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A series of self-assembled mesoporous materials, compounds 1-9, of the type [RPPhs],[XM15,040] (R =

Ph, Me, Et; n = 3 or 4; X = P, Si; M = Mo, W) composed of Keggin anions and phosphonium cations have

been fabricated and characterized. These thermally stable hybrid materials show selective reversible
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uptake of non-polar molecules such as iodine and carbon disulfide under ambient conditions. The resul-
tant porosity is attributed to the self-assembling of the cations on the surface of the Keggin anion such
that the pores are lined with the phosphonium cations rendering them hydrophobhic. The present work

explores the spontaneous self-assembly process of POM integrated mesoporous compounds stabilized
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Introduction

Efforts to achieve/promote spatial organization via self-
assembly of small building blocks have been made
constantly. Among the huge plethora of building units avail-
able, construction of ordered nanomaterials integrated with
polyoxometalates (POMs) as molecular building blocks are
particularly sought after primarily due to the resultant proper-
ties and applications. The construction of the nanostructured
assemblies, obtained by the functionalization of POM clusters
with organic units in an ion exchange reaction, is an ingenious
technique for the formulation of new functional materials.”™®
This strategy provides for the combination of the properties of
both the POMs and the organic units in a synergistic manner.
In such systems, the anionic POM and the organic moieties
which act as the cations are held together by non-covalent
interactions.”'® Among the prevalent non-covalent interactions
of the type van der Waals forces, hydrogen bonding and n-n
stacking, complexes stabilized by electrostatic interactions are
particularly desirable."™* Even though, nano-sized POMs have
been exploited extensively for their catalytic and adsorption
properties, their low solubility in organic solvents and high
crystalline energy hamper their applications in many fields.'***
The organic-inorganic hybrid POM materials, hence, are highly

School of Physical Sciences, Jawaharlal Nehru University, New Delhi 110067, India.
E-mail: ssabbani@jnu.ac.in, sabbanio7@gmail.com

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d1ma01092a

i Present address: Central Sophisticated Instruments Facility (CSIF), Birla Insti-
tute of Technology and Science Pilani, K K Birla Goa Campus, South Goa-403726,
India.

© 2022 The Author(s). Published by the Royal Society of Chemistry

via non-covalent interactions and their potential applications as adsorbing materials.

lucrative as they are more accessible by the organic as well as
the biological media which further their application spectrum
to capturing bulky molecules, drug delivery and as heteroge-
neous catalysts. Self-assembly is one of the routes through
which the materials aspects of POMs can be honed. The simple
process of self-assembly can result in the formation of smart
responsive systems,'®*® liquid crystals,>®** micellar and
micro-emulsion systems,”*' hollow spheres/vesicles®**™*
and porous materials.**° Designing porous materials out of
POMs is extremely attractive. POM-based porous materials can
be generated by the combination of POMs with different metal-
organic frameworks (MOFs), coordination polymers (CPs),
organic amines and surfactants as well as by immobilization
on porous silica and carbon substrates.*® POMs which display
uniform particle size, specific surface charges and well-defined
topologies exhibit augmented surface areas when designed into
hybrid porous materials. Amalgamation of the inherent char-
acteristics of POMs with their newly acquired properties
enables the usage of porous POM-hybrid materials in a multi-
tude of applications such as gas adsorption, hydrogen storage,
catalysis, super-capacitors and hydrogen evolution.*®™>

Much attention has been devoted to porous materials
because of the possible interactions between their pore walls
and incoming atoms, ions or molecules. Their versatility is
further enhanced by the ability to control their pore sizes
during synthesis which in turn facilitates the uptake of several
gaseous, liquid and solid guests. Additionally, they have been
understood to be substances of scientific and technological
importance.”>”* The synthetic routes to porous materials®> "
primarily involve the templating strategies apart from the many
other techniques which require extensive work-up and can be
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tedious. In such a scenario, porous hybrid materials generated
during a facile, spontaneous self-assembly process in the
absence of any external template, is highly remarkable.
Depending on their pore shape and size, and counter cations,
these porous materials can be utilized for selective trapping of
molecules as well as catalysts (both homogeneous and hetero-
geneous) to drive certain dormant reactions in aqueous,
organic as well as biphasic media. As such, there are many
reports related to the synthesis of POM-based porous materials
using a variety of techniques®®*™>> but those obtained via self-
assembly process are rare. One of the important contributions
is reported by Wei, Zhang and their co-worker in which they
have demonstrated reversible iodine capture by polyoxometa-
late based 2D nanostructures.®

