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Pd4 molecular tweezer for
selective encapsulation of isomeric quinones and
their recyclable extraction†

Dharmraj Prajapati,a Pallab Bhandari, a Ennio Zangrando b

and Partha Sarathi Mukherjee *a

Quinones (QN) are one of the main components of diesel exhaust particulates that have significant

detrimental effects on human health. Their extraction and purification have been challenging tasks

because these atmospheric particulates exist as complex matrices consisting of inorganic and organic

compounds. In this report, we introduce a new water soluble Pd4L2 molecular architecture (MT) with an

unusual tweezer-shaped structure obtained by self-assembly of a newly designed phenothiazine-based

tetra-imidazole donor (L) with the acceptor cis-[(tmeda)Pd(NO3)2] (M) [ tmeda = N,N,N0,N0-
tetramethylethane-1,2-diamine]. The molecular tweezer encapsulates some quinones existing in diesel

exhaust particulates (DEPs) leading to the formation of host–guest complexes in 1 : 1 molar ratio.

Moreover, MT binds phenanthrenequinone (PQ) more strongly than its isomer anthraquinone (AQ), an

aspect that enables extraction of PQ with a purity of 91% from an equimolar mixture of the two isomers.

Therefore, MT represents an excellent example of supramolecular receptor capable of selective aqueous

extraction of PQ from PQ/AQ with many cycles of reusability.
Introduction

Nature has developed numerous intricately designed nanoscale
structures with low symmetry for selective recognition of
substrates with no symmetry and their catalytic trans-
formations.1 These natural biological systems take advantage of
folded peptide chains as scaffolds to specically position active
sites and catalytic centers within-well dened cavities.2 Taking
inspiration from these biological systems, synthetic chemists
have evolved supramolecular systems in order to resemble the
natural archetypes. These include both metal mediated
assemblies3–5 and purely organic analogues.6 Like biological
systems, these articial receptors employing noncovalent
interactions have promised to nd application in encapsula-
tion,7 sustainable synthesis,8 light harvesting,9 separation,10

drug delivery,11 and stabilization of reactive species.12

Among these supramolecular systems, metal-
losupramolecular assemblies have gained special interest
because in these systems more functionalities can be achieved
Chemistry, Indian Institute of Science,
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by using suitable ligands.13 However, many reported metal-
losupramolecular architectures are insoluble or poorly soluble
in water, which restricts their use in organic solvents. Design of
water-soluble large architectures with conned hydrophobic
pockets is always a challenging task. In this regard, metal–
ligand coordination driven self-assembly has become an
important tool to construct water-soluble self-assembled
architectures.13 Owing to its gentle reaction conditions and
the ability to predesign the resulting assembly, coordination
driven self-assembly is considered a superior approach14 to
other synthetic approaches involving covalent or weak non-
covalent interactions, for the construction of large discrete
architectures. In recent times various water-soluble supramo-
lecular complexes have been synthesized using this method-
ology for the stabilization of unstable conformers15 and
application in catalysis16 and separation.17

Quinones are highly redox active and toxicologically impor-
tant components of diesel exhaust particulates (DEPs) respon-
sible for environmental pollution.18 They are known to initiate
many reactions associated with several toxicological events. Due
to their strong electrophilicity and redox activity, they can be
involved in the redox cycle with their semi quinone radical
anions that ultimately lead to the production of reactive oxygen
species (ROS), including superoxide, hydrogen peroxide, and
hydroxyl radicals.19 Formation of these ROS in biological
systems causes oxidative stress, which may entail lipid perox-
idation, enzyme inactivation, and DNA damage with conse-
quent gene mutation and cancer.20 Among the detected
© 2024 The Author(s). Published by the Royal Society of Chemistry
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polluting quinones, 9-10 phenanthrenequinone (PQ) is highly
toxic and was found to have a relatively higher concentration in
the environment.21

Exposure to quinone pollutants is an increasing public
concern and inhaling PQ from polluted air can cause diseases
such as lung cancer, asthma, and allergic inammation.18

Notably, PQ is recognized for its potent inhibitory effects on
numerous enzymes, including nitric oxide synthases, protein
kinases, and cyclooxygenase-2.21

