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22 ABSTRACT: Porous molecular crystals are an emerging class of porous materials that is unique in being built from discrete molecules rather
23 than being polymeric in nature. In this study, we examined the effects of molecular structure of the precursors on the formation of porous
24 solid-state structures with a series of sixteen rigid aromatics. The majority of these precursors possess pyrazole groups capable of hydrogen
25 bonding and a combination of electron-rich aromatics and electron-poor tetrafluorobenzene rings. These precursors were prepared using a
26 combination of Pd- and Cu-catalyzed cross-couplings, careful manipulations of protecting groups on the nitrogen atoms, and solvothermal
27 syntheses. Our study varied the geometry and dimensions of precursors, as well as the presence of groups capable of hydrogen bonding and
28 [n.--n] stacking. Thirteen derivatives were crystallographically characterized, and four of them were found to be porous with surface areas
29 between 259 and 1,159 m” g™'. Common to these four porous structures were: (a) rigid trigonal geometry, (b) [--7] stacking of electron-oor
30 tetrafluorobenzenes with electron-rich pyrazoles or tetrazoles, and (c) hydrogen bonding between the terminal heteroaromatic rings.
31
32
33 INTRODUCTION tions in membranes,'® proton conductivity,'” separations,'® switch-
34 Porous materials," such as zeolites, metal-organic frameworks able porosity,” quartz crystal microbalance sensing,” as well as in
35 (MOFs),” and covalent organic frameworks (COFs),’ have myriads the preparation of porous liquids*' and organic alloys.*
36 of applications in gas storage and separations, catalysis, fuel pro- In 2014, we have reported that the trigonal, extensively fluori-
37 cessing, and other areas. These three established classes of porous nated pyrazole 1 (Figure 1) self-assembles into a solid-state struc-
38 materials are all extended polymeric structures.* Such polymeric ture with large voids.”® This completely organic porous framework
39 nature enhances their stability and robustness, but also makes their has a surface area of 1,159 m’g™" and is held together by a combina-
40 manufacture into films and devices more challenging—since these tion of [N-H--N] hydrogen bonds between the terminal pyrazole
41 materials lack solution- and vapor-phase processability.® In addi- rings24 and [m---n] stacking between the electron-rich pyrazoles and
42 tion, the inaccessibility of solution-phase characterization and pro- the electron-poor tetrafluorobenzene moieties. Crystals of this
43 cessing techniques makes synthetic modifications and mechanistic framework are lightweight, structurally stable up to 280 °C, and
44 investigations quite difficult. resistant to moisture, dilute acids and bases. This material is an
22 Porous molecular crystals® are, in contrast, built from discrete effective adsorbent for hydrocarbons, potent greenhouse gases

molecules that pack in the solid state with large voids. Their porosi- such as chlorofluorocarbons (CFCs) and fluorocarbons, as well as
47 ty can be extrinsic—wherein the pores are a product of crystal pack- fluorinated anesthetics.” Furthermore, its solid-state structure is
jg ing, or intrinsic—which are typically formed from macrocyclic and flexible and responsive to guest binding, suggezséting it can be used
50 cage molecules which already contain a void in their structures.* as a piezochromic sensor for adsorbate binding.
51 Intrinsically porous molecular crystals have been constructed from Discovery of the porous structure of 1 was serendipitous:
55 cages based on boroxine,” imine,® hydrocarbon,’ and benzoin' compound 1 was initially developed as a ligand for fluorinated
53 linkages. Extrinsically porous structures have been studied by the MOFs,” but attempts to coordinate it to a metal failed, yielding
c4 groups of Mastalerz—who used triptycenes'' and other three-fold instead crystals of 1—which revealed themselves as porous. In this
55 symmetric building blocks,"” and Chen'>—who relied on the hy- contribution, we report a systematic dissection of the structure of 1,
56 drogen bonding 2,4-diaminotriazinyl (DAT)" group. Extrinsically which was undertaken with the intention of elucidating the exact
57 porous structures based on guanine tetramers were recently report- elements of its molecular structure responsible for the formation of
=8 ed."” Both classes offer promise of unique solution and vapor-phase porous solid-state structure. The effects of changes in geometry
%9 processability which could open this class of materials to applica- and in hydrogen bonding and [7---7] stacking patterns were exam-
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ined by synthesizing and crystallographically analyzing fifteen de-
rivatives of 1. During the course of this study, three new porous
molecular crystals have been identified.

Figure 1. Rigid aromatic ﬂuonnated tnspyrazole 1 (left) crystahzes in
a porous structure with one-dimensional channels (diameter: 16.5 A)
protruding through a three-dimensional crystal (right). Three neigh-
boring molecules of 1 have been highlighted in red. Element colors for
this and all other crystal structures in this article: C—gray, F—lime,
N—blue, H—white.

