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ABSTRACT Two click-based porous organic polymers (CPP-1 and CPP-2) are

readily synthesized through a dlick reaction. Using CPP-1 and CPP-2 as supports,

palladium nanoparticles (NPs) with uniform and dual distributions were prepared
through H, and NaBH, reduction routes, respectively. Ultrafine palladium NPs are
effectively immobilized in the interior cavities of polymers. The coordination of
1,2,3-triazolyl to palladium and the confinement effect of polymers on palladium

NPs are verified by solid-state "*C NMR and IR spectra, XPS analyses, EDX mapping,

and computational calculation. The steric and electronic properties of polymers
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have a considerable influence on the interaction between polymers and palladium NPs, as well as the catalytic performances of NPs. The ultrafine

palladium NPs with uniform distribution exhibit superior stability and recyclability over palladium NPs with dual distributions and palladium on charcoal in

the hydrogenation of nitroarenes, and no obvious agglomeration and loss of catalytic activity were observed after recycling several times. The excellent

performances mainly result from synergetic effects between palladium NPs and polymers.
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he synthesis of supported metal nano-
Tparticles (NPs) for heterogeneous
catalysis has received great attention
because of their unique catalytic properties
and wide-ranging applicability."” The size,
distribution, and morphologies of NPs as well
as the property of supports have important
effects on the catalytic performance.® Gen-
erally, small particle size may result in a high
surface-to-volume ratio and provide a large
number of available active sites per unit
area for reaction substrates. In this context,
ultrafine metal NPs are thought to be more
reactive in catalysis than their bulk metal
counterparts.*~” However, metal NPs with
ultrafine size are prone to aggregate during
catalytic reactions owing to their high surface
energy, causing the loss of catalytic activity
and recyclability.? To avoid the aggregation
of NPs, much effort has been devoted to the
enhancement of the confinement effect of
the support and the interactions between
the support and metal NPs.>'°
Recently, the fusion of porous materials
and NP technology has been a fruitful area
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of interdisciplinary research.'’ Porous ma-
terials with high surface area and large pore
volume can provide spatial confinement to
prevent metal NPs from aggregating, and
their channels may favor mass transfer, which
are beneficial for efficient catalysis.'>' Im-
mobilization of ultrafine metal NPs inside
the pores of metal—organic frameworks
(MOFs) has been achieved,'*'® and superior
catalytic activities and selectivities were
observed.'®~ '8 Although MOFs with different
pores and cavities can be readily modified to
serve as an ideal platform for catalytically
active particles,'®?° the labile nature of the
metal—ligand bonds in MOFs renders them
unstable under liquid-phase catalytic condi-
tions, which limits their extensive applica-
tion in catalysis.>' In contrast with MOFs,
porous organic polymers (POPs) feature rela-
tively stable covalent bonds**?* and exhibit
promising applications in gas storage and
catalysis.>* 2% Thanks to the state-of-the-art
of molecular design of constituent mono-
mers,>° coordination groups of metal pre-
cursors or NPs can be easily introduced into
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Scheme 1. Synthesis of CPP-1 and CPP-2 and the schematic illustration of Pd@CPP.

POPs to enhance the interaction between the poly-
mers and metal precursors or particles.3' More impor-
tantly, the properties of POPs and NPs can be facilely
tuned and modified by modular synthesis and judicial
selection of monomers. Thus, the optimal balance
between the activity and stability of metal NPs can
be achieved.>? Very recently, POPs have been utilized
as supports of metal NPs>3*° in oxidation reactions,
photocatalysis, and Suzuki—Miyaura cross-coupling
reactions. However, NPs were either dispersed on
the external surface of polymers or located both on
the external surface and in interior pores with dual
particle size distributions. The nonuniform distribution
of metal active sites makes it difficult to investigate
the relationships among supports, NPs, and catalytic
performances.”’ Although the size control of the NPs
in POPs was realized by electron reduction,®® it is still
imperative to develop a general and facile method to
prepare ultrafine metal NPs inside the interior pores of
POPs with a uniform distribution.

