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CONSPECTUS

P orous coordination networks are materials that maintain their crystal Crveain
structure as molecular “guests” enter and exit their pores. They are of

great research interest with applications in areas such as catalysis, gas
adsorption, proton conductivity, and drug release. As with zeolite prepara-
tion, the Kinetic states in coordination network preparation play a crucial
role in determining the final products. Controlling the kinetic state during ~ ———=

self-assembly of coordination networks is a fundamental aspect of devel- Tosem s
oping further functionalization of this class of materials. However, unlike for ’ Reaction Coordinate ’
zeolites, there are few structural studies reporting the kinetic products made

during self-assembly of coordination networks. Synthetic routes that produce the necessary selectivity are complex.

The structural knowledge obtained from X-ray crystallography has been crucial for developing rational strategies for design of
organic—inorganic hybrid networks. However, despite the explosive progress in the solid-state study of coordination networks
during the last 15 years, researchers still do not understand many chemical reaction processes because of the difficulties in growing
single crystals suitable for X-ray diffraction: Fast precipitation can lead to kinetic (metastable) products, but in microcrystalline
form, unsuitable for single crystal X-ray analysis. X-ray powder diffraction (XRPD) routinely is used to check phase purity,
crystallinity, and to monitor the stability of frameworks upon guest removal/inclusion under various conditions, but rarely is used
for structure elucidation. Recent advances in structure determination of microcrystalline solids from ab initio XRPD have allowed
three-dimensional structure determination when single crystals are not available. Thus, ab initio XRPD structure determination is
becoming a powerful method for structure determination of microcrystalline solids, including porous coordination networks.
Because of the great interest across scentific disciplines in coordination networks, especially porous coordination networks, the
ability to determine crystal structures when the crystals are not suitable for single crystal X-ray analysis is of paramount
importance.

In this Account, we report the potential of kinetic control to synthesize new coordination networks and we describe ab initio
XRPD structure determination to characterize these networks' crystal structures. We describe our recent work on selective instant
synthesis to yield kinetically controlled porous coordination networks. We demonstrate that instant synthesis can selectively
produce metastable networks that are not possible to synthesize by conventional solution chemistry. Using Kinetic products, we
provide mechanistic insights into thermally induced (573—723 K) (i.e,, annealing method) structural transformations in porous
coordination networks as well as examples of guest exchange/inclusion reactions. Finally, we describe a memory effect that allows
the transfer of structural information from kinetic precursor structures to thermally stable structures through amorphous
intermediate phases.

We believe that ab initio XRPD structure determination will soon be used to investigate chemical processes that lead
intrinsically to microcrystalline solids, which up to now have not been fully understood due to the unavailability of single crystals.
For example, only recently have researchers used single-crystal X-ray diffraction to elucidate crystal-to-crystal chemical reactions
taking place in the crystalline scaffold of coordination networks. The potential of ab initio X-ray powder diffraction analysis goes
beyond single-crystal-to-single-crystal processes, potentially allowing members of this field to study intriguing in situ reactions,
such as reactions within pores.
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Introduction

Porous coordination networks have emerged as one of
the key materials in the 21st century because of the
high designability and the simple preparation methods.
Thanks to the hybrid nature of their building blocks (metal
ions and organic ligands),' ~® porous coordination networks
have been used in areas such as gas adsorption,” '°
catalysis,'' '3 proton conductivity,'*~'® and drug release.
Porous coordination networks are usually synthesized
in “one-pot” reactions with slow crystallization methods
like layer diffusion or solvothermal synthesis. The self-
assembled building blocks tend to produce thermally
stable crystals suitable for single crystal X-ray diffraction.
Unlike zeolites, coordination networks often display
flexibility as well as rigidity,’®2° which have enhanced
dramatically their potential applications. Metastable pro-
ducts often as intermediates are, on the other hand,
produced as a result of Kinetic reactions and are of funda-
mental importance in many processes involving organic,’
inorganic,>* and biological systems.>®> Thus, the ability
to control the synthesis and the structural characteriza-
tion of metastable products is important to create new
materials.

