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Porphyrinic compounds are of increasing interest to the materials science community, yet little atten-
tion has been paid to crystallographically controlled voids and channels in these materials. We have
conducted an initial survey of the voids and channels in a random subset of 1000 porphyrinic com-
pounds with known crystal structures. From calculations using a rolling-probe subroutine, we have
found that about 5% of these compounds have line-of-sight channels, which differ in their topology
depending on the crystallography. A small but significant number of porphyrinic compounds have
calculated void contents of >25 volume %. We discuss in detail the void and channel characteristics,
including pore-size distribution, of four representative compounds, with technological implications. ©
2019 International Centre for Diffraction Data. [doi:10.1017/S0885715619000770]
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I. INTRODUCTION

Porphyrins have a long and continuing history of scien-
tific investigation, which has been chronicled in various
reviews and compilations, most notably the Handbook of
Porphyrin Science, the latest version of which has been
expanded to include 45 volumes (Kadish et al., 2010-2019).
Much of the literature has to do with porphyrins in solution;
however, increasingly, they have become of interest as func-
tional materials in the solid state as a result of their chemical
versatility and range of properties (Suslick et al., 2000;
Galloni ef al., 2014; Cook et al., 2016, 2017; Jiang and
Sun, 2019). Typically, porphyrins have greater chemical and
thermal stability than many organic materials. Furthermore,
because of their solubilities, for many of these compounds,
it is realistic to think in terms of developing relatively low-cost
solution-processing routes. This is especially relevant for thin-
film applications, including electronic devices which capital-
ize on the relatively flexible nature of organic materials.

The basic chemistry of the porphyrin structure is shown
schematically in Figure 1. The essential features include a
macrocycle comprised of four linked pyrrole heterocycles,
which allows for metalation of the central cavity of the macro-
cycle by deprotonation and bonding to the four internal nitro-
gen atoms. Additionally, a large variety of substituents may be
linked to the carbons at either the 3 or the meso external posi-
tions of the macrocycle. The porphyrin macrocycle is an aro-
matic structure which may be conjugated to other porphyrin
molecules through z-bonding or conjugated to attached aro-
matic substituents, thus giving rise to interesting semiconduct-
ing properties (Jones et al., 1984; Crossley and Burn, 1991;
Jurow et al., 2010). Mononuclear porphyrins exhibit basically
planar structures but are known to undergo structural
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distortions that include twisting, doming, ruffling, and bend-
ing. Poly-porphyrinic compounds can exhibit even greater
structural variations.

In this paper, we consider the crystallography and crystal
chemistry of selected porphyrinic compounds with regard to
their intrinsic micro-porosity. Porosity, which includes the
presence of both closed and open voids (channels), is of
great importance for many applications. By combining poros-
ity with porphyrin properties at the molecular level, the range
of functionalities can be significantly expanded.

Il. METHODS

We have identified over 8000 porphyrinic compounds
with known crystal structures based on an automated search
of the Cambridge Crystal Data Centre (CCDC) organic data-
base (Cambridge Crystallographic Data Centre, 2019), using
as a search criterion, the presence within the structure of the
moiety shown in Figure 1. A systematic study of void topolo-
gies in this group of materials, an important characteristic, has
not been previously completed, as the required software has
only recently become available. As an initial effort in this
direction, we have examined a randomly selected subset of
1000 structures with regard to the presence of voids. For
this subset, void surface geometries and void volume percent-
ages were calculated based on the crystal data using Mercury
4.1.0 (Cambridge Crystallographic Data Centre, 2019) via a
rolling-ball structure probe subroutine in which the contact
surface of the probe with the constituent atoms, defined in
terms of their van der Waals radii, is mapped out. (The pur-
pose of identifying equipment and software packages in this
article is to specify the experimental procedure. Such identifi-
cation does not imply recommendation or endorsement by the
National Institute of Standards and Technology.) For these
preliminary calculations, in which compounds were screened
for relatively high volume % of voids, a probe radius of 1.2 A
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Figure 1. Structure of the porphyrin macrocycle, showing f and meso
substituent bonding sites. Blue = z-bonding network.

[the van der Waals radius of the non-bonded hydrogen atom
(Bondi, 1964)] was used.

