
Chapter 12
Kinetic Assembly of Porous Coordination
Networks Leads to Trapping Unstable
Elemental Allotropes

Hiroyoshi Ohtsu, Pavel M. Usov, and Masaki Kawano

Abstract Kinetic assembly is an important method for obtaining desired materials
in chemical synthesis andmaterial sciences. However, the application of this strategy
to porous coordination networks has been limited. We highlight the kinetic assembly
of porous coordination networks, which promote the production of interactive pore
sites. These sites can activate or stabilize different guest molecules. The properties
of interactive pores are exemplified by iodine chemisorption and small sulfur encap-
sulation. Using the interactive feature of these pores, we were able to trap small
sulfur allotropes, such as S2, cyclo-S3, bent-S3, and S6, demonstrating their impor-
tance for the stabilization of unusual elemental species. Furthermore, several reactive
elemental allotropes could also be incorporated into the interactive pores. Herein, we
address the important aspects of creating interactive pore sites by kinetic assembly
of porous coordination networks and present detailed case-by-case studies of small
allotrope encapsulation.

Keywords Porous coordination network · Kinetic assembly · Unstable small
sulfur species · Elemental allotropes

12.1 Introduction

12.1.1 Scope of the Book Chapter

The kinetic assemblymethod for the coordination network formation is introduced in
this chapter. This method is not common in coordination network chemistry, despite
it having a great capacity to create functional materials. Furthermore, the kinetically
assembled networks enabled us to successfully trap and visualize unstable elemental
allotropes.
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12.1.2 Kinetically Controlled Network Formation

Kinetic control of chemical reactions is a critical tool to produce desired products in
chemical synthesis and material sciences. Diamond, one of the carbon allotropes, is
less stable than graphite, which means that it is a metastable state. However, because
of the large activation energy required to transform diamond to graphite, it remains
as a stable crystalline solid under ambient conditions. This is a typical example of
kinetically stabilized phase found in nature. Many researchers have used kinetic
control to direct reactions along alternative pathways to produce desired products.
In particular, in organic syntheses, kinetic control (or resolution) is often crucial to
selectively obtain only one specific molecule and limit side reactions [1]. Biological
systems use kinetically trapped states in living cells to sustain their function. For
example, the protein folding can be finely tuned through kinetically guided assembly
[2, 3]. Furthermore, the synthesis of inorganic materials, such as zeolites, is typically
carried out under kinetic control [4, 5].

In addition, kinetic assembly was used to change the morphology of materials
to create functional nanostructures via weak intermolecular interactions [6–8]. For
example, the complexation of perylene tetracarboxylate (PTC) with Ni2+ displays
selective kinetic/thermodynamic assembly depending on reaction temperatures. The
coordinating amphiphile, PTC, has a planar conjugated skeleton. At temperatures
below 25 °C, the intermolecular coordination between PTC and Ni2+ extends the
coordinating system along the long axis of PTC, resulting in a microbelt structure
several micrometers in length. However, PTC in this coordinationmode is not planar,
therefore, the system cannot minimize its energy via π–π stacking, indicating that
it is a kinetic product. In contrast, at temperatures above 60 °C, PTC–Ni undergoes
intramolecular coordination where the ligand adopts a planar conformation, facili-
tating π–π stacking. Consequently, it can be concluded that PTC–Ni self-assembles
into much shorter nanorods under thermodynamic conditions. The two morpholo-
gies exhibit vastly differing electronic properties. The kinetically assembled micro-
belts have excellent electronic conductivity [6]. In another example, kinetic control
was used to obtain various metal phenolic network (MPN) films. For this purpose,
temporal and spatial control ofMPNgrowth by promoting self-correction of the coor-
dinating building blocks through oxidation-mediated network assembly was utilized
[7]. The formation and growth mechanisms were investigated and used to engi-
neer films with microporous structures and continuous gradients. These results show
that morphological structure control by kinetic assembly is a promising strategy for
producing functional materials.

However, for coordination networks, also known as coordination polymers (CPs)
or metal–organic frameworks (MOFs), kinetic control has not been commonly
employed in their synthesis [9–23]. Normally, the networks are synthesized under
harsh conditions that lead to thermodynamically stable crystalline structures. For
example, solvothermal reactions, which are carried out in a solvent close to or above
its boiling point, and often under autogenous pressure, produce network single crys-
tals. Someof themost thermally stablematerials reported, such asMOF-5,HKUST-1,
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MIL-101, andUiO-66 [24] are obtained using this technique. These types of synthesis
are classified as thermodynamic assembly because the final product, including the
solvent and adducts, represents a global energy minimum on the reaction coordinate
landscape. In contrast, kinetic assembly traps metastable states during crystallization
before equilibrium is reached,which requiresmuch faster formation rates. Thekinetic
products tend to form polycrystalline powders rather than single crystals suitable for
single-crystal structure analysis. As a result, the kinetic network formation has not
been widely explored because of the difficulty of ab initio structure determination of
crystalline powders by X-ray diffraction.

There are several examples of the kinetic assembly of coordination networks
[4, 25–31]. The Cd-based network, [Cd(bpy)(bdc)] (bpy = 4,4′-bipyridine, bdc =
1,4-benzenedicarboxylate) can be generated as a single non-interpenetrating net by
kinetic control at low temperature or high concentration. Whereas an interpene-
trating network is obtained under thermodynamic control at high temperature or low
concentration [25]. The interpenetration creates more stable structures relative to
their non-interpenetrating analogues due to increase of crystal density and reduc-
tion of void space. Therefore, an increase in the degree of interpenetration tends
to stabilize network structures. The consequence of this behavior is the increase of
the accessible pore space inside the kinetically assembled networks, which could
be beneficial for several applications, such as gas storage and separation. However,
the fine balance between stability and porosity needs to be carefully controlled to
achieve the desired material. Recently, this concept was applied to the synthesis of
Fe-bpdc (bipy = biphenyl-4,4′-dicarboxylate) MOFs [26].

Other methods for the control of reaction pathways during coordination polymer
synthesis have been reported. The most common approach is simply changing the
reaction temperature to produce different network polymorphs. Cheetham et al.
reported that they could obtain five structures from an identical starting mixture
of Co(OH)3 and succinic acid by running the reaction at five different temperatures
[32]. In another example, a one-dimensional (1D) coordination polymer was formed
by kinetical trapping of the reaction mixture of ZnI2 and pyrimidine [33]. These
results highlight the tendency of kinetically assembled networks to contain larger
internal voids and exhibit lower density [34–39].