Single crystal X-ray analysis is the most reliable tech-
nique to determine the structure of crystalline porous
coordination networks. However, one of the limitations
of single crystal X-ray analysis is that rather often single
crystals of suitable size and crystallinity cannot be ob-
tained. Unfortunately, fast crystallization methods tend to
form kinetic microcrystals and therefore their structural
characterization has to be carried out using ab initio X-ray
powder diffraction. Structure determination of microcrys-
talline coordination networks is considerably more chal-
lenging than single crystal analysis. Porous coordination
networks tend to have large unit cells and often low
symmetry that contribute to severe peak overlap, ham-
pering unit cell determination, the most crucial step in
structure determination. However, despite its complexity,
crystal structures that were not accessible from single
crystal X-ray diffraction have been studied using X-ray
powder diffraction analysis.>*~3°

This Account describes our work in which we have been
exploiting the potential of Kinetic control and ab initio
XRPD to study chemical processes in porous coordination
networks. We describe the selective instant synthesis of
Kinetically controlled porous coordination networks, and
structural transformations as well as high temperature

17,18
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solid-state reactions by using microcrystalline solids and
guest exchange/inclusion reactions.

Coordination Networks and X-ray Powder
Diffraction

There are several algorithms that allow ab initio structure
determination, but it is out of the scope of this Account to go
into detailed description.®’ However, we want to mention
some approaches that various groups have adopted to solve
crystal structures of microcrystalline porous coordination
networks that are different from the one we have used.
Mellot-Draznieks et al. and Férey et al. in 2005 reported a
chromium teraphthalate-based porous coordination net-
work (MIL-101) with a giant unit cell (V = 702000 A3) and
extra large pores (Figure 1a).?*2° Structure solution was
carried out using computer simulation by employing the
global optimization AASBU (Automated Assembly of Sec-
ondary Building Units) method which explores combina-
tions of inorganic clusters with organic ligands that form
3D periodic lattices. From the frameworks obtained, a XRPD
pattern is simulated and compared with the experimental
one until a good match is obtained. Then the structure was
refined by the Rietveld method and guest molecules located
from Fourier difference maps. Kitagawa et al. reported the
adsorption of C;H, in a microporous coordination network
using synchrotron X-ray data and MEM (Maximum Entropy
Minimization) analysis (Figure 1b).?” The MEM analysis
allowed computing the guest electron density map, revealing
the precise host—guest interaction. Guest C;H, molecules are
oriented in the channel toward the two noncoordinated
oxygen atoms on the pore wall by hydrogen bonding
(2.2 A), allowing a dense packing of C;H,. Yaghi et al.
recently reported a series of conductive isoreticular coordi-
nation networks with tunable pore size using the newly
developed charge-flipping algorithm (Figure 10).28%° The
good crystallinity of the networks allowed indexing of the
unit cell and space group assignment. The structures were
corroborated by successful Rietveld refinement.

Ab Initio X-ray Powder Diffraction in Porous
Coordination Networks: Instant Synthesis
Method

Kinetic control in the synthesis of porous coordination net-
works is potentially very important, as it allows the forma-
tion of structures that usually are not “isolated” by slow
crystallization. Kinetic metastable products tend to transform
toward more stable structures. In general, thermodynamic
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FIGURE 1. Examples of crystal structures of coordination networks solved by ab initio X-ray powder diffraction.
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FIGURE 2. Reaction pathway in instant synthesis and slow crystallization methods.

products are formed by slow complexation and can be
characterized by single crystal X-ray analysis, while Kinetic
products yield microcrystalline powders and rarely can be
solved by the single crystal method (Figure 2). Obtaining a
pure phase by slow complexation is not straightforward, as
often mixed products precipitate. Therefore, we developed the
instant synthesis (i.e., a 30 s time frame crystallization period)
method which is a simple process enabling the selective
formation of homogeneous products in which a metal solution
is added instantaneously to a vigorously stirred ligand satu-
rated solution. As a result, a microcrystalline product (kinetic) is
obtained immediately whose structure is different from that
obtained by slower crystallization techniques such as layering
diffusion or solvothermal methods (thermodynamic) (Figure 2).
In some cases where the pores are large and filled with solvent,

due to high flexibility of porous coordination networks, grind-
ing of single crystals usually tends to amorphization or poor
crystallinity. Thus, the instant synthesis can be regarded as
selective crystallization method.