More detailed characterizations were carried out for com-
pounds selected from among the high-void-volume percent-
age results. These characterizations were completed using
computational techniques to estimate the gas-accessible pore
volume and porosity, the surface area, and the pore-size distri-
bution (PSD). The geometric techniques chosen (Gelb and
Gubbins, 1999; Frost et al., 2006; Duren et al., 2007;
Palmer et al., 2011) have already been used and described
in other works by some of the present authors (Wong-Ng
et al., 2012, 2013, 2015, 2018, 2019; Nguyen et al., 2019).
The same atomic radii (Bondi, 1964; Rowland and Taylor,
1996) were used for consistency with previous PSD estima-
tions. According to Walton and Snurr (2007), the geometric
estimations of the surface area should approximate experimen-
tal BET measurements. For this and our previous work, the
PSD is based on the concept of the “local pore size,” i.e.,
the local pore size at a particular position is equal to the diam-
eter of the largest sphere that includes that position without
eclipsing the material framework. Then, the PSD of a particu-
lar pore diameter is simply the fraction of the free pore volume
with local pore size equal to the selected diameter. In this def-
inition, the PSD serves to estimate the free volume fraction
belonging to cavities and channels according to the largest
sphere that can fit in each structural feature. In the context
of the present work, PSD estimations can serve to identify
pore space that is not part of LOS channels, especially cavities
that may be present between or in addition to channels.

lll. RESULTS

As noted above, voids are of two basic types, closed and
extended (i.e. channels). Voids which are closed are essen-
tially unavailable for accepting molecules after crystallization,
and may be empty, but also may contain guests incorporated
and trapped at the time of crystallization. On the other hand,
channels can provide continuous pathways into and out of
the interior of the crystal, and are thus of greater interest for
many materials applications. From our calculations on the
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data subset of 1000 structures and the subsequent analysis
of results, we observed that structures with a void content of
more than 5-10 volume % are the most likely to have extended
voids, i.e. continuous channels. This group comprised about
5% of the total. The continuous channels can either have
unimpeded line-of-sight (LOS) character, or they may have
extensive tortuosity which precludes an LOS character. We
have determined whether continuous channels exist, and if
they do, their basic topology, by completing the three-
dimensional (3D) visual examination of each of the
high-void-volume percentage candidates. Space does not per-
mit a discussion of each of the promising compounds.
Consequently, we have selected examples representing the
range of characteristics encountered in compounds with
LOS channels. Selections have been based partially on the
absence of guests or if present, their characterization as part
of the structure. Our examples have been selected from differ-
ent crystal systems to illustrate the influence of crystallography
on the topology of the continuous channels.

The values in Table I are kinetic diameters of common
adsorbate gases, useful for comparison with estimated average
channel diameters. Kinetic diameter expresses the likelihood
that a molecule in gas will collide with another molecule.
Kinetic diameter is related to the mean free path of molecules
in a gas.

A. Cubic (Im-3m) tetracarboxyphenyl porphryin (nickel
Il) zirconium metal-organic framework (PCN-202(Ni)-Zr)
or (BEPVIE)

The data examined from the subset include (1) molecular
compounds in which discrete porphyrin molecules are packed
and held together by weak van der Waals bonds, hydrogen
bonds, or electrostatic interactions, and (2) framework struc-
tures where the porphyrins serve as ionically bonded linkers.
For the molecular structures, compounds with cubic symmetry
are not as common, possibly because of the complexity of effi-
ciently packing porphyrin molecules having sterically hinder-
ing substituents. The packing issue is mitigated in ionically
bonded, porphyrin-linked metal-organic framework structures
(MOFs), where higher symmetry is promoted by the presence
of the symmetrically coordinated metal nodes. The structure
of PCN-202(Ni)-Zr or BEPVIE, classified as an MOF, was
determined by Yuan et al. (2018) (PCN stands for porous
coordination network). Visualization of the compound’s com-
plex structure is facilitated by comparison to that of the sim-
pler, but similar structure of its precursor, PCN-224(Ni),
whose framework is formed by eight 6-connected Zrg cuboc-
tahedral clusters (with terminal H,O/OH groups) positioned at
the corners of a cubic cage, as shown diagrammatically in
Figure 2.

