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Porous organic polymers (POPs) serve a key function as transition metal carriers and have attracted wide-
spread attention in the catalysis field. However, a preferred and universal transition metal carrier remains
elusive. In this study, we designed and synthesized a preferred 2,2":6',2"-terpyridine-containing building
motif and prepared a POP (POP-Tpy-1) via the Buchwald—Hartwig coupling reaction of a diamino-linker
and trisbromo-node. Taking full advantage of the strong bonding ability of the terpyridine moiety and the
availability of binding room, coupled with the high stability of the POP itself, POP-Tpy-1 displayed univer-
sal coordination binding and a high load capacity for many common transition metals (Mn?*, Fe3*, Co?*,
Ni2*, Cu?*, Zn?*, Ru®*, Pd?*, Fe?*, and Cu*). The corresponding metal-loaded porous organic polymers
(POP-Tpy-1-M) can serve as transition metal heterogeneous catalysts, and these were conceptually
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Introduction

Porous organic polymers (POPs), such as conjugated micro-
porous polymers (CMPs),'” porous aromatic frameworks
(PAFs),"* and covalent organic frameworks (COFs),® have
always attracted the attention of researchers because of their
unique properties, which include enhanced stability,” large
specific surface area,®® adjustable pore sizes,'® accessible
modifications,"™"* and excellent adsorption capacity.'>"°
Because of these properties, POPs can serve as carriers for pre-
pared heterogeneous transition-metal catalysts.””*° The
general methods for introducing metal ions into POPs involve
coordination reactions, including pre- and post-synthetic
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routes.”® By comparison, the post-synthetic metalation method
is more readily accessible because mixing POP supports with
metal precursors is facile.*”** Additionally, metal loading can
be adjusted by controlling the ratio of the metal species to the
bonding sites.?® Previous reports indicate that post-synthetic
metalated POPs were easily obtained by embedding metal
species as nanoparticles.>* However, such loading requires
large POP pore sizes and increases synthesis difficulties.
In comparison, metalation via coordination remains the
prevailing method for preparing dispersed heterogeneous
catalysts.>>™” A series of heterogeneous transition metal cata-
lysts have been prepared via coordination-reduced metalation
of porous materials from N, P, and O atoms containing build-
ing blocks with inherent single-pair electrons, such as pyri-
dines,?® imines,”® ' phosphine ligands,**** bidentate amine
ligands,***° and other compounds.*®™*> However, these mono-
dentate and bidentate ligands can only coordinate with
specific transition metals. In comparison, N,N,N-tridentate
ligands possess stronger coordination ability and have been
appropriately introduced into polymer skeleton structures
to construct high-performance single-atom catalysts.*®*
Meanwhile, triamine unit-embedded polymers have a univer-
sal loading capacity for most common transition metals.*® It is
also worth noting that the POPs capable of simultaneously
loading bimetals or multi-metals are of great importance in
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order to achieve a cascade catalytic reaction, thus improving
synthesis efficiency.**™" 2,2":6',2"-Terpyridine (tpy) compounds
are appealing tridentate pincer ligands and display tight chela-
tion with various transition metals. Moreover, their transition
metal complexes have been widely used in homogeneous cata-
lysis.”> Recently, Jiang et al. reported anchoring Pt>" cations by
introducing a tpy unit at the edge of a one-dimensional (1D)
COF, which exhibited high photocatalytic activity for hydrogen
evolution from water.>® Yam et al. synthesized two robust nitro-
gen-rich COFs via a “bottom-up” pore-wall-bearing terpyridine
unit strategy, which exhibited excellent removal efficiency
and capacity for a variety of heavy metal ions in water.*®
Unfortunately, tpy-containing polymers bear a coplanar confor-
mation between the tpy moiety and the linker and are prone to
form n-n stacking.>® Such compact stacking reduces the accessi-
bility of tpy to metal ions due to the pseudo-octahedral coordi-
nation configuration of most of the tpy transition metal com-
plexes. We argue that the introduction of steric hindrance
between the tpy moiety and the linker of the structural motif
reduces the planarity, which would endow the tpy moiety with
sufficient space to bind metal ions after polymerization.
Therefore, in this study, diamino units bent to 120° with an
inwardly or outwardly oriented tpy moiety were designed and
synthesized. Subsequently, two novel POPs containing an inward
tpy anchor (POP-Tpy-1, Fig. 1) or outward tpy anchor (POP-Tpy-2)
were prepared via Buchwald-Hartwig (B-H) coupling. As
expected, POP-Tpy-1 displayed a better load capacity than
POP-Tpy-2. Meanwhile, POP-Tpy-1 showed universality for tran-
sition metal loading, and a series of metalized POPs (POP-Tpy-1-
M) were prepared by simply mixing POP-Tpy-1 with transition
metal salts. Furthermore, the application of these metal-loaded
polymers as catalysts for Suzuki coupling, click reactions, and
cross-dehydrogenative coupling (CDC) was explored.