Herein we report a series of solid, polycrystalline POM
associated mesoporous hybrid materials 1-9 of the type
[RPPh;],[XM;,0,0] (Where R = Me, Et, Ph; X = Si, P; M = Mo,
W; n = 3 or 4). These materials are formed due to the sponta-
neous aqueous phase self-assembly reaction of POM anion and
organic phosphonium cations, forming spherical aggregates,
the two moeities being held together by electrostatic interac-
tions. Interestingly, the porosity of these complexes is due to
the self-assembly of the spherical aggregates composed of
Keggin anions and phosphonium cations. The adsorption
properties of these porous materials have further been studied.
The mesoporous structure of the synthesized POM hybrid
materials and the hydrophobic nature of their pores enable
the successful reversible uptake of selective guests such as
iodine (I,) and carbon disulfide (CS,) under ambient
conditions.

Experimental section

All the chemicals (phosphomolybdic acid, silicomolybdic acid,
phosphotungstic acid, silicotungstic acid, tetraphenylphospho-
nium bromide, methyltriphenylphosphonium bromide, ethyl-
triphenylphosphonium bromide, iodine, carbon disulfide) were
of reagent grade, received from commercial sources and used
as received. Deionized water was used throughout the synth-
esis. Fourier transform infrared spectra (FT-IR) of the solid
samples were recorded at room temperature in the range of
400-4000 cm ™' on a Shimadzu FT-IR spectrophotometer. Room
temperature powder X-ray diffraction patterns for the solid
samples were measured on a Rigaku Powder X-ray diffracto-
meter, Miniflex-600 equipped with a Cu Ko radiation source
(A = 1.540 A) operating in Bragg-Brentano geometry. The
solution state UV-visible spectroscopic experiments were con-
ducted on a Shimadzu UV 2600 UV-vis spectrophotometer in
the wavelength range of 200-800 nm. The field emission
scanning electron microscope (FESEM) imaging was carried
out on a Carl Zeiss model Ultra 55 microscope. EDX spectra
were recorded using Oxford Instruments X-Max" SDD (50 mm?)
systems and INCA software analysis. The images were recorded
for solid samples deposited as a very fine film on the surface of
carbon tape. The transmission electron microscope (TEM)
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images were recorded on a JEOL 2100F instrument. The TEM
sample was prepared by dispersion of the solid sample in water
followed by sonication for 30 minutes. The sonicated suspen-
sion was coated on the TEM copper grid through drop casting
followed by drying at room temperature. The TGA data was
recorded on a Mettler Toledo TGA 1 instrument for the tem-
perature range of 25-700 °C at the rate of 5 °C min~ ' under an
inert flow of dry N, gas (flow rate 20 cm® min~"). The room
temperature NMR spectra were recorded on a Bruker Avance III
(500 MHz). The NMR data were recorded in de-DMSO solvent.
Chemical shifts are indicated as J values with respect to TMS
which is used as an internal standard. The specific surface area
measurements were performed by Brunauer-Emmett-Teller
(BET) method using Quantachrome Autosorb-ICTCD analyzer.
The atomic force microscopy (AFM) experiments were carried
out with oxford instruments and the relevant data were ana-
lysed by asylum software. The Kelvin probe force microscopy
(KPFM) technique was performed in non-contact mode of
operation using conductive probe. The conductive probe was
coated with Ti/Ir tip with radius of 25 nm, having a spring
constant of 2 N m ™" and the bias of +3 V was applied to the tip.

Synthesis of compounds 1-9

An aqueous solution of the Keggin [XM;,04,]"" (X =P, Si; M =
Mo, W) (0.42 mmol in 75 mL) was prepared. To it, 25 mL
aqueous-methanolic (4: 1 v/v) or aqueous solution of phospho-
nium cation (RPPhs; R = Me, Et, Ph) (3.5 mmol) salt was added.
The obtained suspension was refluxed for two hours at 100 °C.
The resultant polycrystalline precipitate was washed with water
and vacuum dried. Yield: 85-90%.