In this precursor, the Zrg clusters are linked diagonally to
one another by nickel-metalated tetrakis(4-carboxyphenyl)
porphyrin at the centers of cube faces. PCN-202(Ni)-Zr is
derived from this structure by adding disordered
4,4'-dicarboxydiphenyl sulfone (DCDPS) as a tritopic linker
which allows insertion of another Zr¢ cluster at the cube cen-
ters. In this configuration, all the Zr¢ clusters are 12-connected
(i.e. connected to other moieties by a total of 12 bonds).
PCN-202(Ni)-Zr thus contains two structurally distinct types
of 12-connected Zrg clusters, as well as disordered DCDPS
linkers, and Ni** centered metalloporphyrin linkers. The
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TABLE 1.

Dimensions of some adsorbate molecules (Breck, 1974; Li and Talu, 1993; Matteucci, et al., 2006; Ismail et al., 2015; Gao et al., 2016).

Name Formula Kinetic diameter (A) Name Formula Kinetic diameter (&)
Helium He 2.60 Krypton Kr 3.60
Ammonia NH; 2.60 Nitrogen N, 3.64
Water H,O 2.65 Carbon monoxide CO 3.76
Neon Ne 2.75 Methane CH, 3.80
Hydrogen H, 2.89 Ethylene C,Hy 3.90
Nitric oxide NO 3.17 Methanol CH;0H 3.95
Hydrogen chloride HClI 3.20 Xenon Xe 3.96
Chlorine Cl, 3.20 Todine I ~4
Acetylene C,H, 3.30 Propane C;3Hg 4.30
Carbon dioxide CO, 3.30 Ethanol C,HsOH 4.50
Nitrous oxide N,O 3.30 Propylene C;3Hg 4.50
Argon Ar 3.40 Sulfur hexafluoride SFs 5.50
Oxygen 0, 3.46 Benzene Cg¢Hg 5.85
Hydrogen bromide HBr 3.50 Carbon tetrachloride CCly 5.90
Bromine Br, 3.50 Cyclohexane CeH/» 6.90
Hydrogen sulfide H,S 3.60

Sulfur dioxide SO, 3.60

Figure 2.  Structure of PCN-224(Ni), precursor to PCN-202(Ni)-Zr. Cyan =
6-connected Zrg clusters, magenta = nickel (Yuan et al., 2018).

resulting structure for PCN-202(Ni)-Zr has a void volume %
of 65.6%. The large void volume % results in a calculated den-
sity of 0.829 g cm ™. The void topology is shown in Figure 3
(a) in an inclined view approximately down [111], where the

%

Figure 3.

(b)

three-fold axis of symmetry at the origin of the unit cell coor-
dinates is evident.

The cubic symmetry results in an interconnected frame-
work of voids extending in three equivalent dimensions
throughout the structure, although as viewed along the
a-axis in LOS cross section (Figure 3(b)), the oval channels
appear somewhat restricted, at ~1.60 A x ~7.35 A. The com-
pound exhibited experimental N, absorption of 600 cm’g ™"
(Yuan et al., 2018), which confirms extensive access to the
interior network of channels. The PSD in BEPVIE, which
gives the relative abundance of various pore sizes, is shown
in Figure 4. It has a strong peak centered at ~15.6 A, reflective
of the large volume which is not LOS. Additionally, the PSD
identifies pores of diameters 4.8, 5.8, and 14 10\, the smaller of
which are part of the LOS channels shown in Figure 3(b). In
this instance, because of the relatively continuous and com-
plex 3D network of internal channels and voids, the LOS
channel cross-sections are not particularly indicative of the
overall void topology. Most of the pores included in this
PSD are not LOS channels, consistent with the fact that this
is a framework structure with large equant or sub-equant inter-
connected internal cavities, rather than channels.

PCN-202(Ni)-Zr was shown to have excellent stability in
aqueous solutions over a wide range of pH, attributed to the

(a) Voids and channels in PCN-202(Ni)-Zr viewed approximately down [111]. Note: in this and subsequent figures, the inside of voids is indicated in

red, the outside in yellow. (b) Voids and channels in PCN-202(Ni)-Zr unit cell viewed down the a-axis.
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Figure 4. Pore-size distribution in BEPVIE. Uncertainty is indicated by error
bars, which correspond to 95% confidence intervals on the mean PSD
computed via jackknife analysis of 10 replicate calculations.

robustness of the Zr-carboxylate bond. It is thought that the
presence of multiple metals favors increased catalytic activity,
as observed in closely related compounds. Crystallographic
data are summarized in Table II. The structure has a relatively
large unit cell volume of 28 351.39 A2 the same as the molec-
ular volume.

