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Liquid-liquid interface-promoted formation of a luminescent
porous molecular crystal built from a supramolecular platinum(ll)-
hexamer
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Porous molecular crystals (PMCs) should function as new-
generation functional porous materials, but selective
crystallisation of PMCs is still difficult. Herein we demonstrate
that liquid-liquid interface promotes crystallisation of a Pt(ll)-
based PMC, rather than the nonporous form, when immiscible
solvent pairs are used, thereby allowing the control of
luminescence.

Porous materials comprising organic units constitute a rapidly

developing field in the past few decades. In particular, porous

molecular crystals (PMCs) have recently attracted increasing

attention as a new generation of functional porous materials.

PMCs offer several advantages over other porous materials, such as

metal-organic  frameworks (MOFs)2 and covalent organic

frameworks (COFs).® Typical advantages of PMC-based adsorbents*

are facile fabrication via solution processes and ease of recycling

after use.! These are because PMCs are constructed with weak and

diverse interactions, including hydrogen bonds, m-m interactions,

halogen interactions, and metallophilic interactions between

molecules. The flexibility resulting from the weak interactions is

also an important feature of PMCs because it enables control of the

physical propertiess and porositys of PMCs through the use of weak

and gentle stimuli. In addition, the construction of PMCs by metal

complexes further allows us to achieve cooperative phenomena

resulting from the flexible porous structures and the functionality of

the metal complexes, such as vapochromism, phosphorescence,

and magnetism.”®¢ Thus, PMCs are promising candidates for

adsorption materials and

also for stimuli-responsive
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Scheme 1 (a) Structural formula of 1. Pink arrows indicate the direction of the
hydro%en»bond. (b, c) Schematic images of the crystallisation of 1IN and 1P (b) by
typical methods or (c) at liquid-liquid interface, respectively.

selective construction of porous structures.® Since porous crystals
are intrinsically unstable compared to nonporous crystals, the
crystallisation of PMCs requires more precise conditions than those
required for MOFs or COFs. Even if the building block molecules are
carefully designed, the formation of the desired PMCs still depends
strongly on crystallisation conditions, such as solvent, temperature,
and crystallisation time.* Although several attempts have been
made to solve this problem by using templates,®® temperature-
control was still required in some cases and the establishment of a
selective crystallisation method remains a challenging issue for
which improvements are required.

In this study, we have succeeded in the selective crystallisation
of a new luminescent PMC consisting of the cyclometalated Pt(ll)
complex [Pt(pbim)(pic)] (1 in Scheme 1(a); pbim = 2-
phenylbenzimidazolate, pic = a-picolinate), which bears hydrogen-
bond donor/acceptor sites. Although nonporous crystals (named as
IN) were obtained preferentially with typical crystallisation
methods (Scheme 1(b)), the desired PMC (named as 1P) was
selectively obtained at the interface formed between a MeOH/H,0
mixture and an alkane (Scheme 1(c)). Optical microscopic and
microspectroscopic  analyses suggest that the selective
crystallisation of 1P results from the stabilisation of porous
channels composed of hydrogen-bonded cyclic hexamers of 1 at the
liquid-liquid interface. Because of differences in crystal packing, the
luminescent properties of 1 can also be successfully controlled with
the use of 1P and 1N.
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(b)  cyclic hexamer
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Fig. 1 PackinF structures of (a) 1N and (b) 1P. Thermal ellipsoids are displayed at the

50% probability level. For clarity, Pt atoms in 1P are shown with a space-filling model,

gxcepé Ifor the structure of the cyclic hexamer. Hydrogen bonds are drawn with red
otted lines.

