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A unique pH-controlled synthesis of two metallosupramolecular
structures from Col'Au’ complex anions and Zn'" cations is reported.
A dense coordination polymer (porosity ~13%) was formed at a pH of
5.0, whereas a porous ionic framework (porosity ~ 61%) that selectively

adsorbs CO, and H,O was created when the pH was adjusted to 5.5.

The preparation of porous crystalline materials such as metal-
organic frameworks (MOFs), coordination polymers (CPs), and
porous ionic frameworks has received continuous attention not
only because of these materials’ fascinating structures but also
because of their unique properties for gas storage and separa-
tion, chemical sensing, catalysis, etc.'™ However, controlling
the crystal porosities of this class of materials is frequently very
difficult because of the effects of various synthesis parameters,
including pH, solvent, and concentration, on the interactions
between the metal ions and ligands.* Therefore, the systematic
synthesis of porous crystalline materials with the desired poro-
sity by controlling these external factors remains an important
research topic.

pH is one of the external stimuli that most strongly influence
the construction of porous crystalline materials.” This influence
stems from the effect of changes in pH on the protonation level,
which drastically changes the coordination modes and con-
formations of ligands, the geometry of metal centres, and the
intermolecular hydrogen bonding interactions.>® Previous
reports on the pH effect on the production of MOFs revealed
that a higher pH tends to give frameworks with greater dimen-
sionality compared to those formed at a lower pH.® However,
a systematic approach to controlling crystal porosities by altera-
tion of pH has thus far been much less explored.

Herein, we report a unique metallosupramolecular system
that exhibits a drastic increase in crystal porosity with an increase
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in the pH of reaction solutions. This system involves a dense
coordination polymer, [Zn(H,0),{Co,Au;(p-Hpen-N,S)(p-pen-N,S)s}]
(1; porosity ~13%, p-H,pen = p-penicillamine), and a highly porous
ionic compound, Nag[Zn(OAc),{Co,Au;(p-pen-N,S)s}][CorAus(p-
pen-N,S)q] (2; porosity ~61%), both of which are independently
produced from rod-shaped Coy'Auj} pentanuclear complex-anions
[Co,Aus(p-pen-N,S)]> 7 and Zn** cations at slightly different
solution pH levels (5.0 vs. 5.5) (Scheme 1). To the best of our
knowledge, such a drastic increase in crystal porosity from a
dense coordination polymer to a porous ionic compound has
not been previously reported.

Solutions of Naj[Co,Aus(p-pen-N,S)s]” and Zn(OAc), in a
sodium acetate buffer solution at pH 4.5 (HOAc/NaOAc = 1:1)
were mixed together, yielding insoluble purple crystals with a
square block shape (1).f The crystallization of 1 was complete
within a day, with a yield of 58%. The diffuse reflection spectrum
of 1 and the solid-state circular dichroism (CD) spectrum are
similar to those of Na;[Co,Aus(p-pen-N,S)q], indicating that the
S-bridged pentanuclear structure in [Co,Au;(p-pen-N,S)s]>~ is
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Scheme 1 Synthetic routes and schematics of two different metallosupra-
molecular structures (1 and 2) constructed from [Co,Aus(p-pen-N,S)gl®~
anions and Zn®* cations at various pH values.
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Fig. 1 Perspective views of (a) the expanded asymmetric unit, (b) side and
(c) top views of the right-handed 2-fold double helix structure (orange and
white), and (d) a 3D dense structure with 1D coordination polymers in 1.
Perspective views of (e) the expanded asymmetric unit, (f) side and (g) top
views of the right-handed 6-fold double-helix structure (orange and white),
and (h) a 1D channel structure in 2. Colour codes: Zn, dark grey; Na, red
purple; Co, deep blue; Au, gold; S, yellow; O, pink; N, blue; C, grey. Dashed
lines indicate hydrogen bonds.

retained in 1 (Fig. S1a and S2a).f The IR spectrum of 1 shows an
intense C=0 stretching band at 1609 cm™* with a shoulder at
1717 em™*. The former and the latter correspond to deprotonated
COO™ and protonated COOH groups, indicative of the partial
protonation of carboxylate groups in 1 (Fig. S3).1 ® X-ray fluores-
cence analysis confirmed the existence of Zn atoms, in addition
to the Co and Au. Combining these results with the elemental
analysis data, we predicted that 1 is a 1:1 adduct of Zn>" and
[Co,Aus(p-Hpen-N,S)(p-pen-N,S)s]>~, in which one of the six p-pen
carboxyl groups is protonated.