RESULTS AND DISCUSSION
Design and Synthesis of Precursors®

The selection of potential candidates for self-assembly into
porous solid-state structures was made with the intention of prob-
ing the effects of changing: (a) the shape and/or the length, (b) the
hydrogen bonding capacity, or (c) the [n--x] stacking affinity of the
three “arms” of 1. Geometry changes were probed first through the
synthesis of linear, bent, and other triangular analogs of 1. Linear
analogs 2-6, whose synthesis is shown in Scheme 1, were designed
with both the hydrogen-bonding pyrazole termini and the 1,2,4,5-
tetrafluorobenzene moieties needed for aromatic stacking; what
varied was their length (2-4), twisting between the aromatic rings
(5), and dynamic nature of the imine connectors (6).

Starting with N-trityl protected iodopyrazole 7,** Pd-
catalyzed (and Cu-promoted) coupling with 1,2,4,5-
tetrafluorobenzene resulted in versatile intermediate 8.** The reac-
tion of 8 with two 1,4-diiodobenzene derivatives generated linear
precursors with three phenyl rings separating the two pyrazole
moieties. Both of these materials were then subjected to a three-
step synthetic sequence: (a) their N-trityl group was removed and
(b) replaced with the thermolabile tert-butyloxycarbonyl (Boc)
group, which was then itself (c) slowly cleaved under solvothermal
conditions (DMF/MeOH/80 °C/24 h)* in the last step of the
sequence, ultimately generating 4 (as cubic crystals) and § (as sea
urchin-like crystals). This three-step sequence of manipulations of
the protecting groups on nitrogen was used at the end of almost all
precursors’ syntheses. It was necessary as the Boc group would have
been cleaved at high temperatures employed in the C-C coupling
steps, and had to be installed at the very end of the synthesis—and
then slowly cleaved to yield single crystalline materials.

Reacting two equivalents of 7 with 1,2,4,5-tetrafluorobenzene,
followed by the same manipulation of N-protecting groups de-
scribed for 4/8, resulted in compound 2, while the application of
the same sequence of steps on 2,2'3,3'5,5'6,6-octafluoro-1,1'-
biphenyl ultimately produced 3. Crystals of 2 and 3 were produced

under solvothermal conditions, by heating the N-Boc protected
precursors in a mixture of DMF and MeOH.

The linear diimine 6 was designed as a potentially self-
assembling precursor to porous molecular crystals, which would
come together through the reaction of perfluorinated terephthal-
dehyde 9 with two equivalents of 3-chloro-1H-pyrazol-4-amine.
Yellow crystals of 6 were formed after heating the two precursors in
EtOH at reflux for 12 h.

Scheme 1. Synthesis of linear precursors 2-6.
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The bent precursors 10 and 11 were synthesized analogously
to their linear counterparts (Scheme 2). Starting with 8, reaction
with 1,3-diiodobenzene was followed by the cleavage of N-trityl
group, installation of the Boc group, and its ultimate solvothermal
cleavage, resulting in 10. The unsymmetrical precursor 11 was
prepared starting from 3-iodobromobenzene, whose more reactive
iodine substituent was first engaged into the reaction with 8 to give
intermediate 12. Compound 12 was then subjected to bromine-
iodine exchange to produce 13, which was reacted with extensively
fluorinated biphenyl precursor 14. A final series of manipulations of
the protecting groups on the pyrazole nitrogens ensued, giving the
bent compound 11. Single crystals of 10 and 11 were produced in
the last solvothermal step, in a fashion analogous to 2—4.
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Scheme 2. Synthesis of bent precursors 10 and 11.
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Trigonal pyrazole precursors 1 and 15 were also synthesized
from 8, by coupling it with 1,3,5-triiodobenzene (en route to 1)
and 1,3,5-triiodo-2,4,6-trimethylbenzene (en route to 15). The
above-described three-step manipulation of functionalities on py-
razole nitrogens yielded 1 and 15 (Scheme 3, top). Compound 16,
characterized by the central 1,3,5-triazine core, was prepared differ-
ently (Scheme 3, bottom): first, fluorinated benzonitrile 17> was
trimerized into 18, which was then coupled with 7 to create the
skeleton of 16. Manipulations of the N-protecting groups produced
single crystals of the free 16 after the final solvothermal step.*

Scheme 3. Synthesis of trigonal pyrazoles 1, 15, and 16.
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Scheme 4. Synthesis of precursors 19 and 20.
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To explore the relative importance of hydrogen bonding and
aromatic stacking interactions in the assembly of porous structures,
we prepared compounds 19 and 20 (Scheme 4). The former was
capable of hydrogen bonding, but not aromatic stacking, while the
latter lacked the terminal groups capable of hydrogen bonding. The
syntheses of 19 and 20 are shown in Scheme 4. A Sonogashira cou-
pling of 7 with trimethylsilylacetylene (TMSA) and the subsequent
cleavage of the silyl group generated terminal alkyne 21. Its three-
fold Sonogashira coupling with 1,3,5-triiodobenzene was followed
by the previously described three-step manipulation of nitrogen-
protecting groups to finally yield the single crystals of 19 after the
solvothermal Boc-group deprotection. Nonpolar 20 was easily
prepared by a double C-H activation of 1,2,4,5-
tetrafluorobenzene: first with iodobenzene to give 22, and then
with 1,3,5-triiodobenzene to yield 20. Single crystals of 20 were
obtained by the slow evaporation of its solution in THF.