Results and discussion

As shown in Scheme 1, building block L1 was designed as a
compact structure with two 4-aminophenyl groups located
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Fig. 1 Schematic illustration of the preparation of the tpy-containing
porous organic polymer and subsequent metal loading via post-syn-
thetic routes.
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POP-Tpy-1 - POP-Tpy-1-M
] M= M2, Fe®, Co?*, N*, Cu?*, Zn*, Ru", Pa?", Fe?*, Cu*

POP-Tpy-2 POP-Tpy-2.M (M= PEZ")

Scheme 1 Synthetic route of POP-Tpy-1/2 and POP-Tpy-1/2-M
(reagents and conditions: (I) Pd(dba),, XPhos, NaOtBu, THF, 65 °C, 48 h;
(1) MeOH or CH,Cl,/CH3CN, metal salt).

adjacent to the tpy moiety to form a ligand with non-planar
geometry. For comparison, the stretched L2 contains an out-
wardly oriented tpy moiety. The structures of L1 and L2 were
characterized by nuclear magnetic resonance (NMR) spec-
troscopy, including 'H, '*C, 2D COSY, and 2D NOESY, and
electrospray ionization mass spectrometry (ESI-MS) (Fig. S1-
S17). Two POPs, POP-Tpy-1 and POP-Tpy-2, were prepared
using the B-H coupling reaction of ligands L1/L2 and tris
(4-bromophenyl)amine, respectively. The specific synthetic
route is shown in Scheme S1. The chemical compositions and
structures of POP-Tpy-1/2 were initially confirmed by Fourier
transform infrared (FT-IR) spectroscopy and powder X-ray diffr-
action (PXRD). The bands of the primary amine group of L1 at
3449 and 3363 cm™' (-NH, stretching), and those of the aro-
matic C-Br groups of tris(4-bromophenylamine) at 1179 cm™
(aromatic C-Br stretching), were absent in the spectrum of
POP-Tpy-1. A series of distinct signal peaks at 2933, 1599, 1498,
1452, and 808 cm™" originating from C-H stretching, and C-N,
C-C, C=N, and aryl C-H deformation of POP-Tpy-1 were
observed, further suggesting the formation of polymers (Fig. 2a).

Similarly, the structure of POP-Tpy-2 was fully characterized
(Fig. S34a, S36). The PXRD patterns of POP-Tpy-1 and
POP-Tpy-2 showed highly broad diffraction peaks at 20 =
~18-20°, indicating their amorphous structure. The porosity of
POP-Tpy-1/2 was analyzed by measuring their nitrogen adsorp-
tion/desorption isotherms (Fig. 2b). According to the calcu-
lations, the Brunauer-Emmett-Teller (BET) surface area of
POP-Tpy-1 was 190 m” g, while the BET value for POP-Tpy-2
was only 2 m* g™'. This occurrence served as preliminary verifi-
cation of our previous hypothesis that POP-Tpy-2 displays
tighter stacking, resulting in a decreased surface area.

