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Water-Soluble Pd¢L; Molecular Bowl for Separation of
Phenanthrene from a Mixture of Isomeric Aromatic Hydrocarbons

Dharmraj Prajapati, Pallab Bhandari, Neal Hickey, and Partha Sarathi Mukherjee*

ABSTRACT: Phenanthrene is a high-value raw material in chemical
industries. Separation of phenanthrene from isomeric anthracene
continues to be a big challenge in the industry due to their very similar
physical properties. Herein, we report the self-assembly of a water-soluble
molecular bowl (TB) from a phenothiazine-based unsymmetrical
terapyridyl ligand (L) and a cis-blocked 90° Pd(1I) acceptor. TB featured
an unusual bowl-like topology, with a wide rim diameter and a
hydrophobic inner cavity fenced by the aromatic rings of the ligand.
The above-mentioned features of TB allow it to bind polyaromatic
hydrocarbons in its confined cavity. TB shows a higher affinity for
phenanthrene over its isomer anthracene in water, which enables it to
separate phenanthrene with ~93% purity from an equimolar mixture of
phenanthrene and anthracene. TB is also able to extract pyrene with
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around ~90% purity from an equimolar mixture of coronene, perylene, and pyrene. Moreover, TB can be reused for several cycles
without significant degradation in its performance as an extracting agent. This clean strategy of separation of phenanthrene and

pyrene from a mixture of hydrophobic hydrocarbons by aqueous extraction is noteworthy.

1. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are environmental
pollutants of concern on a global scale. PAHs are generally
formed by incomplete combustion during the anthropogenic
process of carbon-containing materials, such as fossil fuels,
refuse, meat, wood, and tobacco." PAHs are resistant to
degradation, and uncontrolled exposure can cause several
adverse effects on human health.” PAHs are insoluble or poorly
soluble in water, and both their solubility in water and their
volatility decrease with an increase in molecular weight.” In
spite of this poor aqueous solubility and toxicity, PAHs are
useful chemicals in the industrial chemistry processes for
making medicines, dyes, plastics, pesticides, insecticides, and
wood preservatives. They are also used for fabricating optical
and electrical devices, which exploit their extended conjugation
and planar structural features.” For example, pyrene and its
derivatives are commercially important for making dyes and
materials in light harvesting applications owing to their specific
structural and electronic properties.” The usefulness of
phenanthrene and pyrene is highly dependent on their purity.
This has inspired the research community to develop efficient
methods for the selective extraction of these PAHs. Solid-phase
extraction and liquid—liquid extraction are commonly used
techniques for the extraction of a wide variety of PAHs.’
However, these conventional techniques suffer from many
drawbacks, such as time-consuming multiple steps, poor
reproducibility, and the requirement for large amounts of
samples.”” Inspired by natural host—guest systems, a wide

variety of artificial hosts have been proposed as efficient
alternatives to the classical extraction and purification
techniques to overcome the above-mentioned draw-
backs.""~"" Among the potential artificial hosts for separation
applications, self-assembled discrete molecular architectures
have gained special attention due to their easy accessibility in
quantitative yields.”'*~" In fact, continuous efforts have been
made to synthesize self-assembled coordination architectures
for guest encapsulation,12 catalysis,m sensing,14 light harvest-
ing,15 stabilization of reactive species,16 drug delivery,17 and
separation.”'® Separation of target molecules using water-
soluble hosts is of enormous interest both from an industrial
and an environmental point-of-view because they offer the
possibility of a simple separation technique at ambient
conditions.”'*"? Coordination-driven self-assembly involving
metals is an efficient method for designing such water-soluble
hosts. Symmetrical ligands have been widely used for such
coordination-driven self-assembly due to their selective
confluence toward discrete assemblies. However, unsym-
metrical ligands remain largely ignored due to the possibility
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of the formation of multiple isomers upon binding of
unsymmetrical donors around the metal centers.”””’