Another important feature of kinetic assembly is the creation of interactive sites
within the structure [40, 41]. Since this process halts the network formation before it
can reach a thermodynamic equilibrium by trapping metastable intermediate states,
the resultant structures could contain “under-reacted” sites. In contrast, the ther-
modynamic structures typically have minimal latent reactivity and therefore are
comparatively inert.

Figure 12.1 shows the schematic difference between thermodynamic and kinetic
assemblies. In the former situation, the coordinating groups on the linkers and
open sites around the coordination sphere of metal centers are fully paired up.
Whereas in the latter case, some connecting sites remain unoccupied, resulting in
pore environments that can interact with guest molecules.

In the following section, wewill describe how interactive pores can be obtained by
kinetic assembly and discuss their applications. In particular, wewill demonstrate the
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Fig. 12.1 Example of kinetic and thermodynamic assemblies of coordination networks. Repro-
duced by permission of The Royal Society of Chemistry

use of interactive sites inside networks to stabilize and crystallographically visualize
highly reactive elemental allotropes.

12.1.3 Kinetic Assembly of Coordination Networks Using Zn
Units

Kinetic assembly facilitates properties that are useful for creating functional mate-
rials, such as interactive pore sites and open non-interpenetrating structures. We
developed the rapid synthetic method for kinetically controlled assembly of coor-
dination networks [42]. This approach involves simple mixing of metal precursors
(nodes) and organic ligands (linkers) in solution, which results in instantaneous reac-
tion and network crystallization. In our first attempts, we used 2,4,6-tri(4-pyridyl)-
1,3,5-triazine (TPT; Fig. 12.2) as a tridentate ligand.

When a nitrobenzene/methanol solution containing TPT was mixed with a
methanol solution of ZnBr2, a crystalline powder composed of micrometer-sized
(<10 μm) uniform particles precipitated instantly (~30 s). The PXRD pattern of
the crystalline powder indicated that the formation of a coordination network had
occurred. The crystal structure was determined by ab initio PXRD analysis, which
determined that it had the molecular formula of [(ZnBr2)3(TPT)2] and was isostruc-
tural with a related ZnI-based network, [(ZnI2)3(TPT)2]. The structure of the iodide
analogue contained a large flexible channel capable of reversible guest uptake and
release in the crystalline state (Fig. 12.2) [42].

The structure of the kinetically assembled network was different from a poly-
morph formed under thermodynamic control. The thermodynamic network obtained
by the layer diffusion method, [(ZnBr2)3(TPT)2], had 1D channels formed by π–
π stacking of TPT (Fig. 12.2, left). This material exhibited a greater number of
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Fig. 12.2 Kinetic and thermodynamic control of network formation from ZnBr2 and TPT.
Reproduced by permission of The Royal Society of Chemistry

intramolecular interactions in its structure than the kinetic analogue. The thermody-
namic/kinetic product assignment of these structures is consistent with their synthetic
procedures—rapid crystallization resulted in a kinetic material, whereas the slower
thermally equilibrated reaction gave the thermodynamic network. Moreover, the
rapidly precipitated product can be converted to the more stable network by heating
the crystalline powder, as determined by PXRD and differential scanning calorimetry
(DSC), which provides additional evidence for the relative stabilities of the twomate-
rials. The PXRD measurements showed that the phase transformation of kinetically
assembled network to the thermodynamic analogue occurred at 553 K. The DSC
curve of the kinetical product showed an exothermic peak (40.10 kJ/mol) centered
at 553 K, which was about three times larger than that for the other network. These
results indicate that the rapidly synthesized network is a metastable state. Therefore,
this type of synthetic method is convenient for producing kinetic phases. However,
because the resultant products are often isolated asmicrocrystalline powders, ab initio
PXRD analysis is the most suitable structure determination method for kinetically
assembled coordination networks.

The rapid precipitationmethodwas also applied with ZnI2 metal connector.When
anitrobenzene/methanol solution ofTPTwasmixedwith amethanol solution ofZnI2,
a crystalline powder quickly appeared. The crystal structure determined by ab initio
PXPD analysis showed that it consisted of doubly interpenetrating 10,3-nets with the
formula [(ZnI2)3(TPT)2] [43, 44]. In the network, the Zn atom is coordinated by two
nitrogen atoms from TPT linkers and two iodides. This type of structure has been
reported previously [42].

The interpenetrating network obtained under kinetic control, [(ZnI2)3(TPT)2],
exhibited anunusual crystalline-to-amorphous-to-amorphous-to-crystalline (CAAC)
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Fig. 12.3 a PXRD patterns of the kinetically assembled, interpenetrating network [(ZnI2)3(TPT)2]
at different temperatures. It shows a crystalline-to-amorphous phase transition at 473 K and an
amorphous-to-crystalline phase transition at 573 K. (Middle) b Rietveld refinement of the saddle
network. c, d Crystal structures of the saddle network, [(ZnI2)3(TPT)2] with pore dimensions.
Reproduced with permission of the American Chemical Society

phase transition upon heating [44–46]. The metastable state was converted to more
stable states with increasing temperature. The microcrystals of the kinetic inter-
penetrating network were heated from 300 to 673 K and monitored by in situ
synchrotron PXRD and TG-DSC. The diffraction showed crystalline-to-amorphous
and amorphous-to-crystalline phase transitions at 473 and 673 K, respectively
(Fig. 12.3a). Recently, we found that there are in fact two distinct amorphous phases
occurring between the initial and final crystalline states. Therefore, the entire trans-
formation sequencewas denoted asCAACphase transition. These types of transitions
are rare in porous coordination networks. The closest related example was observed
in some zeolitic imidazole frameworks (ZIFs), which underwent a two-step CAC
transition [47–49].