CH analysis data, observed (calculated): compound 1: % C,
32.45 (30.44), % H, 2.52 (2.13); compound 2; % C, 27.67 (26.72),
%H, 2.33 (2.24); compound 3: % C, 26.36 (25.79), % H, 2.038
(2.054); compound 4: % C, 37.06 (36.29), %H, 2.47 (2.54);
compound 5: % C, 33.07 (32.19), %H, 2.63 (2.707); compound
6: % C, 31.54 (31.16), %H, 2.47 (2.48); compound 7: % C, 23.63
(22.19), %H, 1.55 (1.78); compound 8: % C, 19.17 (19.42), %H,
1.45 (1.63); compound 9: % C, 28.12 (27.17), %H, 1.95 (1.91).

Result and discussion

The concept of self-organization of organic surfactants has
been utilized to design ordered porous materials out of systems
which otherwise remain unstructured such as silica type
materials.®® This idea has been extended to inorganic entities
to fabricate long range order ensembles. Among the many
available candidates for the generation of self-assembled func-
tional materials, nano-sized POMs have been employed as
building blocks for the construction of 1D, 2D and 3D supra-
molecular architectures.®*®” The self-assemblies of the POM
building blocks have been observed majorly in three categories
of compounds: (1) the giant POM clusters such as Mo;54, M0;3,
and Mo,,Fe;, which self-assemble to spherical blackberry
structures having hollow interiors, investigated by Liu, Kegel
and Miiller and their co-workers;***®*7° (2) research groups of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Wei, Gouzerh, Cronin and Peng reported self-assemblies of
POM nanoclusters covalently grafted with organic ligands;””**
and (3) self-assemblies of POM nanohybrids obtained by cation
exchange between POM and organic compounds.? %3788 In the
past two decades, efforts have been devoted to the synthesis of
assembled structures of POMs in the forms of wires, tubes,
vesicles among the many others.>®**~° The approach of obtain-
ing assembled architectures from non-covalently modified
POMs is thought to be versatile as it encompasses an extensive
range of POMs.” It is also supposed that this technique allows
for the controlled generation of assemblies in terms of their
shapes and sizes. Furthermore, the inorganic-organic hybrid
compounds, synthesized in this manner, are stabilized by non-
covalent electrostatic interactions between the POM anion and
organic cation. These building blocks then direct the self-
assembly reaction in appropriate solvent, resulting in solid
state functional materials. Research groups of Kurth, Wu and
Liu reported POM integrated materials wherein the POM
surfaces have been altered by surfactants resuting in formation
of assemblies of surfactant encapsulated POMs (SEPs).3¢37:93797
Bio-compatible self-assemblies have also been synthesized by
utilizing peptide or protein building blocks.® Isolation of well
formed POM assembled hybrid structures have also been
realized by using bulky organic cations, such as, alkylammo-
nium cations apart from the imidazole and pyridine
derivatives,'**>% although reports related to phosphonium
cations are rare. These cations facilitate the stacking of the
POM building units around them in well defined morphologies
rather than into uncharacterized aggregations. Moreover, self-
assemblies of different morphologies are displayed depending
on the type of electrostatic interactions operating between the
POM anion and the cation as well as the manner by which they
arrange.”’

Keggin-based porous materials of the type [RPPh;],[XM;,0,0]
(1-9) were synthesized by mixing aqueous solution of POM anions
with aqueous-methanolic solution of the phosphonium salts
(Scheme 1). Refluxing the precipitate obtained on mixing the two
solutions resulted in the desired product. Nine corresponding
compounds of this series have been synthesized, namely
[PPh,]5[PM0,,05] (1), [EtPPh;]5[PM0,,0,] (2), [MePPh;];[PMo,,0,]
(3), [PPh,]4[SiM04,040] (4), [EtPPh3]4[SiM0;,040] (5), [MePPh;],[Si-
Mo0,,040] (6), [PPhy]s[PW1,04] (7), [MePPh3]s[PW;,04] (8) and
[PPh,]4[SiW1,04] (9).