Herein, we report a water-soluble M¢L; molecular bowl
(TB) which was obtained by the coordination-driven self-
assembly of a new unsymmetrical phenothiazine-based
tetrapyridyl donor L (Scheme 1) with a cis-blocked Pd(II)
acceptor (Scheme 2). Due to the presence of two different

Scheme 2. Self-assembly of a PdsL, Molecular Bowl (TB)
and Its Preferential Host—guest Complexation with
Phenanthrene and Pyrene
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pairs of donating 4-pyridyl moieties, the ligand L can bind in
more than one fashion to potentially yield several structures.
Despite these possibilities, a single discrete molecular bowl was
formed. The bowl has a hydrophobic inner cavity defined by
the aromatic backbone of L and a wide rim opening. This
newly designed water-soluble architecture was found to be
suitable for the encapsulation of PAHs in aqueous medium.
Host—guest complexation and guest extraction studies with
mixtures of PAHs revealed the formation of 1:1 host—guest
complexes in all of the cases. TB can separate phenanthrene
with ~93% purity by simple aqueous extraction from an
equimolar mixture of isomeric anthracene and phenanthrene.
Additionally, TB showed the ability to extract pyrene with
~90% purity from an equimolar mixture of coronene, perylene,
and pyrene. Thus, TB represents a unique example of a water-

soluble discrete architecture with an experimentally confirmed
ability both for the challenging separation of hydrophobic
phenanthrene from an isomeric mixture of anthracene and
phenanthrene and for extraction of industrially important
pyrene from a mixture of PAHs by a simple aqueous extraction
technique.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization. A new phenothia-
zine-based tetrapyridyl ligand 10-ethyl-1,3,7,9-tetra(pyridin-4-
yl)-10H-phenothiazine (L) was synthesized by a Suzuki cross-
coupling reaction of 1,3,7,9-tetrabromo-10-ethyl-10H-pheno-
thiazine with pyridine-4-boronic acid under reflux conditions
in a 5:5:1 (volume ratio) mixture of ethanol, toluene, and
water (Scheme 1). L and its precursors were thoroughly
characterized by multinuclear NMR, COSY, NOESY, and
electrospray ionization-high-resolution mass spectrometry
(ESI-HRMS) analyses (Figures S3—S9). For the self-assembly
reaction, a mixture of L and cis-[(tmeda)Pd(NO;),] (M)
[tmeda = N,N,N'N’-tetramethylethane-1,2-diamine] in a 1:2
molar ratio was heated overnight in dimethyl sulfoxide
(DMSO) at 60 °C with stirring. After completion of the
reaction, the mixture turned into a clear yellow solution which,
on treatment with an excess of ethyl acetate, yielded a yellow
precipitate. The precipitate was thoroughly washed with
acetone and diethyl ether, followed by overnight drying
under vacuum to get the molecular bowl (TB). The 'H NMR
spectrum of TB (recorded in D,0) exhibited that the methyl
and methylene protons are in their expected positions (Figures
S7 and S10) and ten distinct sharp peaks in the aromatic
region, while the 'H NMR spectrum of L showed only six
peaks in the aromatic region. On the other hand, a single
horizontal band in the diffusion-ordered NMR ('H-DOSY,
D,0) of the product revealed the formation of a single self-
assembled architecture (Figures 1 and S13).

Therefore, the presence of four extra peaks in the '"H NMR
spectrum of TB compared to ligand L indicates that the four
distinct pairs of protons across the two different types of
donating pyridyl moieties (marked as e, f, g, and h for L in
Figure 1) are split into eight chemically distinct protons upon
binding of L with the acceptor. Two different sets of peaks (e,
e/, g ¢, and f, f, h, h') due to pyridyl moieties were assigned
with the help of the "'H—"H COSY NMR study (Figure S11).
This pattern advocated a differentiation of the protons due to
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Figure 1. Stacked partial 'H NMR spectra of (a) TB in D,0, (b) ligand L in CDCL,, and (c) diffusion-ordered 'H NMR of TB in D,O.

the locked orientations of the pyridyl moieties around the
metal centers. Finally, a 2D 'H—'"H NOESY NMR (Figure
S12) study helped to assign all of the '"H NMR peaks of the
bowl.