The structure of 1 was determined by single-crystal X-ray
diffraction analysis. In addition to the water molecules of
crystallization, 1 contains cis-configurational [Zn(H,0),]*" cations
directly bound to [Co,Aus(p-Hpen-N,S)(o-pen-N,S)s]>~ anions
(Fig. 1a). In 1, [Co,Aus(p-Hpen-N,S)(p-pen-N,S)s]>~ anions are
alternately connected by the [Zn(H,0),]*" cations through coordi-
nation bonds (av. Zn-00C = 2.02 A), forming a 2-fold helix along
the crystallographic a axis (Fig. 1b and c). Additionally, the two
helices are intertwined and connected to each other through
OH,- - -O0C hydrogen bonds (av. O- - -O = 2.72 A), forming a tight
right-handed double-helix structure (Fig. S4 and S5).T The double
helices are connected to each other through COOH- - -OOC inter-
molecular hydrogen-bonding interactions (av. O- --O = 2.84 A) to
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form a 2D sheet-like structure (Fig. S6).T Finally, the 2D sheets are
stacked through NH,- - -OOC hydrogen bonds (av. N- - -0 =2.98 A),
completing a 3D dense structure (Fig. 1d). The estimated solvent
accessible volume of 1 was ~13% on the basis of our calculations
using the PLATON program.’

A similar treatment of Naz[Co,Au;(p-pen-N,S)s] and Zn(OAc),
in a sodium acetate buffer solution at pH 5.0 (HOAc/NaOAc = 1:2)
also yielded only insoluble purple square block crystals of 1.
New water-soluble purple hexagonal block crystals (2) were
obtained when the pH of the buffer solution was increased to
5.5 (HOAc/NaOAc = 1:6).T £§ The diffuse reflection and solid-
state CD spectra of 2 are essentially the same as those of 1 (Fig. S1b
and S2b).T However, the IR spectrum displays a C—O0 stretching
absorption only at 1611 cm ™" (Fig. $3), indicating that all carboxyl
groups in 2 are deprotonated.t® The X-ray fluorescence and
elemental analysis results were in good agreement with a 1:3
adduct of Zn** and [Co,Aus(p-pen-N,S)¢]> . In addition, **Na and
'H NMR spectra revealed the presence of Na* and OAc™ ions,
respectively (Fig. S7 and S8).f Single-crystal X-ray analysis
revealed that 2 consists of tetrahedral {Zn(OAc),} units,
[Co,Au;(p-pen-N,S)s]*~ anions, in addition to aqua Na* cations
and water molecules of crystallization (Fig. 1e). In 2, [Co,Au;(p-
pen-N,S)s]>~ anions are hydrogen bonded (av. N- --O = 2.93 A) to
each other to construct a six-fold helix with right handedness
along the c axis. The two helices are bridged by the {Zn(OAc),}
moieties (av. Zn-Opse = 1.96 A) through coordination bonds
(av. Zn-Ope, = 1.97 A), resulting in a tubular double helix
structure with a large 1D pore with a diameter of ca. 20 A
(Fig. 1f and g). The double helices are further connected by
other [Co,Aus(p-pen-N,S)s]>~ anions via NH,---OOC hydrogen
bonds (av. N---O = 2.91 A), completing a 3D framework that
possesses 1D pore channels (Fig. 1h and Fig. S9).1 The channels
accommodate water molecules and Na' ions that are severely
disordered. The estimated solvent accessible volume of 2 was
~61%. This 1D channel structure is supported by aqua Na"
cations, each of which forms Na-OH,- - -OOC hydrogen bonds
(av. O---O = 2.83 A) between two [Co,Aus(p-pen-N,S)s]>~ anions
and one {Zn(OAc),} unit in the double helix.

The spatial arrangement of [Co,Aus(p-pen-N,S)]*~ anions in
2 is reminiscent of that in the previously reported porous ionic
crystal [Co(H,0),][Co(H,0)s],[Co,Aus(p-pen-N,S)s], (3).'° The sub-
stitution of linking trans{Co(H,0),]** units and free [Co(H,O0),]**
ions in 3 by {Zn(OAc),} units and [Na,(H,0),]*" ions in 2 is the
only substantial structural difference between 2 and 3. However,
the stabilities of 2 and 3 are quite different; a powder X-ray
diffraction study demonstrated that 2 retains its crystallinity after
being heated at 120 °C for 12 h, whereas 3 collapses immediately
even at room temperature (Fig. S10 and S11).f As previously
mentioned, multiple hydrogen bonds exist between acetate
groups from {Zn(OAc),} and aqua ligands in [Nay(H,0);0*" units
in 2 (Fig. S12).t By contrast, no direct hydrogen-bonding inter-
actions were observed between trans-[Co(H,0),]*" units and free
[Co(H,0)e]*" ions in 3, which is most likely the reason for the
substantial difference in stability between 2 and 3.