To validate our conjecture about conformational differ-
ences, single-crystal structures of L1’ (CH3zO- instead of
nCeH;30- of L1) and L2 were analyzed. The tpy moiety and the
linked benzene in L2 were nearly coplanar and their dihedral
angles were 12.298° and 12.120°, respectively, corresponding
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Fig.2 (a) FT-IR spectra of tris(4-bromophenyl)amine, L1, and
POP-Tpy-1. (b) N, adsorption/desorption isotherms, and (c and d) SEM
images of POP-Tpy-1 and POP-Tpy-2. (e and f) Single-crystal structures
of L1" and L2.

to those of the two conformations in single crystals. In sharp
contrast, the angles for L1’ were obviously larger (64.997° and
57.595°) (Fig. 2e, f, and S68, S69). The single-crystal structure
analysis fully supports the conformational differences of L1
and L2. Furthermore, the thermal and chemical stabilities of
POP-Tpy-1/2 were evaluated using thermogravimetric analysis
(TGA). Both POP-Tpy-1 and POP-Tpy-2 displayed high thermal
stability; the decomposition temperatures were 405 and
439 °C, respectively, which can be attributed to the crosslinked
rigid aromatic structures (Fig. S35). The morphologies of
POP-Tpy-1 and POP-Tpy-2 were observed from their scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) profiles. The SEM and TEM images showed
that POP-Tpy-1/2 consisted of aggregated nanoparticles
(Fig. 2¢, d, 4a, and S51). The N 1s spectrum of POP-Tpy-1 dis-
played two individual peaks at 399.0 and 399.7 eV, which were
assigned to the signals of the C=N bond of pyridine and the
C-N bond of the aniline moiety, respectively (Fig. 3c).>® The
tpy moiety, which contains three nitrogen atoms, exhibits a
preferred coordination performance toward transition metal
ions, forming mono-tpy pincer complexes.’® Therefore,
POP-Tpy-1/2 structures were further assessed as carriers for
common transition metals via metalation. POP-Tpy-1/2-M
complexes were prepared by simply mixing POP-Tpy-1/2 with
different metal salts (MnCl,, FeCl;, CoCl,-6H,0, NiCl,-H,0,
CuCl,-2H,0, ZnCl,, RuCl3-6H,0, PdCl,, Fe(OTf),, and Cu
(CH3CN),BF, for POP-Tpy-1 and PdCl, for POP-Tpy-2), respect-
ively. The SEM images show that POP-Tpy-1-M (M = Mn*",
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Fig. 3 (a) Fourier transform infrared spectra of POP-Tpy-1-M, (b) XPS
spectra of POP-Tpy-1-M, (c) N 1s core-level XPS spectra of POP-Tpy-1/
POP-Tpy-1-Cu", and (d)-(f) Pd 3d, Fe 2p, and Cu 2p core-level XPS
spectra of POP-Tpy-1-Pd/Fe'//Cu.

Fe**, Co®*, Ni**, cu®’, Zn**, Ru**, Pd**, Fe*", and Cu") com-
prised aggregated nanoparticles similar to POP-Tpy-1. No
evident morphological changes were observed before or after
coordination (Fig. S38-S50), demonstrating the structural
stability of POP-Tpy-1.