To investigate the composition of TB in more detail, the
water-soluble NO;™ analogue of TB was converted into its
PFs~ analogue by adding an excess amount of KPF4 to an
aqueous solution of TB. The resulting precipitate was isolated
and redissolved in acetonitrile for the ESI-HRMS study.
Multiple prominent peaks were observed in the ESI-spectrum
of TB at m/z = 1388.1335, 1004.8486, 774.8952, and
621.5807 that correspond to the charged fragments
[McLs(NO;) (PEg)5], [McLs(NO;)(PFg);]*, [McLy(NOy)-
(PFg)6)%, and [M(L;(NO,)(PF¢) ], respectively (Figures 2
and S14). The experimental isotopic distribution patterns of
the peaks corresponding to the charged fragments matched
well with the theoretically calculated isotopic distribution
patterns (Figure S15), which unambiguously confirmed an
MgL; composition for the self-assembled TB.

Finally, to get further structural insight, suitable single
crystals of TB were grown by diffusion of 1,4-dioxane vapor
into an aqueous solution of the complex for X-ray diffraction
(XRD). The single-crystal XRD study unambiguously
confirmed the formation of an unusual MgL; triangular
molecular bowl (Figure 3). The crystallographic asymmetric
unit (ASU) contains one donor L and two Pd(II) (M)
acceptors (Figure 3a). As indicated above and in Figure 3a, L
contains two pairs of nonidentical pyridyl units (1/1’ and 2/
2’) and one of each of these pairs is coordinated to a Pd(1I)
center (1—Pd1 and 2—Pd2) in the ASU. However, two other
crystallographically equivalent M,L subunits are generated
from this M,L by 3, and 3, rotations around a 3-fold
crystallographic axis parallel to the c-axis. This completes the
bowl-like structure of TB with an M¢L; stoichiometry. The
rotation relationship between the M,L subunits means that
each pair of pyridyl units is coordinated to a crystallo-
graphically equivalent Pd center (1 and 1’ to Pdl, 2, 2’ to
Pd2). As all equivalent atoms generated by symmetry lie on
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Figure 2. ESI-MS spectrum of the PF,~ analogue of TB in

acetonitrile. (Inset) The experimental isotopic distribution pattern
of the [M(L;(NO;)(PFg),]*" fragment.

parallel planes, the plane of the Pd2 atoms defines the bottom
of the bowl, while the plane of the Pdl atoms defines its
opening. A three-fold axis passes through its center.

The shape of the bowl may be described as an inverted
truncated triangular pyramid, whose dimensions and faces are
defined by the Pd1 and Pd2 atoms (Figures 3 and S1). Thus,
the co-planar Pd2 atoms form an equilateral triangle base with
a Pd2—Pd2 distance of 7.57 A, while the open rim of the bowl
is defined by Pdl atoms, which also forms an equilateral
triangle having a Pd1—Pd1 distance of 18.06 A (Figures 3b and
S1). The Pd1—Pd2 distances which define the edges of the
bowl are 12.01 A (Figures 3a and S1). The bowl faces are
therefore delimited by Pdl and Pd2 atoms, which form an
isosceles trapezium of dimensions 7.57 A X 18.06 A X 12.01 A
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Figure 3. (a) Binding mode of L to two different Pd-centers. (b) Top
view and (c) side view of the single-crystal structure of TB showing
Pd—Pd distances. Color codes: gray = carbon, blue = nitrogen, green
= sulfur, and red = palladium. Hydrogen atoms are omitted for better
clarity.