The click reaction of organic azides and terminal
alkynes has attracted considerable interest owing to its
superior reliability and mild reaction conditions.*>**
The resultant 1,4-substituted 1,2,3-triazolyl efficiently
serves as a connecting unit for various functional
entities** as well as a metal-coordinating group.** 42
Its steric and electric properties can be tuned and
modified by selection of readily available terminal
alkyne- and azide-containing compounds.*® However,
most click-based POPs are applied in gas sorption;*°~>?
their use as supports of metal NPs for heterogeneous
catalysis is extremely rare. Due to our continuing
interest in the controllable synthesis of palladium
NPs,>*>>* herein, we report the preparation of ultrafine
palladium NPs with uniform distribution using two
click-based POPs (CPP-1 and CPP-2) as supports. In
comparison with palladium NPs with dual distributions
and palladium on charcoal, no obvious agglomera-
tion and loss of catalytic activity were observed after
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recycling several times for ultrafine palladium NPs with
a uniform distribution.

RESULTS AND DISCUSSION

Following the synthetic route outlined in Scheme 1,
CPP-1 was readily prepared by click reaction of tetrakis-
(4-ethynylphenyl)methane with 4,4’-diazidobiphenyl
in the presence of copper sulfate and sodium ascor-
bate, while the treatment of tetrakis(4-azidophenyl)-
methane with 4,4'-diethynylbiphenyl resulted in the
formation of CPP-2. In CPP-1, the tetraphenylmethane
group is at the C4 postion of the 1,2,3-triazolyl ring,
whileitis atthe N1 position in CPP-2. Both polymers are
insoluble in water and common organic solvents.
Elemental analyses of CPP-1 and CPP-2 show that the
experimental values of C and N are slightly lower than
the corresponding theoretical values. These deviations
mainly result from the presence of the trapped guest
molecules, which is common in porous materials.
The presence of guest molecules was further sup-
ported by TGA. The weight losses of 4% and 1% before
100 °C were observed in CPP-1 and CPP-2, respectively
(Figure ST1).

In the IR spectra of CPP-1 and CPP-2 (Figure S2), the
formation of the 1,2,3-triazolyl linkage is clearly con-
firmed by the disappearance of characteristic peaks of
the terminal alkynyl group at 2108 and 3281 cm ™" and
the concomitant emergence of characteristic peaks of
the triazolyl group at 1618 and 3133 cm ™. Solid-state
13C NMR further confirms the presence of 1,2,3-triazolyl
with a resonance of the C4-triazolyl carbon at 149 ppm
(Figure 1). The broad signals at 110—140 ppm are
attributed to aromatic carbon atoms. The characteristic
peak at 64 ppm corresponds to the central carbon of
the tetraphenylmethane core, which is consistent with
previous analogous reports.*>>' As shown in Figure 2,
their X-ray photoelectron spectroscopy (XPS) spectra
possess three peaks centered at 284.6, 399.9, and
532.2 eV, corresponding to C 1s, N 1s, and O Ts,
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Figure 2. (a) XPS analysis for CPP-1, CPP-2, Pd@CPP-1, Pd@CPP-2, and Pd@CPP-1-NaBH,; (b) N 1s spectra for CPP-1, CPP-2,
Pd@CPP-1, Pd@CPP-2, and Pd@CPP-1-NaBHy,; (c) C 1s spectra for CPP-1 and CPP-2; (d) Pd 3d spectra for Pd@CPP-1, Pd@CPP-2,

and Pd@CPP-1-NaBH,.

