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The tetrahedral zwitterion of tetrakis(p-carboxyphenyl)
phosphonium is structurally analogous to a family of ligands with C
or Si cores that have found great utility in the preparation of stable
MOFs. However, the central P(V)* core in this molecule reduces the
formal ligand charge, resulting in a PR,3" tetra(carboxylate) species.
This new strategy allows for the formation of lighter MOFs by
incorporation of less metal, which cannot be accessed using
conventional ligands. The phosphonium zwitterion is stable under
hydrothermal synthesis conditions; it spontaneously crystallizes
from hot DMF to give a metal-free and infinitely porous ionic
hydrogen-bonded organic framework, which is stable in water and
organic solvents. We demonstrate how direct hydrothermal
treatment of the ionic framework in the presence of In(NO3); yields
a new charge-neutral In(lll) MOF with diamondoid topology. By
comparison, solvothermal reaction in the presence of Mg(NOs),
yields a chemically-robust MOF with permanent 3D porosity. The
Mg(ll)-based MOF displays water adsorption properties with an
estimated AH,4s of —63.5 kJ mol! and a maximum uptake of 38.9
wt% at 30 °C. This exceptionally stable material also showed highly
reversible H,S sorption with a capacity of ~8 mmol g%, and solvent-
triggered H,S release.

Introduction

The rational design of metal-organic frameworks (MOFs) with
desired net types has become an established art. Control over
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network connectivity through precise combinations of organic and
inorganic building blocks with complimentary geometric elements
has been summarized eloquently in recent review articles.!
Conventionally, MOFs are comprised of anionic ligands, L™,
coordinated to cationic metal ions or clusters, M™; charge-balance
is achieved based on the formation of materials with suitable M:L
ratios. Although MOFs with net anionic or cationic frameworks and
pore-based counterions are known,? charge-neutral MOFs are by far
the most common, since solution-phase MOF synthesis in the
presence of excess H* or OH™ provides numerous possibilities under
which charge-neutral products are obtained. In general, MOFs
prepared with highly charged metal and ligand species are found to
be both chemically and thermally more stable (e.g., UiO-66 based on
Zr(IV) nodes3), while MOFs based on low-valent metals and neutral
ligands (e.g., Cu(l) cyanide polymers*) are much less stable.
However, MOFs that incorporate heavy metals and/or larger multi-
metal clusters as their nodes are correspondingly more dense, thus
resulting in lower overall gravimetric sorption capacities.

From the perspective of the types of organic ligands commonly
used in MOF synthesis (i.e. carboxylates,'< imidazolates,® etc.), it is
clearly a much greater challenge to reduce the anionic charge,
without physically removing one or more anionic donor substituents.
However, ligands with multiple anionic substituents are required to
form MOFs with 3D connectivity that support stable micropore
networks. For example, there are three possible structural isomers
of benzene tricarboxylic acid (btc; 1,2,3- 1,2,4- and 1,3,5-). When
employed as MOF building blocks, these ligands result in completely
different network types by reaction with the same metal ions.5” For
example, HKUST-1 (Cus(1,3,5-btc), is obtained using the GCs-
symmetric trimesate isomer,” while the lower-symmetry 1,2,3- and
1,2,4- isomers lead to MOFs with correspondingly lower network
symmetries.52¢ Yet all three fully deprotonated btc ligands carry the
same 3— charge, requiring the same proportion of metal ions (M™*)
to achieve overall framework charge-balance. This example
underlines how ligand geometry provides control over framework
topology, while the exercising synthetic control over the M:L ratio is
significantly more difficult to achieve.
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These design considerations led us to consider the following
question: how can we prepare stable MOFs using established and
highly-connected poly(carboxylate) ligands, while simultaneously
formally reducing the ligand anionic charge (L") to permit the
formation of lower-density materials?