The newcrystalline state obtained byheating of the amorphous phasewas different
from the initial network structure and was thermally stable up to 673 K. The crystal
structure was unambiguously determined by ab initio PXRD analysis, which showed
that it has retained the molecular formula of [(ZnI2)3(TPT)2] (Fig. 12.3). In this new
network, two TPT ligands are connected through two ZnI2 units forming a “saddle”
structure, which extended along the b-axis as 1D chains, thus, it was denoted as a
“saddle network” (Fig. 12.3a–d). Adjacent chains are held together by intermolecular
π–π interactions between stacked pyridyl and triazine rings along the c-axis giving
rise to non-interpenetrating 1Dchannelswith the dimensions of 6.2×8.5Å.Due to its
high thermal and structural stability, the saddle network could be used to encapsulate
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Fig. 12.4 (Top) Crystal
structure of I2-encapsulating
saddle network,
I2@[(ZnI2)3(TPT)2].
(Bottom) Interaction of the
guest I2 with the ZnI pore
sites. Reproduced by
permission of The Royal
Society of Chemistry

guests by liquid–solid and gas–solid inclusion reactions. The isostructural network,
[(ZnBr2)2(ZnCl2)(TPT)2], was obtained by the solid–liquid interface reaction [50].

The structural transformation in the CAAC phase transition involves unlocking of
the initial interpenetrating (10,3)-b network and its rearrangement into a 1D chain.
First, guest removal and shrinking of the network occurs, followed by the opening of
the 3D nets through cleavage of coordination bonds. After the chain rearrangement
and the bond re-formation, the saddle network is obtained.

This type of thermal annealing can produce highly crystalline materials that are
commonly used as ceramics and zeolites. This method was also applied to ZIF
networks.WhenZIF-4 ([Zn(im)2], im= imidazolate) was heated at 573K, it changed
to an amorphous phase, and further heating at 673 K produced another crystalline
ZIF polymorph with different topology. The structure of the amorphous phase was
a SiO2 glass-like structure confirmed by pair distribution function analysis [47].

An important feature of the saddle structure is that the terminal iodide coordinating
to Zn(II) faces into the pore (Fig. 12.3a–d). A guest molecule that enters the channel
could interact with these iodide sites. For example, iodine can be physisorbed into
the network, facilitated by halogen–halogen interactions (Fig. 12.4) [51]. The near-
linear geometry between the network iodide and the guest I2 molecules indicates
a typical halogen–halogen interaction between positive (σ-hole) and negative sites
(unpaired electrons) [52].

12.1.4 Interactive Pores in the Saddle Structure

Because the pores in the saddle network are decorated with terminal iodide groups
creating interactive sites, they can be used for host-guest related applications, such
as I2 encapsulation. Due to this feature, the open structure was expected to function
as a crystalline molecular flask, which could be used to monitor chemical reactions
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directly by X-ray analysis [53–61]. Therefore, we decided to use the crystalline
powder of this network for this role and selectively trap metastable and reactive
species [62].

The small sulfur allotropes, Sn (n < 6), are unstable and cannot be isolated from
the allotrope mixture either in the gas phase or in a solid Ar matrix [63–65]. These
sulfur species are highly reactive and readily condense into heavier allotropes under
ambient conditions. Therefore, their structures cannot be determined directly by
X-ray diffraction. To overcome this issue, we trapped these unstable species inside
a crystal matrix using the crystalline molecular flask method. We used interactive
pore sites in the saddle porous coordination network, [(ZnI2)3(TPT)2], where the
pore facing iodide groups could interact with the guest sulfur atoms and stabilize the
reactive species.

Sulfur was encapsulated in the saddle network structure by vapor diffusion at
533 K under vacuum for 6 h. Under these conditions, the gaseous sulfur and the
host network were fully equilibrated. After this treatment, the pale-yellow network
powder turned bright yellow accompanied by change in the PXRD pattern. The
changes in the peak positions and their relative intensities suggested that sulfur was
successfully encapsulated into the network pores (Fig. 12.5).

Herein, we describe the structure determination procedure for the sulfur species,
which were identified by ab initio PXRD analysis. After sulfur encapsulation, the
crystal system of the network changed fromPccnwith a= 30.690Å, b= 12.775Å, c
= 13.5826 Å to Pn with a= 30.690 Å, b= 6.595 Å, c= 12.824 Å, β = 91.558°. The
structure of the sulfur-encapsulating network was solved by ab initio PXRD analysis
using synchrotron data. First, the structure was solved using the model of the original
network and several combinations of individual sulfur atoms to obtain the initial
structural information about the possible sulfur allotropes. All solutions showed the
presence of a S3 moiety inside the pore of the coordination network. Using a S3
model obtained from rotational spectroscopy experiments, [66] the ab initio PXRD
analysis was repeated. The structure was further refined by the Rietveld method
using the S3-encapsulating model with soft restraints for the geometrical parameters.

Fig. 12.5 RXPD pattern of
the saddle network, a before
sulfur encapsulation,
b S3-encapsulating network,
c S6-encapsulating network,
and d sulfur
polymer-encapsulating
network. Reproduced with
permission of the American
Chemical Society
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The good agreement between the experimental and calculated diffraction patterns
indicated that the structure was correct. The X-ray diffraction analysis and elemental
analysis revealed that discreet S3 species were selectively trapped in the network
pores (Fig. 12.6).

This example represents the first crystal structure determination of a reactive sulfur
allotrope smaller than S6. The open-triangle C2v structure of the observed S3 agreed
well with structures obtained by rotational spectroscopy [66]. The sulfur molecule in
the pore was disordered over two positions. Notably, the short interatomic distances
between sulfur and iodide in the major component of S3 were 3.1 and 3.3 Å, which
were considerably shorter than the sum of their van derWaals radii (3.8Å), indicating
a strong interaction between them (Fig. 12.7). It was postulated that this interaction
enabled the encapsulation and stabilization of, otherwise, reactive S3 molecule.

The presence of S3 in the pores was additionally confirmed spectroscopically
from the characteristic shoulder peak in the vibrational spectrum at about 680 cm−1,
which corresponds to the S3 asymmetric stretching. The encapsulated sulfur species
exists in a neutral state, which was determined by the assignment of IR peaks and
lack of a signal in the electron spin resonance spectrum.

Fig. 12.6 Ab initio PXPD
analysis of the
S3-encapsulating network.
a Rietveld refinement and
b–e crystal structure of the
S3-encapsulating network.
Reproduced with permission
of the American Chemical
Society
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Fig. 12.7 Interaction of S3 with interactive pore sites. The distances betweenS and I show important
interactions. Reproduced by permission of The Royal Society of Chemistry

The S3 encapsulated in the pores was remarkably stable because of the inter-
action with the pore facing iodide sites (Fig. 12.7). The PXRD pattern of the S3-
encapsulating network powder did not change significantly over 3 months of the
exposure to ambient atmosphere. Thermogravimetric analysis of the host-guestmate-
rial showed a weight decrease at temperatures above 500 K, which indicated that
sulfur evaporation from the pores occurred at higher temperatures. Furthermore, the
S3 molecule inside the network was found to be inert to photo-irradiation oxidation
conditions. These results further highlight the remarkable stabilization of the S3, an
analogue of ozone, inside the interactive pores of the saddle network.

