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Selective separation of phenanthrene (PHE) from aromatic isomer mixtures poses a significant challenge
in industry due to the similar physical properties of PHE and its isomer anthracene (ANT). Herein, we
report the self-assembly of a water-soluble Pd,L, cage 1 with a large hydrophobic cavity, formed from
novel macrocyclic ligands (L) and cis-Pd(II). Cage 1 can selectively encapsulate PHE instead of ANT. Based
on host-guest recognition followed by extraction, we achieve a remarkable 99% purity of PHE separation
from an equimolar mixture of PHE and ANT using cage 1 in aqueous solution. Importantly, the separation
performance of PHE using cage 1 remains unaffected even after five extraction cycles, demonstrating its
robustness. This work highlights the potential of supramolecular cages for efficient and cost-effective PHE
separation from the isomer ANT in aqueous solutions using such promising host-guest strategy.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Phenanthrene is a high-value industrial compound, primarily
obtained from the crude anthracene fraction of coal tar, which is
widely applied in many fields, such as dyes, pesticides, and op-
toelectronic materials [1-4]. The close boiling points (about 340
°C) of PHE and its linear isomer ANT make it difficult to separate
them. Common methods for separation and purification include
solvent extraction, distillation, chemical methods, zone melting,
emulsion membrane methods, and chromatography [5-7], most of
which consume a lot of energy or cause environmental pollution
[8-11]. It is still challenging to achieve the enrichment and separa-
tion of ANT and PHE components in an efficient, and environmen-
tally friendly manner.

Artificial cages with large and well-defined internal cavities [12-
22], utilizing the confinement effect and preorganization effect of
supramolecular cavities, show great promise in diverse applications
including encapsulation [23-32], recognition [33-41], supramolecu-
lar catalysis [42-54], and drug loading, etc. [55-61] Wherein, water-
soluble coordination cages become potential candidates for en-
capsulating insoluble water guests due to their hydrophobic cav-
ities [62-64], and achieve efficient separation of specific poly-
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cyclic aromatic hydrocarbons (PAHs) from mixtures [65-69]. Such
supramolecular host-guest strategy has also been used to enhance
the solubility difference of PHE and ANT in water and separate
them. Li’s group exploited the macrocycle (M-A52+), which se-
lectively recognized and separated 99% PHE from its isomer ANT
mixture [70]. Huang and co-workers extracted 91.1% purity of PHE
from the isomer mixture using a photo-responsive water-soluble
azophenyl macrocycle [71]. Mukherjee group reported 98% and
93% purity of PHE using water-soluble molecular boats (MB1) and
molecular bowls (TB), respectively [72,73].

Inspired by enzymes in nature system, which can undergo
conformation changes to fit target substrates, chemists are de-
voted to the design of adaptive functional cages to imitate adap-
tive guest binding and expand their functionality [74-81]. Design
strategies that use macrocycle ligands with conformation dynam-
ics as building blocks provide a new way to synthesize adaptive
cages with cavities of lower symmetry [72,82,83]. Previously, we
synthesized a series of water-soluble dynamic macrocycle-based
ligands with rich conformational freedom, featuring two electron-
deficient TPT panels bridged by either p-xylene linkers or m-xylene
linkers [84,85]. These ligands were used to construct Pd,L,-type
coordination supramolecular cages, which have adaptive cavities
and exhibit guest-adaptive conformational changes and induced-
fit cavity deformation. Here, we report controlled self-assembly of
a new water-soluble Pd,L, cage 1 from cis-Pd(Il) and extended
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Scheme 1. (a) Self-assembly of Pd,L, coordination cage 1 and (b) its separation of
PHE from a mixture of ANT and PHE.

b)

macrocycle (L) with two bridging 4,4’-dimethylbiphenyl units. X-
ray diffraction studies reveal the conformational changes of the lig-
and within the host compared to the free ligand. Host-guest stud-
ies demonstrate that cage 1 can selective recognize PHE instead
of ANT. 1 is able to separate 99% purity of PHE from an equimo-
lar mixture of PHE and isomers ANT by simple extraction. Further-
more, cage 1 can be recycled more than 5 times without loss of
performance. This work demonstrates that 1 can serve as an ex-
cellent candidate for separation and purification of these isomer
mixture with simple, energy-efficient, and cost-effective processes
(Scheme 1).