respectively (Figure 2a). The N 1s peak can be resolved
into two peaks with a ~1:2 intensity ratio, determined
by the ratio of their relative peak areas. One peak
around 401.4 eV is ascribed to the N2 atom of 1,2,3-
triazolyl, and the other peak around 399.7 eV corre-
sponds to N1 and N3 atoms, further suggesting the
formation of a 1,2,3-triazolyl ring (Figure 2b).>>*° This is
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also well supported by C 1s XPS (Figure 2c¢); the charge
distribution of the carbon atoms is influenced by
the neighbor nitrogen atoms. Hence, the C 1s spectra
for CPP-1 and CPP-2 could be deconvoluted into two
peaks at 284.6 and 285.7 eV, which are assigned to the
aromatic carbons and carbon atoms bonded to nitro-
gen in the triazolyl ring, respectively.’®*” The peak
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Figure 3. SEM images for (a) CPP-1; (b) CPP-2; (c) Pd@CPP-1; and (d) Pd@CPP-2.

centered at 291.5 eV is attributed to the characteristic
shakeup line of the aromatic carbon (r—x*). The
O 1s peak mainly arises from some oxygen or water
absorbed onto the surface of the samples.

Scanning electron microscopy (SEM) spectra show
that CPP-1 and CPP-2 are composed of granular parti-
cles (Figure 3a,b and Figure S3), which is in agreement
with most reported POPs constructed by tetrahedral
building blocks.*®*° XRD reveals CPP-1 and CPP-2
are amorphous, ascribed to the kinetically controlled
irreversible click reaction process.**>?

The porosities of CPP-1 and CPP-2 are determined by
N, adsorption at 77 K. As shown in Figure S5, a sharp
uptake at a relative pressure of P/Py, < 0.1 suggests
the presence of extensive microporosity within CPP-1
and CPP-2. The appearance of hysteresis in CPP-1
and CPP-2 isotherms is ascribed to the deformation
and swelling of the polymers at 77 K by N,.%° The
Brunauer—Emmett—Teller (BET) surface areas of CPP-1
and CPP-2 are 826 and 894 m? g™, respectively. The
contribution of microporosity to the networks can
be calculated as the ratio of micropore volume (V4 ;)
over the total pore volume (Vioy).8' The Vg 1/Vio, values
of CPP-1 and CPP-2 are 0.30 and 0.63, respectively,
demonstrating that micropores are more predominant
in CPP-2 than in CPP-1 (Table S1), which is in agree-
ment with the shape of N, isotherms.

Considering the coordination ability of 1,2,3-triazolyl
moieties to metal salts as well as the permanent
porosity of the polymers, the immobilization perfor-
mances of palladium NPs inside the pores of CPP-1 and
CPP-2 were investigated (Scheme 1). The treatment of
CPP-1 and CPP-2 with Pd(OAc), gave rise to brown
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Pd(IN@CPP-1 and Pd(Il@CPP-2, respectively, and sub-
sequent reduction in a stream of H,/N, afforded gray
Pd@CPP-1 and Pd@CPP-2, respectively. Inductively
coupled plasma spectroscopy (ICP) analyses show
Pd contents in Pd@CPP-1 and Pd@CPP-2 are 0.41 and
0.39 mmol g~', respectively. Transmission electron
microscope (TEM) images show (Figure 4a—f) palla-
dium NPs in Pd@CPP-1 and Pd@CPP-2 are uniformly
distributed, and their average sizes are 1.45 + 0.36 and
1.43 + 0.34 nm, respectively, which are small enough
to be accommodated in the interior cavities of CPP-1
and CPP-2 (Figure S5). HAADF-STEM clearly demon-
strates the uniform distribution of ultrafine palladium
NPs throughout the interior cavities without deposi-
tion on the external surfaces of CPP-1 and CPP-2.
Energy-dispersive X-ray (EDX) mapping images reveal
that the distribution of palladium NPs is related to the
location of N elements, suggesting a high dispersion
of palladium NPs in the polymer. As a comparison,
palladium NPs immobilized in CPP-1 are also prepared
by reduction with NaBH, (designated as Pd@CPP-1-
NaBH,). TEM images exhibit a dual size distribution of
palladium NPs. The relatively small palladium NPs, with
an average diameter of 1.45 nm, are encapsulated within
the pores of CPP-1, while large NPs, with an average
diameter of 3.19 nm, are deposited on the external
surface of CPP-1 (Figure 4g and h). The dual distribution
of Pd@CPP-1-NaBHj, is ascribed to the assumption that
the aqueous solution of NaBH, cannot be drawn effi-
ciently into the pores by capillary force because of the
hydrophobic nature of aromatic polymers, and some
palladium precursors would be redissolved and diffuse
out of the pores, resulting in the formation of large NPs

