear to ligate to the 
zinc ions in a randomly disordered manner, through their hydroxyl group at one 
site and through their carbonyl function (though more weakly) at another site. Each 
such ligand was, therefore, assumed to be present in the crystal in two different 
orientations; the relative occupancy factors of the latter was determined in the 
crystallographic refinement. The refinement calculations of this model converged 
well, but the apparent disorder of the methylsalicylate affected the precision of its 
atomic parameters. Structure 6, which involves a 5-coordinate metalloporphyrin 
species with a chiral guest component (c~-methylbenzylamine), appeared to con- 
tain a significant amount of the R-isomer in addition to the L-isomer. This can 
be attributed to the fact that the commercial reagent used in crystallization was 
not fully resolved and optically pure. The crystallographic refinement indicated a 
disordered arrangement of the Zn ion below and above the porphyrin plane, with a 
distance of about 0.9 A between the two sites, as well as a 'disordered' configura- 
tion of the R-CH(CH3)NH2 fragment (interchange between the H and NH2 sites). 
The ratio between the two inverted configurations was refined to be approximately 
82: 18. These features resemble 'inversion twinning' about the porphyrin center, 
previously observed for another porphyrin structure [10]. Minor disorder of the p- 
xylene guest has also been observed in structure 9. Some of the disordered guests 
referred to above were assigned isotropic temperature factors, and were refined 
with a constrained or restrained geometry, in order to avoid unreliable distortions 
of the covalent parameters. 

Analysis of two additional compounds failed to provide rigorous results. A 
2 : 1 complex of Zn-4C1TPP with ra-dichlorobenzene (8) has been prepared and 
crystallized, but it could not be fully analysed due to the poor quality of the 
diffraction data and a significant guest disorder. Its crystals are triclinic with a = 
9.540(3), b = 14.106(3), c = 16.455(3) A, ~ = 90.19(2),/3 = 91.01(3), and 7 
= 94.21(3) ~ current R = 0.104 for 2815 reflections above the intensity threshold 
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of 2or(I). Similar difficulties were experienced with a 1 : 2 complex of Zn-4FTPP 
with anisole (11): monoclinic, space group P21, a = 11.601(2), b = 8.736(5), 
e = 23.685(4) A, fl = 91.78(1) ~ The refinement calculations of this structure 
converged poorly at R = 0.14 (for 2110 reflections above the intensity threshold) 
due to a major disorder of the anisole guest component. Crystals of both structures 
appeared to contain also molecules of water, but their exact composition could 
not be reliably determined, as crystallographic and thermal analyses provided 
inconsistent results. Still, the porphyrin organization in these structures appears to 
be reasonably well defined. 

Lists of fractional coordinates and thermal parameters of the nonhydrogen 
atoms, atomic coordinates of the hydrogen atoms, as well as of bond lengths and 
bond angles for structures 1-12, along with the atom labeling schemes used, have 
been deposited as supplementary material. 

3. Results and Discussion 

The molecular structures of the various metalloporphyrin molecules do not exhibit 
unusual features. Selected structural parameters involving the metal center and 
its coordination environment in the various compounds are summarized in Table 
II. All Zn--N(pyrrole) bond lengths cluster within 2.0-2.1 A. In five-coordinate 
compounds the distances between the zinc ion and the coordinating atom are 
within 2.1-2.2 A, while in the six-coordinate materials they are near 2.68 A. In 
the square-planar and the square-bipyramidal arrangements the metal lies in the 
plane of the four pyrrole N-atoms; in the five-coordinate structures it deviates by 
0.22-0.36 ,~ from this plane. Since the intramolecular parameters of these species 
have been subjected in the past to extensive experimental as well as theoretical 
investigations, and evaluated with great detail [1, 11], the following discussion will 
be devoted mostly to the description of the intermolecular features in the analysed 
materials. 