Nevertheless, the encapsulated S3 exhibited a unique reactivity. When the crys-
talline network powder was heated with NH4Cl at 473 K for 6 h under vacuum,
the PXRD pattern changed, indicating a structural transformation. The crystal struc-
ture determined by ab initio PXRD analysis showed that there were now 0.5 S6
molecules in each pore (Figs. 12.5 and 12.8). The product of this transformation was
six-membered rings with a chair conformation, which is characteristic of discrete S6
molecules [63]. This result suggests that the S3 in the pores dimerized to produce S6
as follows:

S3 + S3 → S6

In the crystal structure, the encapsulated S6 also interacts with network iodide as
evidenced in the interatomic distances between sulfur and iodide (3.1 and 3.4 Å),
which are shorter than the sum of their van der Waals radii (3.8 Å). The close prox-
imity between S6 and iodide indicates the presence of strong host–guest interaction,
similar to the S3. S6 itself cannot enter the pore from outside because the diam-
eter of the opening aperture is too small. Therefore, the only way to encapsulate S6
is a ship-in-a-bottle approach [67] starting from smaller sulfur allotropes, like S3.
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Fig. 12.8 Ab initio XRPD snapshots of the transformation of S3 to S6. Reproduced by permission
of The Royal Society of Chemistry

However, the S3 dimerization could not be achieved by simple heating, and NH4Cl
was required to catalyze the transformation.NH4Cl is an impurity remaining from the
ligand synthesis and acts as proton donor (Scheme 12.1) [68]. It is proposed that the
hydrogen-bonding brings the sulfur trimers closer together allowing for cyclization
to take place. Furthermore, the same structural transformation could be induced by
mechanical action when grinding the S3-encapsulating network powder, indicating
the flexibility of the saddle structure.

Interestingly, this transformation could be reversed by excitation at 365 nm, fully
recovering the starting S3 molecules. This result indicates that inside the pore, S3 is
more stable toward light irradiation than S6 (Fig. 12.8).

Overall, the interactivity of the pores was the key for efficient trapping of small
sulfur allotrope and its conversion, helping to uncover the chemistry of these rare
sulfur species.

Scheme 12.1 Transformation of 2S3 to S6 catalyzed by NH4Cl
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12.1.5 Encapsulation of Reactive Molecules, P4 and Br2

In addition, we used the saddle network to capture and stabilize other reactive
elemental species, namely P4, also known as white phosphorous, and Br2 [69, 70].
Phosphorus tetramer was encapsulated into the pores using phosphorus vapor created
by heating red phosphorus. The P4 trapping was confirmed by X-ray diffraction, as
shown in Fig. 12.9. This species was stabilized by weak interaction with the pore
walls and was stable under air at 300 K. This means that this network can be used as
a versatile P4 container. The removal and re-trapping processes could be repeated,
which is important for themolecular flask reusability. The presence of interactive sites
inside the coordination network was demonstrated to be, once again, crucial for effi-
cient trapping and release of reactive species. As a result, chemically and thermally
robust porous networks can be used as facile and reusable reagent containers.

Fig. 12.9 Crystal structures (ORTEP plots, 50% probability) of single-crystal P4@network 1 at
100 K: a view along b-axis, b view along c-axis, c pore description green dotted lines show interac-
tions, d interaction between P4 and iodides. Color codes: C, gray; N, blue; P, orange; Zn, pale-blue;
and I, purple. Reproduced by permission of The Royal Society of Chemistry
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12.1.6 Br2 Encapuslation

To further investigate the trapping ability of the saddle network, we performed
bromine encapsulation to determine whether Br2 can be safely stored inside [70].
During this investigation, it was found that instead of just simply encapsulating Br2
through physisorption, the oxidation of coordinated iodide had occurred, producing
I2. Furthermore, this reaction caused the displacement of iodide by bromide in the
coordination sphere of Zn(II), giving rise to the ZnBr-based network containing I2
as a guest:

[
(ZnI2)3(TPT)2

] + 3Br2 → [
(ZnBr2)3(TPT)2(I2)

] + 2I2

The new structure was confirmed by ab initio PXRD analysis (Fig. 12.10). The
trapped I2 showed strong interactions with the pore of the ZnBr network.

Additional evidence for the presence of I2 inside the network was provided by
Raman spectroscopy [71–73]. The Raman spectrum showed sharp peaks at 174
and 194 cm−1, corresponding to I2 encapsulated in the pore and I2 attached to the

Fig. 12.10 Experimental (red), calculated (black), and difference (blue) PXRD profiles from the
final Rietveld refinement of the I2@[(ZnBr2)3(TPT)2]. Crystal structure: b view along the c-axis.
I2 (occupancy 0.5) occupies two symmetrically related positions. c View along the b-axis. Color
codes: C, gray; N, blue; Zn, pale-blue; I, purple; and Br, brown. Reproduced by permission of The
Royal Society of Chemistry
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surfaces of crystals, respectively. The presence of surface-confined iodine could not
be avoided because the reaction produces two additional equivalents of I2 which
escapes the pores. The elemental analysis results determined the chemical formula
of the network product to be [(ZnBr2)3(TPT)2(I2)](I2-surface)0.67. The iodine loading
was also quantified by TGA, which showed a two-step weight loss. The first step
corresponds to desorption of I2 from the particle surface, whereas the second one
corresponds to the loss of I2 from the pores. The overall weight decrease below
575 K was approximately 25.3%, which agrees with the total iodine content (24.6%)
calculated from the molecular formula, [(ZnBr2)3(TPT)2(I2)](I2-surface)0.67. The I2 in
the pore interacts with the Br− sites of the network. The I· · ·Br distance is 3.61 Å,
which is shorter than the sum of the individual van der Waals radii of I and Br
(3.75 Å) [74]. Also, the I–I–Br angle is 153° (non-linear), indicating mainly aπ-type
interaction combined with some contribution of σ-type interactions. The appearance
of absorption band at 280 nm can be attributed to a strong charge-transfer interaction
between Br− and I2. This band was not clearly observed in the [(ZnI2)3(TPT)2]
network containing encapsulated I2, indicating that only σ-type interactions occur
between I− sites of the network and the guest I2. The brominated network shows
significantly stronger affinity for I2 because of the additional contribution of π-
interactions which are absent in the iodine analogue.