(Figure S1). However, L has significantly curved away from the
mean trapezium face defined by the 4 Pd atoms (Figure 3b),
with out-of-plane distances of 2.248 and 2.756 A to the
phenothiazine N and S atoms, respectively. The internal
dimensions of the bowl are, therefore, larger than those defined
by the Pd atoms. Finally, the depth of the bowl, represented by
the vertical height between the centroids of the Pdl and Pd2
atoms (i.e., along the 3-fold axis), is 10.37 A (Figure S1). It
should also be noted that the bowl is not completely closed, as
there are small openings along the edges and the bottom,
which could allow passage of small molecules (Figure S2).

The geometry of the square planar Pd(II) centers is quite
regular, with cis angles in the range of 84—95° for Pd1 and 87—
93° for Pd2; and trans angles in the range of 178—180° for
both Pdl and Pd2 (Table S2). In fact, the steric strain
necessary to close the structure appears to be mainly on the L
ligands, which, as indicated above, are significantly curved.
Unsurprisingly, the strain is bigger in the case of the pyridyl
groups, which coordinate Pd2 at the base of the bowl and
which are closer together (Table S3). Thus, with respect to the
6-atom mean planes of the coordinating pyridyl moieties, the
Pd2 atom lies at out-of-plane distances of 0.488 and 0.325 A
for 2 and 2. Similarly, the carbon atoms on the inner phenyl
rings, which are directly bound to the pyridyl ring, lie at out-of-
plane distances of 0.222 and 0.236 A. In the case of Pdl, the
corresponding out-of-plane distances are 0.556 and 0.463 A for
1 and 1’, while they are almost co-planar for the ortho and the
para-substituted C atoms, at only 0.067 and 0.001 A.

Each type of Pd(II) center is coordinated to 6 N-donor
atoms of L, which lie almost in the same plane; thus, for Pd1,
the distance between the two parallel planes containing the 1
and 1’ N-donor atoms is 0.065 A, while for Pd2 the distance
between the parallel 2 and 2’ N-donor atom planes is 0.067 A.
Therefore, as also discussed above for the strain of L, while
there are slight differences between each couple of pyridyl
groups, all 6 pyridyl L units for each Pd(II) center are in very
similar environments, giving rise to 2 sets of 6 pyridyl units in
the structure (six for Pd1 and six for Pd2). Similarly, all of the
tmeda N-donor atoms around each type of Pd(II) center lie
almost in a plane, with distances between the symmetry-

generated parallel planes of 0.068 A for Pd1 and 0.086 for Pd.
The crystal structure analysis reveals that each pyridyl moiety
has four types of hydrogen atoms. The pyridyl moieties are
locked in a conformation in which the ring is tilted with
respect to the internal cavity, with one ortho- and one meta-
carbon atom of the 4-pridyl ring tilted inward and the other
two tilted outward with respect to the cavity (Figure 3).

Consequently, for each pyridyl, one type of hydrogen atom
is oriented toward the cavity of TB, while the other is oriented
outward. In this way, the equivalent protons of free L are split.
The tilt of the mean planes of the pyridyl rings coordinated to
each Pd is very similar (81.16 and 73.94° with respect to the
Pdl plane and 58.63 and 59.18° with respect to the Pd2
plane), so the signals for the corresponding proton should be
very similar. Thus, the solid-state SC-XRD structure further
accounts for the reason behind the splitting of the pyridyl
protons in the 'H NMR spectrum.

