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Treatment of an octanuclear Rh',Zn", cluster containing 12 free
carboxylate groups, Kg[RhsZn,O(L-cys)iz] (Kg[1], L-Hycys = L-
cysteine), with inorganic acids (HX = HBr, H,SO,) produced ionic
crystals of [Ho1]X; composed of nona-protonated [Hy1]3* cations
and X anions. The H-bonded metallosupramolecular helices in
[Ho1]X3, which showed proton conductivity and ammonia
adsorption, were controlled by inorganic anions employed.

Polycarboxylates containing two or more carboxylate
groups in one molecule have been utilized not only as a raw
material for organic synthesis,* but also as a bridging ligand for
metal-organic frameworks (MOFs) or polynuclear metal
complexes,?>® owing to their excellent Lewis basicity and
chemical stability. In recent years, polycarboxylic acids, which
are the conjugated acid of polycarboxylates, have attracted
much attention to construct hydrogen-bonded organic
frameworks (HOFs) as a next-generation porous material that
possesses both permanent porosity and solubility.*® For
example, the hexagonal HOFs consisting of C3-symmetric arene
hexacarboxylic acids, which are soluble in halogenated solvents,
have been reported to show gas-adsorption and molecular
encapsulation in the solid state.> However, most of single-
component HOFs are constructed using 2D polycarboxylic acids,
and the self-organization of 3D polycarboxylic acids into HOFs
have rarely been investigated.® This is because of the synthetic
difficulty in the introduction of many carboxy groups into 3D
hydrocarbon frameworks. As an alternative to organic
polycarboxylates, metal clusters or nanoparticles bearing non-
coordinating carboxylate groups have recently been
developed.”® In general, such cluster polycarboxylates contain
10-200 carboxylate groups in one molecule,” and most of them
are difficult to be crystallized in a single species due to their
polydispersity. Therefore, the crystallization of atomically
precise cluster polycarboxylates into a hydrogen-bonded
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framework, in particular, with the control of their spatial
arrangement by changing external factors, is still a great
challenge.

We have been interested in the stepwise synthesis of
robust thiolato-bridged metal clusters, which possess free
carboxylate groups available for their further aggregation with
metal ions, using natural thiol-containing amino acids, such as
L-cysteine (L-H,cys) and bp-penicillamine.®13 A representative
example is a spherical octanuclear Rh",Zn", cluster with a
hexavalent negative charge, [Rh,Zn;O(L-cys)1,]% ([1]167), which is
synthesized from the L-cys rhodium(lll) complex (fac-[Rh(L-
cys)3]?7) and Zn?* in water.'213 Recently, we have reported that
[1]6 crystallizes with K* in water to produce ionic crystals of
Kg[1], which shows a superionic conduction in the solid state
due to the high mobility of hydrated K* ions.'3 In K¢[1], the [1]~
anions are hydrogen-bonded to each other to form a /cy
framework because of the presence of 12 free carboxylate and
12 coordinated amino groups on the surface of the Rh",Zn",
cluster. On the other hand, our attempts to crystallize the
neutral hexa-protonated [Hgl] were unsuccessful; the addition
of 6 equiv of inorganic acids to an aqueous solution of Kg[1]
caused the immediate precipitation of [H¢1] as a fine powder.132
However, we noticed that the addition of an excess amount of
acids gives a clear yellow solution, from which a crystalline
product is obtained. In this paper, we report the structural
characterization of the crystalline products, [He1]Brs (2) and
[Ho1](HSO4)3 (3), which were obtained by using HBr and H,SO,4
as inorganic acids, respectively. We found that 2 and 3
commonly form hydrogen-bonded helix frameworks composed
of the [Ho1]3* cluster cations,
carboxylate groups in [1]®~ are protonated. Notably, the

in which nine of twelve

hydrogen-bonded helices in 2 and 3 are markedly different from
each other dependent on the inorganic anions incorporated. To
our knowledge, such a cluster-based polycarboxylate system
that shows the anion-controlled formation of hydrogen-bonded
helices is unprecedented. The proton conductivity and
ammonia adsorption of 2 and 3 in the solid state are also
reported.

Treatment of Kg[1] with excess HBr in water gave a clear
yellow solution (pH 1.5), from which yellow needle crystals of 2

were isolated in a moderate yield.T The diffuse reflection and
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CD spectra of 2 in the solid state were essentially the same as
those of Kg[1] (Figs. S1 and S2).1 This implies that the S-bridged
Rh',Zn", cluster structure in [1]% is retained after its treatment
with excess HBr in water. In the IR spectrum, 2 gave two intense
C=0 stretching bands corresponding to protonated COOH and
deprotonated COO- groups at 1724 cm™ and 1594 cm™,
respectively (Fig. 1).* This is indicative of the partial
protonation on the carboxylate groups of [1]®~ in 2. The
elemental analysis data of 2 were in agreement with a formula
for the nona-protonated cluster, [Ho1]Brs, rather than other
protonated species, such as [Hg1]Br, and [H;01]Br,.1
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Fig. 1. IR spectra of a) K¢[1], b) 2, and c) 3.