This post-synthetic modification of the pore is due to the strong oxidative ability
of Br2. The oxidation potential of Br2/Br− redox couple is 1.087 V versus SHE,
which is higher than that for the I2/I− couple, 0.54 V versus SHE. Therefore, the
encapsulated of Br2 readily oxidizes the constituent I− to give I2. This type of post-
synthetic reaction is the first example of redox induced ligand transformation, which
results in a network component replacement. The resulting poremodification enables
the dramatic changes in the properties of interactive sites by switching from I− to
Br−.

Furthermore, thermal treatment of the I2 encapsulated ZnBr network led to the
guest removal affording an activated structure.When the I2 loaded [(ZnBr2)3(TPT)2]
networkwas heated at 573K, the powder turnedwhite,which is a sign of the release of
I2 molecules from the pores. The ab initio PXRD structural analysis of the remaining
white powder revealed it to be isostructural with the starting [(ZnI2)3(TPT)2] network
(Fig. 12.11). The pore window of the bromine structure is 2.6× 4.6Å, which is larger
compared to the iodide analogue because of the smaller ionic radius of Br− relative
to I−. The halide replacement retained the overall saddle-type network structure and
preserved the topology. The same structure could not be obtained starting directly
from ZnBr2 and TPT, either using a solution-phase synthesis or by crystallization
from vapor. In both cases, the interpenetrating network was the predominant product.
As a result, the only available synthetic route toward the [(ZnBr2)3(TPT)2] material
is through oxidative encapsulation and ligand replacement with Br2. The resultant
bromide network was found to be stable up to 673 K under N2, as confirmed by TGA
measurements.

Due to the presence of Br− ions as interactive pore sites, the trapping of Br2 was
attempted. For these experiments, the Br2 vapor diffusion was also performed under
the same conditions as those used for the Br2 encapsulation into [(ZnI2)3(TPT)2].
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Fig. 12.11 Crystal structure of [(ZnBr2)3(TPT)2]: a view along the b-axis, b view along the c-axis.
Crystal structure of Br2@[(ZnBr2)3(TPT)2]: c view along the c-axis, d view along the b-axis. Green
dotted lines show interactions. e Linear interactions between Br2 and Br− ions. f Perpendicular
interactions between Br2 and Br− ions. Color codes: C, gray; N, blue; Zn, pale-blue; and Br, brown
and red to distinguish disordered molecules. Reproduced by permission of The Royal Society of
Chemistry

After the vapor exposure the bromide network powder changed color from white
to yellow accompanied by the change in the PXRD pattern. The ab initio PXRD
structural analysis of the resultant yellow powder revealed that the material has
retained its basic ZnBr network structure while also incorporating the disordered
Br2 guests. These were physically adsorbed into the pore, strongly interacting with
the network bromide groups. The observed Br· · ·Br distances were 3.44, 3.55, and
3.22 Å, shorter than the sum of the van der Waals radii of Br (3.70 Å). One of the
disordered Br2 molecules exhibits an almost linear geometry (Fig. 12.11e), which is
an indication of σ-type halogen–halogen interaction. In contrast, the other disordered
Br2 assumes an almost perpendicular geometry (Fig. 12.11f), a telltale sign of a π-
type interaction featuring an elongated Br2 bond (2.38(14) Å) [75]. Therefore, both
σ-hole and π-orbitals-based interactions can occur between the guest Br2 and the
host Br−. These results highlight the diversity of halogen bonding types that are
possible inside the interactive pores, which presents an opportunity to generate and
study unusual polynuclear halide species that cannot exist outside.
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12.1.7 Kinetic Assembly Using a Labile CuI Unit

The success of S3 encapsulation prompted us to designmaterials that contain intrinsic
interactivity within their pores using the principles of kinetic assembly. To produce
coordination networks under kinetic control, we employed labile metal connectors.
If a metal can readily exchange ligands under the reaction conditions, usually in
solution, it may generate several species during network formation because of the
presence of several intermediate metal complexes. In particular, labile multinuclear
metal clusters could give rise to multiple species existing simultaneously in solution.
However, in most metal ions the intermediate state geometries are predictable, which
limits the number of easily accessible structures for the network metal connectors.

Therefore, to demonstrate the kinetic control for network formation,we decided to
utilize labile metal connectors instead of commonly used metal ions [41, 76]. These
were combined using a rigid, highly symmetric ligand to produce structurally robust
networks. For this study, [Cu4I4(PPh3)4] was selected as a suitable metal precursor,
because its central Cu4I4 cubane core is kinetically labile in solution and can be
readily converted into other copper iodide clusters [77, 78]. For the ligand, tetra-4-
(4-pyridyl)phenylmethane (tppm) was used, which possesses all the required charac-
teristics, namely structural rigidity, thermal stability, and tetrahedral symmetry. Upon
heating a suspension of [Cu4I4(PPh3)4] and tppm inDMSO in air at 453K for 30min,
a homogenous colorless solution was obtained. Depending on the cooling rate, two
kinds of network crystals could be obtained. Rapid cooling (ca. 20 K min−1, kinetic
assembly) exclusively produced yellow needles with the formula [(CuI)2(tppm)] in
99% yield. In contrast, slow cooling (ca. 3 K min−1, thermodynamic assembly)
resulted in the formation orange prisms with the formula [(Cu2I2)(tppm)] in 95%
yield. Although these two networks had the exact same chemical composition, their
connectivity and topology were markedly different. Therefore, these materials could
be considered as structural isomers (Fig. 12.12).

The single-crystal structure analysis of the kinetic isomer revealed that CuI helical
chains bridged by tppm ligands formed a non-interpenetrating porous network along
the c-axis, where each Cu(I) ion is coordinated by two nitrogen atoms of tppm ligand
and two bridging iodide groups. The helical chain network has 1D channels with
pore windows of 5.8 × 5.5 Å and a 35% void space (without solvent) in the unit cell
volume. The most important feature of this structure is that the bridging iodide in
the connecting cluster faces into the 1D channel, and therefore can act as interactive
pore site (Fig. 12.12a, c, e).