2.2, Guest Encapsulation Studies. As discussed above,
characterization in both the solution and solid state revealed a
bowl-shaped structure of TB. Many self-assembled architec-
tures form closed structures, which inhibit the easy intake and
release of large guest molecules. However, the current open
molecular bowl should allow easy access to various guest
molecules. Moreover, water-soluble TB has a hydrophobic
pocket fenced by three ligands containing multiple aromatic
rings (L). The water solubility, intrinsic hydrophobicity, and
bowl-type structural features encouraged us to explore TB as a
molecular host for the capture of various hydrophobic aromatic
guest molecules in aqueous medium. For initial investigations,
NBr (naphthalen-1-ylmethyl-2-bromo-2-methylpropanoate)
was chosen as the aromatic guest. An excess amount of NBr
was suspended in an aqueous solution of TB at room
temperature. As expected, due to strong CH—z and n—x
interactions of the NBr molecule with the aromatic wall of TB,
the '"H NMR spectrum resulted in a substantial downfield shift
of the “e” proton (Figure 1) of the bowl from 9.59 to 9.68
ppm, along with the appearance of the guest (NBr) peaks in
the upfield aromatic region (6.4—6.7 ppm) and a distinct
methyl peak at 0.74 ppm for the propionate chain (Figures
S16—S17). Further, a single horizontal band in the 2D DOSY
NMR (log D = —9.76) confirmed the formation of the host—
guest adduct (Figure S19). 2D 'H NOESY NMR for the
adduct also exhibited cross-peaks, which supported the host—
guest interaction (Figure S18). The host—guest stoichiometry
was found to be 1:1 from the 'H NMR integration of the
guest’s aromatic protons with TB’s methyl (marked as d)
protons. The host—guest stoichiometry was also rechecked
after extraction of the guest in CDCIl; in the presence of an
internal standard.

This guest capture property prompted us to explore the
scope of guest binding for polyaromatic hydrocarbon
molecules within the molecular bowl. The scope of guest
inclusion was examined by treating a D,O solution of TB with
excess amounts of various solid forms of PAHs (Figure S) like
naphthalene, anthracene, phenanthrene, pyrene, perylene, and
coronene at room temperature with stirring for 24 h. The
resulting suspensions were centrifuged to remove the excess
guests, and the resulting solutions were examined by 1D and
2D NMR and UV—vis spectroscopic techniques. In all cases,
the resulting host—guest complexes showed broadening and
shifting of both host and guest protons in 'H NMR, which
indicated the complexation of the guest with the host.
However, in some cases, the excessive broadening prevented
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us from identifying the host—guest stoichiometry through
simple integration of the host and guest peaks. Guests were
therefore extracted, and the amounts were calculated with the
help of trimethoxy benzene as an internal standard in CDCl,.
Additionally, 2D DOSY NMR displayed single diffusion bands
in all of the cases (Figures S28, S33, S38, $43, and $48).

In the case of naphthalene, the 'H spectrum of the host—
guest complex (naphthalene C TB) showed downfield shifting
of the pyridyl protons with the appearance of an extra broad
peak at 5.90 ppm due to the guest (Figures 4b and S20—S21).
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Figure 4. Partial '"H NMR stack plot of (a) TB, (b) NBr C TB, (c)
naphthalene C TB, and (d) anthracene C TB in D,O showing the
change in NMR upon guest encapsulation by TB. Star-marked peaks
correspond to the encapsulated guests.

Such a downfield shift of the host’s peaks and an upfield shift
of the guest’s peaks indicated strong hydrophobic interactions
of the guest with the aromatic walls of TB (Figures $20—S21).
2D 'H NOESY analysis revealed a cross peak between the
naphthalene protons signal and the H; and H, proton signals
of the host (Figure $23). Additionally, a single diffusion band
(logD = —9.85) for all of the signals corresponding to the
host—guest complex in 2D DOSY NMR confirmed the
encapsulation of the guest (Figure S22). The host—guest
stoichiometry was estimated to be 1:1 by comparing the
integration of the guest’s broad peak (590 ppm) to the
integration of the methyl Hy peak of the host (0.77 ppm) in
the 'H NMR spectrum of the naphthalene C TB complex. The
host—guest ratio was further verified by extracting the guest
from the aqueous solution of the naphthalene C TB complex
in CDCl, in the presence of trimethoxy benzene as an internal
standard (Figure S24). In a similar way, the host—guest
complexation for other PAHs (Figure S) was studied by 'H
NMR (Figures S25—549). The broadening of the host peaks in
the "H NMR spectra of other PAHs C TB was assumed to be
due to the motion of the guest molecules inside the host cavity.
Therefore, the stoichiometry was determined (1:1) by the
guest extraction strategy in the CDCl; solvent as employed in
the case of naphthalene.