Scheme S. Synthesis of tristetrazole 23.
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Scheme 6. Synthesis of elongated trigonal pyrazoles 25-27.

In addition to probing the effects of the removal of hydrogen bond-
ing termini, we also examined the consequences of their change
from pyrazoles to tetrazoles. This was explored through precursor
23, which was synthesized from 17 in a two-step sequence which
begun with a threefold coupling of 17 and 1,3,5-triiodobenzene
and ended with a 1,3-dipolar reaction of the nitrile groups with
azide in the presence of ZnCL, to yield 23 in 20% overall yield
(Scheme 5).”* Single crystals of 23 were grown by the slow evapo-
ration of its solution in a mixture of PhMe and MeOH.

The final group of compounds 25-27 (Scheme 6) involved
elongating each of the trigonal arms of 1. In each of them, the tetra-
fluorobenzene/pyrazole motif was retained, but the two moieties
were separated by an electron-poor (in 25) or electron-rich (in 26
and 27) spacers. The synthesis of 25 and 26 commenced with 7,
which was either arylated into 14 or alkynylated into 28. Both 14
and 28 were then subjected to an identical four-step sequence: (a)
arylation of the fluorinated ring with 1,3,S-triiodobenzene; (b)
cleavage of the N-trityl group; (c) installation of the Boc group, and
finally (d) solvothermal cleavage of the Boc group, to give single
crystals of 25 (from 14, in DMF/MeOH mixture) and 26 (from
28). The largest candidate compound 27 was prepared from
1,2,4,5-tetraflurobenzene, which was arylated to give 29. The bro-
mine functionality of compound 29 was subjected to a Sonogashira

ACS Paragon Plus

N 51% (steps 1-3) NH
coupling with 21, and the resulting product 30 was then reacted
with 1,3,5-triiodobenzene. Standard manipulation of protecting
groups on the nitrogen finally gave 27.

Crystallographic Analysis

Linear Precursors. The crystal structure of 2, shown in Figure 2,
reveals an essentially planar molecule (angles between the planes of
the central and terminal rings are 5.4°). Pyrazoles on each side of
the molecule form catemers: infinite zig-zagging arrays of hydrogen
bonds (N-H--.N distance of 1.88 A,** NHN angle 174°), wherein
each molecule of 2 connects to four other molecules in the solid
state (Figure 2A). Neighboring molecules of 2 are in planes that
define a 54.4 ° angle; overall, the molecule organizes into corrugat-
ed 2D sheets (Figure 2B), which then stack on top of each other,
resulting in an overall structure without observable pores.

Environment
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Figure 2. Crystal structure of compound 2. Hydrogen bonding

pattern organizes the molecules into a corrugated 2D sheet (A),
which then stack (B) to produce the nonporous 3D structure.

Compound 3 is chemically very similar to 2, but its molecular
structure is much more deplanarized (Figure 3A). The two pyra-
zole rings are slightly distorted away from coplanarity with their
tetrafluorobenzene neighbors (by 5.8 and 14.3 °). The largest dis-
tortion, however, is found in the deplanarization of the two 1,2,4,5-
tetrafluorobenzene rings by 56.4 ° relative to each other. Similarly
to 2, each molecule of 3 connects to four of its neighbors via hydro-
gen bonding (N-H...N distances of 1.82 and 1.94 A, NHN angles
of 158 and 170 °, respectively). Just like in the case of 2, stacking of
these corrugated 2D sheets leaves no empty space in three-

dimensional space, resulting in an overall nonporous structure. In
both 2 and 3, [n-n] stacking between pyrazoles and 1,2,4,5-
tetrafluorobenzene moieties in not observable in the solid state.

Figure 3. Crystal structure of compound 3. Severely deplanarized
molecules establish hydrogen bonds with their neighbors (A), re-
sulting in a nonporous overall structure (B).