Fast addition of a methanol solution of ZnX5 (Where X =1,
Br, Cl) into a vigorously stirred nitrobenzene/methanol solu-
tion of 2,4,6-tris(4-pyridyl)triazine (TPT) resulted in crystals
with similar shape and average particle size of ca. 10 um
within 30 s. Elemental analyses indicated the composition
[(ZnX5)s(TPT)5]- 5(solvent) (solvent = CgHsNO5-H5,0) 1-3
(Figure 3).

Crystal structures of 1 and 2 were successfully solved by
ab initio synchrotron XRPD despite having large unit cell
volumes (over 15 000 A3).32 Synchrotron XRPD pattern was
indexed to give a monodlinic unit cell with good figures of
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merit followed by profile refinement using the Pawley
method. Structure solution was performed by the simulated
annealing method (i.e., global optimization method) imple-
mented in the DASH computer program33 followed by
Rietveld refinement using RIETAN-FP program.3* Rietveld

(a)
N Znl, [(Znlz)3(TPT)z],e(solvent)

[ _— ™)
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Methanol ———* [(ZnBry)3(TPT)2] e (solvent)
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FIGURE 3. (a) Instant synthesis of isostructural porous coordination
networks 1-3. (b) View of the microcrystalline powder of 2 (at bottom of
round-bottom flask) obtained after the instant synthesis method and ()
SEM image of the powder.
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refinement (Figure 4) confirmed the good agreement be-
tween the experimental and simulated XRPD patterns.

Networks 1—3 are described as a 10,3-b type network,>>
show interpenetration, and have large channels containing
nitrobenzene. The channels are interconnected in two direc-
tions to yield a 2D channel network with a free volume
amounting to ca. 50% of the unit cell volume (Figure 4). Due
to the large solvent content in the crystal structure, the
channels are like small reactor vessels, a concept that has
been recently referred as crystalline molecular flask.>®

To prove that the instant synthesis method selectively
produces only one product, a slow crystallization method
was set up by layered solution with the same stoichiometric
ratio of starting reagents for 2. After 1 week (vide infra)
(Figure 5b), needle crystals [(ZnBr,)s(TPT),]- 6(C¢HsNO,) (4)
were collected (75% yield). The thermodynamic product
(Fdd2) belongs also to the 10,3-b type network without
interpenetration and forms large 1D pores (ca. 25 A) includ-
ing nitrobenzene (Figure 5¢). Network 4 is extremely flexible.
In a guest exchange reaction, the original nitrobenzene
molecules in 4 were replaced by TTF and cyclohexane in a
single-crystal-to-single-crystal (SCSC) process. The frame-
work suffered a considerable deformation following a unit

Void Volume 50 %

FIGURE 4. (a) Rietveld refinement of 2. Experimental (red), calculated (pale blue), and difference (dark blue) X-ray powder diffraction profile. (b)
Rietveld crystal structures of 2 viewed along the b-axis. Nitrobenzene is shown in green. Void volume (1.4 A probe radius) of the framework showing
the dimensions and the shape of the accessible voids: view (c) along the 101 direction and (d) along the b-axis.
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FIGURE 5. (a) Synthesis of thermodynamic crystals 4 obtained by layering diffusion of ZnBr, (methanol) onto a TPT (nitrobenzene) solution. (b)
Needlelike single crystals of 4 grown in a vessel over 1 week. (¢) Crystal structure of 4 (d) deformation in the framework in 4 caused by the inclusion of

TTF (4-TTF) molecules following a SCSC reaction.

cell volume reduction of ca. 1759 A3 with a shortening of the
a-axis from 49.547 to 43.973 A while keeping crystallinity
(Figure 5d). The same type of crystals are obtained when
ZnCl5 (5) is used instead of ZnBrs-.

Using the instant synthesis method, larger and more
complex porous coordination networks could be obtained
by adding a large templating molecule (triphenylene).?” A
new microcrystalline powder was prepared by fast addition
of a methanol solution of ZnBr, into a vigorously stirred
nitrobenzene/methanol solution of TPT and triphenylene
(Tr). Within 30 s, a yellow powder precipitated and then
isolated in 60% yield by filtration (Figure 6). Elemental
analysis indicated that the compound [(ZnBr,)s(TPT),(Tr)] -
(solvents) (6) was obtained.