3.1. STRUCTURES OF THE Zn(II)-TETRA(4-CHLOROPHENYL)PORPHYRINS 

This group of compounds involves four-, five- and six-coordinate metalloporphyrin 
varieties. Experiments on the crystallization of Zn-4C1TPP from solvents lacking a 
strong Lewis base function leads to the formation of clathrates consisting of four- 
coordinate moieties. On the other hand, interaction with solvents containing either 
hydroxyl, carbonyl, or an amine function yields molecular complexes of five- and 
six-coordinate porphyrin entities. In the latter, the ligating component occupies 
the axial coordination sites of the metal center, above and below the porphyrin 
plane. 

The most common motif of interporphyrin organization is revealed in structures 
2-5. In these solids, the large porphyrin frameworks form characteristic layers, 
within which the interporphyrin arrangement is characterized along one direction 
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Compound 

Zn--N (porphyrin) Zn coordination Zn--axial ligand Zn deviation from 
bond length number, and type distance range the mean plane of 
range (,~) of axial ligands (A) the 4 N-atoms (A) 

1 2.011-2.044(9) 4 - 
2 2.011-2.047(8) 4 - 
3 2.008-2.041(7) 4 - 
4 2.058-2.065(5) 5, O=S 2.123(9) 
5 a 2.009-2.064(12) 6, OH 2.681-2.689(14) 
6 b 2.048-2.100(9) 5, NH2 2.204(10) 
7 2.050-2.068(7) 5, OH 2.188(9) 
9 2.026-2.034(3) 4 - 
10 2.035-2.045(3) 6, O=C 2.682(3) 
12 2.021-2.031(6) 4 - 

0.015, 0.022(4) c 
0.015, 0.035(2) 
0.006, 0.027(4) 
0.322(2) 
0.031(3) 
0.359(2) 
0.222(2) 
0.0 
0.0 
0.0 

aFor guest orientation in which it coordinates to the metal center via the OH function. 
bFor the main component of the twinned structure. 
~ compounds 1-3 there are two porphyrin molecules in the asymmetric unit. 

by apparent C1...C1 interactions between the cis-related chlorophenyl arms of  
adjacent moieties (see below). The interporphyrin cavity formed between the two 
C1. - .C1 contacts is perfectly suited to a favorable occlusion of smaller molecular 
species. Intralayer packing along the other direction is stabilized by electrostatic 
attractions between opposing C--C1 dipoles. The observed architecture is further 
characterized by a tight steric fit between the convex C1. �9 .C1 sites of one row of 
the porphyrins and the concave surface of an adjacent porphyrin row in a lay- 
er (Figure 1). This unique moti f  resembles the structural modes observed in the 
crystals of tetra-(4-hydroxyphenyl)porphyrin [4(OH)TPP] derivatives, in which 
assembly of the porphyrin building blocks is directed by hydrogen-bonding associ- 
ations. Its occurrence suggests that the C1. �9 .C1 interactions also play an important 
role in directing the intermolecutar organization, irrespective of  the type of  stack- 
ing between parallel chains or layers of the porphyrin host. The most frequently 
observed structural motifs of  the layered interporphyrin organization in the crystals 
based on 4C1TPP, 4(OH)TPP and unsubstituted TPP are illustrated in Figure 1. 

Structures 2 and 3 are based on four-coordinate metalloporphyrin units and 
are nearly isomorphous; they are shown in Figures 2 and 3, respectively. In both 
structures the porphyrin layers are stacked in an offset manner. The interporphyrin 
cavities formed in each layer between the two pairs of the C1. �9 -C1 contacts partly 
overlap, joining into a one-dimensional channel along a direction tilted about 30 ~ 
away from the normal to the porphyrin layers. These channels are filled in the crystal 
by the guaiacol (in 2) and nitrobenzene (in 3) guest components. Packing along 
the stacking axis is stabilized mainly by dispersion forces, which are optimized by 
the offset stacked geometry of the overlapping porphyrin layers as well as by the 
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G 

Fig. 1. Comparison of typical modes of the layered interporphyrin organization in 
crystals of (from left to right): (a) tetra(4-chlorophenyl)metalloporphyrin [5], (b) tetra(4- 
hydroxyphenyl)metalloporphyrin [5], and (c) tetraphenylmetalloporphyrin [4]. The label 'G '  
indicates sites of guest/solvent inclusion, representing either one or two small organic enti- 
ties. The dashed lines in (a) and (b) represent C1-- -C1 interactions and OH-- -OH hydrogen 
bonds, respectively. The interaction mode in (c) also involves T-shaped interactions between 
the phenyl tings of neighboring molecules, in which C - - H  bond dipoles of one group are 
oriented toward the negatively charged carbon atoms of an adjacent ring [24]. 