In the initial stages of this study, we attempted various typical
crystallisation methods (Table S1) and obtained yellow crystals of
1IN as the major product and orange crystals of 1P as the minor
product. As shown in Fig 1, single-crystal X-ray diffraction (SXRD)
analysis revealed that 1N (Monoclinic P2,/c) and 1P (Trigonal R) are
pseudo-polymorphs of 1. Although the coordination geometries
and hydrogen-bond distances are almost identical for 1IN and 1P
(Fig. S1, Table S2), the packing structures are completely different.
1N adopted a nonporous packing structure (Fig. S2(a)) composed of
a hydrogen-bonded zig-zag chain built from 1 (Fig 1(a)). In this
crystal, the shortest Pt--Pt distance (3.8282(3) A; Fig. S2(b)) is
significantly longer than twice the van der Waals radius of Pt (3.5
R), indicating negligible Pt---Pt interactions in 1IN in the ground
state. The powder X-ray diffraction (PXRD) pattern of the as-
synthesised form of 1 (blue line in Fig. 2(a)) is identical to the PXRD
pattern simulated for the crystal structure of 1N, suggesting the
thermodynamic stability of 1N. Conversely, hydrogen bonds were
used to construct the supramolecular cyclic hexamer of 1 in crystal
1P (Fig 1(b)), and this hexamer was aligned in the ab plane to form a
honeycomb-like sheet (Fig. S3(a)). Furthermore, each hexamer was
stacked in a helical manner with a 3-fold screw axis (Fig. S3(b,c)),
resulting in the formation of a one-dimensional hydrophobic
channel with a pore diameter of 7.3 A (Table $2) and a void fraction
of 17%. The Pt--Pt distance (3.5130(4) A) in 1P was comparable to
twice the van der Waals radius of Pt, revealing the presence of
Pt---Pt interactions along the c axis. Therefore, 1P was found to be a
PMC constructed of hydrogen bonds and Pt:--Pt interactions (Fig
1(b)). However, despite a number of attempts (Table S1), the
selective crystallisation of 1P proved difficult with typical methods
(Fig. S4). Although the hydrophobic pore of 1P was assumed to be
stabilised by nonpolar solvents, they were immiscible with good
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solvents for 1, so nonpolar solvents could not be used with the
typical methods.

In contrast to these methods, 1P was selectively crystallised by
the dispersion of cyclohexane in a MeOH/H,0 (v/v = 1/1) mixture
containing 1 (0.125 mM) and a surfactant (see Experimental section
in ESI for details). The SXRD analysis revealed that this resulted in a
1:3 ratio of cyclohexane and 1 molecules in the pores of 1P
prepared by this method (Fig. S5). The inclusion of cyclohexane was
also confirmed by the *H NMR spectrum (Fig. S6(a)) and the
thermogravimetric analysis (Fig. S6(b)). The PXRD pattern of the
orange polycrystalline powder of 1P prepared by this method (red
line in Fig. 2(a)) is identical to the simulated PXRD pattern based on
the crystal structure of 1P, and the absence of peaks derived from
IN indicates the high purity of 1P. Even after desorption of
cyclohexane by heating at 155 °C, the packing structure of 1P was
maintained (i.e. permanent porosity; Fig. S6(c)). In addition, 1P
was obtained regardless of surfactant, suggesting the limited
importance of the surfactant (Fig. S7). Conversely, when crystals of
1P were immersed in the MeOH/H,O (v/v = 1/1) solution of 1 (0.25
mM) in the absence of a liquid-liquid interface, 1P dissolved, and
crystals of 1IN were deposited instead (Entry 2 in Table S3).
Therefore, the cyclohexane serves as a template and stabilises
1P,011 despite the fact that cyclohexane is immiscible with the
MeOH/H,0 mixture. Since a cyclohexane-containing MeOH/H,0
solution of 1 did not afford 1P (Entry 3 in Table S3) even at 4 °C, the
liquid-liquid interface is considered important in obtaining 1P in this
system.
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Fig. 2 (a) PXRD patterns of as-synthesised 1éblue line) and 1P prepared usin,
cyclohexane emulsion (red line). The black and grey lines indicate the simulate
patterns based on the crystal structures of 1P and 1N, respectively. (b) Photographs
and schematic images of 1P crystals obtained by vapour diffusion or using emulsions of
cyclohexane, n-hexane, and liquid paraffin. Arrows indicate the direction of the c axis.

To further investigate the crystallisation, several control
experiments were carried out. First, emulsions of several linear
alkanes (n-hexane, n-octane, n-tetradecane, and liquid paraffin)

This journal is © The Royal Society of Chemistry 20xx

were employed in place of the cyclohexane emulsion. The desired
1P was successfully obtained with the use of linear alkanes (Fig.
2(b); Table S4), but the selectivity was lower for n-hexane, n-octane,
and n-tetradecane (Fig. S8 and Table S5); therefore, the high 1P-
selectivity for the cyclohexane emulsion likely results from the
appropriate size of cyclohexane (~6.0 A) for the pore diameter of 1P
(7.0-7.3 A; Table S2), as well as the appropriate 3-fold symmetry of
cyclohexane (D) relative to that of 1P (Trigonal R). Importantly, the
shape of the crystals of 1P was largely dependent on the
crystallisation method, because the crystals obtained using the
emulsions of alkanes were needle-like and the crystals obtained
using the typical method were block-like (Figs. 2(b) and S8). Since
the long axis of the needle-like crystals of 1P was assignable to the ¢
axis (Fig. S7(b)), the use of alkanes would promote crystal growth
along the channel direction (i.e. c axis). This result is consistent with
the fact that the longest 1P crystals were obtained in the absence of
surfactant (Fig. S7(c)), in which case cyclohexane molecules should
directly contact the 1P solution. Thus, as suggested above, the
inclusion of alkanes should stabilise the porous channels composed
of the supramolecular cyclic hexamer and promote the selective
growth of 1P along the c axis in the presence of the liquid-liquid
interface.