The structure of 2, which crystallized in the hexagonal
space group of P6s22, was established by single-crystal X-ray
crystallography.f In the asymmetric unit, 2 contains 0.5 cluster
cation of [Hg1]3* and 1.5 Br~ anions, besides water molecules of
crystallization. As expected, the overall structure of [Ho1]3* is
essentially the same as that of [1]% in Kg[1], although nine of
twelve carboxylate groups of [1]6~ are protonated (Fig. 2a).1%¢In
the crystal packing, the cluster cations are connected to each
other through intermolecular NH,---O0OC hydrogen bonds (av.
N---O = 2.73 A) along the crystallographic 65 screw axis, forming
a 6-hold tubular helix with a left-handedness (M-helix) induced
by the L-cys chirality (Figs. 2b,c). Such a chiral induction has been
observed in infinite coordination systems.!®> The diameter of the
helix is ca. 45 A, and a 1D channel with a diameter of ca. 13 A
exists in the helix. Each 6-hold helix is further connected to 6
adjacent helices through NH,:--:O0C hydrogen bonds (av. N...O
=2.73 A), completing a 3D hydrogen bonding framework with a
porosity of 46% (Fig. 2d,e). In addition to the N-H...O hydrogen
bonds, NH,-Br hydrogen bonds exist in 2 (av. N~Br = 3.26 A),
which appears to support the porous 3D framework (Fig. S3).1
The powder X-ray diffraction (PXRD) pattern of the bulk sample
of 2 matches well with the pattern simulated from the single-
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crystal X-ray data (Fig. 3), indicative of the homogeneity of the
bulk crystals of 2.

Fig. 2. Crystal structures of 2. (a) Perspective views of the
molecular structure, (b) top and (c) side views of the left-
handed 6-hold helix, (d) packing structure, and (e) two
neighbouring helices bridged by hydrogen bonds. H atoms
except for COOH groups are omitted for clarity. Colour code: Rh,
blue-green; Zn, dark grey; S, yellow; O, pink; N, blue; C, grey; H,
light blue. Each helix is illustrated using different colours in (d)
and (e).
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Fig. 3. The observed (black) and simulated (red) powder X-ray
diffraction patterns for 2.
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A similar reaction using H,SO, instead of HBr gave yellow
block crystals (3).t The retention of the Rh";Zn"; octanuclear
structure of [1]®~ was confirmed by the reflection and CD
spectra of 3 in the solid state (Figs. S1 and S2).T The elemental
analytical data of 3 agreed well with a formula for the nona-
protonated cluster ([Hg1](HSO,4)s3), as in the case of 2. The
formation of [H;,1]1(SO,)s, instead of [Hg1l](HSO,)s, is excluded
because the IR spectrum of 3 exhibits two C=0 stretching bands
corresponding to COOH (1725 cm™') and COO~ (1621 cm™2), the
intensity ratio of which is similar to that for 2 (Fig. 1).14

The structure of 3, which crystallized in the tetragonal
space group of P432,2, was also determined by single-crystal X-
ray analysis.¥ In the asymmetric unit, 3 contains a cluster cation
of [Hg1]3* (Fig. 4a) and three HSO,~ anions, besides water
molecules of crystallization. In 3, the cluster cations are

Fig. 4. Crystal structures of 3. (a) Perspective views of the
molecular structure, (b) top and (c) side views of the left-
handed 4-hold helix, and (d) packing structure, and (e) two
neighbouring helices bridged by hydrogen bonds. H atoms
except for COOH groups are omitted for clarity. Colour code: Rh,
blue-green; Zn, dark grey; S, yellow; O, pink; N, blue; C, grey; H,

This journal is © The Royal Society of Chemistry 20xx
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light blue. Each helix is illustrated using different colours in (d)
and (e).