'saddle'-type conformation adopted by the porphyrin core [11 ]. The latter features 
characterize the sterically preferred arrangement of four-coordinate TPP units along 
the normal direction. Structure 3 represents one of the two known polymorphs of the 
Zn-4C1TPP clathrate with nitrobenzene. Another non-centrosymmetric polymorph 
of this compound has been characterized earlier; it represents a uniquely interesting 
example of a polar tubular interporphyrin lattice capable of aligning the dipolar 
guest molecule (nitrobenzene) in a given direction of the crystal bulk [5]. The two 
polymorphs were obtained from the same crystallization mixture. Semi-empirical 
calculations of packing energies, using the program OPEC [12] and suitably modified 
potential functions, have indicated only minor differences of 0.4-0.8 kJ mo1-1 
between the two crystal structures. 

Crystals of the five-coordinate complex of Zn-4C1TPP with DMSO (4) are com- 
posed of flat porphyrin networks of similar type as in the previous examples (Figure 
4). These pair around the centers of the crystallographic inversion. The structure 
consists of 1 : 1 units of the DMSO-porphyrin complex. The DMSO ligand, bound 
through its carbonyl site to the metal center of one layer, at C=O. �9 .Zn of 2.123 A, 
protrudes into the interporphyrin pores of an adjacent layer. The remaining empty 
space within these pores is occupied by a second non-coordinated molecule of the 
small DMSO guest. As in other five-coordinate metalloporphyrin structures, the Zn 
ion deviates (by 0.32 A) from the plane of the planar porphyrin core, towards the 
bound ligand, assuming a square-pyramidal coordination geometry. The interlayer 
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Fig. 2. (Bottom) Stereoview of the intermolecular architecture in 2, showing occlusion of 
the guest entities within well defined intelporphyrin pores. (Top) Edge-on view of the stacked 
layered arrangement of the Zn-4C1TPP building blocks. The arrows indicate the channel zones 
formed between the stacked porphyrin arrays in the lattice which are occupied by the guest 
solvent molecules. 

packing in this structure is further opt imized by an offset displacement  of  adjacent 
layers, so that some of  the perpendicularly aligned phenyl  rings of  one layer  point  
at the concave face of  the five-coordinate porphyr in  core of  another  layer. 
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Fig. 3. Stereoview of the crystal structure of 3, illustrating a typical intermolecular interaction 
scheme for the four-coordinate chloro-substituted porphyrin compounds. 

Compound 5 contains two-dimensional porphyrin arrays very similar to the 
layered motif seen in structures 2-4. In this compound, however, the lattice consists 
of six-coordinate metalloporphyrin complexes in which molecules of the salicylic 
methyl ester occupy the axial coordination sites. In the stacked arrangement of 
these layers the two metal ligating species of one unit of the complex protrude 
into, and effectively fill, the interporphyrin voids of the neighboring layers located 
above and below. The observed structure of the 1:2 complex is significantly 
disordered. The bifunctional ligands can interact with the zinc ion either through 
the carbonyl oxygen site, or through the hydroxyl group. The latter seem to be 
preferred, as indicated by somewhat shorter distances of coordination at Zn. �9 .OH 
= 2.68 and 2.69 A. Accordingly, a twofold disorder of these species was assumed 
in the refinement of the structural model to account for this phenomenon. Figure 
5 illustrates the typical layered porphyrin arrangements, and the two possible 
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Fig. 4. Illustration of the crystal structure of 4, involving five-coordinate metalloporphyrin 
moieties with the DMSO ligand. The two stereoviews show edge-on (top) and face-on (bottom) 
perspectives of the intermolecular organization. Both, the metal-coordinated as well as the 
uncoordinated ligand molecules occluded within the layers between the porphyrin units are 
shown. 
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Fig. 5. The 1 : 2 complex of Zn-4C1TPP with methylsalicylate, 5. (a: left) Illustration of a 
single six-coordinate entity, showing the twofold disorder of the axial ligands. Noticeably, in 
both orientations the latter occupy nearly the same volume above and below the porphyrin core. 
(b: right) A perspective view of the intermolecular arrangement. It includes six six-coordinate 
porphyrin units of one layer, and four guest molecules enclosed within the interporphyrin voids 
which ligate to metalloporphyrin cores of adjacent layers. For clarity, the ligands in (b) are 
shown only in one orientation. 