The FT-IR plots for compounds 1-9 (Fig. 1) show the bands
corresponding to the phosphonium cation (~1483 (s, vas
(C=CQ)), 1107 (s, vs (P-C)), 687 (s, Y(C-H)) and the signature
peaks of the Keggin anions (~1064 (m, v,s (PO,)) in com-
pounds 1-3 and 7-8 and ~ 910 (m, v,4(Si0,4)) in compounds 4-6
and 9, which confirm the presence of both the entities in the
hybrid porous materials."®°

The powder XRD patterns recorded (in the range 26 = 5-40°)
for the hybrid compounds 1-9 are shown in Fig. 2(a). The PXRD
plots show a peak in the region 20 = 7-10° (d ~1.2 nm) which is
characteristic of the Keggin structure.'®" The phases and struc-
tures of compounds 1-9 have also been investigated by record-
ing their XRD patterns and compared with those of their parent

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation for the self-assembly route to
mesoporous materials (1-9) through electrostatically held hybrid spherical
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Fig.1 Comparative IR spectra for (a) compound 1; (b) compound 2;
(c) compound 3; (d) compound 4; (e) compound 5; (f) compound 6;
(g) compound 7; (h) compound 8; (i) compound 9.

Keggin compounds (Fig. 2(b)). While the hybrid compounds
show a very broad feature in the wide angle region of 20 = 15-
40°, the respective Keggin compounds show a number of Bragg
peaks in the same region. The PXRD pattern of the hybrid
compounds is relatively different from the Keggin compounds,
which indicate that the secondary structures of the Keggin
derivatives (compounds 1-9) are influenced by the presence
and nature of cations.

Compounds 1-9 obtained as polycrystalline precipitate were
imaged using FESEM (Fig. 3). A thin layer of the compound was
coated on the surface of a carbon tape prior to recording the
data. The FESEM images show coral (elongated spherical
structures) shaped assemblies®® with sizes ranging from 100-
200 nm. The energy dispersive X-ray (EDX) spectroscopy shows
the presence of carbon, phosphorous (or silicon) and molybde-
num (or tungsten) throughout the assemblies signifying the
presence of both the Keggin anion and the phosphonium
cation (ESL,T Fig. S6). The FESEM images for compounds 1-9

Mater. Adv,, 2022, 3, 5521-5531 | 5523
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Fig. 2 Comparative PXRD spectra for (a) compound 1; (b) compound 2;
(c) compound 3; (d) compound 4; (e) compound 5; (f) compound 6;
(g) compound 7; (h) compound 8; (i) compound 9. Fig. 2b. Wide angle
XRD spectra for the POM hybrid materials and their parent Keggin;
| (@) H3[PM01,040]; (b) compound 1; (c) compound 2; (d) compound 3;
Il () H3[PW12040l; (f) compound 7; (f) compound 8; III (h) HalSiW15,040];
(i) compound 9.

also show the presence of inner channel and cavities (organized
unevenly) which is most probably the reason for the evident
porosity in these compounds.

Compounds 1-9 were also imaged using the TEM technique.
The samples were prepared by sonicating aqueous suspension
of the compounds (1.5 mg mL ") for 30 minutes. The resultant
suspensions were drop casted on copper grids and allowed
to dry prior to the recording of the TEM data. The TEM
images, obtained for compounds 1-9 (Fig. 4), exhibit spherical
aggregates with average diameter of ~20 nm. The most
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Fig. 3 FESEM images for (a) compound 1; (b) compound 2; (c) compound
3; (d) compound 4; (e) compound 5; (f) compound 6; (g) compound 7;
(h) compound 8; (i) compound 9.

Fig. 4 TEM images for (a) compound 1; (b) compound 2; (c) compound 3;
(d) compound 4; (e) compound 5; (f) compound 6; (g) compound 7;
(h) compound 8; (i) compound 9. The inset shows the HR-TEM image for
the respective compound.

characteristic feature of the high resolution TEM (HR-TEM)
images, obtained, is the granular appearance of the hybrid
colloidal spherical aggregates, which give an impression of
small highly contrasting dots, embedded within a poorly elec-
tron contrasting substance. While the small black dots denote
the Keggin polyanion, the low contrasting material corresponds
to the phosphonium cations surrounding the polyanion.*®°®
The mesoporous compounds 1-9 display high thermal stability
showing disintegration only beyond 300 °C as confirmed from
their thermogravimetrical analyses (ESI,T Fig. S9, S10a-i). The
porous nature of compounds 1-9 was investigated by nitrogen