VOL.8 = NO.5 = 5352-5364 = 2014 W)

WWww.acshano.org

1101 L¢

5355



Figure 4. TEM images for (a, b) Pd@CPP-1; (c, d) Pd@CPP-2; and (e, f) Pd@CPP-1-NaBH,.

on the external surface of CPP-1. In contrast, when H, is
chosen, the particle nucleation can take place within the
pores under solid-phase conditions, while, the growth of
palladium NPs is confined by the polymers, affording
highly dispersed ultrafine palladium NPs without deposi-
tion of NPs at the external surface (Scheme 2). Clearly,
the preparation method significantly affects the size and
dispersion of NPs, and the H, reduction method gives
the best results in terms of controlling the dispersion and
size of NPs in polymers. XRD patterns of Pd@CPP-1,
Pd@CPP-2, and Pd@CPP-1-NaBH, do not exhibit distinct
peaks for palladium NPs, revealing the particles are small
and well dispersed in the polymers (Figure S4).

In the solid-state '3C NMR spectra of Pd(ll)@CPP-1
and Pd(lI)@CPP-2 (Figure 1), two new weak signals at
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179 and 23 ppm were observed, which are attributed
to the carbonyl and methyl carbons of the incorpo-
rated Pd(OAc),, respectively. In comparison with the
carbonyl peak of free Pd(OAc), at 190 ppm,** the
chemical shift of carbonyl group of incorporated
Pd(OAc), is shifted toward high field by 11 ppm,
suggesting strong coordination of 1,2,3-triazolyl units
to palladium. The characteristic peaks of Pd(OAc),
in Pd@CPP-1 and Pd@CPP-2 were not observed.
Other signals at 110—140 and 64 ppm in Pd(I)@CPP-1,
Pd(I)@CPP-2, Pd@CPP-1, and Pd@CPP-2 are assigned to
aromatic carbons and the central carbon of the tetra-
phenylmethane, respectively; they are close to those in
CPP-1 and CPP-2, confirming the structural integrity of
the polymers. Noteworthy, in comparison with CPP-1

VOL.8 = NO.5 = 5352-5364 = 2014 W)

WWww.acshano.org

J1D]Le

5356



Pd@CPP-1
Pd@CPP-2

Pdi@CPP-1-NaBH:

Scheme 2. Schematic representation for immobilization of
palladium NPs by CPP-1 and CPP-2.

and CPP-2, the peak envelopes in Pd@CPP-1 and
Pd@CPP-2 broaden owing to the interactions between
palladium NPs with the aromatic groups.®? The spec-
trum for Pd@CPP-2 is very broad relative to CPP-2, which
may be ascribed to the significant influence on the
electronic properties of polymers by palladium NPs.
BET surface areas of Pd@CPP-1 and Pd@CPP-2 are
reduced to 444 and 323 m? g, respectively, and their
V.1/Vyor Values are simultaneously lowered to 0.20 and
0.52, respectively (Figure S5 and Table S1). The consider-
able decrements in BET surface area and pore volume
demonstrate the successful immobilization of palladium
NPs in the interior cavities of the polymers3+5354
Changes in surface area and pore volume between
CPP-2 and Pd@CPP-2 are larger than that between
CPP-1 and Pd@CPP-1. It seems that the pores in CPP-2
accommodate palladium NPs better than that in CPP-1.
The preservation of N, adsorption/desorption isotherm
shapes indicates that the pore systems have not been
blocked or altered substantially by palladium NPs. Sig-
nals in IR spectra of Pd@CPP-1 and Pd@CPP-2 are almost
identical with those of CPP-1 and CPP-2, indicating
that their structures are intact after palladium loading
(Figure S1). SEM images show that the original mor-
phologies of CPP-1 and CPP-2 are intact after the
incorporation of palladium NPs (Figure 3c and d).