Furthermore, the composition of the metallo-polymers was
characterized by SEM energy-dispersive X-ray spectroscopy
(EDX) elemental mapping, in which the elemental distri-
butions including those of non-metallic (C, N, O, and Cl) and
metallic elements (Mn, Fe, Co, Ni, Cu, Zn, Ru, and Pd) were
observed (Fig. S38-S50). The XPS spectra further confirmed
the presence of C, N, Cl, Mn, Fe, Co, Ni, Cu, Zn, Ru, and Pd in
POP-Tpy-1-M (Fig. S54-S63). The Cu 2p core-level XPS spec-
trum peaks of POP-Tpy-1-Cu" at 935.1/954.9 eV and 933.1/
952.7 €V correspond to Cu®>" and Cu®, respectively (Fig. 3f).
The Pd 3d core-level XPS spectrum showed two broad peaks at
337.2 and 342.5 eV (Fig. 3d).>” Based on the N 1s spectrum,
C=N-Cu, C=N-Pd, and C=N-Fe bonds are evidently predo-
minant in POP-Tpy-1-Cu", POP-Tpy-1-Pd and POP-Tpy-1-Fe",
respectively, confirming the coordination between the tpy
moiety and the metal ions (Fig. 3¢, S64b and S64c). However, it
is undeniable that there are still free tpy moieties after metala-
tion, possibly due to no ion diffusion channels resulting from
compact stacking. Additionally, from the FT-IR spectra of
POP-Tpy-1-Pd, POP-Tpy-1-Fe", and POP-Tpy-1-Cu", noticeable
changes were observed, e.g., the vibrational mode at 1599 cm ™
partially shifts to 1604 cm™"
binding of the pyridine N atoms of tpy to metal ions (Fig. 3a).

TEM was widely used to characterize the distribution of
transition metals in POP-Tpy-1-M. As shown in Fig. 4, the TEM
profiles of POP-Tpy-1-M were markedly different from those of
POP-Tpy-1. POP-Tpy-1 displayed a low contrast, indicative of a
non-metallic component, whereas POP-Tpy-1-M displayed a

, further supporting successful

noticeably higher contrast and uniform distribution, further
supporting the introduction of metal elements. The compo-
sitional distribution of POP-Tpy-1-M was investigated by
TEM-EDX elemental mapping, which revealed an overlay of C,

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 TEM images of (a) POP-Tpy-1, (b) POP-Tpy-1-Mn, (c) POP-Tpy-
1-Fe", (d) POP-Tpy-1-Co, (e) POP-Tpy-1-Ni, (f) POP-Tpy-1-Cu", (g)
POP-Tpy-1-Zn, (h) POP-Tpy-1-Ru, and (i) POP-Tpy-1-Pd. Scale bar:
250 nm.

N, O, Cl, and metal ions with clear separation (Fig. 4a-i), par-
ticularly for the metal elements.

These results further support the uniform distribution of
metal species over the POP structure, indicating that POP-Tpy-
1 can be used as a universal metal carrier to obtain dispersed
transition metal catalysts. The metal content of POP-Tpy-1/2-M
was further determined by inductively coupled plasma optical
emission spectrometry (ICP-OES). The theoretical (calculated
from the tpy moiety) and experimental contents of each metal
species are listed in Table 1.

In sharp contrast, the adsorption capacity of POP-Tpy-2 for
Pd species is significantly lower than that of POP-Tpy-1, indi-
cating that POP-Tpy-1 has more active adsorption sites, further
highlighting the importance of the structural design.
According to the results above, there are still some uncoordi-
nated terpyridine molecules, consistent with the XPS analysis.
The metal content in POP-Tpy-1-Pd was the highest among the
POPs, nearly at 100% of the theoretical capacity, which could
be attributed to the fact that a portion of the metal ions was
embedded between the layers via complexation with the nitro-
gen atoms of the aniline groups.”® Meanwhile, high-angle

This journal is © The Royal Society of Chemistry 2025
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Table 1 Metal loading contents of POP-Tpy-1/2-M
Theoretical content® ICP-OES
Entry Catalyst (%) (Wt%)
1 POP-Tpy-1-Mn 6.41 2.33
2 POP-Tpy-1-Fe™ 6.26 3.17
3 POP-Tpy-1-Co 6.85 3.15
4 POP-Tpy-1-Ni 6.82 2.91
5 POP-Tpy-1-Cu" 7.35 3.06/1.76”
6 POP-Tpy-1-Zn 7.54 5.03
7 POP-Tpy-1-Ru 10.78 1.56
8 POP-Tpy-1-Pd 11.72 11.37/4.36”
9 POP-Tpy-1-Fe" 5.15 2.70/1.03”
10 POP-Tpy-1-Cu" 7.21 2.03
11 POP-Tpy-2-Pd 12.55 6.35
12 POP-Tpy-1-Cu'/Pd — Cu: 1.84
4:1 Pd: 0.50
13 POP-Tpy-1-Cu'/Pd — Cu: 1.11
1:1 Pd: 0.85
14 POP-Tpy-1-Cu'/Pd — Cu: 0.64
1:2 Pd: 1.20