Crystals of compound 4 diffracted poorly and a satisfactory
crystal structure could not be obtained. Preliminary structure
( Supporting Information, Figure 68) revealed catemers very similar
to those observed for 2 and apparent [n--] stacking between pyra-
zole and tetrafluorobenzene functionalities. Nevertheless, the solid-
state organization of 4 leaves no observable voids.** Nonfluorinated

analogs of 2 and 3 form catemers as well "¢

In the solid-state structure of § (Figure 4A), four out of five
aromatic rings are almost coplanar, with pyrazole/1,2,4,5-

Journal of the American Chemical Society

tetrafluorobenzene angles of 16.5 °. As expected, the central tetra-
methylated benzene ring is distorted from coplanarity with its per-
fluorinated neighbors by 67.2 °. Crystal structure of § stands out as
the only one in the linear series with an incorporated ordered mol-
ecule of solvent, (MeOH). This causes the pyrazole N-H groups
not to hydrogen bond to N atoms from other pyrazoles, but instead
to the O atom of MeOH. Methanol’s O-H group bridges the gap
to the next pyrazole nucleus by establishing a hydrogen bond with
its. N atom. Resulting is an infinite 1D chain of pyra-
zole/MeOH/pyrazoles; parallel packing of these in the solid state
(Figure 4) leaves no noticeable voids.

The crystal structure of the final linear precursor, diimine 6
(Supporting Information, Figure 69) revealed a molecule close to
planarity, with the two imine groups oriented anti to each other.
The hydrogen bonding pattern observed in the solid state structure
of 6 is different from all the previously discussed analogs; pyrazole
N-H group establishes an elongated hydrogen bond with the imine
nitrogen (N-H---N distance of 1.89 A, NHN angle of 159 °), while
the pyrazole nitrogen forms bifurcating short contacts with the C—
H groups of the imine (2.68 A) and pyrazole (2.25 A) in the neigh-
boring molecule of 6. Molecules of 6 also [n--n] stack with each
other (Supporting Information, Figure 69B), with the 3.39 A dis-
tance between the centroid of 1,2,4,5-tetrafluorobenzene ring and
the averaged plane of the pyrazole ring. Nevertheless, the overall
herringbone packing pattern means that 6 also forms a nonporous
3D structure.

Figure 4. Crystal structure of compound S. Infinite hydrogen
bonded chains of alternating molecules of § and MeOH (A) run
parallel to each other in the nonporous 3D structure (B). Oxygen

atoms shown in red.

In summary, none of the five linear precursors we analyzed has
a porous crystal structure. Four out of five compounds had signifi-
cant differences in the patterns of either hydrogen bonding or
[---] stacking relative to prototype 1. However, even compound
4—which showed both hydrogen bonding and [r--x] stacking in
the solid state—was nonporous, suggesting that the linear geome-
try may not be suitable for the formation of porous structures. We
next turned our attention to bent precursors 10 and 11.
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Bent Precursors. The key features of the crystal structure of
bent compound 10 are shown in Figure S. The molecule crystalliz-
es with a disordered molecule of DMF at half occupancy. The
planes of the central benzene and neighboring 1,2,4,5-
tetrafluorobenzene rings define angles of 49.8 °, while the fluorinat-
ed rings reside at a 18.6 ° angle relative to the pyrazole rings. In
spite of resemblance in the molecular structure between 11 and
1—the latter is essentially 1 with one arm removed—their hydro-
gen bonding patterns are quite different. While in 1 a triplet of hy-
drogen bonds between neighboring pyrazoles was observed, in the
solid-state structure of 10 four pyrazoles hydrogen bonded into a
quartet instead (Figure SA), with N-H...N distances of 1.88 A and
1.89 A. There is also some evidence of [n---7] stacking in the crystal
structure of 10 (Figure SB), as reflected by distances between the
plane of the fluorinated ring in one molecule and centroids of both
the fluorinated (3.37 A) and pyrazole (3.34 A) ring in its neighbor-
ing molecule. However, the overall structure is interwoven in a way
that leaves no sizable voids.

We were also successful in growing a single crystal of com-
pound 11 suitable for X-ray diffraction experiments. Initial results
revealed that there are no pores in this crystal structure; therefore,
the experiment was discontinued and full crystal structure of 11
was not obtained.

i

Figure S. Crystal structure of bent precursor 10. A—Four pyrazoles
come together, forming a quartet of hydrogen bonds. B—Interweaving
network seen along the crystallographic b axis.