Macrocycle L (PFg~ salt) was synthesized in 7.3% yield via a
one-step reaction from 2,4,6-tris(4-pyridyl)-1,3,5-triazine (TPT, 1.0
equiv.) and 4,4’-bis(bromomethyl)biphenyl (1.0 equiv.), under N,
atmosphere in DMF at 115°C for 24h, followed by counter ion
exchange with an excess amount of NH4.PFg (see the Experi-
mental Section in Supporting information for details). L.(NO3)4
or L(BF4); were also obtained by counter ion exchange with
[(n-C4Hg)4N-NO3] or NaBF,, respectively. Its structure was fully
characterized by NMR, ESI-MS and single-crystal X-ray diffraction
studies (Figs. S1-S6 in Supporting information), where a trans-
conformation of free ligand was revealed in the solid state.

A mixture of L.(NOs3); (1.62 pmol) and cis-(tmen)Pd(NO3),
(tmen = tetramethylethylenediamine, 1.62 pmol) in 1 mL D,0 was
vigorously stirred at 85°C until furnishing a clear light yellow so-
lution. The "H NMR spectrum showed the quantitative formation
of a highly symmetric complex 1 and all the proton signals were
fully assigned based on a 'H-'H COSY experiment (Fig. S8 in Sup-
porting information). Compared with free ligand L, the downfield-
shifting of the pyridinium doublets (9.13 and 9.12 ppm for Hy, 9.08
and 9.07 ppm for H¢) and the pyridyl doublets (8.86 and 8.85 ppm
for H,, 8.78 and 8.76 ppm for H,) indicated the successful complex-
ation with palladium. Diffusion-ordered spectroscopy (DOSY) NMR
spectrum also confirmed the formation of a single species with a
diffusion coefficient of 3.16 x 10-1 m?/s, corresponding to a diam-
eter of 1.54nm (Fig. 1 and Figs. S7-S9 in Supporting information).

Fortunately, unambiguous evidence for complex 1 is provided
by X-ray crystallographic analysis. Single crystals of 1 suitable for
X-ray study were grown by slowly tetrahydrofuran vapor diffusion
into the aqueous solution of 1 over several weeks. In the crystal
structure (Fig. 2b), two cis-form ligands were glued together with
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Fig. 1. 'H NMR (400 MHz, D,0, 298 K) spectra of (a) ligand L and (b) Pd,L, coordi-
nation cage 1, (c) "H DOSY spectrum of 1.

two (tmen)Pd capping units, forming a three-dimensional (3D)
macrotricycle. The distance between two Pd(II) centers is measured
to be 27.7A. The N(py)-Pd-N(py) bite angle is found to be 86.6°.
Compared with the free ligand L (Fig. 2a), cage 1 exhibits confor-
mational change from trans-conformation to the cis-conformation.
Pd,L,-type cage 1 possesses the interior hydrophobic cavity of vol-
ume ca. 1065 A3 calculated by MoloVol program (Fig. S10 in Sup-
porting information) [86].