We chose to address this question via the incorporation of heavier
(3p & 4p) atoms into ligands of pre-existing interest to MOF chemists,
in which the expanded valencies and variable oxidation states
available to these elements can be exploited to modify the ligand
charge. As part of our ongoing studies into the formation of MOFs
based on arylphosphines (the so-called phosphine coordination
materials, or PCMs), we showed that methylation of tris(4-
carboxyphenyl)phosphine, P(CgHs-4-CO,H)3, with methyl iodide was
a simple but powerful way to lower the overall charge of the triply
deprotonated ligand to give a net dianionic species, [P(CH3)(CeHs-4-
C0,);1>.% Importantly, this strategy does not alter the geometrical
nature of the ligand as a tritopic MOF building block. However, the
phosphonium derivative did provide access to lighter, charge-neutral
frameworks based on 1:1 M?*:L?" ratios (versus a 3:2 M?*:L3" ratio

dictated by the parent phosphine) by incorporation of
proportionately mess total metal.8b
O~__OH
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}—{ :}-—I
— +
Pd(OAC), qﬁ"’
o: s
DMIill:ﬁfFux T 0
P(Ar)sHs HO le}
o]
0s-0 4 0520 3-

() é cf.

Scheme 1. (A) Synthetic route to obtain the tetrahedral phosphonium
zwitterion, P(Ar)4Hs; (B) structure and charge comparison of known
tetracarboxylate building blocks (where E = C, Si, 1,3,5,7-adamantyl,

etc.) versus the phosphonium tetracarboxylate trianion.

Results and Discussion

In the present work we have extended this approach to prepare a
more highly symmetric tetrahedral, tetratopic phosphonium species
(P(Ar);Hs3; Scheme 1A). The target phosphonium was obtained in
high yield by Pd(ll)-catalysed P-C coupling of 4-iodobenzoic acid with
the parent phosphine in refluxing N,N-dimethylformamide (DMF;
Scheme 1A). We targeted this ligand because several structurally
analogous ligands based on C,° Si1%% and other larger tetrahedral
cores (e.g., 1,3,5,7-adamantyl)®¢411 have already been explored
widely in MOF synthesis by Yaghi and others, using a reticular
approach.?¢d.10a The tetrahedral geometry of this ligand class leads
to robust 4,4-connected diamondoid MOFs in combination with
tetrahedral metal ions or clusters.>!! The critical difference between
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the fully deprotonated versions of these ligands and our P(V)-based
phosphonium analogue is shown in Scheme 1B: both ligands are
geometrically equivalent tetratopic linkers; but the latter is formally
trianionic due to the charge carried by the central P(V)* atom.
Organophosphonium salts are widely employed in materials
synthesis because the enhanced thermal and chemical stability of
the P*—C bonds renders them suitable for reactions at higher
temperatures, and in aqueous media. Phosphonium salts are also
increasingly important as robust ionic liquids.!? Yet, to the best of
our knowledge, there are no previous examples of tetrahedral

Figure 1. (A) Crystal structure of iPCM-1 showing H-bonding environment
(cyan dashed bonds and distances in A) around each unique P(Ar),H;
zwitterion; thermal ellipsoids are drawn at the 50% probability level and H-
atoms are omitted for clarity. (B) Space-filling rendering of the resulting 4,4-
connected network and open pore structure in iPCM-1 when viewed in the
crystallographic ac-plane.

phosphonium-based MOFs.

Our initial expectation was to isolate the target phosphonium
ligand precursor as an iodide adduct [P(CgH4-4-CO,H),4]* I, in a similar
fashion to our previous synthesis of [P(CH3)(CgHs-4-CO,H)5]* I-.82
Surprisingly, however, large colourless crystals of the product
formed directly from the DMF mother liquor upon cooling of the P—C
coupling reaction (Scheme 1A). Single crystal X-ray diffraction
(SCXRD) analysis revealed that the target phosphonium had been
successfully obtained, but each molecule was singly deprotonated as
a charge-neutral  {P*(CgH4-4-CO,H)3(CeH4-4-CO,7)}  zwitterion,
accompanied by the loss of one equivalent of HI. The result was a
3D-connected microporous hydrogen-bonded organic framework
(i.e., HOF3), in which delocalized H* ions act as ‘ultra-light metal’
cations (Figure 1A).