To further illustrate the interactions between 1,2,3-
triazolyl units and palladium, XPS was performed. As
shown in Figure 2d, Pd 3d spectra present two sets of
doublet peaks corresponding to Pd 3ds,, and Pd 3ds,,.
The Pd 3ds,, peaks at 335.97 and 335.72 eV in Pd@CPP-
1 and Pd@CPP-2 are attributed to Pd® species, respec-
tively, while the Pd 3ds,, peaks at 337.58 and 337.20 eV
are related to their Pd®" species. The ratios of Pd®/Pd?"
in Pd@CPP-1 and Pd@CPP-2 are 0.56 and 0.31, respec-
tively. In comparison with CPP-1 and CPP-2, the N 1s
peak in Pd@CPP-1 and Pd@CPP-2 shifts from 399.78
10 399.83 eV and from 399.77 to 399.91 eV, respectively
(Figure 2b). The upshift of the N 1s toward higher binding
energies is attributed to the coordination of nitrogen
atoms to palladium®® It seems that the interaction
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between palladium NPs and nitrogen atoms in
Pd@CPP-2 is stronger than that in Pd@CPP-1, which is
consistent with the aforementioned more broaden
peaks of Pd@CPP-2 than Pd@CPP-1 in the solid-state
13C NMR spectra.

To further investigate the effect of substituent varia-
tion at 1,2,3-triazolyl ring on the electronic characters
of polymers and the interactions between polymers
and palladium NPs, natural bond orbital (NBO) analyses
based on the optimized structures of their model
compounds (CPP-1-MC, CPP-2-MC, Pd@CPP-1-MC,
and Pd@CPP-2-MC) were performed with Gaussian 03
(Figure S7). As shown in Figure 5 and Table S2, all
nitrogen atoms in model compounds carry a negative
charge. The N3 atom possesses the most negative
charge in the triazolyl ring and should preferably co-
ordinate to palladium. The triazolyl group carries a
negative charge, while phenyl and tetraphenylmethane
groups have positive charges. The charges of the 1,2,3-
triazolyl group and N3 atom in CPP-2-MC are both
slightly more negative than those in CPP-1-MC,
which may lead to stronger coordination abilities to
palladium. As expected, palladium in Pd@CPP-2-MC
carries more negative charges than that in Pd@CPP-1-
MC. Notably, palladium in Pd@CPP-1-MC is stericly
crowded by a tetraphenylmethane group, while palla-
dium in Pd@CPP-2-MC is relatively less steric. Substitu-
ents atthe N1 position of the 1,2,3-triazolyl ring in CPP-1-
MC and CPP-2-MC have more positive charges than
substituents at the C4 position due to the inductive
electron-withdrawing effect of the N1 atom. In compar-
ison with analogues in CPP-1-MC and CPP-2-MC, sub-
stituents at the N1 position of the 1,2,3-triazolyl ring in
Pd@CPP-1-MC and Pd@CPP-2-MC have more positive
charges, while substituents at the C4 position of the
1,2,3-triazolyl ring have more negative charges. The
charge of the tetraphenylmethane group in Pd@CPP-
1-MC is less positive than that in Pd@CPP-2-MC, while
the charge of the phenyl group in Pd@CPP-1-MCis more
positive than that in Pd@CPP-2-MC. These differences of
charge distribution in model compounds suggest dif-
ferent electron properties of CPP-1, CPP-2, Pd@CPP-1,
and Pd@CPP-2. The results of charge distributions are
consistent with the broadened peaks in the solid-state
3C NMR of Pd@CPP-1 and Pd@CPP-2 and the results of
their XPS analyses. These results show that variation of
the tetraphenylmethane group at the 1,2,3-triazolyl ring
has a significant influence on the steric and electronic
properties of polymers and the interactions between
polymers and palladium NPs. Considering the combina-
tion of more negative charges and less steric hindrance,
palladium atoms in Pd@CPP-2 may be more reactive in
catalytic reactions than Pd@CPP-1.