Host—guest complexation was further explored by the UV—
visible study. The UV—vis spectra of donor L and TB were
recorded in CHCl; and H,0, respectively (Figures SS0—S51).
The spectrum of L contains three absorption bands at 247,
269, and 307 nm, which are due to the 7—n* transition, and a
broad signal centered at around 456 nm, which could be
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Figure 5. Guests used for the host—guest complexation with the host
TB.

attributed to the n—z* transition (Figures S50). TB showed a
strong absorption band at 203 nm, along with three broad
bands around 257, 291, and 372 nm, which are due to the
m—m* transition from the ligand units (Figures 6 and S51).
The phenanthrene uptake resulted in a &7 nm red shift of the
broad band at 257 nm, along with the appearance of a narrow
absorption band at 250 nm due to the phenanthrene 7—n*
transition (Figure 6a). Similarly, for anthracene C TB, the peak
corresponding to TB was red-shifted (257—260 nm) upon
complexation with anthracene. Moreover, two new broad
shoulders in the range of 240—255 nm and three broad peaks
in the range of 345—410 were found in anthracene C TB
(Figure 6a), which are in good agreement with the character-
istic absorption of anthracene in MeOH /water.*** Pyrene C
TB resulted in a &5 nm red shift of the broad band at 257 nm,
along with the appearance of two broad shoulders at around
272 nm and 334 nm due to pyrene. In the case of perylene C
TB, the peak due to TB was red-shifted (257 to 259 nm) upon
encapsulation. The appearance of three new broad humps in
the range of 390—460 nm indicated encapsulation of perylene
(Figure 6b). A red shift (=3 nm) of the broad band at 257 nm
for corornene C TB was also observed, along with an
absorption band at 290 nm and two broad bands at around
293 and 360 nm due to coronene. This absorption profile of
corornene C TB is in good agreement with the characteristic
absorption of coronene. Similarly, naphthalene C TB and NBr
C TB show characteristic absorption bands at 219 and 222 nm
(Figure S51), which are in good agreement with the literature
reports on ethanol/water for naphthalene.”®

TB is, therefore, a potential host for various PAHs in
aqueous medium. The guest uptake affinity of TB toward
PAHs was quantified in terms of binding constants (K,) from
the UV—visible titration experiments. As PAHs are insoluble in
water, UV—visible titration was performed in a mixture of
solvents (H,O/MeOH). An aqueous solution of TB (107> M)
was titrated with the methanol solution of the guests (107> M)
at 25 °C (Figures $52—S55). From the titration experiments,
the change in absorbance at 372 nm [AA;;, (nm)] for
phenanthrene, naphthalene, and NBr and the change in
absorbance at 445 nm [AA,,; (nm)] for pyrene were plotted
against their respective equivalents. The titration data were
fitted well with a 1:1 host—guest binding model. The binding
constants were calculated to be 2.6 X 10° M™' for
phenanthrene and 5.3 X 10* M™' for pyrene by fitting the
titration data in Benesi—Hildebrand plots (B—H plots)."”**
We did a control experiment by adding methanol to the
aqueous solution of TB to confirm the changes in absorbance
are due to the guest binding by TB, not because of methanol
addition (Figure S56). Unfortunately, binding constants for
anthracene, perylene, and coronene could not be calculated
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Figure 6. Normalized absorption spectra of (a) TB, phenanthrene C TB, anthracene C TB, (b) TB, pyrene C TB, perylene C TB, and coronene C
TB at room temperature in water (10~ M solution). Inset pictures show enlarged absorption spectra.