The crystal structure analysis of the thermodynamic isomer on the other hand,
revealed that it has a quadruply interpenetrating network consisting of Cu2I2 dimer
units and tppm ligands. The structure is a 4,4-connected grid with the PtS topology
if the Cu2I2 dimer units are considered as square-planar sites and the central carbon
atom of tppm as a tetrahedral node. In addition, this network contains 1D channels
with pore windows of 4.0 × 3.9 Å and a 22% void space in the unit cell volume. The
iodide groups in the Cu2I2 dimer are obscured by tppm ligands from the interpene-
trating nets, which is different from the kinetic structure. As a result, the channels



12 Kinetic Assembly of Porous Coordination Networks … 237

Fig. 12.12 Crystal structure of a, c, e kinetically assembled network, [(CuI)2(tppm)] and b, d,
f thermodynamically assembled network isomer, [(Cu2I2) (tppm)]. Reproduced with permission of
John Wiley and Sons

in the thermodynamic network are not decorated by the interactive iodide sites, and
thus are relatively featureless (Fig. 12.12b, d, f).

The helical isomer can be converted to the dimer isomer by heating the powder
in DMSO at 373 K for 1 day. This result confirms the kinetic nature of the helical
network. On the other hand, the dimer network was found to be thermodynamically
stable in a DMSO solution up to the decomposition temperature of DMSO.

The crystals of kinetic network exhibit higher stability in the solid state compared
to solution. TGA showed that the decomposition temperatures of the two isomers
were above 673 K under nitrogen atmosphere. More importantly, both networks
crystals retained their crystallinity and porosity even after desolvation. It can be
concluded that in solid state there is a very high energy barrier for the conversion
of helical isomer into dimer structure. Due to this remarkable stability, the kinetic
product could be suitable for practical solid-state applications.

To elucidate the properties of interactive pore sites, I2 sorption experiments were
performed on both solvated and desolvated networks. The sample crystallinity was
retained after the I2 exposure. Single-crystal structure analysis showed that the pores
of the kinetic network encapsulated I2 via chemisorption mechanism converting I−
groups in the connector units into linear I3− (Fig. 12.13a, b). In contrast, the ther-
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Fig. 12.13 Crystal structure of a, b chemisorption of I2 (I2@[(CuI)2(tppm)]) and c, d physisorption
of I2 (I2@[(Cu2I2)(tppm)]). Reproduced with permission of John Wiley and Sons

modynamic network only displayed physisorption of I2 (Fig. 12.13c, d). The crystal
structure analysis revealed that the I2 molecules are arranged linearly along the 1D
channels and are highly disordered, which is similar with I2 physisorption in an
organic zeolite and a phosphazene crystal [79, 80]. These results clearly demon-
strate the importance of interactive pores in facilitating the chemical bond formation
between bridging iodides and guest I2.

Remarkably, even though I2 formed chemical bonds with the pores of helical
network, its desorption temperature was unexpectedly lower than for the physisorbed
I2 inside the dimer network. This behavior was attributed to the steric repulsion
between adsorbed I2 molecules and the framework backbone. In particular, the
pyridyl ring rotation is expected to become more rapid with increasing temperature,
which would cause the collisions with the I3− units leading to their displacement.

I2 sorptionwas also investigated in solution byUV–Vis spectroscopy. The kinetics
of I2 sorption in cyclohexane solution revealed two distinct stages. Initially, a first-
order sorption process is observed, suggesting physisorption, followed by a second-
order sorption process, indicative of chemisorption.

The mechanism of kinetic network formation was investigated by nuclear
magnetic resonance (NMR) spectroscopy. The NMR study revealed that oxygen
is essential for the reaction. In anaerobic conditions, no network formation was
detected. The NMR results helped to elucidate the mechanism. First, the PPh3
group in the starting material, [Cu4I4(PPh3)4], is removed by oxidation to produce
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a vacant copper site and O = PPh3. Second, DMSO rapidly occupies the coor-
dinatively unsaturated site to generate a solvated CuI monomer at 453 K. Then,
a tppm ligand coordinates to the resultant CuI monomer to generate the interme-
diate species, [(CuI(DMSO)2)4(tppm)]. The kinetic network can be crystallized from
this intermediate complex by rapid cooling of the reaction mixture. The outlined
kinetic assembly process is a powerful method for creating interactive pore sites in
coordination networks.

12.1.8 S2 Trapping in Thermodynamically Assembled
Network

Because thermodynamic network has small pores, it can be particularly suitable for
small sulfur allotrope encapsulation, similar to the studies described in Sect. 12.1.4.
The small pore size cannot accommodate sulfur clusters larger than S3, and it was
expected to predominantly encapsulate disulfur, S2. This favorable characteristic
prompted us to conduct an in-depth study into sulfur encapsulation in the dimer
network [81].

Sulfur was encapsulated from the gas phase by the kinetic trapping method, in
which only sulfur vapor was present in the glassware while the network was kept at
room temperature to create a temperature gradient (as described in Sect. 12.1.9).

X-ray structure analysis of the sulfur-containing network revealed that S2
molecules were physisorbed at two different sites inside the channel: (i) Highly
disordered along the length of the channel and (ii) within small cavities adjacent to
the Cu2I2 units (Fig. 12.14).

Only the physisorption of S2 was observed in the pore because of the steric
hindrance around the iodide sites. The small size and linear shape of the 1D chan-
nels selectively trapped S2 molecules and prevented further growth of larger sulfur
allotropes. The presence of sulfur dimers in the network was confirmed by Raman
spectroscopy at room temperature. A new band appeared at 728 cm−1 corresponding
to the S2 symmetric stretchingmode. The encapsulated sulfur species remained stable
inside the network up to 500 K because of the confinement effect of the pore.

The fact that the S2 was detected in the pores implies that gas-phase sulfur incor-
poration in other porous networks proceeds predominantly via the sulfur dimers.