The HOMO and LUMO analyses reveal that the
HOMO and LUMO are shared by triazolyl and its
phenyl groups in CPP-1-MC and CPP-2-MC owing to
their conjugative effects. Interestingly, HOMOs in
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Figure 5. Charge distributions in CPP-1-MC (a), CPP-2-MC (b), Pd@CPP-1-MC (c), and Pd@CPP-2-MC (d). The numbers
represent energy per charge in units of hartree per elemental charge.
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Figure 6. (a) Conversion of nitrobenzene as a function of time in hydrogenation reactions. (b) Reusability of Pd@CPP-1,
Pd@CPP-2, Pd@CPP-1-NaBH,, and Pd@C. Reaction conditions: nitrobenzene (0.5 mmol), [Pd] (0.5 mol %), ethanol (2 mL), 1 atm

of Hy, 25°C, 1 h.

Pd@CPP-1-MC and Pd@CPP-2-MC are mainly occupied
by a palladium atom, and LUMOs are shared by
triazolyl and its N-substituted phenyl ring (Figure S8).

It is well known that the size and location of sup-
ported palladium NPs have an important effect on
their catalytic activity. The catalytic performances of
Pd@CPP-1, Pd@CPP-2, and Pd@CPP-1-NaBH, were in-
vestigated by hydrogenation of nitroarenes at 25 °C
under 1 atm. As shown in Figure 5a, Pd@CPP-1 afforded
full conversion of nitrobenzene to aniline within
45 min, while the use of Pd@CPP-2 under the same
conditions gave rise to a complete conversion within
20 min. The higher activity of Pd@CPP-2 than Pd@CPP-1
probably results from the synergistic effects of relatively
more negative charges and less steric hindrance of
palladium NPs. Interestingly, when Pd@CPP-1-NaBH,
was employed, a quantitative conversion was achieved
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within 20 min, which is similar to Pd@CPP-2. A possible
reason for this observation is that nitrobenzene can
directly access palladium NPs deposited on the external
surface of Pd@CPP-1-NaBH,. For comparison, commer-
cial palladium on charcoal (Pd@C) was also tested under
the same conditions, and a complete conversion of nitro-
benzene within 45 min was achieved. Besides catalytic
activity, recyclability is also crucial for an outstand-
ing heterogeneous catalysis. As shown in Figure 5b,
Pd@CPP-1 could be reused at least five times. However,
the conversion of nitrobenzene in Pd@CPP-2 and
Pd@CPP-1-NaBH, was decreased to 97% and 95% after
the fourth run and the third run, respectively. When Pd@C
was used, the conversion of nitrobenzene decreased to
50% and 20% in the second and third runs, respectively.

TEM images show that palladium NPs after the
fifth run reaction in Pd@CPP-1 and Pd@CPP-2 are all
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TABLE 1. Reduction of Various Nitroarenes

a,b,c.d,ef,g

H, (1atm), PA@CPP-1 (0.5 mol%)

LN,

EtOH, 25 °C, 1h

R \—

Entry Reactant Product Conv. (%)b) Select. (%)
1 @Noz NH, 100(98) 100
29 <i>—No2 @NHZ 0 0
3 /o@mz /OQNHZ 100(100) 100
4 .@Noz —()ren 100(90) 100
5 \@NOZ UNHZ 100(95) 100
6 @02 @% 85- 85
7 Ho@mz no—_ ), 100(95) 100
8d) O,N N H,N N -(85) _
D
9d) NO, NH, -(61) )
o O
N N
10 CIONOZ @—'NHZ 66- 100
119 CIONOZ ) 100- 100