This journal is © The Royal Society of Chemistry 20xx
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The structure of the zwitterionic solid, hereby referred to as iPCM-
1 (ionic Phosphine Coordination Material) was solved in the
monoclinic space group 12/a (Z = 8) with formula, [H{P(CgHs-4-
CO;)4}-2DMF-%H,0],.. The asymmetric unit contains one complete
crystallographically-unique phosphonium molecule; the central P(V)
atom is pseudo-tetrahedral with C-P—-C bond angles ranging between
105.8(3)-113.4(3)° (P1; Figure 1A). All four para-carboxylate
moieties are approximately co-planar with respect to their parent
aromatic rings. Elemental microanalysis and thermogravimetric
analysis (TGA) of bulk iPCM-1 samples agreed with the SCXRD
solution, to confirm that no halide was present in the lattice (see ESI).
Therefore, each phosphonium monomer is associated with 3
carboxylate-H atoms. A closer inspection of the crystal structure
reveals a single full-occupancy DMF solvate molecule, which is
coordinated in a classical H-bonded dimer orientation with the
carboxylate group labelled as O1 and 02 (Figure 1A); the 02---QPMF
distance is 2.76 A, indicative of a moderately strong H-bonding
interaction.'® This also infers that O2 is fully protonated, leaving two
H* ions to be shared between the remaining three carboxylates.
There are two very short intermolecular carboxylate contacts that
bridge between three adjacent phosphonium molecules, with O---O
distances of 2.46 and 2.52 A (03--O6A and 04---O8B, respectively;
Figure 1A). According to Jeffrey, these distances constitute strong
hydrogen bonding interactions.’* As shown by the blue dashed
bonds in Figure 1A, one carboxylate is syn,anti-bridged while the
other two are monodentate.

The overall result is an undulating, 3D network of ionic hydrogen
bonded molecules, which support small micropores (Figure 1B). The
micropores are filled with additional partial-occupancy DMF and H-
,0 solvate molecules. The micropore network in iPCM-1 consists of
1D channels that lie parallel to the crystallographic b-axis and have
rhombic shaped windows with a maximum accessible opening of 7.2
A (Figure 1B).

Comparison of the bulk powder X-ray diffraction (PXRD) pattern
with the pattern simulated from the single crystal data confirmed the
phase purity of iPCM-1 (Figure 2A). In support of the TGA findings
(Figure S13), iPCM-1 retained its crystallinity upon evacuation at 150
°C, but the PXRD pattern observed was markedly different to that of
the as-synthesised material (Figure 2A; yellow data), indicative of a
phase transition to a smaller unit cell. The desolvated powder
pattern was also similar to that obtained by subjecting as-
synthesized iPCM-1 to cycles of solvent exchange using acetone.
When fresh samples were immersed in H,0, the DMF solvates were
exchanged and the material exhibited a phase change to a new
crystalline structure, (Figure 2A; purple data). Solvent exchange with
tetrahydrofuran (THF) gave a PXRD pattern that was intermediate
between the original and desolvated structure (Figure 2A; blue data).
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Figure 2. (A) Comparison of PXRD data for iPCM-1 upon desolvation and re-
immersion in different solvents. (B) CO, sorption isotherms for iPCM-1 based on
activation conditions, showing lack of saturation at 1 atm; closed symbols =
adsorption, open symbols = desorption.
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All of the above indicate that iPCM-1 shows not only broad solvent
stability, but also ‘soft crystalline’ behaviour.’®> iPCM-1 was not
dissolved upon standing in a range of organic solvents (chloroform,
dichlorom ethane, methanol, ethanol, isopropanol, acetonitrile, 1,4-
dioxane, N-methylpyrrolidone, pyridine, ethyl acetate, diethyl ether,
hexanes) and was only eventually solubilised in strongly basic water
(pH >9). This is rather unusual in comparison to typical crystallized
organic molecules, which tend to undergo dissolution or lose
crystallinity under these conditions, and is likely due to the highly
ionic structure and strong hydrogen bonding network in iPCM-1.

Desolvated samples of as-synthesized iPCM-1 displayed low
affinity for N, gas at 77 K (Figure S14), but an appreciable BET surface
area of 191 m?g~! was obtained using CO, at 196 K, corresponding to
a capacity of 81.6 cm3 g~* at 1 atm (Figure 2B; red triangles). Acetone
exchange led to a significant enhancement of the CO, surface area,
yielding 273 m? g7* (107.8 cm3 g at 196 K; Figure 2B; green circles).
The CO, isotherms did not reach saturation at 1 atm, as has been
observed for other microporous materials including HOFs.8b-d