The agreement between experimental and calculated
diffraction patterns in the Rietveld refinement plot indicates
correctness of the structure despite the large unit cell volume
(ca. 17 000 A3). In 6, triphenylene molecules are intercalated
between TPT ligands templating the formation of the net-
work while nitrobenzene fills the pores. The structure has two
different pores and infinite alternation of TPT-Tr molecules
along b-axis (A and B, in Figure 7). Pore A is roughly cylindrical
and is mainly surrounded by the hydrogen atoms of stacked

triphenylene. Pore B is trigonal prismatic surrounded by three
walls: two of them are n-faces of ligand TPT, and the third
corresponds to the edges of TPT and triphenylene.

Also in this case, if a layered solution with the same
stoichiometries of reagents is prepared, large single crystals
(Figure 6) of a nonporous structure are obtained. Triphenylene
molecules are stacked between TPT ligands in a TPT—TPT—Tr
pattern forming 1D chains as a thermodynamic product (7)
(Figure 8). Moreover, we observed that if the kinetic network (6)
prepared by the instant synthesis is left in the solution at 295 K
within a week, large needle crystals of 7 are obtained.

This type of open frameworks usually cannot be grinded
due to their softness as often they become amorphous.
Clearly, the advantage of the instant synthesis method is
that it produces homogeneous crystals and there is little
need to homogenize the particle size by grinding to avoid
preferential orientation in the powder X-ray analysis.

The instant synthesis method allows the selective forma-
tion of kinetic products rather than thermodynamic structures,
showing the potential of this method for the preparation of
new compounds that are difficult or impossible by conven-
tional crystallization. New porous coordination chemistry can
be exploited by using the instant synthesis method.
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FIGURE 6. Synthesis of Kinetically controlled porous network (6) and thermodynamically controlled nonporous coordination network (7).
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FIGURE 7. Top: Rietveld refinement of 6. Experimental (red), calculated (pale blue), and difference (dark blue) X-ray powder diffraction profile. (a)
Rietveld crystal structure of network complex 6 viewed along the b-axis. Nitrobenzene molecules in the pores are omitted for clarity. (b) Detailed view
of the infinite aromatic stacking of ligand TPT and triphenylene molecules (red).

FIGURE 8. (a) Single crystal X-ray diffraction structure of thermodynamic 7 showing the 1D chains running along the g-axis. Nitrobenzene molecules
are omitted for clarity. (b) View of the infinite stacking of TPT and triphenylene (red) along the c-axis.
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High Temperature Solid-State Reactions
Involving Intermediate Amorphous Phases
Kinetic metastable structures tend to transform toward more
stable structures. Therefore, we can use the prearrangement
in the metastable structures to form new structures that are
not possible to form in solution-state reactions.

Among the most studied solid-state transformations in
porous coordination networks are guest exchange and
photoinduced reactions as such reactions can be followed
by SCSC processes.>®3° Due to the formation of the product
within the lattice of the reactant, solid-state reactions often
destroy the lattice of the reactant. Paradoxically, the SCSC is a
sort of limitation in the solid-state chemistry of porous coordi-
nation networks because many solid-state processes finish in
polycrystalline phase. Thus, single-crystal-to-polycrystalline re-
actions in porous coordination networks were not completely
explored because single crystal X-ray diffraction was not
feasible. We are interested in the understanding of solid-state
reactions that proceed at high temperatures, typically involving
temperatures in which organic ligands decompose or sublime.
Through high temperature solid-state reactions, severe struc-
tural transformations involving cleavage and formation of
coordination bonds and intermediate amorphous phases do
occur, and we have recently demonstrated that using the state-
of-the-art ab initio X-ray powder diffraction studies.

Kinetically controlled metastable compounds 1-3 were
synthesized with the instant synthesis method and mon-
itored above 573 K. It is known that 1 can shrink and swell
upon guest removal by mild heating (343 K),*° but what
happens to 1 above 343 K was unknown.

Microcrystals of 1 were heated from 300 to 673 K and
monitored by in situ synchrotron XRPD.*' The diffraction
experiments showed two phase transitions involving an
intermediate amorphous phase (Figure 9a).