“Reaction conditions: nitroarenes (0.5 mmol), PA@CPP-1 (0.5 mol %), ethanol (2 mL), 1 atm of H,, 25 °C, 1 h. ° GC yield; isolated yields are given in parentheses. ¢ Without
palladium. ¢5 h. 3 h. 5 min. ¢ After 5 min, the reaction of filtration was performed for an additional 15 h.

well-dispersed (Figure 6a—d). Their average sizes are
1.71 £0.46 nm and 1.90 & 0.56 nm, respectively, which
are only slightly larger than that in fresh Pd@CPP-1 and
Pd@CPP-2 (Figure 4). However, for Pd@CPP-1-NaBH,,
after the fifth run, the average diameters of palladium
NPs on the surface of the support increased from
3.19 nm to 5.03 nm (Figure 6e and f). It further reveals
that the stabilization of palladium NPs is ascribed to the
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synergistic effects of the coordination of 1,2,3-triazolyl
and the nanoscale confinement effect of polymers.
To explore the generality of the catalytic system,
nitroarenes bearing different steric and electronic
characters were tested. As shown in Table 1, when the
reaction was carried out in the presence of 0.5 mol %
Pd@CPP-1 at 25 °C, 98% isolated yield of aniline was
obtained in 1 h (entry 1). No aniline was formed in the
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Figure 7. TEM images for (a, b) Pd@CPP-1 after the fifth run; (c, d) Pd@CPP-2 after the fifth run; and (e, f) Pd@CPP-1-NaBH,

after the fifth run.

control experiment of nitrobenzene in the absence of
Pd@CPP-1 (entry 2). 4-Nitroanisole, 4-nitrotoluene, and
3-nitrotoluene were reduced into corresponding pro-
ducts in full conversion and selectivity (entries 3—5),
while reduction of 2-nitrotoluene gave rise to 2-methy-
laniline in 85% GC (gas chromatography) yield (entry 6)
owing to the steric effect. Interestingly, a hydroxyl group
can be well tolerated in the catalytic system (entry 7).
The catalytic system is also effective for reduction of
heterocyclic nitro compounds. When 4-nitroindole and
5-nitroindole were used as substrates, the correspond-
ing products were obtained in 85% and 61% isolated
yields, respectively (entries 8 and 9). The reduction of
4-nitrochlorobenzene gave rise to the dechloro product
aniline in a 66% yield in 1 h, and 100% vyield was
obtained in 3 h (entries 10 and 11). This tendency toward
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dehalogenation was often observed in palladium-
catalyzed hydrogenation of aryl halides.'*®

To ensure that the immobilized palladium NPs repre-
sent the catalytically active species rather than free
palladium that is dissociated from the polymers during
reaction, a hot filtration test was performed. After the
reaction was run for 5 min, Pd@CPP-1 was removed from
the reaction mixture by filtration, and the filtrate con-
tinued to react for an additional 15 h. Negligible changes
in conversion and selectivity were observed (entries 13
and 14, Table 1). ICP analysis of the filtrate shows that
palladium leaching is 0.48 ppm, which is insignificant
with respect to 0.41 mmol g~ ' of fresh Pd@CPP-1.

CONCLUSION
Two click-based porous organic polymers (CPP-1
and CPP-2) have been readily synthesized. Size- and
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location-controllable ultrafine palladium NPs are fac-
ilely immobilized inside the pores of CPP-1 and CPP-2.
In comparison with palladium NPs with dual distribu-
tions and palladium on charchoal, no obvious aggre-
gation and loss of catalytic activity of ultrafine
palladium NPs were observed after the catalytic reac-
tion was recycled several times. The synergistic
effects of the coordination of 1,2,3-triazolyl to palla-
dium and the confinement effect of polymers result in
good stabilization of palladium NPs. The variation of
the tetraphenylmethane group at the 1,2,3-triazolyl
ring shows important influence on the steric and