Trigonal Precursors. After the somewhat disappointing results
we have observed with linear and bent precursors, we turned to
trigonally shaped compounds. Compounds 16, introduced in
Scheme 3, was examined first (despite extensive experimentation,
single crystals of compound 15 could not be obtained). Crystals of
16 were suitable for X-ray diffraction and revealed a structure very
similar to that of 1; the two are shown side-by-side in Figure 6
(panels A-D for 1, and E-H for 16). The two compounds are re-
markably isostructural. Both show twisting between the central
trigonal ring and tetrafluorobenzenes (Figure 6A and 6E; inter-
planar angles of 36.8-49.5 ° in 1 and 32.3-46.0 ° in 16), and tetra-
fluorobenzenes almost coplanar with terminal pyrazoles (inter-
planar angles of 10.1-12.6 °in 1 and 9.8-11.5 ® in 16). Both estab-
lish triplets of hydrogen bonds, shown in Figure 6B and 6F. Both
also form infinite head-to-tail [n.-7t] stacks between tetrafluoro-
benzenes and pyrazoles (Figure 6C and 6G), characterized by the
3.44-3.47 (in 1) and 3.38 (in 16) A distances between pyrazole
centroids and averaged planes of tetrafluorobenzenes. Finally, this
combination of stabilizing intermolecular interations results in

porous networks in both cases (Figure 6D and 6H), with hexagonal
pores of 16.5 and 15.8 A diameters. Such remarkable similarity of
the two structures bodes well for the preparation of porous organic
alloys.”

While similar, 1 and 16 are not the same in all respects: be-
cause of the absence of hydrogen atoms on the central ring in 16,
the rotation of tetrafluorobenzenes around the C-C bonds con-
necting them to the central ring is less encumbered in 16 than in 1.
This feature has important consequences for the emission behavior
of the two molecules. In the solid state, they are both emissive, with
similar Am.x values (1: 382 nm; 16: 371 nm). In dilute DMF solu-
tions, however, their optical properties differ: the more rigid 1 re-
mains emissive while the flexible 16 does not emit. However, the
addition of H;O to the DMF solutions of the latter rigidifies 16 as
well, turning on its aggregation-induced emission (AIE).*

Alkyne-based compound 19 was studied to examine the ef-
fects of the removal of the electron-poor aromatic fragment on the
[m--m] stacking patterns. Its crystal structure (Supporting Infor-
mation, Figure 70A) reveals a slightly bent molecule whose C=C-
C angles ranged from 174.4 to 179.1 °. The three peripheral pyra-
zoles defined angles between 10.5 and 21.0 ° degrees with the
planes of the central benzene ring. Molecules of 19 are similar to
other triangular counterparts in that they also establish triplets of
hydrogen bonds between pyrazoles (Supporting Information, Fig-
ure 70B), with N-H..N distances in the 1.82-1.89 A range. How-
ever, the absence of the [n..1] stacking and the overall flexibility of
these molecules results in the closely packed structure (Supporting
Information, Figure 70C), in which undulating hydrogen bonded
sheets of 19 weave in an offset fashion that leaves essentially no
void spaces (as estimated by CSD Mercury software, with 1.0 A
probe radius).

In compound 20, which was designed to be incapable of hy-
drogen bonding, the three tetrafluorobenzene rings define angles of
44.6, 44.6, and 49.0 ° with the plane of the central benzene ring
(Supporting Information, Figure 71A). The peripheral benzene
rings are, in contrast, almost coplanar with the central one, with
small distortions in the 3.2-7.6 ° range. Two of the three peripheral
benzene rings engage in [m--n] stacking with the tetrafluoroben-
zene, with their centroid being 3.51 A from its averaged plane
(Supporting Information, Figure 71B). However, overall crystal
packing still leaves no voids, as shown in Supporting Information,
Figure 71C.

Tetrazole-based compound 23 crystallizes with one disor-
dered molecule of MeOH per molecule of 23. Collection of suffi-
ciently high quality diffraction data on 23 required the utilization of
synchrotron radiation. Molecules of 23 are again deplanarized, as
shown in Figure 7A; the propeller-like molecules have a threefold
rotation axis, and the torsion angles between the central ring and
three tetrafluorobenzenes are all 53.0 °; corresponding interplanar
angles between tetrafluorobenzenes and tetrazoles are 35.8 °. Each
tetrazole established two hydrogen bonds with its vertical neigh-
bors, with N-H.-..N distances of 1.84 A, resulting in overall stacks of
molecules (Figure 7B). Within those stacks, the planes of central
benzene rings from neighboring molecules are parallel to each oth-
er, and separated by 4.97 A. This relationship seems to be an arte-
fact of crystal packing and not indicative of [n--x] stacking. How-
ever, the arrangement of the twisted tetrafluorobenzene rings in
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Figure 6. Crystal structures of trigonal precursors 1 (A) and 16 (E)
are remarkably similar. They both form triplets of N-H---N hydrogen
bonds between pyrazoles (B and F), and establish [x--x] stacking in-
teractions between electron-rich pyrazoles and electron-poor tetra-
fluorobenzenes (C and G). Ultimately, both organize into porous net-
works with hexagonal pores (D and H).

neighboring molecules, which are parallel, offset, and separated by
3.00 A, is much more likely caused by favorable aromatic stacking.
The vertical stacks organize into parallel arrays, which are again
stabilized by the offset [n---n] stacking of tetrafluorobenzenes from
neighboring stacks, at a distance of 3.23 A, as well as by the poten-
tial [C-H.--x] contact between the hydrogens on the central ben-
zene ring and the pyrazole planes (distance 2.87 A). Overall struc-
ture defines hexagonal pores with a diameter of 11.9 A, which are
filled with partially ordered molecules of MeOH (Figure 7C). The
observation of porosity in 23 suggested that the nature of the ter-
minal hydrogen bonding group can be switched between pyrazoles
and tetrazoles, and that the trimeric hydrogen bonding motif can be
rotated out of plane, effectively morphing into an infinite chain of
hydrogen bonds observed in 23.