due to immediate saturation upon addition of small amounts of
guests during titrations. However, a competitive guest uptake
experiment was carried out with TB in the presence of an
equimolar mixture (3 equiv of each guest with respect to TB)
of solid anthracene, phenanthrene, pyrene, perylene, and
coronene, which clearly revealed that TB has the highest
uptake of phenanthrene and the lowest uptake of perylene.
Analysis of the '"H NMR spectrum (Figure S57) of the solution
obtained by extraction with CDCI; of the encapsulated host—
guest adducts in the D,O supernatant indicated binding
uptakes for the PAHs by TB of ~60, 33.5, 5.1, 0.94, and 0.65%
for phenanthrene, pyrene, anthracene, coronene, and perylene,
respectively. The relatively high selectivity of TB for the
structurally similar guests, phenanthrene and pyrene, was
presumably due to the more compatible fitting of those guests
within the inner hydrophobic cavity of TB.

The host—guest structures, with the guests (naphthalene,
phenanthrene, and pyrene), which were found to exhibit a
strong binding constant, were investigated computationally
using a gas phase semiempirical method in the ground state.
The optimized structure for pyrene C TB displayed an energy-
minimized structure where the pyrene guest was aligned
perpendicularly to the host’s walls inside the cavity (Figure
$58). Similarly, naphthalene and phenanthrene were found to
be perpendicularly aligned inside the hydrophobic cavity of the
host TB in the optimized energy-minimized structure (Figure
$59). DFT studies suggested that the efficient encapsulations
were favored by the multiple CH---7 interactions between the
guest’s protons with the aromatic backbones of the host. Thus,
encapsulation of larger guests like perylene and coronene is
disfavored due to size mismatching,

2.3. Separation of Phenanthrene from Anthracene.
The binding affinity of TB for phenanthrene is higher than that
of anthracene because of better size compatibility. This
interesting observation led us to explore the bowl TB as a
separating agent for phenanthrene from isomeric mixtures of
phenanthrene and anthracene (Scheme 3). To check this, first,
we investigated the competitive binding of phenanthrene and
anthracene with the host TB in aqueous medium. A yellow
D, O solution of the host—guest complex of phenanthrene was
treated with 3 equiv of solid anthracene and stirred for 24 h at
room temperature (TB = 5.4 X 107> M). After the removal of
the unbound guests, the clear D,O solution gave almost
unchanged 'H NMR. Next, we did an experiment in a reverse
manner, 3 equiv of solid phenanthrene were added to the D,O
solution of anthracene C TB and stirred for 24 h at room

Scheme 3. Schematic Presentation of Separation of
Phenanthrene from a Mixture of Anthracene and
Phenanthrene or Separation of Pyrene from a Mixture of
Perylene, Coronene, and Pyrene by TB
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temperature (TB = 5.4 X 107> M). The centrifuged D,0
solution showed an NMR pattern like that of phenanthrene C
TB. Thus, the treatment of phenanthrene with the anthracene
C TB solution replaced the bound anthracene, while the
reverse process was not successful. To check the efficiency of
TB for the separation of phenanthrene from anthracene, an
equimolar mixture of solid phenanthrene and anthracene was
added to a D,O solution of TB and stirred for 24 h at room
temperature. The 'H NMR of the supernatant was identical to
that of phenanthrene C TB. Furthermore, to verify the above
result, the sequestered guest was extracted with chloroform.
The extracted chloroform solution was evaporated, and the
isolated solid was redissolved in CDCly for '"H NMR analysis
(Figure 7d and S60). "H NMR revealed 93% phenanthrene
content in the mixture (Figure 7d). Thus, the TB bowl is a
potential host for the separation of phenanthrene from
isomeric anthracene with 93% purity by simple aqueous
extraction.