The large inner cavity of 1 is proposed to pull aromatic guests
into the aqueous phase driven by the hydrophobic effect, which
makes it possible for the separation of various aromatic hydrocar-
bons. Aiming to address the separation of PHE and ANT, we first
explored the host-guest interactions between 1 and PHE or ANT
by NMR binding studies. Excess amount of the acetonitrile solu-
tion of PHE and ANT were added into cage 1 in D,0 and stirred
for 1h. During stirring, the suspension of PHE gradually turned
dark yellow solution. "TH NMR spectra evidenced the inclusion of
PHE inside the cage (Figs. S17-S19 in Supporting information). Due
to poor water-solubility of PHE and ANT, they could hardly be de-
tected by 'H NMR spectroscopy when suspended in D,0. In the
presence of cage 1, upfield-shifted guests signals along with no-
ticeable changes in the ligand’s H,}, signal were clearly observed
for PHE (Fig. 3c). DOSY NMR showed all the peaks of host and
guest correspond to the same diffusion coefficient, indicating the
formation of the host-guest complex (Fig. S19). At the same time,
TH NMR titrations showed gradual shifts of the peaks of 1 in
PHEC1 upon the addition of increasing equivalents of PHE (Fig. S35
in Supporting information), therefore confirming a fast-exchange
dynamic binding mode. The apparent association constant was cal-
culated by Hill function fitting to be 905L/mol (Fig. S36 in Sup-
porting information). The Job’s plot based on 'H NMR titrations
confirmed that the host-guest stoichiometry of 1 and PHE was
determined to be 1:2 (Figs. S37 and S38 in Supporting informa-
tion). However, ANT cannot be trapped in the cavity of Pd,L, (Fig.
$23 in Supporting information), as the "H NMR spectrum showed
no guest signals and no shifts of host. UV-vis spectra of host-
guest complexes showed the appearance of a new shoulder band
at around 293 nm for PHEc1 (Fig. S25 in Supporting information).
In contrast, no coloration or new UV-vis absorbance band was ob-
served upon the addition of ANT into cage 1.

In addition, cage 1 can encapsulate other three aromatic guests
such as naphthalene, acenaphthylene, and pyrene, which were con-
firmed by "H NMR, UV-vis, and 2D NMR studies (Figs. 3a, b, and d,
and see the Experimental Section in Supporting information for de-
tails). In the cases of naphthalene, acenaphthylene, and pyrene, the
host—guest stoichiometry was determined by Job’s plot analysis



Y.-M. Zhong, Z.-]. Xia, Y.-H. Hu et al.

25.4 A
27.7A

Fig. 2. X-ray structure of (a) ligand L, (b) cage 1. For clarity, solvent molecules and
counterions are omitted (Pd centers, cyan sphere; C, gray; N, blue; H, light pink).
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Fig. 3. '"H NMR (400 MHz, D,0/CD3CN = 4/1, 298 K) spectra of (a) naphthalenec1,