Despite their highly toxic nature, quinones are useful chem-
icals in chemical industries and may serve as substrates for
a variety of avoenzymes and as uorescent probes due to their
high electron accepting ability. For example, PQ is used for
fabricating organic electroluminescence devices, supercapacitors,
and electrochemical energy storage and conversion devices.22 It is
also used in dyes, as a hardener for dental restorage and for
organic synthesis. Furthermore, the chemical framework of
naphthoquinone serves as the core structure for numerous
natural compounds, with K vitamin being one of the most
prominent examples.23 Therefore, not only for their industrial
applications but also for the issues caused by their particulates in
the environment, their extraction and purication are both
important.24 This is a challenging task because atmospheric
particulates are found to be complex matrices made up of both
inorganic compounds such asmetals, salts, elemental carbon and
different organic compounds such as alkanes, alcohols, fatty
acids and polycyclic aromatic hydrocarbons (PAHs).25 Traditional
methods such as microwave assisted extraction, solid phase
extraction, and pressurized liquid extraction have been applied
for extraction of organic compounds in diesel exhaust particu-
lates. However, these methods are expensive, tedious, time
consuming and usually require large volumes of solvents. Thus,
alternative practical methods for their extraction and separation
in simpler ways are required.

Herein, we report the design and synthesis of a water soluble
Pd4 molecular tweezer (MT) as a potential host for the encap-
sulation of aromatic quinones. MT has an unusual shape
formed by coordination-driven self-assembly of a new
Scheme 1 Self-assembly of a M4L2 molecular tweezer (MT) and its
selective host–guest complexation with phenanthrenequinone (PQ)
over anthraquinone (AQ) in water.

© 2024 The Author(s). Published by the Royal Society of Chemistry
phenothiazine-based tetra-imidazole ligand L (L = 1,3,7,9-tet-
ra(1H-imidazole-1-yl)-10-methyl-10H-phenothiazine) with a 90°
cis-blocked Pd(II) acceptor (M) (Scheme 1). MT was character-
ized by various spectroscopic techniques, and the structure was
elucidated by single crystal X-ray diffraction study. This newly
engineered water-soluble molecular tweezer (MT), characterized
by its hydrophobic inner cavity surrounded by the aromatic
backbone of L, has demonstrated its compatibility for encap-
sulating quinones in water.

Experiments involving host–guest complexation and guest
extraction, conducted with individual quinones as well as
a mixture of quinones, strongly indicated the creation of a 1 : 1
inclusion complex with MT. Furthermore, it is capable of
extracting phenanthrenequinone (PQ) with a selectivity of 91%,
even in the presence of an equimolar amount of isomeric AQ
and PQ in an aqueous medium (Scheme 1). Thus, MT repre-
sents a distinctive illustration of a discrete, water-soluble
coordination architecture with the potential for effortless and
selective extraction of environmentally abundant quinone PQ.

Results and discussion
Synthesis and characterization

A new tetra-imidazole building block 1,3,7,9-tetra(1H-imid-
azole-1-yl)-10-methyl-10H-phenothiazine (L) was synthesized in
good yield from tetrabromo-N-methylphenothiazine (2) by
a Cu(I) catalyzed C–N coupling reaction (Scheme S1, ESI†).
Ligand L was totally characterized by 1H, 13C, 1H–1H COSY,
1H–1H NOESY-NMR and mass spectrometry (ESI-MS) analyses
(Fig. S3–S9†). In order to synthesize the molecular tweezer (MT),
a yellow solution of the 90° acceptor cis-(tmeda)Pd(NO3)2 (M)
[tmeda = N,N,N0N0-tetramethylethylene-1,2-diamine] in DMSO
was combined with a DMSO solution containing L in a 2 : 1
molar ratio. Subsequently, the mixture was heated at 60 °C for
12 h under stirring. Aer completion, the reaction mixture
turned into a clear pale-yellow colored solution. Finally, the
resulting mixture was mixed with an excess amount of ethyl
acetate to obtain a whitish precipitate which was thoroughly
washed using acetone and diethyl ether and dried under
reduced pressure overnight to obtain the molecular tweezer as
white powder in high yield (96%). Interestingly, self-assembled
molecular tweezerMT is highly soluble in the aqueous medium
contrary to the precursor L which is insoluble in water.