Such crystalline-to-amorphous-to-crystalline (CAC) phase
transitions are not common in porous coordination net-
works. The new phase obtained after the amorphous phase
is different from that of 1 and thermally stable up to 673 K.
Supporting our X-ray analysis, thermogravimetric analysis-
differential scanning calorimetry (TG-DSC) experiments re-
vealed that nitrobenzene molecules are progressively released
(300 to 473 K) and that a new and homogeneous crystalline
phase is formed at 573 K, as an exothermic peak is observed in
the DSC agreeing with XRPD data (Figure 9b). Elemental
analysis suggests the chemical formula [(Znl)s(TPT),l, (8)
allowing cystal structure determination by synchrotron
ab initio XRPD*' followed by Rietveld refinement (Figure 10).

Kinetic Products in Coordination Networks Marti-Rujas and Kawano
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FIGURE 9. (a) In situ synchrotron XRPD patterns of 1 at various
temperatures. An intermediate phase is observed at 473 K indicating
that significant structural transformation occurs during the solid-state
process. Recrystallization and formation of a new crystalline solid occurs
at 543 Kand is stable up to 673 K. (b) TG-DSC analysis shows the release
of nitrobenzene followed by crystallization (8) as observed in the DSC
analysis as an exothermic peak.

In 8, two molecules of TPT are connected through two
Znl, forming a “saddle-type” structure extending along the
b-axis as 1D chains (Figure 10b and ¢). Adjacent chains
held together by intermolecular 7—z interactions between
stacked pyridyl and triazine rings along the c-axis gives rise
to the formation of noninterpenetrated 1D channels with
pore windows of ca. 6.2 A x 8.5 A. Network 8 is stable under
vacuum at low as well as high temperatures (95-673 K) and
can undergo liquid—solid and gas—solid inclusion reactions.*?
One year later, we reported a microcrystalline isostructural
network applying a solid—liquid interface reaction and deter-
mined its structure by ab initio XRPD.*>

The structural transformation in this CAC reaction in-
volves the unlocking of the initial interpenetrated 10,3-b
type network and formation of a different 1D chain. First,
guest removal and shrinking of the networks occurs, fol-
lowed by unlocking of interpenetrated networks by cleav-
age of coordination bonds, and crystallization by bond
formation to yield the new porous coordination network.
493-505
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FIGURE 10. Left: Experimental (red), calculated (pale-blue), and difference (dark-blue) XRPD profiles from the final Rietveld refinement of 8. (a) Crystal
structure of 1 showing the interpenetration of two networks (blue and orange). (b) Noninterpenetrated structure of 8 viewed along the pore direction.
(o) “Saddle-type” structure in 8. (d) Detailed view of the pore.
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FIGURE 11. (a) XRPD patterns obtained after heating at 553 K interpenetrated 2 and noninterpenetrated 4 networks. (b) In situ synchrotron XRPD
patterns of 2 at different temperatures showing a CAC transformation. A new crystalline phase appears at 573 K. (c) Rietveld refinement of 9 obtained
at high temperature. (d) Crystal structure of 9 with the two interpenetrating circuits (green and red) formed after the CAC transformation viewed along
the c-axis (top) and side view (bottom).

The annealing method for the synthesis of highly crys-  zeolites** but not in porous coordination networks. We
talline materials has been widely used in ceramics and  believe that high temperature synthesis in coordination
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FIGURE 12. Top left: Experimental (red), calculated (pale-blue), and difference (dark-blue) XRPD profiles from the final Rietveld refinement of (6 - TTF).
Top right: Color change in 6 (yellow) observed in the guest inclusion of TTF and formation of 6- TTF (dark green). (a) Crystal structure of (6- TTF)
determined directly from ab initio synchrotron XRPD data. Pores A and B contain TTF molecules and cyclohexane is included only in pore B. (b)

Detailed view of pores A and B.

networks can produce new solids with interesting proper-
ties, as already shown in the synthesis of a fluorinated
coordination network able to selectively separate hydrocar-
bons without taking up water.*>

Exploiting ab Initio XRPD Analysis in the
Solid-State Chemistry of Porous Coordination
Networks

Mechanistic Aspects in Annealed Solid-State Reactions.
Intrigued by the results observed in 1, we investigated
compounds 2 and 3 that differ only in the zinc halide.
Although 1-3 are isostructural, upon heating from 300 to
723 K, they result in three different products despite follow-
ing the same type of CAC phase transitions. We demon-
strated that kinetic (2) and thermodynamic (4) networks after
CAC result in the same XRPD pattern upon heating
(Figure 11a and b).