“Calculated based on the tpy monomer. ” Metal loading content after
five cycling experiments.

annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images showed the presence of single-atom-
dispersed and clustered Pd species in POP-Tpy-1-Pd (Fig. 5).
We speculate that the formation of nanoclusters was stabilized
by nitrogen ligand protection and cavity confinement.’®>° In
addition, the specific surface area of three catalysts POP-Tpy-1-
Cu"/Pd/Fe" decreased significantly after metalation, with
values of 20, 16, and 17 m”> g™, respectively (Fig. S37).

To validate the catalytic ability of metal-loaded POPs, the
catalytic performance of POP-Tpy-1-Cu" in a click reaction was
first evaluated. As shown in Table 2, cycloaddition between
azides and alkynes was performed using POP-Tpy-1-Cu" as the
catalyst. The yields of the reaction products (8a-8e) all
exceeded 90%, using the different alkyne-based substrates.
The yield of 8a still remained above 90% after five cycles of the
reaction (Fig. S65). The catalytic activity of POP-Tpy-1-Pd in a
Pd-catalyzed Suzuki-Miyaura coupling reaction was also exam-
ined. The substituted aryl bromides afforded cross-coupling
products (9a-9d) in excellent isolated yields (84-93%). These
results indicate that POP-Tpy-1-Pd exhibits high catalytic
activity in Suzuki-Miyaura coupling reactions.

Fig. 5 HAADF-STEM images and the corresponding elemental mapping
of POP-Tpy-1-Pd.

Dalton Trans., 2025, 54,12824-12830 | 12827
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Table 2 Optimization experiments of the click and Suzuki—Miyaura
coupling reactions

POP-Tpy-1-Cu'l NN
= N Sodium ascorbate N
R1/ + 3/\© _— )a/
EtOH, rt, 24h R{
Entry R, Product Yield (%)

1 @_g 8a 93
2 Qg 8b 94

3 FaC_@_; 8¢ 90
4 Meo_@_§ 8d 95
5 s~ ) 8e 93

KoCO3
R,-Br + (HO)zB—O—O/ _ POP-Tpy-1-Pd Rz—©—0/
Toluene
Entry R, Product Yield (%)

6 o~ 9a 91
7 S 9b 86

8 “H 9c 84
9 OOO 9d 93

In contrast, when POP-Tpy-2-Pd was used as the catalyst for
the preparation of compound 9b, an isolated yield of only 56%
was obtained. This is mainly because POP-Tpy-2-Pd is more
densely packed, resulting in a lower content of Pd metal
(Table 1), once again proving the rationality of the mentioned
ligand design with increased steric hindrance. The POP-Tpy-1-
Pd catalyst was readily recycled via facile filtration and solvent
washing. When aryl bromide and methoxyphenylboronic acid
were used as substrates, the recyclability tests showed that the
yield of the cross-coupling product remained at 52% after five
repeated reactions with the recycled catalysts (Fig. S66). A sig-
nificant drop in product yield following the first catalyst re-
cycling can be attributed to the re-addition of K,COj3, which
leads to the dissociation of metals from the POP. After catalytic
cycling, we retested the BET surface areas of catalysts, which
were determined to be 11 m* g~ for POP-Tpy-1-Cu™ and 22 m>
g~ for POP-Tpy-1-Pd (Fig. S37b). The results indicate that they
still maintained their porous structure, supporting the struc-
tural stability of the catalysts.