Although the serendipitous formation of the porous organic
crystalline iPCM-1 led to an interesting new material, we continued
to pursue the preparation of new MOFs using iPCM-1 itself as a
precursor. First, the stability of the phosphonium zwitterion was
assessed by heating iPCM-1 to 200 °C in water for sustained periods
using Teflon-lined autoclaves. Upon cooling, the ligand was
recovered as a microcrystalline solid; SCXRD analysis revealed that
the phosphonium species was intact, and was found to recrystallise
into a number of different non-porous polymorphs. In stark contrast,
the parent phosphine ligand (P(Ar)sHs; Scheme 1A) undergoes
hydrolysis under hydrothermal conditions at temperatures above ca.
100 °C to yield phosphinic acid (R,P(=0)OH; accompanied by loss of
benzoic acid). At increasingly elevated temperatures, complete
hydrolysis leads to the formation of PO,3~.

J. Name., 2013, 00, 1-3 | 3
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(A)

Figure 3. (A) Extended asymmetric unit of In(lll)-based PCM-66 showing
tetrahedral 4,4-connectivity. (B) Triple interpenetration when viewed in the
crystallographic bc-bisector.

Next, iPCM-1 (or alternative polymorphs of the zwitterion) was
treated with various metal precursors under hydrothermal
conditions. To begin with, we employed various M3* precursors that
are known to support tetrahedral coordination environments
(including AI(NO3)3, Cr(acac)s, Cr(NOs)s, Cry(SO4);, FeCls, Fe(NOs)s,
InCl;, In(NOs3);) with the aim of preparing diamondoid (4,4-
connected) networks based on simple 1:1 M3*:L3~ ratios; excess base
(KOH) was also systematically added. No isolable products were
obtained for any of the lighter aforementioned metals, but reaction
of the ligand with In(NOs); in pH neutral water at 160 °C produced
colourless prismatic shards suitable for SCXRD, revealing the
discovery of a new MOF, referred to as PCM-66. The structure was
solved in the tetragonal space group I4 (Z = 8) with formula
[IN{P(CgH4-4-CO,)4}].. adhering to the targeted 1:1 M3*:L3- ratio
(Figure 3). The asymmetric unit of PCM-66 contains two
crystallographically unique In(lll) atoms located on 2-fold inversion
centres, and one complete phosphonium ligand (Figure 3A). Both
In(lll) centres are 8-coordinate with approximate dodecahedral
geometry arising due to coordination by four chelating carboxylates;
each isolated In(lll) site is therefore a pseudo-tetrahedral 4-
connected node within the framework of PCM-66. Accordingly, all
of the carboxylate substituents per ligand are coordinated by In(lll),
resulting in a highly symmetric 4,4-diamondoid net (Figure 3B). PCM-
66 crystalized as a triply interpenetrated structure with three
interwoven 4,4-nets, giving a dense solid that did not contain
additional solvent of crystallization, supported by elemental
microanalysis, TGA and gas sorption data (Figures 3B & ESI). To date,
we have been unable to prepare non-interpenetrated versions of
PCM-66 and interpenetration is common in 4,4-connected MOFs.16

Our next idea was to employ Mg(ll) salts to synthesize low-density
MOFs based on 3:2 M?*:L3~ ratios that compare more favourably than
analogous MOFs prepared with conventional tetrahedral ligands,
which require a 2:1 M?*:L* ratio. There is a great deal of current
interest in the synthesis of Mg(ll)-based MOFs because they exhibit
high thermal stability, and Mg is cheap, readily available, and non-
toxic.'?  Isolated Mg(ll) ions predominantly favour octahedral
coordination, but small Mg clusters (i.e., 2-4 Mg ions) have been
shown to provide symmetric nodes of higher connectivity in the MOF
setting.172%18 Reaction of 3 eq. of Mg(NOQj3), with the zwitterion at 85
°C over 15 hours in a DMF/MeOH/H,0 (5:2:1 v/v) mixture produced
high-yields of colourless rod-shaped crystals. SCXRD analysis

4| J. Name., 2012, 00, 1-3
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revealed a new 3D MOF, hereby referred to as PCM-75. The
structure was solved in the orthorhombic space group, Ibca (Z = 8).
The framework is net neutral with repeat unit, [Mgs{P(CgHs-4-
CO3)4}2(0H,),]., in addition to DMF and H,0 solvates.