Fourteen distinct peaks in the aromatic region (d = 8.74 to
7.44 ppm) and twomethyl peaks in the aliphatic region (d= 2.38
and 2.29 ppm) were observed in the proton NMR spectrum of
the MT at room temperature in D2O solvent. Contrary to this,
ligand L displayed six peaks in the aromatic region and one for
the methyl protons in the aliphatic region (Fig. 1 and S5†). The
aromatic region contains one broad peak with an integration of
six protons and ve sharp peaks, each with an integral ratio of 2
protons (Fig. S5†). The NMR signals corresponding to three
protons (e, f, and i) merged with each other and formed a broad
signal instead of being three different peaks for these protons.
The observation of fourteen peaks in the 1H NMR spectrum of
MT could be attributed to different orientations of the imid-
azole units around the metal centres, such that imidazole rings
Chem. Sci., 2024, 15, 3616–3624 | 3617
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Fig. 1 Stacked partial 1H NMR spectra of the (a) MT in D2O and (b)
ligand L in CDCl3 and (c) diffusion-ordered 1H NMR of MT in D2O. Fig. 2 ESI-MS spectrum of the PF6

− analogue of MT in acetonitrile.
(Inset) Experimental isotopic distribution pattern of the [M4L2(PF6)4]

4+

fragment.

Fig. 3 (a) Capped stick representation of one of the two independent
molecular tweezers MT (side view). (b) Top view of MT showing
hydrophobic cavity. (c) Space filled model [colour codes: C (light
blue), N (blue), S (yellow), and Pd (red)]. Hydrogen atoms, counter
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face different electronic environments depending on their
proximity to other imidazole units within MT. In the diffusion
ordered NMR (1H-DOSY, in D2O) spectrum of the product,
a single horizontal band conrmed the existence of a single
coordination architecture (Fig. 1 and S11†). Moreover, as
a result of the coordination between the metal and ligand,
signicant downeld shis were detected in the 1H NMR
spectrum of the molecular tweezer, specically in the proton
peaks associated with imidazole. The assignment of these peaks
was successfully accomplished through the utilization of 1H–1H
COSY and 1H–1H NOESY NMR experiments (Fig. S12–S14†).

Although the NMR study provided clear evidence of single
product formation, the precise composition of ligand L and M
within the nal product remained unknown. To address this,
the water-soluble molecular tweezer MT was transformed into
its PF6

− analogue by subjecting its aqueous solution to an
excess of KPF6 to facilitate easy fragmentation in ESI-MS anal-
ysis. The ESI-MS spectrum of the PF6

− analogue of MT was
recorded by dissolving it in acetonitrile solvent. The appearance
of multiple peaks at m/z = 1358.1048, 856.4044, 606.0565 and
455.8466 with isotopic distribution patterns corresponding to
[M4L2(PF6)6]

2+, [M4L2(PF6)5]
3+, [M4L2(PF6)4]

4+ and [M4L2(PF6)3]
5+

charge fragments, respectively (Fig. 2 and S15–S16†) denitively
established the presence of an M4L2 assembly. While the NMR
and ESI-MS analyses hinted at the formation of a single M4L2
self-assembled molecule, obtaining a precise solid-state struc-
ture of the resulting assembly was required to detail the nature
and dimension of the nanocavity. To achieve this, we success-
fully cultivated suitable single crystals of MT through gradual
acetone vapour diffusion into its aqueous solution. Subse-
quently, we collected single crystal X-ray diffraction data by
employing synchrotron radiation. The XRD analysis of MT
disclosed the formation of a new [4 + 2] self-assembled archi-
tecture having a molecular tweezer like topology (Fig. 3). MT
crystallizes in triclinic space group P �1 with two wholemolecular
cations in the asymmetric unit of pseudo C2v symmetry and
comparable geometry.
3618 | Chem. Sci., 2024, 15, 3616–3624
The crystal structure showed (Fig. 3) that two ligands are
encompassing along the two faces of the molecular tweezer in
similar coordination mode. Two imidazole units (labelled as 2
and 20) of each ligand chelate one metal center (Pd2 or Pd20),
whereas the other two imidazole units (1 and 10) bridge atoms
Pd1 and Pd10 (Fig. 3). This binding mode of ligands leads to the
formation of a molecular tweezer like structure with a hydro-
phobic cavity fenced by the aromatic wall of ligands L. The
distance between Pd1 and Pd10 in the two complexes averages to
13.75 whereas that between Pd2 and Pd20 is 7.49 Å (Fig. 3 and
S1†). In each ligand the imidazole units 2 and 20 are twisted
anions, and solvent molecules are omitted for the sake of clarity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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inward, and their mean planes form a dihedral angle of ca.
66.7°. On the other hand, the imidazole rings connected to each
metal center Pd1 and Pd10 form a dihedral angle of 74.2° (mean
value for the two complexes). The geometries of the square
planar Pd(II) centers are found to be quite regular with Pd–N
bond distances in the range 2.017(3)-2.064(3) Å and cis and trans
bond angles within 86.12(12)–94.74(13)° and 172.01(15)–
179.55(13)°, respectively, for all the Pd centers. Indeed, the
necessary steric strain required to close the structure seems to
primarily originate from the ligands. This is favored by the
exible phenothiazine core of L where side phenyl rings form
a dihedral angle of about 33°.
Fig. 4 Partial 1H NMR stack plot of (a)MT, (b) PQ3MT, (c) AQ3MT, (d)
NQ3MT, (e) 2-MeNQ3MT, (f) AceNQ3MT, and (g) 9-FN3MT in D2O
showing the change in NMR spectra upon guest encapsulation byMT.
Star marked peaks correspond to the encapsulated guests.
Host–guest studies