positions and orientations of the ligands within the available space above and 
below the porphyrin core. 

The average C1- �9 .C1 nonbonding distances between the cis-related chlorophenyl 
arms of adjacent porphyrin moieties in the above structures are: 3.63 ,~ in 2, 3.65 

in 3, 3.90 A in 4 and 3.81 ,~ in 5. The C--C1 bonds involved in these interactions 
approach one another roughly at right angles. These values lie well in the range 
of C1-..C1 distances which are indicative of specific interaction [13, 14]. The 
characteristic geometric patterns with small interporphyrin pores observed for 2-5 
between the interacting C1 atoms, as well as for five other complexes of 4C1TPP 
reported earlier [5], is similar to the basic structural 'chain' motif found in the 
hydrogen-bonded chains of 4(OH)TPP derivatives, but is considerably different 
from that observed in crystals of the unsubstituted TPP compounds (Figure 1 a-c) 
[4, 5]. Their common and dominant appearance in the 4C1TPP materials reflects on 
the importance of these interactions in the crystal structures referred to above. 

The remaining four structures 1 and 6-8 represent different and less common 
modes of crystalline organization of the Zn-4C1TPP moieties. In compound 6 the 
packing of the porphyrin molecules resembles that found most frequently in the 
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lattice clathrates of unsubstituted TPP building blocks. The structure can be best 
described as consisting of chains of tightly packed porphyrins, with a nearly per- 
pendicular arrangement of interacting chlorophenyl groups [C--C1 to ~r(aryl)] of 
adjacent molecules (Figure 6). These chains are stacked stepwise in corrugated 
sheets. The solvent molecules incorporated into the lattice are accommodated in 
channel-type zones which run parallel to the porphyrin planes and are bound- 
ed by four chains of porphyrin molecules. Along the channels they also occupy 
the axial coordination sites of the metalloporphyrin entity. However, in this case 
the chiral nature of  the solvate involved, L-a-methylbenzylamine as the major 
component (see Experimental), prevents formation of a symmetric six-coordinate 
complex containing an inversion center at the metal ion. In fact, careful evalu- 
ation of the experimental data indicates clearly that the basic unit in this com- 
pound is a 1 : 1 five-coordinate porphyrin-solvate entity. The zinc ion deviates by 
0.36 A from the porphyrin plane towards one of the surrounding ligands, and binds 
to its amine group at Zn. �9 .NH2 = 2.204 A. The second molecule of the solvent 
approaches the concave side of the porphyrin core, with its C(sp3)--U bond directed 
towards the porphyrin, filling the empty space in this region. The optimally refined 
structural model derived from the diffraction data indicates that in the analysed 
crystal about 82% of the five-coordinate units of the complex are oriented in one 
direction, and about 18% exhibit an inverted structure (involving the/{-isomer 
of the guest molecule) and point the other way. These observations beautifully 
reflect on the general tendency of the TPP materials to form centrosymmetric or 
pseudo-centrosymmetric intermolecular arrangements, and demonstrate the domi- 
nant effect of molecular shape on the supramolecular organization, particularly in 
the absence of specific directional forces between the porphyrin units. 

Side-packing of the porphyrin chains is considerably tighter in compound 7, 
while preserving the T-shaped interaction mode between the chlorophenyl rings 
of neighboring molecules within the chain. This structure is composed of a five- 
coordinate metalloporphyrin complex unit. It can be also described as containing 
layers of coplanar porphyrin molecules with localized cavities occupied by the 
coordinated ligands. All layers in the crystal are oriented in the same direction. 
Their stacking is such that the metal-coordinated benzyl alcohol ligand (at Zn. �9 .OH 
= 2.188 A) of one layer is inserted into the interporphyrin pores of another layer. 
This key-to-lock type steric complementarity yields an effectively packed crystal 
structure shown in Figure 7. 