Figure 4A shows the extended asymmetric unit of PCM-75, which
includes a single unique phosphonium ligand that is multiply

Figure 4. (A) Extended asymmetric unit of Mg(ll)-based PCM-75 showing the
ligand connectivity. (B) Extended metal node showing the connectivity of the
Mg(ll) trimer. (C) Space-filling view down the b-axis of PCM-75 displaying the
largest pore window present within the framework.

coordinated to two unique Mg(ll) ions. The phosphonium adopts a
regular tetrahedral geometry with C—P—C bond angles between
106.4-112.3°. Seven of the eight carboxylate-O atoms are
coordinated, with only O2 uncoordinated. The metal nodes in PCM-
75 are [Mgs(0OCO)g(OH,),]% units consisting of pseudo-octahedral
Mg(Il) ions (Figure 4B). Each Mgl atom is coordinated by five
carboxylate-O donors and a single terminal OH, ligand (blue atom,
Figure 4B); Mg2 resides on a crystallographic inversion centre and is
triply bridged to each neighbouring Mgl atom. Overall, each Mgs
cluster is an 8-connected framework node, resulting in a non-
interpenetrated material with 8,4-connectivity.

In comparison to the interpenetrated In(lll)-based PCM-66, the
metal atom labelled Mg2 in PCM-75 can be considered as acting to
fuse two adjacent 4,4-connected diamondoid nets to provide a
single, open framework (Figure 4B & C). PCM-75 supports inter-
connected micropore openings in all three crystallographic
directions (Figure 4C & S20). The largest pores lie along the
crystallographic b-axis with a guest-accessible opening of 6.8 A2
(Figure 4C). A comparison of the TGA profiles of as-synthesized PCM-
75 versus a sample pre-activated under vacuum at 250 °C to remove
all pore-based solvent molecules reveals an approximate 11.5% mass
loss due to weakly adsorbed solvent. Under these conditions,
elemental analysis confirmed that all DMF had been removed (ESI).
The as-synthesized material shows a gradual and continuous mass
loss from 25 to 485 °C. Regardless of the activation conditions, the
onset of framework decomposition in PCM-75 did not occur until ca.
485 °C, which is similar to what has been observed for other Mg(Il)-
based MOFs (Figure S21). An interesting observation arising from the
TGA studies concerned the apparent affinity of desolvated PCM-75
to rapidly re-adsorb atmospheric H,0. Even upon rapid transfer of
desolvated PCM-75 to the TGA apparatus, the material appeared to
have adsorbed 8 H,0 molecules per formula unit. This finding was
confirmed by elemental analysis of a PCM-75 sample activated at 250
°C and then re-exposed to the air (ESI).

This journal is © The Royal Society of Chemistry 20xx
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The bulk PXRD pattern of as-synthesized PCM-75 was well-
matched with the theoretical pattern simulated from the SCXRD
solution. Upon desolvation at 250 °C in vacuum, the material
appeared to have become completely amorphous. But, upon re-
exposure to the solvent mixture, the original crystallinity was
completely recovered (Figure S22). Equally, the structure of PCM-75
was recovered upon exposure to other common organic solvents.

Next, to assess the bulk porosity of PCM-75 and its optimum
activation conditions, as-synthesized samples were heated under
vacuum at 75, 150, 200, and 250 °C and then studied by volumetric
analysis. Activation at 200 °C yielded the highest surface area and
volumetric capacity for N,, O,, and H, at 77 K as well as for CO, and
CH,at 196 K (Figure 5A & Figures S23-27, Table S1). The BET-derived
surface areas obtained using N, and CO, were, 661 and 800 m? g1,
respectively, with corresponding micropore volumes of 0.37 and
0.44 cm3 g1, PCM-75 also showed appreciable uptake of O,, H, and
CH,4 (290, 171, 122.0 cm? g1); all gases showed highly reversible
Type-l adsorption-desorption behaviour (Figure 5A).

Given the hygroscopic nature of PCM-75, we next investigated the
water adsorption-desorption properties. The sorption behaviour of
as-synthesised PCM-75 activated at 200 °C under flowing N, was
collected between 0-95% P/P, at 30 °C (equivalent to the relative
humidity, %RH). Due to the apparent fast sorption kinetics of H,0 in
PCM-75, collection of the water adsorption isotherm required a 2 h
stabilisation time at each partial pressure point (Figure 5B & ESI). The
H,O adsorption isotherm exhibits a shape indicative of Type-IV
adsorption behaviour, in which the water uptake increases gradually
from 0 to 40% P/P,, followed by a more rapid uptake between 40 and

(A) 300

200

Uptake (cm? g)
s
o

100

50

0ag+— —— —r—TT
(1] 0.5 1 0 50 100
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Figure 5. (A) Sorption isotherms for PCM-75. (B) Water adsorption-
desorption isotherm at 30 °C of PCM-75 for %RH = 0—95. Closed circles
= adsorption, open circles = desorption.