Single crystals of 26 and 27 could not be produced, but we
succeeded in growing single crystals of 25, which represents the
largest crystallographically characterized compound in this study.”
The single-crystal X-ray structure of 25 is shown in Figure 8. Three
independent molecules of 2§ are found in the unit cell, and two of
those are connected through the disorder in their fluorinated rings;
Figure 8A shows the only molecule without disorder. Relative to
the plane on the central benzene ring, the three “internal” tetra-
fluorobenzene rings are deplanarized by 42.4-49.8 °. The twisting
is highly pronounced between internal and external tetrafluoroben-
zene rings, with the corresponding angles in the 48.5-49.9 ° range.
However, the external tetrafluorobenzenes and pyrazoles are al-
most coplanar, with interplanar angles in the narrow 4.5 to 12.5 °
range. Every molecule of 25 engages in the triplet of hydrogen
bonds previously observed in the structures of 1, 16, and 19, with
[N-H..N] distances of 1.79, 1.82, and 1.88 A (Figure 8B). The
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unusual structural feature of 2§ is its [x--n] stacking pattern, shown
in Figure 8C. Two molecules of 25 appear to have one of their arms
positioned exactly on top of each other, and following that another
pair of molecules oriented in the opposite direction stacks below
and above them. This parallel “stacking of pairs” appears to go
counter to the electron-poor/electron-rich stacking paradigm, as all
of the “external” tetrafluorobenzenes appear to be stacking with
each other (centroid-plane distance of 3.52 A). Similar stacking of
electron-poor aromatic rings on top of each other had been ob-
served when two fluoroarenes were constrained by binding to the
same metal cluster.” As the molecules from separate pairs are not
parallel to each other, some of this unfavorable character may be
attenuated. Half of the “internal” tetrafluorobenzenes and pyrazoles
also appear to stack with each other (centroid-plane distance of
3.19 and 3.30 A, respectively). These interactions alternate with
favorable stacking of pyrazoles with “internal” tetrafluorobenzenes,
characterized by the centroid—plane distance of 3.70 A. Overall,
this complex stacking pattern works together with hydrogen bond-
ing to generate a network of hexagonal pores (Figure 8D), with a
pore diameter of 26.4 A and void volume comprising 58.1% of unit

cell volume (estimated by CSD Mercury using probe radius of 1.2
A).
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Figure 7. Crystal structure of trigonal compound 23 (A) shows twist-
ing of tetrafluorobenzene rings relative to the plane of the central ben-
zene ring. Molecules of 23 organize into vertical stacks (B) which are
stabilized by hydrogen bonds between tetrazoles, as well as by offset
[--7] stacking of tetrafluorobenzene rings. Overall structure positions
these vertical stacks parallel to each other, leaving hexagonal voids
which are filled with MeOH in the as-synthesized structure (C, MeOH
molecules removed for clarity).

Figure 8. Crystal structure of trigonal 25 (A) reveals significant twist-
ing between the central benzene ring and tetrafluorobenzenes. Triplet
of [N-H--N] hydrogen bonds (B) and unusual pairwise [r--x] stack-
ing (C) hold together the overall structure with large hexagonal chan-
nels (D), viewed along the crystallographic a axis.

Computational Analysis of Co-conformation of 25

Given the somewhat perplexing positioning of the arms of 25
above each other, we turned to computation to track the energetics
of the co-conformations of dimers 25 as its arms slid past each oth-
er. To reduce computational demands, we examined a single arm of
25 through a model compound 31 (Scheme 7, top). Geometry
optimization for a phenyl-perfluorophenyl-perfluorophenyl-
pyrazole (Ph-Ph:-Phs-Py) single-chain model was computed at
B97XD/6-311+G(2d,p) level of theory, and several parallel -
stacked Ph-Phr—Phs-Py dimer models were considered at the
B97D/6-31G(d) level. For the antiparallel z-stacked models
(Scheme 7, top), the phenyl rings located at opposite end of the
two chains were constrained to be co-planar, and the chain axes
along the inter-ring C—C single bonds were fixed at a distance of 3.8
A. All bond distances and bond angles were fixed to the fully opti-
mized single-chain Ph-Phe—Phs-Py geometry, while the inter-ring
dihedral angles were allowed to optimize freely. The relative ener-
gies (AE) for the various m-stacked orientations, in which the R
distance varied from 0 A to 14 A in 0.4 A increments, were comput-
ed at wB97XD/6-311+G(d,p)//B97D/6-31G(d) level of theory
and plotted against R in Scheme 7, bottom. At R = 0 A, the phenyl
(in Chain 1) and pyrazole (in Chain 2) ring centers are aligned
(black dots in Scheme 7, top). Additional energy points were com-
puted, when necessary, to capture details of the potential energy
surface for parallel displacement of the n-stacked dimer model. All
computations were carried out using Gaussian09.”