Figure 8 shows the intermolecular organization in compound 1, and represents 
a 'herring-bone' type clathrate of four-coordinate 4C1TPP entity. This type of 
arrangement was previously observed in a small number of TPP lattice clathrates 
[4]. The structure is composed of stacks of the porphyrin molecules with the guest 
o-chlorotoluene solvent trapped in between. All stacks extend along the same axis, 
but the molecular planes in adjacent stacks are tilted in opposite directions with 
respect to the stack axis by about +30 ~ or 30 ~ . The incorporated solvent molecules 
are located on, and disordered about, the centers of crystallographic inversion. As 
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Fig. 6. The complex of Zn-4C1TPP with c,-methylbenzylamine 6 (stoichiometric ratio 1:2). 
The two inverted entities (a five-coordinate complex and a non-coordinated guest molecule), 
shown at the top, are present in the crystal in a 82:18 ratio. Two perpendicular views of 
the overall intermolecular organization are illustrated at the bottom; for clarity only one 
configuration is shown. Note the T-shaped interactions between the chlorophenyl rings of 
adjacent molecules (C--CI. - - ~), and the intercalated arrangement of the guest components 
between corrugated sheets of the porphyrin frameworks (see Ref. [4]). 

in  the  p r e v i o u s  cases ,  s t a c k i n g - t y p e  a g g r e g a t i o n  o f  the  f o u r - c o o r d i n a t e  4C1TPP 

m o i e t i e s  i n v o l v e s  a c o n s i d e r a b l e  d i s p l a c e m e n t  o f  ad j acen t  uni ts  f rom a c o m p l e t e  

over l ap .  I t  is a lso  a s s o c i a t e d  wi th  a s ign i f ican t  d e f o r m a t i o n  f rom p l ana r i t y  o f  the  

p o r p h y r i n  core  (wh ich  a s s u m e s  u s u a l l y  the  ' s a d d l e ' - t y p e  fo rm [11]), due  to a 
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Fig. 7. (Bottom) The intermolecular architecture in structure 7, stereoviewed down the normal 
to the porphyrin plane. (Top) An edge-on view of the crystal structure, showing the effective 
key-to-lock type steric complementarity between subsequent layers of the five-coordinate 
entities. 

severe steric hindrance between the aryl substituents on the porphyrin core of the 
overlapping moieties. 

The porphyrin lattice in compound 8 resembles to a significant extent that 
observed in 6 and in 'normal' triclinic tetraphenylporphyrin-based clathrates [4]. It 
contains condensed chain motifs which are characterized by an antiparallel arrange- 
ment of the polarized chlorophenyl groups (Figure 9a). The ra-dichlorobenzene 
guest is accommodated in localized cavities surrounded by the chlorophenyl groups 
of four adjacent porphyrins. 

3.2. STRUCTURES OF THE Zn(II)-TETRA(4-FLUOROPHENYL)PORPHYRINS 

Solid complexes based on the fluorophenyl-substituted porphyrin building blocks 
crystallize with a greater difficulty than the corresponding chloro-derivatives. This 
observation can be attributed primarily to the different nature of nonbonding inter- 
actions between the peripheral groups [ 14, 15]. Direct F. • .F intermolecular contacts 
involve 'hard' end atoms, and are mostly of a repulsive nature. On the other hand, 
the C1---C1 nonbonding interaction between the 'softer' chlorine atoms with an 
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Fig. 8. Two stereoviews of the 'herring-bone' type structure of compound 1. It consists of 
porphyrin stacks composed of four-coordinate entities, with molecules of the o-chlorotoluene 
solvent incorporated in between. 