Fig. 12.14 Crystal structure
of a desolvated CuI network,
[(Cu2I2)(tppm)] and
b S2-encapsulating
[(Cu2I2)(tppm)].
Reproduced with permission
of the International Union of
Crystallography
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This is consistent with the fact that the largest fraction of the gaseous sulfur is in its
dimer state [65]. Therefore, S3 encapsulation in the saddle [(ZnI2)3(TPT)2] network
likely occurred via a ship-in-a-bottle cluster assembly. First, S2 (disulfur) molecules
enter the pores of the network and then are converted to S3 (trisulfur) due to its higher
stability. Since the encapsulation is conducted under the equilibrium conditions, it
is difficult to determine the exact mechanism of disulfur molecule conversion. To
observe these processes, the guest molecules should be kinetically trapped before
the equilibrium state is reached. To achieve this, iodide sites could act as suitable
interactive sites to capture small sulfur species and prevent their aggregation. To
explore this possibility, we employed of kinetically assembled helical CuI network
with interactive pores, as discussed in Sect. 12.1.7.

12.1.9 X-Ray Snapshots of the S2 Conversion Inside
an Interactive Pore

As mentioned in Sect. 12.1.4, pores lined up with interactive iodide sites could
serve as efficient traps to stabilize and visualize small sulfur species. Furthermore,
in Sect. 12.1.4, we also described sulfur encapsulation into the saddle ZnI network
performed under equilibrium conditions. Elemental sulfur and the network powder
were kept at 533 K under vacuum for 6 h to encapsulate sulfur gas. Because of
the equilibrium conditions, it was difficult to determine the conversion mechanism
before the sulfur species reached their equilibrium state inside the network pores. To
overcome this limitation, kinetic trapping of small metastable sulfur allotropes was
used to observe their conversion in the pore.

TheCuI helical networkwas used for the trapping experiments due to the presence
of interactive iodide sites where the sulfur transformation could occur. Unlike earlier
encapsulation experiments, the sulfur trapping into the helical structure was carried
out under kinetic conditions. Elemental sulfur and the desolvated network powder
were placed at well-separated locations in a zig-zag glass tube, followed by sealing
it under vacuum (~10–6 Torr). The sulfur side of the tube was heated to generate the
sulfur vapor, while the network sidewas kept at the room temperature creating a sharp
temperature gradient. This arrangement enabled the gaseous sulfur molecules to be
trapped kinetically by the porous material. After the reaction was complete, single-
crystal X-ray diffraction was performed on the resultant sample sequentially at 250,
300, 350, and again 250 K. The analysis of these diffraction patterns revealed the
structure of transient small sulfur allotropes. The initial structure at 250 K showed
the presence of two types of physisorbed guests in the network channels, S2 and
bent-S3 species. Upon increasing the temperature to 300 K, the crystal structure
analysis revealed the formation of cyclo-S3 chemisorbed to the bridging iodide sites
in addition to bent-S3 and cyclo-S3, both physisorbed in the channels. A theoretical
investigation showed that the stronger interacting cyclo-S3 species should be in its
dicationic state, cyclo-S32+. Further heating to 350 K resulted in the opening of the
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cyclic trimers to give two kinds of bent-S3 species, one still bound to the network
iodide sites and the other physisorbed inside the pore.

From these X-ray diffraction experiments, a tentative reaction mechanism for the
temperature-induced interconversion of sulfur species inside the helical CuI network
is proposed. First, S2 is kinetically trapped by rapid absorption into the pore and then
partially transformed into bent-S3 structure. Since the dimer was only detected at
250 K, it is a strong indicator that this allotrope is the starting point for the following
conversion reactions. Second, on heating, S2 converts to a number of trimeric species,
namely chemisorbed cyclo-S32+ and physisorbed cyclo-S3 and bent-S3. After that,
the cyclic forms underwent a ring opening to produce more stable bent-S3 species
(Fig. 12.15). Despite the kinetic nature of the experiments, the X-ray analysis results
were generally reproducible.

Fig. 12.15 Pore description in crystal structure of a the CuI helical network, [(CuI)2(tppm)],
b helical network after sulfur encapsulation at 250 K, c 300 K and d 350 K. e The crystal structure
of sulfur-encapsulating helical network showing parts of {CuI} unit and sulfur species. At 250 K,
physisorbed S2 and bent-S3 were observed (left), at 300 K, chemisorbed cyclo-S32+, physisorbed
cyclo-S3 and bent-S3 were observed (middle), and at 350 K, bent-S3 was observed. Blue arrow
indicates the time course of the measurements showing molecular transformation mechanism from
S2 to bent-S3 species. Atoms coloring: Cu, orange; I, purple, S, yellow, red, green, pink and cyan
to distinguish disordered molecules. Reproduced with permission of the International Union of
Crystallography
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12.1.10 Identifying Cyclo-S3 Species in the Pore

Theoretical calculations predicted that cyclo-S3 is less stable than bent-S3, yet ener-
getically accessible. However, its experimental observation had never been reported
before. Hoffman used DFT calculations to show that the neutral form of cyclo-S3
is 5.6 to 9.3 kJ/mol less stable than bent-S3, depending on the calculation method
[82]. Therefore, the cyclic form was predicted to be a metastable state. Indeed, the
interactive pores were able to temporarily trap cyclo-S3 as an intermediate species.
This result represents the first structure of a cyclic S3 allotrope determined using
single-crystal X-ray diffraction. The cyclo-S3 was stabilized through a chemical
bond formation to create an I-(cyclo-S32+) complex. Furthermore, the dication of the
cyclic trimer is the isoelectric state to a cyclo-SiS2 molecule isolated by matrix isola-
tion, supporting the possibility of cyclo-S32+ existence [83]. The structural analysis
of the metastable sulfur allotrope trapped by the pore of the coordination network
opens up new avenues for producing and characterizing unusual sulfur species.

12.1.11 Theoretical Investigation of Sulfur Allotropes
in the Pores

The ability of interactive pore sites to trap and stabilize small sulfur allotropes was
investigated using theoretical calculations. Since both physisorbed and chemisorbed
S2 species appeared in the same structure, the energetics of the chemisorption process
and electronic spin changes were evaluated. To obtain this information, the energy
of the I−· · · S–S complex was calculated.

In a triplet electronic state, the S2 molecule is only physisorbed onto the iodide.
The interaction energy of this intermolecular interaction was calculated to be
−29.2 kJ/mol with the I–S bond order of 0.1294. As a result, this intermolecular
interaction cannot be considered as a covalent bond and is more similar in strength
to a halogen bond. The formation of this weakly interacting complex involves charge
transfer from the iodide primarily to the furthest sulfur atom.The equilibriumdistance
for this interaction is 3.317 Å and the resultant species has a bent geometry with a
I· · ·S–S angle of 127.5°.