As previously discussed, both the solution-based and solid-state
characterization studies revealed an unusual molecular
tweezer-like structure of MT. The water-soluble molecular
tweezer has an inner capacious hydrophobic pocket fenced by
two ligands L having multiple aromatic rings. The water solu-
bility, inherent hydrophobic cavity, and molecular tweezer-like
structural features inspired us to explore MT as a molecular
host to encapsulate various types of water insoluble aromatic
guests in water. Among organic compounds to be considered as
molecular guests, polyaromatic hydrocarbons (PAHs) have been
well explored so far.17 However, there are a few reports dealing
with highly polar PAHs i.e., oxygenated PAHs (such as quinones)
as molecular guests.26 Herein, we explore the binding of
quinones within the cavity of the molecular tweezer, and the
scope ofMT to act as a host was examined by treating a solution
of MT in D2O (4.3 mM) with excess amounts of different
quinones such as 1,4-naphthoquinone (NQ), 2-methyl-1,4-
naphthoquinone (2-MeNQ), 1,2-acenaphthoquinone (AceNQ),
9,10-phenanthrenequinone (PQ), 9,10-anthraquinone (AQ), and
9-uorenone (9-FN) at room temperature for 12 hours. The
resulting suspensions were centrifuged to remove unbound
guests and the clear solutions were used for further character-
ization. 1H NMR and UV-vis absorption studies were carried out
for the characterization of the host–guest complexes (Fig. 4b–g
and S17–S30†). These characterizations revealed the effective
encapsulation of the guest molecules within MT.

Interestingly, when a colorless solution of MT in D2O was
treated with an excess amount of water insoluble solid phe-
nanthrenequinone (PQ), the color of the solution gradually
turned orange within 2 h and it turned dark orange aer
a period of 12 h. The colour change upon host–guest complex-
ation is presumably due to the charge-transfer interaction
between the host and quinone guest. The 1H NMR spectrum of
the inclusion complex PQ3MT showed distinct peaks within
the aromatic region, accompanied by the appearance of four
new peaks between 6.24–6.76 ppm (Fig. 4b and S17†). Down-
eld shis of the Hd1 protons (0.2 ppm) and Hd2 protons (0.1
ppm) were also observed upon PQ encapsulation. This gradual
shiing in the proton peaks of MT is attributed to the strong
CH/p and p/p interactions occurring between the guest
molecule and the aromatic wall of the MT. Surprisingly, we did
not notice any shi in the peaks of the Hg protons as these
© 2024 The Author(s). Published by the Royal Society of Chemistry
pertain to the imidazole units which are coordinated to the
same Pd center and hence are very close to each other (Fig. 3).
Therefore, these imidazole rings could not interact with the
guest molecule and no shi was observed. Furthermore, the
new set of peaks associated with the encapsulated guest dis-
played a noticeable up eld shi due to the aromatic shielding
effect of the aromatic wall of the MT.