B. Rhombohedral (R-3) pyridyldiphenyl zinc porphyrin
(CAYROK)

The structure of the porphyrin CAYROK consists of a
zinc-metalated macrocycle with pyridyl substituents at two
opposing meso positions and phenyl substituents at the two
other meso positions (Deiters et al., 2005). Additionally, the

TABLE II.  Crystal data for PCN-202(Ni)-Zr (Yuan et al., 2018).

Figure 5. Voids and channels in CAYROK unit cell viewed down the c-axis.

Zn** at the center of the macrocycle is apically coordinated
by two more pyridines. Although the basic macrocycle,
including the zinc but excluding the substituents, is essentially
planar, the coordination axis of the apical pyridines is not per-
pendicular to this plane, but rather is tilted at an angle of
~69.9°. This feature produces a molecular packing which
results in a hexagonal network with large LOS hexagonal
channels along ¢, as shown in Figure 5. The void volume,
which includes some smaller closed voids as well, is 18.1%.
The minimum diameter of the star-shaped channels, as viewed
on the LOS cross section along c, is ~4.86 A, and the maxi-
mum diameter (point-to-point of the star) is ~6.65 A. The
pore-size distribution is shown in Figure 6. The large presence
at slightly below 6 A correlates with the average diameter of
the main LOS channels along c. The origin of the other
peaks at lower diameters is not immediately clear from com-
parison with Figure 5; they may represent cavities on the
main channel walls.

Common name
Common acronym
CCDC symbol®
TUPAC name®

PCN-202(Ni)-Zr
BEPVIE

Tetracarboxyphenyl nickel porphyrin zirconium MOF

Pentakis(tetrakis(u-hydroxo)-(tetrakis(u-oxido)-hexa(zirconium(iv))octadecakis(4,4’ ,-(sulfanediyl )dibenzoate hexakis

((5,10,15,20-tetrakis(4-carboxylatephenyl)porphyrinato)-nickel(ii) dodecahydrate

Chemical formula®
Crystal system®
Space group®

Unit cell dimensions®
Molecular volume®

Cubic
Im-3m

28,351.384 A3

Density (calc.)* 0.829 g cm™
Void volume” 65.6%

N, access. porosity® 0.25113(6)
He access. porosity® 0.40235(9)
N, access. volume® 0.32617(8)
He access. volume® 0.5226(1)

N, access. area’ 2342.99(20)

LOS channel cross section
diameter®

1 g-axis: 1.60 A x7.35 A, oval

6(CagHa4N4NiO§ "), 18(C 14Hs06S” "), 5(H405Zr0g™), 12(H,0)

a: 38.418(5) A, b: 38.418 A, ¢: 38.418 Aa: 90.00° B: 90.00° y: 90.0° V: 28351.39 A®

dCambridge Center for Diffraction Data, 2019.

PCalculated using Mercury 4.1.0, from the contact area of 1.2 A radius probe.

Calculated using model of Gelb and Gubbins (1999).

Estimated for 1.2 A probe using Mercury 4.1.0 graphics, Cambridge Centre for Diffraction Data, 2019.
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Figure 6. Pore-size distribution (PSD) in CAYROK, BUPHUP, and
BASLA]J. Uncertainty is indicated by error bars, which correspond to 95%
confidence intervals on the mean PSD computed via jackknife analysis of
10 replicate calculations for each material.

The LOS channel size is experimentally observed to
accommodate disordered methanol or ethanol molecules
with 1/3 occupancy per porphyrin formula unit (Deiters
et al., 2005). Similar results were obtained using cyclohexane
as the solvent. For all three solvents, the solvent-free structure
can be generated reversibly. No interactions with the channel
walls were observed, although the fact that vacuum and heat
must be applied for cyclohexane solvent removal implies
that there may be a significant adsorption energy involved
for this adsorbate. The conclusion is that this porphyrin is a
robust porous material which can stably exist in the presence
or absence of solvent. Crystallographic data are given in
Table II1.

TABLE IIL
2005).

Crystal data for pyridyldiphenyl zinc porphyrin (Deiters et al.,

Figure 7. Channels in BUPHUP unit cell viewed down the c-axis.