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sorption experiments (ESI,} Fig. S13). The hybrid compounds
show type IV nitrogen adsorption-desorption isotherm with H;-
type hysteresis loop*® in the relative pressure range p/p, of 0.9
to 1.0 indicating the formation of mesoporous compounds. The
H;-type hysteresis loop suggests a fairly uniform arrangement
of spherical agglomerates with cylindrical pore geometry. This
outcome is in accordance with the proposed aggregation of
spherical particles leading to mesoporous material.

The specific surface area measurements for compounds 1-9
show the presence of pores with an average size of 32.9 nm and
pore volume of 0.38 cm® g~ . Therefore, compounds 1-9 can be
classified as mesoporous compounds with an average surface
area of ~25 m” g '. Since it is known that bare hetero
polyanions (HPAs), generally exhibit low surface areas, it can
be said that the cations play an important role in the synthesis
of mesoporous materials as it is their arrangement around the
Keggin moiety (as directed by the non-covalent interactions)
and the further aggregation of the spherical agglomerates that
provide them their porosity.

The Keggin anion [PM;,0,4,]> " (or [SiM1,040]'” M = Mo, W)
of the mesoporous compounds 1-9 (which are hybrid self-
assemblies of Keggin anion and phosphonium cation) can be
envisaged as the tetrahedral ion, PO,>~ (or Si0,*") held within
a {M;,0;6} cage.” In the porous compounds of the type
[RPPh;],[XM;,040], the organic cations are therefore suffi-
ciently attracted (via electrostatic interactions) to the central
tetrahedral anion, the two being separated by the {M;,036}
cage. The Keggin anions and the phosphonium cations, which
are randomly oriented in the aqueous solution, reorganize/
rearrange themselves in such a way that the phosphonium
cations, which are hydrophobic and non-covalently bound to
the Keggin, lie on the surface of the Keggin molecule. This
orientation of the phosphonium cations on the Keggin surface
serves as the base for the formation of hybrid spherical aggre-
gates of [RPPh;],[XM;,0,0] as observed in the TEM images
(Fig. 4). Further, it is expected that the observed porosity in the
compounds 1-9 arises during the arrangement of spherical
aggregates which results in the formation of inner channels
and cavities which are unevenly distributed throughout the
Keggin-based mesoporous compounds. Consequently, the
hydrophobicity of the pores can be attributed to the phenyl
rings of the organic cations which line the pore surface.

We also studied the surface potential measurements by
using Kelvin probe force microscopy (KPFM) technique. The
concerned images are given in the ESI{ (Fig. S23-526). We
could perform surface potential measurements of five repre-
sentative samples (compounds 1, 2, 4, 7 and 9) out of nine
samples described in this work. Compounds 1, 2 and 4 are
molybdenum containing Keggin associated self assembly and
compounds 7 and 9 are tungsten containing Keggin associated
assembly. As shown from the KPFM images, the tungsten
compounds [PPh,]3[PW;,040] (7) and [PPh,],[SiW;,0,] (9)
show negative surface potentials. On the contrary, the molyb-
denum compounds [PPh,]3[PM0,,0,0] (1), [EtPPh3]3[PM01,04]
(2) and [PPh,]4[SiM04,04¢] (4) exhibit positive surface poten-
tials. It is evident from the observed data that the cation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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components of the compounds do not play any major role on
the nature (whether positive or negative) of observed surface
potentials of the materials, because both compounds 7 and 9
have same cationic entity.

In the case of tungsten containing compounds 7 and 9, the
negative surface potential implies that the negative charges of
the surface POM anions are not fully counterbalanced by the
surface phosphonium cations in the interface between the
phosphonium cation and POM anion. This may be due to
the kinetic sluggishness of tungsten (in comparison to molyb-
denum). On the same logic, in case of molybdenum com-
pounds, 1, 2 and 4, the positive surface potential indicates
that the net positive charges of the surface phosphonium
cations are not completely counterbalanced by the net negative
charges of the surface POM anions in the interface of phos-
phonium cation and POM anion.