To further prove the encapsulation of PQ by MT 2D-NMR
studies were carried out. The 1H–1H COSY NMR spectrum
(Fig. S18a†) of the inclusion complex PQ3MT showed strong
correlation between the extra peaks (the peaks of encapsulated
PQ), which is due to the host–-guest interaction. In addition,
a 2D NOESY NMR spectrum showed cross correlation between
the encapsulated PQ peak at 6.76 ppm with Hd and Hf protons
of the MT and the peak at 6.61 ppm with He and Hf protons of
the MT (Fig. S18b†), which further conrms the encapsulation
of PQ by MT in water. Moreover, appearance of a single diffu-
sion coefficient for all the proton peaks (logD = −9.68) of the
host and guest in the 1H DOSY NMR spectrum (Fig. S18c†) of
PQ3MT further conrms the host–guest adduct formation. The
host–guest stoichiometry was determined to be 1 : 1 by assess-
ing the integration of 1H NMR peaks of PQ to the integration of
Hg proton of the host (Fig. 4b and S17b†). Like PQ, other
quinones upon complexation with colorless solution of MT
showed a color change in their respective host–guest complexes.
The formation of these host–guest adducts of the quinones with
MT was studied by 1H NMR (Fig. 4 and S19–S28†). In all the
cases, the host–guest ratio was estimated to be 1 : 1 by
comparing the integration of 1H NMR guest peaks to the inte-
gration of the Hg proton of the host.

Complexation of quinones with MT was further explored by
UV-visible study. The absorption spectra of the ligand L andMT
were recorded in CHCl3 and H2O, respectively (Fig. 5 and S29†).

The absorption spectrum of L showed three absorption
peaks at 244, 273 and 327 nm, which can be attributed to p–p*

transitions. Molecular tweezer MT showed a strong absorption
Chem. Sci., 2024, 15, 3616–3624 | 3619
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band at 202 nm, a broad band at 263 nm and a broad hump
centered around 324 nm due to p–p* transitions originated
from the L. Phenanthrenequinone (PQ) encapsulation resulted
in an additional band at 257 nm and a peak at 260 nm (blue
shied by 3 nm), whereas no shi of bands at 202 and 324 nm
peaks was observed (Fig. 5). In addition to this a shoulder at
192 nm and a red shied broad hump at 327 nm with slightly
increased intensity were observed. According to literature
reports, PQ has strong absorption bands at 257, 263 and
319 nm,27,19b while PQ3MT showed a blue shied peak at
260 nm, an additional absorption band at 257 and a red shied
band at 327 nm. On the other hand, for AQ3MT the peak at 263
was shied to 260 nm (a blue shi), whereas peaks at 202 and
324 nm remain unchanged upon complexation withMT (Fig. 5).

Host–guest complex 9-FN3MT showed two new bands at
248 and 257 nm in addition to the bands due to MT, which
originated from p–p* transitions of the guest 9-FN (Fig. S29†).
Similar kinds of absorption spectral features were detected by
the encapsulation of NQ (naphthoquinone) and 2-MeNQ (2-
methyl naphthoquinone) by MT. 2-MeNQ3MT exhibited two
extra bands at 250 and 262 nm due to p–p* transitions from 2-
MeNQ. Likewise, NQ3MT showed new bands at 251 and
262 nm due to p–p* transitions of NQ (Fig. S29†).

We have observed that MT is a potential host for different
quinones such as phenanthrenequinone, anthraquinone,
naphthoquinone, 2-methylnaphthoquinone, acenaph-
thoquinone and 9-uorenone in water. The guest uptake affinity
of MT towards the interested quinones (PQ and AQ) was
quantied using the association constant (Ka). To determine Ka,
1H NMR titration experiments were carried out. For this study
a stock solution of MT was prepared in 0.5 mL D2O (5 mM). As
the quinone guests tested are not soluble in water, stock solu-
tions of AQ and PQ in DMSO-d6 (0.04 M) were prepared. The 1H
NMR titration was carried out by adding aliquots of guest stock
solution (4.2 mL) to the solution of the host MT and 1H NMR
spectra were recorded immediately aer each addition (Fig. S31
and S33†). The change in the chemical shi of the Hd1 proton of
Fig. 5 Normalized absorption spectra ofMT, PQ3MT and AQ3MT at
room temperature in water (10−5 M solution).

3620 | Chem. Sci., 2024, 15, 3616–3624
guest3MT, obtained from the 1H NMR titration experiments,
was plotted vs. the equivalents of the guest added. The plots also
support the formation of a host–guest complex with a stoichi-
ometry of 1 : 1 for the guests tested. To calculate apparent
association constants, the chemical shis of the host–guest
complexes corresponding to the protons Hd1 and Hd2 with the
equivalents of guest added were tted using the BindFit
program (online soware “supramolecular.org”) using the 1 : 1
(host : guest) binding model.28 The association constants were
found to be 3.93 × 102 and 4.6 × 103 M−1 for AQ3MT and
PQ3MT, respectively (Fig. S32 and S34†). The relatively high
association constants of MT with guest PQ are presumably due
to a more compatible tting of it within the inner hydrophobic
cavity of MT.