The protonation and deprotonation of the carboxylate group
at different pH values and in the presence/absence of an excess
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of Na" and OAc™ ions in reaction solutions are potential causes
of the drastic change in crystal porosity between 1 and 2. In 1, the
protonated p-pen carboxyl groups form strong intermolecular
COOH- - -O0C hydrogen bonds, which bring neighbouring helices
much closer. Consequently, a dense structure with low porosity
(~13%) was reasonably constructed. In this case, the presence of
both the protonated and the deprotonated carboxylate groups
in each complex anion in the pH range from 4.0 to 5.0 is
reasonable.’ By contrast, a slight but higher pH value of
5.5 leads to a fully deprotonated form of p-pen in 2. Unlike in 1,
Na' and OAc™ ions from the employed NaOAc buffer solution
were incorporated into 2. Both Na" and OAc™ ions appear to be
associated with the template-directed synthesis of 2, i.e. these
ions form strong intermolecular hydrogen bonds to stabilize
the 1D channel structure with substantially increased porosity.
Presumably, the formation of 2 was accomplished with the aid
of the stabilizing effect due to a large amount of Na" and OAc™
ions in a basic acetate buffer solution. However, we observed
that 1 was also selectively produced using controlled experi-
ments in the pH range from 4.0 to 5.0 when the reaction
solutions contained the same amounts of Na" and OAc™ ions
as those of 2 (Fig. S13).1 This is because a large part of OAc™
ions exist in a protonated form in this pH range to prevent the
coordination to a Zn>" centre. Thus, we concluded that pH is
the dominant factor controlling the crystal porosities in the
present metallosupramolecular system, changing the protonation/
deprotonation states of the carboxylate groups.

The gas adsorption properties of 1 and 2 were investigated.
As shown in Fig. S14, the CO, adsorption isotherm for 1 at
195 K displayed a type-I physical sorption isotherm,'? showing
a gradual increase to 8.7 cm® g~ ' at P/P, = 0.99, with a low
calculated BET surface area of 16 m> g '.¥ A similar CO,
adsorption isotherm was observed for 2; however, the adsorp-
tion amounts increased to a saturation value of 29.3 cm® g™ " at
P/P, = 0.99 because of its higher porosity. The BET surface area
calculated from the CO, adsorption isotherm was also substan-
tially greater: 66 m> g~ '. By contrast, the adsorption capacities
of N, gas for both compounds (Fig. S15 and S16) were very poor
at 77 K (<5.0 cm® g7').7 The adsorption properties toward
small vapour molecules were also investigated. Although the
degree of water molecule adsorption for 1 was quite small
(5 mol mol ™" at P/P, = 0.90), 2 exhibited an impressively high
adsorption of 134 mol mol™" (584 cm?® g™') at P/P, = 0.90
(Fig. 2). This adsorption value is comparable to those for MOFs
with excellent water adsorption ability.§'*'* Notably, the
ionic compound 2 possesses a substantial advantage over the
MOFs that are commonly insoluble in solution because it can
be regenerated via a dissolution-crystallization process. In
an adsorption-desorption cycle, a large hysteresis loop was
observed for 2, which is typical for nanoporous materials with
large pores.'* Remarkably, not only 1 but also 2 exhibited no
adsorption ability toward EtOH and acetone molecules (Fig. S17
and S$18), reflecting the superhydrophilic character of their
porous structures surrounded by numerous hydrophilic
groups.t '* Previously, similar superhydrophilic behaviour was
observed for 3. However, the adsorption capacity of 2 is much
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Fig. 2 Comparison of H,O adsorption (solid symbols) and desorption
(open symbols) isotherms at 298 K for 1 (-M-) and 2 (- @ -).

greater than that of 3 (33 mol mol™* at P/P, = 0.90), which is
ascribed to the very rigid porous framework in 2.

In summary, we demonstrated that two metallosupramolecular
compounds (1 and 2) of remarkably different porosities (~13%
and ~61%, respectively) can be independently created from
[Co,Aus(p-pen-N,S)s]*~ anions and Zn*" cations with only a slight
change in solution pH (5.0 vs. 5.5). Such a drastic change in crystal
porosities by a slight change in pH has not been previously
reported for crystalline coordination compounds. The formation
of stable, superhydrophilic opening channels in 2, which are
applicable for the selective inclusion of hydrophilic small mole-
cules, is noteworthy. This study should serve as a guide for
further development of the synthesis of reproducible, functional
porous materials consisting of cationic and anionic species.
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