F FF F
NH
‘E Q O 4 =N Chain 1 axis
; FF F

F

38A
' E F F F (fixed)
" HN
R Q O " - ~Chain 2 axis
distance varies
from 0 to 14 A F F F F
in 0.4 A increments 31
M1 F, F F F M2 F, F F F
NH NH
O < DK<
' '
' F F F F ' F F F F
' F FF F ' F FF F
‘HN ' HN
N PPN
N N

R=13A [ E F F R=31A E E F F

M3 F, F F F M4 F, F F F

R=59A F EF 3 R=9.1A F E F E

Scheme 7. Tllustration of the n-stacked Ph-Phr—Phs-Py dimer of a
model compound 31 (top). Red arrows illustrate the angles that were
computationally allowed to vary. On the bottom, schematic illustra-
tions of the four antiparallel n-stacked Ph—Phr-Phr-Py dimer minima
M1-M4 for model compound 31.

The computed potential energy surface for parallel displace-
ment of the z-stacked Ph-Phr—Phr-Py dimer model reveals four
distinct minima structures (M1, M2, M3, M4, shown in Scheme 7,
bottom) and three higher energy ridge (“peak”) structures P1-P3
(Figure 9). The Cartesian coordinates for M1-M4 and P1-P3 are
included in the Supporting Information. The two lowest energy

ACS Paragon Plus Environment

Page 8 of 29



Page 9 of 29

oNOYTULT D WN =

minima, M1 and M2 (Scheme 7, bottom), are ~1.0 kcal mol™ apart
and both adopt parallel slip-stacked orientations with R distances of
1.3 and 3.1 A. In particular, M2 closely resembles the X-ray crystal
structure of 25 (Figure 8C), wherein the corresponding R separa-
tion is 3.6 A. The next two minima, M3 (5.9 A) and M4 (9.1 A), are
3.2 and 4.3 keal mol™ higher in energy relative to the lowest energy
M1. In M3, each of the pyrazole rings is slip-stacked to the central
C-C single bond between two perfluorophenyl rings (Scheme 7,
bottom). In M4, both of the pyrazole rings are n-stacked to a per-
fluorophenyl ring in a “sandwich-stacked” manner (Scheme 7, bot-
tom). These orientations minimize intermolecular F--.F repulsion
between the m-stacked rings; the closest F--F distances of M1-M4
range from 2.77 to 3.45 A. For comparison, the closest F...F dis-
tances for the ridge structures P1-P3 are much shorter and range
from 2.54 t0 2.85 A.

Calculated energy for the parallel stacking observed in the
crystal structure of 25 is —7.2 kcal mol™ relative to the co-
conformers described in Figure 9. This somewhat surprising stabil-
ity is rationalized by a parallel displacement of perfluoroarene moi-
eties of two adjacent stacks, wherein the partially negative F’s of
one ring are above the electron-deficient fluoroarene ring center of
the other ring (distance of 3.3 A). As a result, this arrangement
benefits from some attractive electrostatic interactions.*
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Figure 9. Computed relative energies (in kcal mol™), at the
wB97XD/6-311+G(d,p)//B97D/6-31G(d) level, for the antiparallel
n-stacked Ph-Phe-Phr-Py dimers vs. the parallel displacement dis-
tance (R, in A) between the centroids of the phenyl ring in Chain 1 and
pyrazole ring in Chain 2.

Thermogravimetric Analysis of 16,23, and 25

Thermogravimetric analysis (TGA, Supporting Information,
Figure 72) of porous crystals of 16, 23, and 2§ was performed in
both air and N in order to determine their thermal stability. Com-
pounds 16 and 25 begin losing weight around 380 °C in both air
and Na. The weight loss of 16 in this initial stage is about 6%, and is
followed by the onset of full decomposition slightly below 500 °C,
as evidenced by the featureless TGA trace. This behavior is very
similar to that of compound 1.”* Beyond 380 °C, decomposition of
25 does not have similarly distinguishable steps. Compound 23, in
contrast, appears less thermally stable, losing 16% of its weight in
the well-defined first stage that begins at ~260 °C; at approx. 280
°C, featureless full decomposition begins in air and—somewhat
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more slowly—in N as well. The initial 16% weight loss could be
attributed to the loss of three (11.6%) or four (15.4%) molecules of
N: from 23, but the immediate onset of further decomposition
prevented experimental verification of this hypothesis.