Unfortunately, several attempts to grow suitable single
crystals of the host–guest complexes by conventional slow
evaporation and the vapour diffusion technique for X-ray
diffraction remained unsuccessful. Therefore, computational
calculations were conducted to investigate the difference in
binding affinity between the molecular tweezer (MT) and two
typical isomeric guests, 9,10-phenanthrenequinone (PQ) and
9,10-anthraquinone (AQ). The computational optimization of
both the host–guest inclusion complexes was carried out by the
PM6 semiempirical method, with water modelled as solvent
and by using the polarization continuum model (PCM) in the
ground state. Initially, the free host structure (MT) was opti-
mized, revealing a structural similarity to that obtained from
crystallographic study (Fig. S35a†). The interatomic distances
between the metal centers, Pd1/Pd10 and Pd2/Pd20, were
determined to be 13.88 Å and 7.54 Å, respectively, in close
agreement to those obtained from SC-XRD analysis of MT. In
the energy-minimized structures of both the inclusion
complexes, the guest molecules were found to align parallel to
the inner wall cavity of MT (Fig. S35b and d†). This orientation
led to the stabilization of host–guest adducts through multiple
p/p and CH/p interactions of the guest molecule with the
phenothiazine cores and imidazole units (coordinated with Pd2
and Pd20) of MT, respectively. Furthermore, single-point energy
calculations were conducted using the DFT method for all
inclusion complexes (Table S1†). These calculations revealed
that PQ3MT exhibited the lowest energy conguration, when
diketone functional groups of the guest were oriented upwards
(towards Pd2 and Pd20), indicating superior size matching.
Consequently, this computational study supports the conclu-
sion that PQ exhibits a stronger binding affinity within the
molecular tweezer (MT) in an aqueous medium.
Extraction of phenanthrenequinone from anthraquinone

Selective extraction of one quinone from complex diesel exhaust
particulates present in the environment as toxic pollutants is
a challenging task. MT has a suitable inner cavity size and
stronger uptake affinity for phenanthrenequinone than its
isomer anthraquinone. Such a nding was very interesting and
led to the idea thatMT could be used for the selective extraction
of phenanthrenequinone from amixture of anthraquinone (AQ)
and phenanthrenequinone (PQ). To check this, rst competitive
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Schematic presentation of the extraction of PQ (phenan-
threnequinone) from a mixture of AQ (anthraquinone) and PQ by MT.
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encapsulations of PQ and AQ by the molecular tweezer were
studied. An orange D2O solution of PQ3MT was reacted with 3
eq. of solid AQ, and in a reverse manner, a pale yellow D2O
solution of AQ3MT was treated with PQ with continuous stir-
ring at room temperature for 12 h. Interestingly, we noticed that
the colour of the AQ3MT solution changed to orange aer the
phenanthrenequinone addition, whereas the colour of PQ3MT
remained unchanged upon AQ addition. In both the cases, the
resulting orange suspension was centrifuged to remove
unbound solid guests and the clear orange solution was exam-
ined by 1H NMR analysis (Fig. 6d and e). The spectral pattern of
AQ3MT solution changed to the characteristic pattern of
PQ3MT aer the addition of PQ (Fig. 6e). However, introduc-
tion of AQ to PQ3MT doesn't change the spectral pattern of
PQ3MT (Fig. 6d). Thus, from the above-described competitive
experiments, it could be further conrmed that the molecular
tweezer has a higher binding affinity for phenanthrenequinone
than its isomer anthraquinone.