On the other hand, in the singlet electronic state (Table 12.1 and Fig. 12.16), the
S2 molecule is chemisorbed onto the iodide. In the process, a covalent I–S bond is
formed with a bond order of 0.9293 and the bond distance of 2.602 Å. The geometry
of chemisorbed complex is also bent, with an I–S–S angle of 112.5°. In addition,
there is a considerable charge transfer from the iodide to the sulfur atoms. The I–S–S
Mulliken charges are −0.372, −0.144, and −0.484, respectively. The distant sulfur
atom receives the highest negative charge. From these results, it can be concluded that
a donor-acceptor bond forms between the iodide and the sulfur atom. However, the
total energy gain in creating this intramolecular bond is only −19.4 kJ/mol, almost
10 kJ/mol less stabilizing than physisorption.
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Table 12.1 Stability and key structural parameters for the optimized I−···S2 complex in the triplet
and singlet spin states

I−···S2
Spin Triplet Singlet

Nature Physisorption Chemisorption

d(I–S) in Å 3.317 2.602

Wiberg I–S bond order 0.1943 0.9293

Fig. 12.16 Schematic of the stability of the interacting I−· · ·S2 with respect to the isolated species
in the singlet and triplet spin states. Reproduced with permission of the International Union of
Crystallography

Chemisorption is energetically less favorable than physisorption in this system
because the triplet-to-singlet spin conversion is required for this process. The relative
energies of the various (isolated, non-interacting, and interacting) systems are shown
in Fig. 12.16.

In isolation, the triplet spin state of the S2 molecule is considerably more stable
than the singlet state by approximately 94 kJ/mol. Therefore, when the sulfur gas
was produced for the encapsulation experiment, it likely mostly consisted of triplet
dimers. In the presence of the iodide groups however, both the chemisorbed singlet
and the physisorbed triplet states have similar energies. They differ by only 10 kJ/mol.
With respect to the isolated S2 triplet state, the singlet chemisorbed S2 is only
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19 kJ/mol more stable. In comparison, the singlet chemisorbed S2 state is 113 kJ/mol
more stable relative to its isolated form and is in the order of a covalent bond. These
results unambiguously explain that the lower stability and generally weaker binding
of the chemisorbed sulfur dimer compared to the physisorbed species is due to the
energy of the spin transition. Therefore, the physisorption process is more favorable
for S2 encapsulation in the pores.

In addition, the reaction pathway from the physisorbed triplet S2 to the
chemisorbed singlet S2 was examined. Figure 12.15 shows that the I–S bond forma-
tion process has an energy barrier of 15 kJ/mol. The transition state occurs at around
I−· · · S distance of 2.8 Å (Fig. 12.17).

Finally, the properties of the intermediate cyclo-S3 species were calculated. The
calculated structure of chemisorbed cylco-S32+ showed that the bond lengths in the
sulfur-iodine complex were closely matching with those determined by the X-ray
structure analysis without any geometrical constraints or restraints (Fig. 12.18).

Structural information is essential for understanding chemical reactions andmate-
rial properties. However, the difficulty in determining the structures of intermediate

Fig. 12.17 Potential energy curve of the physisorption to chemisorption transition process of a
molecule of S2 onto an iodide atom in the gas phase. Reproducedwith permission of the International
Union of Crystallography

Fig. 12.18 Geometrical parameters from X-ray analysis and theoretical calculations for
chemisorbed cyclo-S32+. Red numbers refer to the values obtained from X-ray analysis, blue
numbers refer to values obtained from the calculation of I-(cyclo-S32+). Cu, orange; I, purple,
and S, pink. Reproduced with permission of the International Union of Crystallography
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and unstable species has hampered progress in their basic understanding. Herein, we
demonstrated the advantages of using interactive pores to trap labile and unstable
species and observe their reactivities by X-ray analysis. The representative example
was the detection of metastable small sulfur allotropes and their interconversion for
the first time inside the pores of the helical CuI network. Interactive pores used
in these studies can be created by kinetic assembly of the coordination networks
from their precursors. Application of this method to monitoring of catalytic trans-
formations could lead to deeper understandings of their reaction mechanisms. These
kinds of studies are crucial for the future design and development of novel functional
materials.

12.1.12 Future Perspective

Self-assembly of coordination networks has been studied intensively by many
researchers over the past quarter century. However, while the formation of kinetic
side-products has been frequently noted, their detailed investigations have been
scarce due to low stability and poor crystallinity. We demonstrated that kinetic
assembly of porous coordination networks could be used to produce materials with
interactive pore sites. The properties of these sites largely determine the possible
applications of the kinetic materials.

One promising application for the interactive pore sites is trapping and visual-
ization of unstable species. The range of potential unstable allotropes than can be
targeted is broad and includes sulfur, phosphorus, and selenium among others. For
example, in the case of phosphorus, only it is more widely known and a more stable
form, P4, was encapsulated in the interactive pores. However, there are still no exam-
ples of stabilization and visualization of elusive dimer, P2, even though it is known
to exist at high temperatures, and has the same electronic configuration as N2. There-
fore, this phosphorus allotrope could be a highly interesting candidate for the future
encapsulation studies.

Another intriguing application is the control of transition states. If an interactive
pore could behave like an enzyme pocket, it could be used to modulate transition
states of various transformations.Achieving suchdegree of control couldopenupnew
reaction pathways that cannot be reached with the conventional methods. In addition,
interactive sites could also function as active catalytic centers, if their interactions
with a substrate lower the activation energy. Therefore, the design and construction of
the desired interactive sites from suitable metal connectors and ligands could present
and powerful approach for the development tailor-made catalysts. Some of the best
catalytic systems in existence, natural enzymes, utilize interactive sites extensively in
their functions. These systems enable unprecedented acceleration of otherwise diffi-
cult reactions, such as methane monooxygenase (MMO), which oxidizes methane
to methanol. Our ultimate goal is to develop such bio-mimetic catalysts by utilizing
interactive sites generated in kinetically assembled networks.
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In this sense, the careful design of desired interactive sites is a key step toward
buildingmaterials that mimic biological functions, particularly the ability to catalyze
reactions under mild conditions. This task will be accomplished by the judicious
development of multifunctional ligands, the selection of appropriate metal connec-
tors, and tuning the reaction parameters. However, there are still many challenges
that need to be addressed before the kinetically assembled coordination networks
could come close to reaching such a formidable goal.
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