C. Tetragonal (P4/nnc) tetramethyl porphyrin nickel
iodide (BUPHUP)

BUPHUP is a porphyrinic compound which exhibits sig-
nificant electrical conductivity. The structure was solved by
Pace et al. (1983). Compositionally, the compound is similar
to the iodine-free version, which differs compositionally in the
lack of iodine; however, the iodine-free compound has a
completely different structure and is non-conducting. In
BUPHUP, the iodine resides in channels in disordered form
as I3 chains parallel with the c-axis. The BUPHUP structure
can be described without the iodine, but with the empty chan-
nels, as shown in Figure 7. The porphyrin molecules are in
intimate contact with the exterior of the channel walls and
are rotated at 45° to one another along the c-axis stacking
direction.

TABLEIV. Crystal data for tetramethyl porphyrin nickel iodide (Pace et al.,
1983).

Common name
CCDC symbol®
TUPAC name®

Chemical formula®
Crystal system®
Space group®

Unit cell
dimensions®
Molecular volume®
Density (calc.)”
Void volume®

N, access. porosity
He access. porosity
N, access. volume®
He access. volume®
N, access. area®
LOS channel cross
section diameter?

c

c

Pyridyldiphenyl zinc porphyrin

CAYROK

catena-((u3-5,15-bis
(4-Pyridyl)-10,20-diphenylporphyrin)-zinc)
(C4oH26N6Zn),

Rhombohedral

R-3

a: 33.073(<1) A, b: 33.073(<1) A, ¢: 9.292(<1) Aa:
90.00°, : 90.00°, y: 120.0°, V: 8802.422 A3
978.047 A3

1.155g em™

18.1%

0.01425(2)

0.066286(4)

0.012342(2) cm® g~!

0.057409(4) cm® g 7!

380.02(14) m* g~

Lc-axis: 4.86 A (minimum), 6.65 A (maximum),
star-shaped

Common name
CCDC symbol®
TUPAC name®
Chemical formula®
Crystal system®
Space group®

Unit cell
dimensions®
Molecular volume®
Density (calc.)”
Void volume®

N, access. porosity®
He access. porosity®
N, access. volume®
He access. volume®
N, access. area®
LOS channel cross
section diameter®

Tetramethyl porphyrin nickel iodide

BUPHUP
(5,10,15,20-tetramethylporphyrinato)-nickel(ii) iodide
CogHagNyNi*, I~

Tetragonal

P4/nnc

a: 16.610(15) A, b: 16.610(15) A, ¢: 6.932(7) Aaz:
90.00°, 8: 90.00°, y: 90.0°, V: 1912.484 A3

478.121 A®

191 gcem™
11.0%
0.00490(1)
0.03705(1)
0.00333(1) cm® g~

0.02521(1) em® g~

147.1001) m* g~!

L a-axis: 3.88 A, roughly circular

a~dRefer to Table II.
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Figure 8. Schematic structural diagram of BASLAJ (Cambridge Center for
Crystal Data, 2019).

The BUPHUP structure has a calculated void content of
11 volume %. In this structure, the Ni-metalated macrocycles
are stacked over one another such that the Ni-Ni distance is
3.466 A, considerably less than in the iodine-free version
(5.648 A) (Pace et al., 1983). The macrocycles are not planar
but rather have a saddle shape. The shortened stacking dis-
tance allows for n—z interaction, making one-dimensional
(1D) conductivity along the c-axis possible, in conjunction
with the /3 counterions in the adjacent channels. The average
room-temperature electrical conductivity along the c-axis was
measured as 110 Q 'em™'. At temperatures above ~115 K,
where the maximum conductivity occurs, BUPHUP exhibits

Figure 9. (a) Channels in BASLAJ viewed down the g-axis. (b) Channels in BASLAJ viewed down the b-axis. (¢) Channels in BASLAJ viewed down the c-axis.
(d) Channels in BASLAJ viewed down [011]. (¢) Channels in BASLAJ viewed from an inclined perspective.
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TABLE V. Crystal data for phthalocyanine-octaethyl porphyrin neodymium (Bian et al., 2003).