Porosity Analysis of 16,23, and 25

Finally, gas sorption measurements were performed on 16, 23,
and 28, whose structures were shown to contain large pores. Nitro-
gen adsorption isotherm for 16 (Supporting Information, Figure
73) revealed a Brunauer-Emmett-Teller (BET) surface area of 903
m’ g™ Using non-linear density functional theory (NLDFT) calcu-
lations the pore diameter was estimated to be ~11 A (Supporting
Information, Figure 76). This result is significantly lower than the
~18 A pore diameter measured from the crystal structure, but exist-
ing models may not be well-suited for fluorine-lined pores such as
those of 16 and 1.” The surface area of 16 is smaller than that of 1
(1,159 m* g™'), while the pore diameter appears slightly larger than
measured from the crystal structure (~16 A).

Gas sorption measurements on 23 were performed after acti-
vation by solvent exchange in n-pentane (4 x 24 h) and degassing
of the crystals by heating at 30 °C for 24 h in vacuo. Powder X-ray
diffraction patterns of the activated material were in good agree-
ment with those simulated from single crystal data, indicating that
the activation did not compromise the integrity of the samples.
Compound 23 was exposed to CO: and N; at several temperatures
(195,273,and 298 K for CO;, and 77, 195,273, and 298 K for N);
representative data are shown in Supporting Information, Figure
77. Adsorption of Nz at 195 K is negligible, especially when com-
pared to CO: sorption at the same. This behavior was previously
observed in porous materials with nitrogen-rich functionalities.”
From the type I adsorption isotherm observed for CO», Langmuir
surface area of 23 was calculated to be 283 m® g™, At 195 K, 23
shows moderate selectivity for CO: versus Na: the adsorbed quanti-
ty ratio is 14:1 in mmol g .

Gas sorption within the pores of trigonal 25 was measured af-
ter its crystals were activated by solvent by solvent exchange in
acetone (4 x 24 h) followed by n-pentane (4 x 24 h), and degas-
sing of the crystals by heating at 30 °C for 24 h in vacuo. The crystal
structure of trigonal 25 has several analogous characteristics with
the structure of 1, and its pore size is about 26 A—significantly
bigger than in 1 and in good agreement with NLDFT simulations
(~23 A, Supporting Information, Figure 83). As expected, the BET
surface area of 25 based on nitrogen adsorption isotherm (Support-
ing Information, Figure 80) was determined to be 1,821 m* g,
which is much higher than in 1.

The measured surface areas match quite well with the calcu-
lated values obtained from crystal structure data using Materials
Studio software package. These calculated surface areas are 1,447
m’ g~ for 1, 1,371 m* g"* for 16, 667 m* g”* for 23, and 1,598 m’ g™*
for 285.

CONCLUSIONS

In summary, we have performed one of the most comprehen-
sive examinations of structure/porosity relationships among po-
rous molecular crystals. More than a dozen potential precursors to
porous molecular all-organic crystals were synthesized using a
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combination of Cu and Pd catalysis, protecting group chemistry on
the nitrogen, and solvothermal synthesis. Within the series, geome-
try, length, and the propensity for hydrogen bonding and [n-.-]
stacking were varied. Crystal structures of analyzed precursors re-
veal that hydrogen bonding and [n--x] stacking capabilities are
both required for the formation of a porous structure. Among all
the analyzed precursors, only the trigonal ones showed porous
structures, suggesting that this geometry is required as well.** With-
in this set of restrictions, some modifications are allowed. Hydro-
gen bonding group can be changed from a pyrazole (in 1) to a te-
trazole (in 23). This change shifts the hydrogen bonding pattern
from being in a plane perpendicular to the one dimensional pores,
to running in a direction that is parallel to these 1D pores. The
nature of the central ring can be changed from a 1,3,5-substituted
benzene (in 1) to a 1,3,5-triazene (in 16); the two derivatives are
essentially isostructural but demonstrate important differences in
solution-phase emission. Finally, and perhaps most significantly,
the length of the three arms of 1 can be extended by an insertion of
another 1,2,4,5-tetrafluorinated benzene ring, resulting in geomet-
rically larger pores in 25. Overall, three new porous structures were
identified; their surface areas are moderate. The observed varia-
tions within this series of related compounds also contribute to the
ongoing efforts to predict porosity in discrete molecules.*’

Future work in our labs will explore (a) incorporation of some
of the prepared pyrazole ligands into MOFs, similar to the previ-
ously reported reticulation of 23 into a fluorinated MOF;*™ (b)
behavior of these frameworks under pressure, and (c) the effects of
switching the tetrafluorobenzene group to other electron-poor
connectors. Results of these studies will be reported in due course.
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