connected to each other through NH,:-:O0C hydrogen bonds
(N---0 =2.891(10) A) along a 45 screw axis, forming a 4-hold helix
structure with a left-handedness (M-helix) (Figs. 4b,c). The helix
chain in 3 is moderately waved to form a non-tubular structure
with a diameter of ca. 19 A. Each helix chain is further connected
with four adjacent chains through NH,--0OC (av. N---0O = 2.98 A)
hydrogen bonds, completing a 3D supramolecular structure
with a porosity of 17% (Fig. 4d,e). In 3, there exist additional
NH,--0SO; (av. N--O = 2.93 A) and COOH---0SO; (av. O---O =
2.69 A) hydrogen bonds between [Hq1]3* cations and HSO,~
anions, supporting the helical chain structure (Fig. S4).t Again,
the homogeneity of the bulk sample of 3 was confirmed by the
powder X-ray diffraction (PXRD) pattern that matches well with
the simulated pattern (Fig. 5). Here it should be noted that the
supramolecular helix structures in 2 and 3 are markedly
different from each other, despite the same protonation level
of the Rh",Zn"; cluster in 2 and 3. In 2, the Br-ions incorporated
are only participated in the formation of NH---Br hydrogen
bonds, whereas the HSO,~ ions in 3 forms both NH---OSO; and
COOH:-:-:0S0O;3 hydrogen bonds. It is likely that the involvement
of the protonated COOH groups of [Hg1]3* to the interaction
with counter anions is responsible for the construction of the
dense helix structure in 3.
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Fig. 5. The observed (black) and simulated (red) powder X-ray
diffraction patterns for 3.

To check whether supramolecular frameworks containing
protonated metal clusters exhibit proton conduction in the solid
state, bulk conductivities of 2 and 3 were evaluated via quasi-
four probes alternate-current (ac) impedance measurements
under the controlled temperature (290 K) and humidity (90
%).16 The conductivities of 2 and 3 were 0= 1.4 x 10 S/cm and
4.6 x 10% S/cm, respectively, having the same order of
conductivities. Notably, these values are more than 103 times
higher than that of the neutral, hexa-protonated [Hgl] (0 = 1.3
x 107 S/cm). It is reasonable to assume that the positively
charged [Ho1]3* cluster can release H* ions from the COOH
groups more easily than the neutral [Hel], leading to the
appreciable proton conductivities for 2 and 3.

Prompted by our recent finding of ammonia adsorption in
acidic metallosupramolecular ionic crystals,’”” ammonia-gas
adsorption capacities were also investigated for 2 and 3 at 298

J. Name., 2013, 00, 1-3 | 3
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K (Fig. 6).18 The ammonia adsorption isotherm for 2 displays a
rapid adsorption of 3.8 mmol/g at 0.07 bar, followed by a
gradual increase to 7.7 mmol/g at 0.93 bar. The initial and the
total uptakes correspond to the adsorptions of 9 and 18
ammonia molecules per formula. It is assumed that the
chemical adsorption of ammonia occurs around the [Hq1]3*
cations in the early stage so as to neutralize 9 COOH groups of
each [Ho1]3* cation, followed by the physical adsorption of
ammonia molecules in the void spaces of the supramolecular
framework in 2. A similar ammonia adsorption behaviour was
observed for 3; a rapid adsorption of 4.0 mmol/g occurs at 0.07
bar, followed by a gradual increase to 8.1 mmol/g at 0.93 bar.
Note that the ammonia adsorption capacities of 2 and 3 are
larger than the record value of a HOF system (6.67 mmol/g, for
KUF-1a),*? although they are smaller than the highest capacity
found in a MOF system (19.79 mmol/g for Cu,CI,BBTA).2° Since
Ks[1] showed only a small ammonia adsorption (1.3 mmol/g),
protonation on the cluster polycarboxylates is crucial for the
ammonia adsorption in the present system.
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Fig. 6. NH3 adsorption (filled circle) and desorption (open circle)
isotherms of Kg[1] (black), 2 (blue), and 3 (green) at 298 K.

Conclusions

In summary, we showed that nine of twelve free carboxylate
groups in the Rh",Zn", cluster ([1]°7) are protonated on
treatment with excess inorganic acids, HBr and H,S0O,, affording
ionic crystals of [Hg1]Br3 (2) and [Hg1](HSO4)s (3), respectively,
that possess the functionalities of proton conduction and
ammonia adsorption in the solid state. Of note is the
construction of hydrogen-bonded supramolecular helices in 2
and 3, the structures of which are quite different from each
other (6-hold tubular helix for 2 vs. 4-hold dense helix for 3).
This is ascribed to the difference in the hydrogen-bonding
motifs between Br~ and HSO,~ toward [H1]3*. The present
study that showed the construction of structurally precise
hydrogen-bonding helices from [1]®~ and inorganic acids and

4| J. Name., 2012, 00, 1-3

their control by acids employed should provide insight into the
controlled creation of hydrogen-bonded frameworks based on
cluster polycarboxylates.
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4-Fold Helix of [H1(HSO,)s