55% P/Py; above 55% P/Pythe uptake increased steadily, reaching a
maximum uptake of 38.9 wt% H,0 at 95% P/P, (21.6 mmol g1). The
measured H,0 adsorption at intermediate RH (25-45%; most ideal
for low-cost atmospheric water capture) is among the best reported
so far for MOFs.1?

The desorption phase showed more linear desorption kinetics
over the entire RH range from 95 to 0%, resulting in a marked
hysteresis that is most pronounced from 55 to 0% RH, (Figure 5B,
open circles). Since the accessible pore openings of PCM-75 (6.7 A)
are considerably larger than the kinetic diameter of H,0 (2.7 A), the
observed hysteresis is unlikely to be due to kinetic trapping
behaviour (i.e., bottlenecks within the pores).?® Instead, the

This journal is © The Royal Society of Chemistry 20xx
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observed hysteresis is most likely due to moderately strong host-
guest interactions that causes the desorption process to become
more endothermic. H,0 physisorption inside the micropores of
PCM-75 may be enhanced due to the polarized nature of the
framework, owing to the charged phosphonium species, as well as
the presence of highly polarising Mgz nodes. In order to quantify this
assertion, the isosteric heat of adsorption of H,O (enthalpy, AH,qs)
was calculated by fitting isotherms recorded at 20 and 30 °C to the
Clausius—Clapeyron equation (Figures S28 & S29). This gave an
estimated AH,q4s = —63.5 k) mol2, which is higher than typical H,0
adsorption enthalpies measured in MOFs (ca. —40 to —50 kJ mol?).2%
Motivated by the interesting H,O sorption results on PCM-75, we
decided to investigate the adsorption properties of hydrogen sulfide
(H,S). H,Siis a colourless gas that is highly corrosive, flammable and
toxic to humans.2? Materials that can reversibly capture large
amounts of H,S from air or effluent streams are topical and
technologically important. Dynamic H,S adsorption (i.e.,
breakthrough) experiments were performed at 30 °C on activated
PCM-75 samples using a 15:85 v/v mixture of H,S in N,. The
measured H,S uptake was 8.0 mmol g (Figure 6; first cycle), which
is the amongst the highest H,S capture values reported for a MOF
material at 30 °C and 1 atm. By comparison, well-studied MOFs
including MIL-100(Fe),® MIL-53(Fe),?* HKUST-1,22 MOF-5,2 MIL-
53(Cr),2* Ga-soc-MOF2 and MIL-125(Ti)2¢ showed H,S capacities of
approximately only 1 mmol g7%; in these cases, exposure of the MOF
to acidic H,S gas commonly promoted decomposition of the host

- T "'/T z_4
1.0 AT NN
=~
0.8 - / B
<8.0+0.1 mmol g™>
G 8
0.6 4 %"
o £ 6
S £
0.4 £ a4
s
2 2
I 2
0.2 A= T
/L 11 1 2 3 4 5
| Cycle
0'0 L} L} L} L}
0 1 2 3 4
Time (min)

Figure 6. Breakthrough curves of H,S adsorption by PCM-75 obtained
at 30°C and 1 atm using an H,S feedgas concentration of 15 vol%. The
total H,S/N, flow rate was 30 cm?® min~. Inset: the comparative
adsorption capacities for cycling of the same sample.

material. Notably, another Mg(ll)-based MOF (Mg-CUK-1) recently
showed highly reversible H,S capture, with a total capacity of 3.2
mmol g1.27 Only CPO-27 (12.0 mmol g1)282 and MIL-53(Al)-TDC (18.1
mmol g~1)28® have achieved higher H,S sorption capacities.28