Crystal structure determination from ab initio XRPD
shows that the new phase (9) is a double interpenetrated
network, proving again (as observed in 1) that to go from
noninterpenetrated (4) to interpenetrated (9) bond-breaking
and bond forming occurs during the CAC phase transformation

(Figure 11c and d). Surprisingly, further heating to 723 K and
slow cooling of 2 produced high quality single crystals with a
new bromide-bridged network.*? Here, the high temperature
produced some calcination and most likely partial melt of 2
that upon slow cooling allowed the formation of high quality
single crystals. Similarly, the chloride version 3 also through a
CAC formed a new phase but not stable enough so that it
transformed to a new chloride-bridged network at 723 K.

Amorphous phases are intriguing because unlike crystal-
line phases we cannot know their three-dimensional ar-
rangement by X-ray diffraction. Looking carefully at the
diffraction pattern of the amorphous phase, the two broad
“peaks” at ca. 20 = 13° and 20 = 23° (Figure 11b) suggests
that long-range order still exists in the solid and hence
allowing the building of new structures. We demonstrated
by TG-DSC and XRPD that mixing ZnX, (where X =1 or Br)
and ligand TPT using the same stoichiometric amounts of
starting materials as in instant synthesis, followed by mixing,
grinding and heating, did not form 8 nor 9. Thus, to a certain
degree some structural memory from the metastable phases
is retained in the amorphous phase and transferred to the
more stable structure.
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FIGURE 13. Top left: Experimental (red), calculated (pale-blue), and difference (dark-blue) XRPD profiles from the final Rietveld refinement of 8-1I,
(top). Top right: Color change of 1 upon exposure to vapors of I,. Reversible guest inclusion/removal of I, in 1 (bottom).

Pore-Shape Directed Guest Alignment via Guest Ex-
change Reactions. In supramolecular chemistry, the ability
to control the position of noncovalently bound molecules
(guests) located in cavities such as channels or cages is
important. Large channels can accommodate molecules
that tend to be disordered, but in particular cases the net-
work pore can induce guest alignment resulting in unique
arrangements.

The precise alignment of TTF molecules within a porous
network has been achieved by using a kinetically synthe-
sized microcrystalline biporous coordination network (6).
The selective formation of 6 was possible using the instant
synthesis method as layering diffusion yields nonporous
network 7.37 Using pore confinement effect, we succeeded
in aligning TTF molecules, by carrying a guest exchange
reaction after immersing microcrystalline 6 in a TTF-cyclo-
hexane solution. The polycrystalline-to-polycrystalline
guest exchange reaction was clearly observed by the color
change from yellow to dark green while maintaining good
crystallinity. The color change indicates charge-transfer inter-
actions between host and TTF. To fully determine the crystal
structure, ab initio XRPD analysis was carried out followed by
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Rietveld refinement. The agreement between the calculated
and the experimental XRPD patterns in the final Rietveld
refinement indicates that the structure is correct (Figure 12). In
the crystal structure, [(ZnBry)s(TPT)x(TN)],-(TTF)2-(CeH1o),
(6- TTF) TTF molecules are included in pores A and B and
cyclohexane molecules are only in pore B (Figure 12), in
agreement with elemental analysis.

We demonstrated that by changing the metal halide two
isostructural porous coordination networks have different
guest inclusion ability. Under the same conditions for the
guest exchange reaction, TTF molecules are included only in
one pore (A) if the Znl, is used, but using ZnBr, allows the
inclusion of TTF molecules in both pores. Size difference in
halides as well as different strength-flexibility in Zn-halide
coordination bonds can explain the different TTF inclusion
behavior. The S- - -S distances among stacked TTFs in pore
A of (6-TTF) are shorter (ca. 3.370 A) than those in pore B
(3.744 A). In both pores, the TTF molecules are not stacked
through z—n interactions but rather via S---S contacts
probably due to the pore confinement effect (Figure 12b).
Such a short contact among TTFs may allow conductivity
along the pores. However, due to small crystal size (<10 um),



single crystal conductivity measurement was unsuccessful
and instead measurement using pellets after gently grinding
the network showed no conductivity.