To verify the universality of POP-Tpy-1-M as a metal catalyst,
CDC reactions were conducted using POP-Tpy-1-Fe" as the
catalyst (Fig. 6). After separation by column chromatography,
the highest yield of the corresponding oxidative coupling
product was 57% (Table S1), and this yield remained above
45% after three consecutive experiments (Fig. S67). Notably,
the decrease in catalytic performance of POP-Tpy-1-Cu"™ or Pd

12828 | Dalton Trans., 2025, 54, 12824-12830
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Fig. 6 Diagram of the cross-dehydrogenative coupling reactions cata-
lysed by POP-Tpy-1-Fe and the bimetallic catalytic tandem reaction cat-
alysed by POP-Tpy-1-Cu'/Pd.

or Fe" can be attributed to the loss of metals; this hypothesis
is supported by the reduction in the metal content to 1.76%,
4.36%, and 1.03%, respectively, after five cycles of experiments
(Table 1).

Furthermore, three bimetallic catalysts, POP-Tpy-1-Cu'/Pd,
were synthesized by mixing POP-Tpy-1 with different ratios of
Cu(CH3CN),BF, and PdCl, (4/1, 1/1 and 1/2), demonstrating
universal multi-metal load capacity. The composition of the bi-
metallic catalyst POP-Tpy-1-Cu"/Pd was confirmed by ICP-OES
and EDX (Table 1 and Fig. S46-S48), in which the Cu and Pd
contents were detected, and their ratio was calculated to be
1.84/0.5, 1.11/0.85, and 0.64/1.2 wt%, respectively. Notably, the
ratio of the actual metal content of Cu and Pd was consistent
with the initial added ratio of the metal, supporting the con-
trollability of metal loading. POP-Tpy-1-Cu'/Pd catalysts were
used to catalyze the tandem reaction (Fig. 6). Interestingly,
only POP-Tpy-1-Cu, 141/Pdg g5 could catalyze the substrates to
form the target product 11 with a yield of 20%. Both POP-Tpy-
1-Cu, g4/Pdy 5 and POP-Tpy-1-Cu, ¢4/Pd; 1, afforded the desired
products in low yields; the click product 8b and the self-coup-
ling product 9a were obtained as the main components in
yields of 84%/10% and 16%/18%, respectively (Table S2 and
Fig. S31-S33). This result could probably be attributed to the
fact that when the Cu content increased, the click reaction
became favored and the yield of intermediate 8b increased;
yet, further Suzuki coupling occurred with difficulty, and the
yield of product 11 decreased. When the Cu content decreased
and the Pd content increased, the amount of intermediate, 8b,
decreased, and complicated products were formed via the
Sonogashira coupling reaction of the alkynyl compound,
Suzuki coupling, and self-coupling of boric acid. These results
provide a new avenue for controlling cascade reactions using
multi-metal-loaded POPs.

Conclusions

In conclusion, a novel tpy-modified POP was designed and pre-
pared via B-H coupling between a tpy-containing unit and tris
(4-bromophenyl)amine. Given its universal coordination ten-
dency toward transition-metal ions, metal-organic composites
can be easily obtained by mixing the POP with the most
common transition metals, including Mn**, Fe**, Co*", Ni*",

This journal is © The Royal Society of Chemistry 2025
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cu”, zn**, Ru*", Pd*", Fe*, and Cu'. Notably, an increase in
the metal loading capacity was achieved by manipulating the
geometry of the building blocks to reduce stacking and
increase the binding space; this is particularly significant for
future design of metal adsorption materials. Furthermore,
POPs as catalysts displayed universal catalytic behavior and
excellent performance in the click reaction, Suzuki-Miyaura
coupling, and CDC. This study provides a new and superior
POP for use as a versatile transition metal carrier. In the
future, such tpy-modified POPs may be used for the extraction
and separation of metal ions from wastewater, and as powerful
catalysts to achieve highly efficient photocatalytic and electro-
catalytic performances.
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