In order to investigate the recyclability of PCM-75 for H,S trapping
and release, a second H,S adsorption experiment was conducted on
a sample that had been loaded with H,S and then re-activated under
the original activation conditions (12 h, 200 °C, flowing N,). The total
H,S measured uptake at 1 atm was only 3.1 mmol g%, less than half
of the original capacity. PXRD analysis of re-activated PCM-75 after
the initial H,S loading indicated complete loss of bulk crystallinity

J. Name., 2013, 00, 1-3 | 5
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(Figure S30). Elemental analysis of the post-H,S exposed material
upon re-exposure to humid air did not detect S into the MOF, which
indicated that H,S had not been formally incorporated into the MOF
scaffold (e.g., by dissociation into H* and HS? as this would be
irreversible; see ESI). Together, these results indicated that since the
original PCM-75 structure had not been recovered, H,S gas was
apparently physically trapped in the micropores.

Given the soft crystalline behaviour of PCM-75 as already
evidenced by PXRD studies (vide supra), the H,S-loaded sample of
PCM-75 was immersed in fresh solvent of synthesis
(DMF/MeOH/H,0, 5:2:1 v/v) for 1 h. Subsequent PXRD analysis
indicated significant recovery of bulk crystallinity (Figure S30). Time-
dependent PXRD studies indicated that no further improvement of
crystallinity was obtained upon solvent immersion after 48 h, and in
most instances much less time was required to recover the original
PCM-75 structure (Figure S30). Furthermore, BET analysis of the
sample post-immersion gave a CO, surface area of 802 m? g1, which

+eDMF

+2H,0
+oMeOH

=oH,S

H.5:30°C

DME/H,0/MeOH Vae./pls 200 °C

v w

PCM-75 solvated PCM-75 activated PCM-75 H,5 loaded

Scheme 2. Proposed mechanism of H,S capture and release by PCM-75.

is identical (within instrument error) to the as-synthesised material.
The sample was placed in the H,S breakthrough system and an H,S
experiment was carried out as previously described (see above). The
H,S sorption capacity of the same sample was then collected using
identical activation conditions as before, yielding an uptake of 7.8
mmol g%, (Figure 6; Inset). This surprising result confirmed that
PCM-75 was able be completely regenerated between H,S
exposures, simply by using solvent to recover the initial bulk
structure, and allowing for the full release of trapped H,S. In fact,
this process was conducted a further 3 times, showing comparable
H,S sorption capacities in each case (Figure 6 Inset & Scheme 2).

To the best of our knowledge, this is the first demonstration of
highly cyclable and high-capacity H,S trapping and release by a MOF,
in which the release and regeneration step is solvent-triggered
(Scheme 2). CPO-27?82 demonstrated triggered release of H,S by
small molecules, suggesting that the actual mechanism of H,S
release may be very similar.

In an attempt to better understand the flexible nature of PCM-75
upon H,S loading, an in situ PXRD experiment was carried out by
exposing an activated PCM-75 sample to 1 atm H,S/N; in a sealed
capillary tube (Figure S31). At 30 °C, the sample showed the onset
of transition to an amorphous phase after 30 min, and was
completely amorphous after 120 min (Figure S31). Immersion of the
sample in solvent resulted in full recovery of the original PXRD
pattern, with a corresponding CO, BET surface area of 783 m2 g1

Conclusions

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

In conclusion, we have demonstrated the utility of a
hydrothermally-stable tetrahedral phosphonium zwitterion
{P*(CeH4-4-CO,H)3(CgH4-4-CO,7)} as a new building block for the
synthesis of MOFs, whose assembly requires less metal than
MOFs based on charge-neutral C/Si-based analogues. In our
initial studies, the phosphonium ligand was used in the
synthesis of two new, low-density MOFs based on In(lll) (PCM-
66) and Mg(ll) (PCM-75). The latter displayed unusually high
chemical stability, allowing for the fully cyclable sorption of H,S
gas, with an impressive H,S capacity of 8.0 £0.1 mmol g%. H,S
release and regeneration of the material was found to be
solvent-triggered. PCM-75 also displayed a high affinity for
water vapour with a maximum uptake of 38.9 wt% at 30 °C. The
zwitterionic nature of the ligand also led to the spontaneous
crystallisation of a porous ionic hydrogen-bonded material
(iPCM-1), which was structurally stable in both aqueous and
organic solvents. This work suggests that this and other related
phosphonium ligands will lead to the discovery of other new
MOF materials with enhanced structure-function properties.
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