appropriate directional geometry provides an attractive contribution to the lattice 
stabilization energy. Within the framework of the current study we were able to 
obtain good quality crystals of the solvent free compound Zn(II)-4FTPP, as well 
as of a small number of its clathrates and complexes with different guests. It is 
important to note in this context that sizeable solvent free crystats of either M- 
4C1TPP or M-4(OH)TPP materials could not be obtained thus far. This is most 
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Fig. 9. Illustration of the intermolecular organization (single layer) in (a: left) clathrate 8 
based on four-coordinate Zn-4C1TPP entities, and (b: right) the structure of the six-coordinate 
complex 10 based on Zn-4FTPP units. The porphyrin packing patterns in the two solids are 
similar to those observed in 'normal' and 'expanded' clathrates of unsubstituted tetraphenyl- 
porphyrins [4], The four molecules of acetophenone enclosed between the shown porphyrin 
units in (b) are coordinated in the crystal to the metal centers of adjacent porphyrin layers 
approaching from above and below. 

probably due to the different interaction potential associated with the --C1, - - O H  
and - - F  peripheral substituents, as optimization of specific attractions between the 
polar sensor groups stabilizes the 'hollow' interporphyrin patterns. 

The above argument is best represented by the structural parameters of clathrate 
9. This solid is the only known example based on the Zn-4FTPP units in which the 
overall pattern of the interporphyrin organization resembles that most frequently 
observed for the Zn-4C1TPP materials (Figure 10). As in compounds 2-5, the por- 
phyrin molecules are arranged in offset-stacked layers. The interporphyrin voids 
within each layer are considerably larger in this structure than in the correspond- 
ing chloro-substituted compounds due to the repulsive nature of the C - -  F. �9 .F--C 
interactions between the two pairs of the cis-related fluorophenyl arms of neighbor- 
ing molecules. The direct F- - -F nonbonding contacts between adjacent molecules 
whirl urround the guest component in 9 are 4.1 and 4.2 ~ (Figure 10), as compared 
to the range of 3.6-3.8 A for the corresponding C1. �9 -C1 contacts observed in struc- 
tures 2--5. This is quite a dramatic difference, considering that van der Waals radii 
of covalently bound F and C1 atoms are 1.35 and 1.8 A, respectively [16]. Along 
the other direction of every layer, adjacent porphyrin molecules are arranged more 
effectively, with an antiparallel orientation of the fluorophenyl dipoles at an average 
distance of about 3.4 ,& between the planes. The latter indicates that dipolar forces 
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are important in stabilizing the observed architecture of this structure. The guest p- 
xylene molecules within the large interporphyrin voids exhibit minor orientational 
disorder around the inversion centers at 0, 0.5, 0. Although their positions are close 
to the axial coordination sites above and below the metalloporphyrin framework, 
the p-xylene species interact only weakly with the latter, the porphyrins being thus 
best described as four-coordinate moieties. This crystal structure is characterized 
by a low packing density and is relatively unstable. 

Compound 10 represents a six-coordinate structure with an ideally centrosym- 
metric square-bipyramidal coordination environment around the metal center of the 
porphyrin entity (Figure 9b). The ligating distances to the central ion are Zn- �9 .N 
(porphyrin) 2.035 and 2.045 A, and Zn-..O=C(solvate) = 2.682 ,~, the latter rep- 
resenting weak interaction. The interporphyrin organization in 10 is an 'expanded' 
version of that observed in structure 6. The porphyrin chains in this structure exhibit 
an antiparallel arrangement of nearest-neighbor fluorophenyl groups which opti- 
mizes dipolar association, but lacks the perpendicular C--C1 to phenyl interactions 
between adjacent molecules due to a strongly repulsive nature of such interactions 
with the 'hard' fluorine atoms. Due to the expanded structure of these chains, 
their coplanar aggregation is associated with the creation of large in-plane inter- 
porphyrin voids. The acetophenone ligands approaching from above and below 
from adjacent layers are fully encapsulated in pairs in the latter. This allows an 
effective interlayer approach and a tight packing in a direction perpendicular to the 
porphyrin planes. 