The compelling difference in uptake ability of molecular
tweezer towards PQ and AQ encouraged us to test its use in the
extraction of PQ from an equimolar mixture of AQ and PQ. A
colourless D2O solution of MT was treated with an equimolar
mixture (3 eq. each) of AQ and PQ under continuous stirring at
room temperature for 12 h. The resulting orange suspension
was centrifuged to remove unbound solid guests and the clear
orange solution was characterized by 1H NMR analysis. 1H NMR
spectrum of the orange supernatant was almost identical to that
of PQ3MT (Fig. 6f and Scheme 2). This result clearly demon-
strates that MT preferentially encapsulates PQ over its isomer
AQ in water to form predominately an inclusion complex
PQ3MT. To isolate PQ in high purity, the resulting aqueous
solution of the inclusion complex PQ3MT was extracted with
chloroform (Scheme 2). Aer removing the CHCl3 solvent, the
collected solid was examined by 1H NMR analysis to assess the
Fig. 6 Partial 1H NMR stack plot of (a)MT, (b) PQ3MT, (c) AQ3MT, (d)
PQ3MT after treatment with AQ, (e) AQ3MT after treatment with PQ,
(f)MT after treatment with an equimolar mixture of AQ and PQ in D2O,
and (g) CDCl3 extract of the aqueous solution formed by treating an
equimolar mixture of AQ and PQ withMT. Blue sphere, red tringle and
cyan squaremarked peaks correspond to AQ, PQ and internal standard
1,3,5-trimethoxybenzene respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
composition of guest/s using 1,3,5-trimethoxybenzene as an
internal standard (Fig. 6g). The 1H-NMR spectrum of the iso-
lated solid gave signals consistent with that of phenan-
threnequinone with a purity of 91%, clearly demonstrating that
MT successfully extracts phenanthrenequinone from a mixture
of its isomer anthraquinone in water with quite high purity. The
D2O solution of MT obtained aer guest extraction showed an
almost identical 1H NMR spectrum (Fig. S37†) to that of the
pure synthesized MT. Furthermore, ESI-MS analysis conrmed
the presence of the intact hostMT (Fig. S38†), which urged us to
reuse MT for such separation. To do this, the extracted D2O
solution of MT was reused for ve cycles for phenan-
threnequinone extraction without much noticeable reduction
in efficiency (Fig. S36†).

Conclusions

In conclusion, we report here synthesis of a water-soluble
molecular tweezer (MT) with unusual structural topology by
coordination driven self-assembly of a newly designed
phenothiazine-based low symmetrical tetra-imidazole ligand (L)
with a cis blocked 90° Pd(II) acceptor (M) in a 1 : 2 molar ratio. X-
ray diffraction study of complex MT revealed the formation of
an unusual tweezer-shaped architecture, and the NMR and ESI-
MS results were consistent with this structure. The molecular
tweezer (MT) could encapsulate some hydrophobic quinones of
different sizes present in diesel exhaust particulates. The host–
guest complexes were found to have a stoichiometry of 1 : 1 as
revealed from the 1H NMR studies. The unique structural
feature of the molecular tweezer with a hydrophobic cavity
made it an efficient extracting agent for selective capture of
phenanthrenequinone. This stronger binding ability of MT was
used for the extraction of phenanthrenequinone with a purity of
91% from an equimolar mixture of isomeric phenan-
threnequinone and anthraquinone by simple aqueous extrac-
tion. This procedure represents an important nding as
extraction, enrichment, and identication of traces of quinones
from the complex matrix of atmospheric particulates is a chal-
lenging task. Importantly, molecular tweezer was reused for ve
cycles without any noticeable loss in extraction efficiency. Thus,
Chem. Sci., 2024, 15, 3616–3624 | 3621
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our present study represents a simple and reliable method for
the separation of quinones by a simple aqueous extraction
method by using a water-soluble complex species.
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S. Goeb and M. Sallé, Acc. Chem. Res., 2021, 54, 1043–1055;
(e) R. J. Li, J. Tessarolo, H. Lee and G. H. Clever, J. Am.
Chem. Soc., 2021, 143, 3865–3873; (f) S. J. Wezenberg,
Chem. Lett., 2020, 49, 609–615; (g) K. Wu, K. Li, S. Chen,
Y.-J. Hou, Y.-L. Lu, J.-S. Wang, M.-J. Wei, M. Pan and
C.-Y. Su, Angew. Chem., Int. Ed., 2020, 59, 2639–2643; (h)
L. Xu, Y.-X. Wang, L.-J. Chen and H.-B. Yang, Chem. Soc.
Rev., 2015, 44, 2148–2167.

14 (a) J. L. Bolliger, A. M. Belenguer and J. R. Nitschke, Angew.
Chem., Int. Ed., 2013, 52, 7958–7962; (b) M. Fujita,
M. Tominaga, A. Hori and B. Therrien, Acc. Chem. Res.,
2005, 38, 369–378; (c) A. B. Grommet, J. B. Hoffman,
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