The porosity and thermal stability of inorganic-organic
hybrid materials 1-9 encouraged us to explore the adsorp-
tion/uptake of certain environmentally malignant molecules.
The choice of the guest was chiefly driven by the fact that the
phosphonium cations of the hybrid porous compounds are
present on the exterior of the pore walls which render them
hydrophobic in nature. Therefore, guests with complimenting
nature are welcome. Apart from the hydrophobic character of
the incoming molecule, it is observed that its size and shape are
also important. The porous materials were applied for the
adsorption of three guests: iodine (I,), toxic carbon disulfide
(CS,) and non-degrading methyl orange dye. It was found that
while the porous materials readily adsorbed guests such as I,
and CS,, they were unable to adsorb methyl orange dye which
was rejected because of its bulky size and non-linear shape.
Hence, it can be said that the porous materials, apart from
exhibiting selectivity in terms of the nature of the incoming
guest, also display selective adsorption, based on the shape and
size of the guest.

Iodine adsorption studies

In order to explore the reversible iodine (I,) adsorption and
release ability of compounds 1-9, fresh samples of the com-
pounds (25 mg) were exposed to iodine vapours (1 g) in a gas-
solid reaction at room temperature and were monitored in real
time. The mesoporous compounds 1-9, on exposure to I,
showed a gradual colour change from yellow (compounds
1-6) or white (compounds 7-9) to brown with time (Scheme 2).

The brown colour of the porous materials, observed due to
the adsorption of I,, intensified till 15 days, after which no
further colour change was observed indicating the saturation of
I, uptake by the porous compounds. This observation was also
supported by the time dependent UV-visible studies, conducted
for compound 1 which showed gradual increase in the uptake
of iodine, saturating after 15 days, after which minimal
increase in the adsorption of I, was observed (Fig. 5 and Table
S4, ESIt). The adsorbed I, could be easily removed by the
simple immersion of the I,-loaded hybrid POM compounds
in organic solvents such as ethanol and hexane.

Mater. Adv., 2022, 3, 5521-5531 | 5525
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Fig. 5 UV-visible spectra of ethanol solutions containing iodine extracted
from compound 1 at different intervals of time.

On immersion, I, leached from the mesoporous compounds
into ethanol (brown coloration) or hexane (violet coloration).
Powdered compounds 1-9 themselves showed a colour change
from brown to yellow (or white) after 3-4 hours of immersion
confirming the removal of adsorbed L,. The structural integrity
of the compounds post I, uptake and its removal was con-
firmed by IR spectroscopy (ESI,t Fig. S2a and b). Since the POM
integrated hybrid materials exhibit easy uptake and release of I,
they can act as suitable candidates for capturing radioactive I,
thereby helping in nuclear waste management.

The quantification of the amount of I, adsorbed by the
porous materials 1-9 was carried out by the method of linear
correlation in accordance with the Lambert Beer’s Law (ESL,T
Fig. $14-S17 and Tables S2, S5). The extraction of the adsorbed
I, by compounds 1-9 was carried out both in ethanol and
hexane and the obtained solutions were analyzed by UV-visible
spectroscopy for their capturing ability of I, (Fig. 6 and ESL+
Fig. S18).

The UV-visible analysis showed that compounds 1-9
adsorbed variable amounts of I,. The highest I, adsorption
capacity in ethanol for the mesoporous compounds under
study was measured as 1.03, 0.98 and 0.95 mg of I,/(mg of
the porous compound) for compounds 5, 4 and 1, respectively
(ESI,¥ Table S3). The controlled experiments show that the
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Fig. 6 Solution state UV-Visible spectra for extracted iodine solutions of
compounds 1-9 in ethanol. The solutions were diluted 50 times prior to
recording of the data.

iodine adsorption is facilitated by the phosphonium compo-
nents of the titled hybrid materials (see ESIt for the the
details)."®® Four cycles of reversible adsorption and desorption
of I, were carried out for compound 1. The amount of adsorbed
I, varied from 0.90 mg to 0.75 mg of I,/(mg of compound 1) for
cycle 1 and 3 and remained constant thereafter (ESL1 Fig. S19
and Table S7).