(b) acenaphthylenec1, (c) phenanthrenec1 and (d) pyrenecl, (e) cage 1 with ad-
dition of 3 equiv. of anthracene and (f) empty cage 1.
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(Table S1 in Supporting information). Apparent binding constants
for naphthalenec1, acenaphthylenec1, and pyrenec1 were deter-
mined by Hill function fitting to be 752, 794 and 912 L/mol, respec-
tively (Figs. S28, S32 and S40 in Supporting information). In the
UV-vis spectra, the appearance of new charge-transfer bands in
the case of encapsulated PAHs confirms the CT interaction between
the m-electron-rich PAHs and the m-electron-deficient pyridinium-
based ligands of the cage (Fig. S24 in Supporting information).
From the host-guest chemistry mentioned above, it is evident
that cage 1 selectively encapsulate PHE over its isomer ANT. Mul-
tiple attempts to crystallize the host-guest complexes have failed.
Molecular mechanical modeling (Fig. S26 in Supporting informa-
tion) suggests that PHEC1 is more geometrically favorable than
ANTc1 due to the presence of additional CH..-7r interactions be-
tween PHE guests and the macrocycle host compared to the hypo-
thetical ANTC1 complex. According to the literature [87], the sol-
ubility of PHE (8.1 x 103 mmol/L) is about 21 times higher than
that of ANT (3.9 x 10~4 mmol/L) in water. It is possible that such
a difference in solubility may also contributed to the selective
binding of PHE over ANT. These unexpected discoveries position
cage 1 as a more favorable water-soluble supramolecular host for
separating PHE from isomeric mixtures of PHE and ANT, as illus-
trate in Fig. 4a. Firstly, we conducted a competitive encapsulation
experiment between PHE and ANT within cage 1. Initially, clear
PHEC1 solution was treated with 3 equiv. of ANT and stirred for
1h at room temperature. After the removal of the solid, the result-
ing clear solution exhibited nearly unchanged 'H NMR signals of
PHEC1 (Figs. 4b and c and Fig. S44 in Supporting information). In
reverse, the equivalent amount of PHE was added into the result-
ing mixture of cage 1 and 3 equiv. of ANT after stirring for 1h. 'H
NMR signals also clearly indicated that the host-guest signals were
consistent with PHEC1 (Fig. 4e and Fig. S43 in Supporting informa-
tion). Furthermore, when 3 equiv. of ANT and 3 equiv. of PHE were
simultaneously added into the aqueous solution of cage 1, the su-
pernatant obtained after centrifugation exhibited the identical sig-
nals to that of PHEc1 with no detectable ANT observed in the 'H
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Fig. 4. (a) Schematic presentation of separation of PHE from a mixture of ANT and PHE by cage 1. '"H NMR (400 MHz, 298 K) spectra of (b) the equimolar mixture of PHE
and ANT in CDCls, (c) PHEC1 followed by the addition of ANT, (d) cage 1 treated with equimolar amount of PHE and ANT, (e) the mixture of ANT and cage 1 followed by
the addition of PHE, (f) CDCl3 extract of the aqueous solution formed by treating an equimolar mixture of PHE and ANT with 1. The signals of PHE and ANT are represented
by red circle and blue square. The peak for trimethoxybenzene (internal standard) is shown by*, (g) cage 1 recovered after 5 cycles of PHE separation. (h) Percentage of PHE
and ANT isolated by cage 1 after five recycles. (i) Purity of PHE from its ANT mixture using different supramolecular hosts.
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NMR (Fig. 3d and Fig. S45 in Supporting information). These results
clearly indicated that 1 selectively captured PHE from the mixture
of PHE and ANT. The trapped PHE can be released by extracting the
clear aqueous solution with chloroform, resulting in a high purity
of 99% PHE, as detected by the 'H NMR spectrum using trimethoxy
benzene as an internal standard. Additionally, the successfully re-
covered empty 1 in aqueous state was also evidenced by the 'H
NMR spectrum. Moreover, the recovered 1 can be reused for sub-
sequent separations of PHE from the mixture. We found that cage
1 can be recycled up to 5 times without loss of its performance in
selectivity (99%) (Fig. 4h and Fig. S46 in Supporting information),
suggesting that 1 was a stable and robust material for the selec-
tive separation of PHE. Compared with previous works on the sep-
aration of the isomer mixture [72,73], our cage exhibits equal or
higher purity of PHE (Fig. 4i). Furthermore, our cage 1 selectively
removed a small amount of PHE (10%) from ANT (90%), resulting
in an impressive purity exceeding 99.9% (Figs. S47 and S48 in Sup-
porting information). These findings demonstrate that cage 1 holds
promise as an excellent candidate for the separation of the isomer
mixture.

In summary, we have introduced a novel water-soluble coor-
dination cage 1 with a large cavity, built from macrocycle ligand
L with biphenyl linkers and cis-Pd corner connections. Host-guest
studies exhibited that Pd,L,-type cage 1 could selectively encap-
sulate PHE while not recognizing ANT. Based on host-guest recog-
nition followed by CHCl; extraction, cage 1 emerges an excellent
candidate for separation, resulting in a remarkable 99% purity of
PHE separation from its isomer ANT mixture in aqueous solution.
Notably, recovered cage 1 can be reused more than 5 times with-
out losing its performance in selectivity. Even when the initial mix-
ture ratio of PHE and ANT was 1:9, cage 1 is also able to extract
PHE with high purity (99%), further suggesting its exceptional se-
lectivity toward PHE. This supramolecular host-guest recognition
strategy offers a promising and sustainable separation platform for
isolating PHE and ANT isomers.
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