2.4. Selective Guest Encapsulation: Pyrene vs Other
PAHs. Based on the stronger binding ability of TB for pyrene,
we further investigated the potential of TB as an extracting
agent for industrially important pyrene from a mixture of
pyrene, perylene, and coronene. To test this, excess amounts of
solid pyrene, perylene, and coronene (5 equiv of each) were
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Figure 7. Partial '"H NMR spectra of TB (a), TB recovered after 5
cycles of use for phenanthrene separation (b), TB recovered after (S
cycles of) pyrene separation (c), the CDCI; extract of the aqueous
solution formed by treating an equimolar mixture of phenanthrene
and anthracene with TB (d), and the CDCl; extract of the aqueous
solution formed by treating an equimolar mixture of pyrene, perylene,
and coronene with TB (e). Peaks from phenanthrene, anthracene,
pyrene, coronene, and perylene are shown by the star, square, triangle,
sphere, and empty circle, respectively. The peak for trimethoxy
benzene (internal standard) is shown by H.

added to a D,O solution of TB (TB = 5.4 X 10~ M) and
stirred for 24 h at room temperature. The yellow suspension
was then centrifuged to remove the excess guests, and the clear
supernatant was examined by 'H NMR. The resultant 'H
NMR spectrum was much like that of pyrene C TB, but the
peaks were broad in nature. Hence, for further verification, the
guests were extracted in chloroform and analyzed by '"H NMR.
The 'H NMR spectrum of the isolated solid gave signals
corresponding to 90.8% pyrene, 4.3% coronene, and 4.9%
perylene (Figures 7e and S62). Therefore, the TB bowl could
also be used for the extraction of pyrene from mixtures of
pyrene, perylene, and coronene with good purity.

The reusability of the bowl TB was tested for separation
experiments. After extraction, the D,O solution of the host TB
exhibited an almost identical '"H NMR spectrum to that of the
as-synthesized bowl (Figures 7b,c, S61, and S$63). Additionally,
ESI-MS analysis confirmed the presence of the intact host TB
(Figure S64). This prompted us to reuse the molecular bowl
for phenanthrene and pyrene isolation. For this, the extracted
TB solution was reused for five cycles for phenanthrene
separation. It was found that it can separate phenanthrene
without any significant reduction in efficiency (Figure S60).
The same reusability was found when it was tested for pyrene
extraction (Figure $62).

3. CONCLUSIONS

In conclusion, a unique molecular bowl (TB) with a wide open
rim has been synthesized by the metal—ligand coordination-
driven self-assembly of a 90° Pd(II) acceptor (M) with a new
phenothiazine-based unsymmetrical tetrapyridyl ligand L in a
6:3 stoichiometry. Despite the possibility of the formation of
multiple conformational isomers due to different binding
modes of the unsymmetric ligand L, a single self-assembled
molecular bowl formed exclusively. In an aqueous solution, the
molecular bowl TB was able to bind a series of PAHs

(naphthalene, anthracene, phenanthrene, pyrene, perylene, and
coronene) of different sizes, which are otherwise insoluble in
water in the absence of TB. Moreover, the specific structural
features of TB and its hydrophobic cavity made it an efficient
host for the selective capture of phenanthrene and pyrene.
NMR and UV-vis studies indicated the formation of 1:1
host—guest complexes with different PAHs. UV-—visible
titration and competitive guest binding experiments revealed
stronger binding of the host with phenanthrene and pyrene
over other tested PAHs. This stronger uptake affinity of TB
toward phenanthrene was employed for the separation of
phenanthrene with 93% purity from an equimolar mixture of
isomeric phenanthrene and anthracene by simple aqueous
extraction. This is an important finding, as the separation of
these two isomers is challenging in industry due to their similar
physical properties. Moreover, TB was utilized for the
extraction of industrially important pyrene with a ~90% purity
from the mixture of pyrene, perylene, and coronene.
Importantly, the host TB was reused for five cycles without
any significant loss in the efficiency of separation. Thus, the
current studies may engender new designs and synthetic
strategies for constructing a series of dissymmetrical supra-
molecular hosts by tuning the symmetry of building blocks.
The newly engineered hosts containing specific nanocavities
could be applied for selective separations and extractions of
various industrially important organic guest molecules. More-
over, we believe that our present report shows a simple way of
separating phenanthrene from its isomer anthracene and the
extraction of pyrene from a solid mixture of PAHs in water.
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