To observe the crystallisation process directly, optical
microscopic observations were conducted (Figs. 3 and S9). For this
purpose, a solution of 1 (0.125 mM) in a MeOH/H,0 (v/v = 1/1)
mixture was slowly layered onto liquid paraffin to form a flat
MeOH/H,0-liquid paraffin interface. After the layering, micrometre-
sized particles appeared at the liquid-liquid interface within several
minutes (Figs. 3(a) and S9(a)). These microparticles were
characterised as 1P by synchrotron PXRD analysis (Fig. S9(b)).
Conversely, relatively large crystals floated in the solution after 10
min (Fig. 3(b)). Similarly, when using the cyclohexane emulsion, only
tiny crystals of 1P were obtained just after the preparation (Fig.
$10), while large crystals of 1P
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Fig. 3 Optical microscopic images of (a) the interface between a solution of 1 in
MeOH/H,0 (v/v = 1/1) mixture and I|c1U|d paraffin and (b) the solution of 1. Images
were taken 10 min after layering of a solution of 1 onto liquid paraffin.
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Fig. 4 UV-vis diffuse-reflectance (dashed lines) and emission (solid lines) spectra of (a)
(lPé;\e =500 nm) and (b) 1N (A., = 400 nm) in the solid state at 298 K (black) and 77 K
red).

were grown after 1 day. These results indicate the occurrence of
the Ostwald ripening in the solution after the formation of seed
crystals of alkane-incorporated 1P at the liquid-liquid interface, and
contrast with the fact that a 1P crystal itself did not serve as a seed
crystal in the absence of cyclohexane (Entry 2 in Table S3).

Owing to the different packing structures, 1P and 1N exhibited
completely different photophysical properties. The UV-vis diffuse-
reflectance spectrum of 1P crystals showed a broad absorption
band at 450-550 nm (Fig. 4(a), dashed line), which is absent in 1N
crystals (Fig. 4(b)) and the solution of 1 (Fig. S11). This new
absorption band of 1P is assignable to the singlet metal-metal-to-
ligand charge transfer (*‘MMLCT) transition arising from the Pt---Pt
interaction, as supported by the theoretical calculations (Fig. S12).
As expected, 1P displayed red emission (A,.. = 692 nm; Fig. 4(a))
from the SMMLCT excited state, whereas 1N exhibited yellow
emission consisting of several peaks (A,.. = 493, 530, and 573 nm;
Fig. 4(b)). For 1P, the broad structureless emission band exhibited a
significant red-shift at 77 K (A,.., = 721 nm; Figs. 4 and S13(a)), as is
typically observed for sSMMLCT emission because of the shortening
of Pt---Pt distances at 77 K.”»*2 In addition, the emission band for 1P
was maintained even after the removal of cyclohexane (Fig. S13(b)),
consistent with the permanent porosity of 1P. Furthermore, the
microspectroscopic analysis revealed that the emission bands and
the emission lifetimes were identical for several single crystals of 1P
(Figs. S14-S15), revealing the high uniformity of 1P crystals obtained
with this crystallisation procedure. In the case of 1N, the emission
intensities of higher-energy peaks were increased by cooling to 77 K
(Fig. 4(b)). Since this higher-energy band is similar to the emission
band of 1 in a MeOH/EtOH glass (Fig. S16) and to those of
previously reported Pt(ll) complexes bearing N-substituted pbim,
this band is assigned as a ligand-centred 3mut* emission band
originating from discrete molecules without any Pt--Pt interactions.
Additionally, the excitation spectra and the wavelength-dependent
emission lifetime measurements suggested that the lower-energy
band of 1N could be assigned as an excimer-like emission (Fig. S17).
Overall, the formation of crystal pseudo-polymorphs of 1 at the
liquid-liquid interface enabled control of not only the porosity but
also the emission properties between *MMLCT and 3mmt*+excimeric
dual emissions.
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In conclusion, we have successfully obtained luminescent PMC
1P at the liquid-liquid interface, and this PMC is not obtained
selectively with typical crystallisation methods. This success results
from the stabilisation of the pores of the seed crystals by the
inclusion of an alkane at the liquid-liquid interface. Consistent with
the differences in packing structures, porous 1P and nonporous 1N
displayed distinctly different photophysical behaviours. The present
results indicate that the immiscible solvents promote the
crystallisation of PMCs at the liquid-liquid interface, and this
constitutes a new strategy for obtaining PMCs effectively.
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