We have conducted iodine adsorption by the constituent
protonated salt of Keggin anions and phosphonium cations (as
bromide salts) as controlled experiments. The phosphomolyb-
dic acid, silicomolybdic acid, phosphotungstic acid and silico-
tungstic acid, as such do not adsorb iodine but the
phosphonium salts adsorb iodine. These experiments clearly
suggest that the phosphonium part of the obtained self-
assembled materials plays important role for the iodine adsorp-
tion in the present work. Even though, the phosphonium
bromide salt adsorbs iodine, this cannot be compared to the
iodine adsorption by self-assembled materials in the present
study, because phosphonium bromide salt is a molecular level
(water soluble) substance, not a heterogeneous material.

Another choice of suitable guest was CS, but due to its toxic
nature, its reversible adsorption studies by the porous com-
pounds was limited to [PPh,]3[PM04,0,¢] (1). When exposed to
CS, vapours, compound 1 showed a visible colour change from
yellow to green. The green colour of the compound intensified
with continuous exposure to CS, vapours for one week
(Scheme 3). The adsorption of CS, by porous compound 1
can be explained on the basis of strong electrostatic interaction
(in the form of quadrupole interactions) between the phenyl
ring of the phosphonium cation and the incoming CS,

'7'Day1 ﬁ* Day2 | 1 week |_
& — - —> §

[PPhz]2[PMo12040]
Compound 1

Green color on
CSz2 exposure

Scheme 3 Time dependent CS, adsorption by compound 1.
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Fig. 7 () IR spectra of (a) compound 1; (b) compound 1 exposed to CS,
vapours; (c) regenerated compound 1 obtained from methanol; (Il) UV-
visible spectrum for compound 1; inset: enlarged view of the spectrum in
the UV range 250-350 nm.

molecule. The adsorbed CS, was easily removed from the CS,-
loaded compound 1 by its extraction in methanol. As the adsorbed
CS, leached into methanol, compound 1 gradually changed color
from green to yellow, the complete desorption taking place in 3-4
hours. Compound 1 showed no structural disintegration during the
uptake and removal of CS, as confirmed by IR spectroscopy (Fig. 7)
The successful adsorption of CS, within the pores of compound 1
was confirmed by IR, UV-isible and NMR spectroscopy (ESL
Fig. S21). The IR spectra of the CS, loaded compound 1 showed a
band at 1265 cm™ ' corresponding to C=S stretch originally absent
in compound 1.'” Additionally, the UV-visible spectrum for the
methanolic solution of CS, shows an intense peak at 220 nm and
weak bands in the range of 230-330 nm in the UV region of the
spectrum confirming presence of CS, (Fig. 7)."**

Three cycles of reversible uptake and removal of CS, by
compound 1 were performed which showed minimal decline in
its efficiency for adsorption of CS, after each cycle (ESLt
Fig. S22). Therefore the POM incorporated mesoporous com-
pounds 1-9 can act as suitable hosts for the selective capture of
linear non-polar molecules such as radioactive I, and CS, which
are environment unfriendly.

Conclusions

In summary, a series of mesoporous Keggin-based hybrid materials
have been successfully synthesized and characterized. The synthesis

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of the hybrid materials in the present study is an example of non-
covalent functionalization of POMs involving cation replacement
reaction of POMSs. The anion and the phosphonium cation in the
porous material are held together by non-covalent interactions. In
contrast to the commonly used surfactants and ammonium cations,
phosphonium cations have been utilized as the counter cations in
the ion exchange reaction. In the solution phase, the randomly
oriented, closely associated Keggin anion and phosphonium cation
form spherical aggregates, with the phosphonium cations present
on the Keggin surface. The porosity of these materials is the result of
the self assembling tendency of the polyanion and the bulkier
tetraphenylphosphonium cation. Since these compounds efficiently
adsorb I, and CS, on their surfaces, we propose that these porous
hybrids serve to selectively and reversibly adsorb non-polar linear
molecules, tentatively due to the hydrophobic interactions between
the phenyl moities of cation and the guest molecules. This piece of
work therefore, highlights the role of the cation in directing the self-
assemblies offering new prospects, wherein diverse POM self-
assemblies can be generated by employing different cations (both
lipophillic and lipophobhic). Furthermore, the surface properties
can be modulated by choosing appropriate cations, which fit best to
the desired requirements.
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