In the monoclinic crystal structure of the anisole complex 11 the sheet structure 
of the porphyrin entities is disrupted by the screw symmetry axis operation, yielding 
instead a 'herring-bone' type array of the porphyrin chains. Lacking a strong 
polar functionality, the anisole species are not coordinated to the metal centers, 
and exhibit a considerable structural disorder in the interphase channels between 
adjacent chains. Similar motifs of 'expanded'  and 'herring-bone' porphyrin patterns 
have also been observed in a number of lattice clathrates of the unsubstituted 
tetraphenylmetalloporphyrins [4]. 

The solvent-free structure of four-coordinate Zn(II)-4FTPP units, 12, is illus- 
trated in Figure 11. It consists of layers of the porphyrin molecules which are 
stacked one on top of the other in an offset manner. In the offset stacked geometry 
each porphyrin core is sandwiched between two pairs of antiparallel fluorophenyl 
arms of adjacent molecules from the layers above and below. Each such pair of the 
substituted aryl groups makes an edge-on approach to a metalloporphyrin core of 
the upper layer and at the same time protrudes into the empty interporphyrin space 
in the lower layer. Optimization of the crystal packing in this structure is thus asso- 
ciated with a significant ruffling/distortion from planarity of the porphyrin core, 
due to the sterically asymmetric environment around the individual molecules. 
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Fig. 10. Illustration of the crystal structure of clathrate 9: (a: top) a single molecular 
layer, and (b: bottom) a stereoview of the overall packing. The layered arrangement of the 
metalloporphyrin molecules shown in (a) is similar to that observed in the Zn- 4C1TPP materials 
2-5. However, the direct F . . . F  contacts between adjacent porphyfins 'a '  (marked by dark 
arrows), are rather larger (4.1-4.2 A), reflecting the repulsive nature of these interactions. The 
average distance between the dipolarly interacting fluorophenyl groups 'b '  is 3.4 A. 
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Fig. 11. Two stereoviews of the crystal smtcture of Zn-4FTPE Note the severe ruffling of 
the metalloporphyrin cores and deformation of tile porphyrin layers in order to optimize a 
condensed intermolecular aggregation in the absence of guest moieties. 

4. Concluding Remarks 

Dipolar forces and weak C1-- .C1 interactions add to dispersion (molecular shape) 
effects in directing the intermolecular architecture of the halogen-substituted M- 
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TPP materials. The experimental difficulties to obtain large crystalline aggregates 
based on the Zn-4FTPP compound, along with the available results, indicate that 
the fluorophenyl groups contribute unfavorably to the lattice stabilization. In the 
absence of specific directional binding interactions between the peripheral func- 
tions, the dominant effect of the molecular shape on crystalline packing is similar 
for these compounds and the unsubstituted TPP derivatives. On the other hand, 
halogen-halogen interactions appear to be important in the chloro-substituted com- 
pounds. The most common motif of intermolecular architecture in the latter is 
a chain-type arrangement in which the porphyrin frameworks interact through 
the cis-related chlorophenyl residues of neighboring moieties, thus creating inter- 
porphyrin enclosures sufficiently large to effectively occlude molecules of small 
organics. This mode of supramolecular organization has been observed in about 
75% of the known structures of the Zn-4C1TPP materials. The control of crystalline 
arrangements by weak interactions of the C1. �9 -C1 and OH. - -OH type, demonstrat- 
ed in this and the preceding studies [Figure la,b; Refs. 5 and 17], has been found 
to be important in the design of nonlinear optical materials [18, 19], solid- state 
reactive materials [13, 14, 19-21], and self-assembling systems [22, 23]. 

The supramolecular hollow architectures of the functionalized-porphyrin mate- 
rials, and their inclusion behaviour, to some extent resemble characteristic features 
of inorganic microporous solids utilized in storage and transport of molecules and 
ions. Several types of crystalline aggregates in which the porphyrin organization in 
pseudorigid two-dimensional and three-dimensional arrays is affected by direction- 
al hydrogen bonding [5, 17], metal-ligand coordination [6] and C1. �9 .C1 interactions 
[5] have been prepared and identified thus far, and more than 50 new materials of 
the three types have been structurally defined. Further characterization of thermo- 
dynamic stability and guest release and exchange dynamics of such systems both 
in crystalline and polycrystalline forms, an important prerequisite for revealing 
structure-property relationships in these materials, is currently in progress. 
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