Reversible Guest Inclusion via Solid—Liquid and Gas—
Solid Reactions. Like carbon-based materials and zeolites,
porous coordination networks also can be used for many
applications in catalysis, conductivity, sensors and separa-
tion, mainly due to their tunable pore size, shape and chem-
ical environment. Among the various applications, separation
is one of the most used in porous coordination networks. In
this regard, recently a porous coordination network has
shown that can adsorb CO- using a combination of suitable
pore size and functionalization even at low pressures.*®

As shown in Figure 10, 8 has 1D channels suitable to
accommodate guest molecules. We demonstrated the guest
inclusion ability by immersing 8 in nitrobenzene for 30 min.
TG-DSC confirmed that one nitrobenzene molecule was
included in the network and it was corroborated by ele-
mental analysis and XRPD. Crystal structure determination
carried out by ab initio synchrotron XRPD showed the
inclusion of nitrobenzene (8-G4) and swelling of the frame-
work. To determine the nitrobenzene position precisely, the
crystal structure analysis was carried out at 95 K*' The inclu-
sion/removal of nitrobenzene is reversible, as heating up to
573 K the original structure with empty channels was formed.

We also investigated the gas-phase inclusion of I, in 8.4
After exposing 8 to vapors of |, at 300 K overnight, the yellow
solid turned brown (Figure 13) and the XRPD pattern showed a
peak shift and change in the relative intensities suggesting the
inclusion of I,. After the inclusion of I,, the crystallinity was
good and the XRPD pattern was indexed successfully. Ab initio
XRPD structure solution confirmed the 8-1I, formation.

The I, molecules are located between iodide atoms of
Znl> units at the center of the pore with intermolecular
distance along the c-axis of 6.59 A. The I, and the iodide
from the Znl, form a 1D array through halogen bonding
interactions.*” We note that the framework shapes itself
in the presence of different guest molecules. When bulky
nitrobenzene is included in 8, the framework swells,
whereas it shrinks upon I, adsorption even when the two
crystal structures have been solved at low temperatures
(95 and 83 K, respectively). Such detailed structural analysis
of organic—inorganic materials is trivial in single crystal
X-ray analysis but not in ab initio XRPD analysis.

Concluding Remarks

Nature inspires us to learn from chemical processes ob-
served in biological systems. Nature uses Kinetic processes

Kinetic Products in Coordination Networks Marti-Rujas and Kawano

to keep biological systems alive, whereas thermodynamic
state usually means conformations that hardly change,
which means the end of life activity. In the solid state, kinetic
solids are often produced in fast processes leading to micro-
crystalline solids that are difficult to be studied by single
crystal X-ray diffraction. In fact, many interesting materials
are obtained as microcrystals where the limitation of single
crystal X-ray diffraction analysis often stops the possibility of
further understanding of new chemical reactions. Here, we
reported examples of chemical processes that produce
microcrystalline kinetic materials, including synthesis from
solution and suspensions. We have used those metastable
kinetic products (i.e., as precursors) to study mechanistic
aspects in solid-state reactions at elevated temperatures.
The high temperature solid-state reactions occur via inter-
mediate amorphous phases that retain structural informa-
tion (memory effect) from the Kinetic structure which is
passed to more stable structures upon heating. In particular
cases, the high temperature products can be porous, allow-
ing guest inclusion/exchange reactions. Ab initio XRPD
structure determination will be exploited soon to study
microcrystalline products such as the ones described here,
and others that lead intrinsically to powder solids. For in-
stance, in situ XRPD studies in crystalline pores can provide
relevant information in chemical reactions that often have
been left aside because single crystals are not available.
Kinetic products often can produce structures with pores
larger than those obtained through thermodynamic pro-
cesses, which can lead to functional materials upon inclusion
of guests such as pollutant gas molecules or molecules with
photophysical or conductive properties. In addition, kinetic
assembly of open-shell species can produce metastable spin
states by suppressing spin—spin repulsion which may
show unique dynamic physical properties. We believe that
Kkinetic study of solid state materials on the basis of struc-
tural chemistry will lead to development of a new class of
materials.
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