Common name
CCDC symbol®
IUPAC name?
Chemical formula®
Crystal system®
Space group®

Unit cell dimensions®

BASRAJ

CgqHgsNoNd
Orthorhombic
Pnma

Molecular volume® 2069.630 A3
Density (calculated)® 1.115gcm™
Void volume” 25.7%

N, access. porosity® 0.02533(2)
He access. porosity® 0.10481(6)

N, access. volume®

He access. volume®

N, access. area®

LOS channel crosssection diameter®

Phthalocyanine-octaethyl porphyrin neodymium

(2,3-Naphthalocyaninato)-(2,3,7,8,12,13,17,18-octaethylporphyrinato)-neodymium(iii)

a: 28.618(8) A, b: 26.329(8) A, ¢: 10.987(3) Aa: 90.00°, B: 90.00°, y: 90.00°, V: 8278.521 A3

0.02278(2) cm® g~

0.09426(6) cm® g~

726.6427) m* g~ !

1 c-axis: 3.80 Ax 6.58 A, ovalL [011]: 2.86 A x2.99 A, tear-drop

adRefer to Table II.

metallic conductivity. The LOS channels along ¢ have an
approximately circular cross section with an average diameter
of ~3.88 A. The PSD, given in Figure 6, shows a strong peak
at slightly above 5 A. This correlates approximately with the
main LOS channel and reflects the fact that the apparent
LOS diameter is smaller than the undulations in the channel
which are blocked from view in the LOS projection. As for
CAYROK, the smaller pores indicated in the PSD are likely
side pockets or cavities not part of the LOS channels.
Whether the structure can exist as such without iodine is not
known. Crystallographic properties are given in Table IV.

D. Orthorhombic (Pnma) naphthalocyanine-octaethyl
porphyrin neodymium (BASLAJ)

Bian et al. (2003) determined the structure of a
naphthalocyanine-octaethyl porphyrin, BASLAJ, in which
the inner nitrogens of two parallel macrocycles are bonded
to a central 8-coordinated neodymium atom, to form a sand-
wich motif, as shown diagrammatically in Figure 8. The two
constituent macrocycles, one a phthalocyanine, the other a
porphyrin, are closely related structurally and composition-
ally. The sandwiches pack together to form an orthorhombic
molecular structure with a void content of 25.4 volume %.

The topology of the LOS channels formed by the packing
differs as a function of crystallographic direction, due to the
orthorhombic crystal symmetry. The length of the c-axis
unit cell parameter is less than half of the a-axis and b-axis
parameters; the latter are nearly equal. As viewed along the
a-axis, there are no LOS channels observed (Figure 9(a)),
rather the view is of the outer surface of a stack of two-
dimensional (2D) sheets formed by grids of intersecting
LOS channels perpendicular to this axis. The topology is evi-
dent in Figure 9(b), as viewed down the b-axis, where a lon-
gitudinal section of the LOS channels extending along c is
illustrated. As viewed perpendicular to the c-axis (Figure 9
(c)), the oval cross section of one set of the intersecting
LOS channels is apparent, with projected LOS dimensions
of ~3.80 A by ~6.58 A. The other set of intersecting LOS
channels is visible if a section is taken perpendicular to
[011], as in Figure 9(d); the cross section in this view indicates
a tear-drop shape with dimensions of ~2.86 A by ~2.99 A.
The roughly planar nature of the stacked channel grids is
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clear in the inclined unit cell view of Figure 9(e). The PSD
of BASLAJ, shown in Figure 6, indicates a predominant
pore at 5.2 A, which correlates with the LOS projection.
The absence of other significant pores indicates that the free
volume is dominated by channels, as suggested by the graph-
ical representations in Figure 9. Crystallographic properties
for BASLAJ are given in Table V.

Bian et al. (2003) were also able to study the crystallogra-
phy of the lanthanide analogs (La, Pr, Tb, Dy, Ho, Er, Tm, Yb)
and determined that all have the same crystallography as the
Nd variant, thus suggesting the possibility of tuning optical
and electronic properties by varying the rare earth composi-
tion. This could be useful for developing sensors which
require the availability of open channels.

IV. DISCUSSION

The examples provided have diverse crystallographic
structures, as illustrated by their calculated powder X-ray dif-
fraction patterns (Figures 10(a)-10(d)). CAYROK, BUPHUP,
and BASLAIJ have a single strong line at 5°-7° two-theta, in
accordance with their uniaxial or near-uniaxial (BASLAJ)
character. The examples demonstrate that molecular porphy-
rins (e.g. BASLAJ), as well as porphyrinic MOF frameworks
(e.g. BEPVIE), can have large porosities. Of particular interest
are the channels in both types of structures. The close proxim-
ity of the metalated macrocycles to the channel walls creates
the potential for a variety of host—guest interactions, such as
the potential catalytic activity of BEPVIE and the electrical
conductivity of BUPHUP. The open nature of the structures,
enhanced by the presence of LOS channels, offers the oppor-
tunity for solid/gas and solid/liquid interactions of many
types.

The entry and exit of adsorbates are central to applica-
tions, such as membranes, filters, sensors, molecular storage,
ionic conduction, catalysis, and single-crystal-to-single-crys-
tal guest exchange. In this regard, the reversible adsorbate
phenomena observed in CAYROK warrants further discus-
sion. By comparison of molecular diameters given in
Table I with calculated channel diameters in Tables II-V, it
is clear that larger adsorbates may be restricted in their move-
ment in BEPVIE and BUPHUB. As confirmed by experimen-
tal observations (Deiters et al., 2005), CAYROK, which has
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Figure 10. Calculated powder X-ray diffraction patterns for (a) BEPVIE,
completed using Mercury 4.1.0.

LOS channels of ~4.86-~6.65 A diameter, readily accepts
methanol (3.95 A), and ethanol (4.50 A). Cyclohexane
(6.90 A) required 7x longer times, and a higher temperature
of 50 °C, rather than room temperature, for the absorption/
desorption process to fully occur. Since the channels are star-
shaped, with a minimum effective circular diameter of ~4.86
A, it is important to consider how the cyclohexane can enter,
an issue not addressed by the original authors (Deiters et al.,
2005). An explanation can be derived by considering the
shape and dynamic behavior of cyclohexane. The shape of
the cyclic molecule is shown in side view in Figure 11,
where it is clear in this orientation that the thickness is less
than the length. Thus, the channel could be entered by the
molecule in a sideways manner to take advantage of the max-
imum channel dimension of ~6.65 10\, with the equatorial
hydrogens at the tips of the stars. The limiting molecular diam-
eters are gradational in terms of electron density, and possibly
channel-wall/molecule surface interaction could reduce the

Figure 11. Cyclohexane, C¢H;,. Red =apical hydrogens, blue = equatorial
hydrogens.
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CAYROK, (c) BUPHUP, (d) BASLAJ. CuKa radiation. Calculations were

effective molecular diameter by a small amount, further facil-
itating entry. Also, the cyclohexane molecule is unstable in the
perfectly planar state but rather exists in a dynamic state, rap-
idly alternating between four different bent ring conformations
(Nelson and Brammer, 2011). Such motions could intermit-
tently produce geometries favorable for entry. It is known
that for pore diameters less than ~10 A, diffusivity can change
by several orders of magnitude because of relatively minor
changes in the structure of the diffusing molecule (e.g. cis-
versus trans-) or to minor changes in the channel diameter
(Weisz, 1973).

Our focus has been mainly on LOS channels, as their
diameter can be easily calculated and measured in cross sec-
tion, and the migration of molecules through them is relatively
straight forward. Other continuous, non-LOS channels can
also accept absorbates, but the effect of tortuosity must be con-
sidered. In this case, dynamic interaction with wall curvatures
and irregularities could have a large effect on the kinetics of
motion along the channel. While the effect of tortuosity is
important, we do not at present have an effective way of mea-
suring tortuosity crystallographically.

V. CONCLUSIONS

We have completed calculations of voids in a randomly
selected sample of 1000 of the ~8400 reported porphyrinic
crystal structures in the CCDC organic database. Based on
our calculations, several compounds have >25% void volume
(for comparison, most simple salts and simple organics have
negligible porosity). About 5% of the porphyrinic compounds
have LOS continuous channels. Such materials have the
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potential for advanced functional applications by utilizing the
local molecular semiconducting properties of the porphyrin
macrocycle in combination with the introduction of adsorbates
having useful properties. From our random sample, we have
highlighted four high-void-percentage examples with differ-
ent crystallography and presented their detailed characteriza-
tions with respect to channel topology and pore-size
distribution. Void topologies resulting from LOS channels
with 1D, 2D, and 3D configurations were illustrated. Among
these examples, we have noted possibilities for multi-metal
catalysis, electrical conductivity, sensor applications, and
selective adsorption/desorption. Further research on voids
and channels in porphyrinic materials appears to be a promis-
ing avenue for future investigations.
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