METHODS

General Information. Te'(rakis(4—azidophenyl)methane,49 44-
diazidobiphenyl,*®  tetrakis(4-ethynylphenyl)methane,®” and
4,4'-diethynylbiphenyl®® were prepared according to literature
methods. Pd@C was purchased from Aladdin Industrial Cor-
poration (Shanghai, China). Other chemicals were commercially
available and used without further purification. "H and '*C NMR
spectra were recorded on a Bruker AVANCE Ill NMR spectro-
meter at 400 and 100 MHz, respectively, using tetramethylsilane
(TMS) as an internal standard. Solid-state '>C CP/MAS NMR was
performed on a Bruker SB Avance Ill 500 MHz spectrometer with
a 4 mm double-resonance MAS probe, a sample spinning rate
of 7.0 kHz, a contact time of 2 ms, and a pulse delay of 5 s. IR
spectra were recorded with KBr pellets using a PerkinElmer
instrument. Thermal gravimetric analysis (TGA) was carried out
on a NETZSCH STA 449C by heating samples from 30 to 700 °Cin
a dynamic nitrogen atmosphere with a heating rate of 10 °C
min~". Powered X-ray diffraction (XRD) patterns were recorded
in the range of 26 = 5—40° on a desktop X-ray diffractometer
(RIGAKU-Miniflex Il) with Cu Ka radiation (A = 1.5406 A). Nitro-
gen adsorption and desorption isotherms were measured at
77 K using a Micromeritics ASAP 2020 system. The samples
were degassed at 100 °C for 5 h before the measurements.
Surface areas were calculated from the adsorption data using
Brunauer—Emmett—Teller. The pore size distribution curves
were obtained from the adsorption branches using the nonlocal
density functional theory method. Field-emission scanning
electron microscopy was performed on a JEOL JSM-7500F
operated at an accelerating voltage of 3.0 kV. Transmission
electron microscope high-annular dark-field scanning (HAADF-
STEM) and energy-dispersive X-ray mapping images were
obtained with a TECNAI G2 F20 equipped with an EDX detector.
X-ray photoelectron spectroscopy measurements were per-
formed on a Thermo ESCALAB 250 spectrometer, using non-
monochromatic Al Kot X-rays as the excitation source and
choosing C 15 (284.6 eV) as the reference line. Inductively coupled
plasma spectroscopy was measured on a Jobin Yvon Ultima2.
Gas chromatography was performed on a Shimadzu GC-2014
equipped with a capillary column (RTX-5,30 m x 0.25 um) using
a flame ionization detector. Elemental analyses were performed
on an Elementar Vario MICRO elemental analyzer.

Synthesis of CPP-1. To a solution of tetrakis(4-ethynylphenyl)-
methane (0.74 g, 1.8 mmol), 4,4'-diazidobiphenyl (0.84 g,
3.6 mmol), and CuSO4-5H,0 (0.18 g, 0.7 mmol) in DMF
(100 mL), was added sodium ascorbate (0.14 g, 0.7 mmol) under
a N, atmosphere. The stirring mixture was heated to 100 °C and
maintained at that temperature for 3 days. The brown precipi-
tate was isolated by filtration, rinsed with DMF (2 x 30 mL)
and methanol (2 x 30 mL), and then redispersed in saturated
EDTA-2Na solution (20 mL) at room temperature for 12 h.
After filtering and washing with excess H,O and methanol,
the resultant material was purified by Soxhlet extraction using
THF and dried in vacuo at 80 °C for 12 h to afford CPP-1 as a
brown powder, 1.4 g, yield 89%. IR (KBr, cm™"): 3143 (w), 3050
(w), 2926 (w), 2129 (w), 2097 (w), 1610 (s), 1490 (vs), 1402 (m),
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electronic properties of polymers as well as the inter-
action between frameworks and palladium NPs, and
hence the catalytic performance of palladium NPs.
Palladium NPs in Pd@CPP-2 show relatively more
negative charges and less steric hindrance than NPs
in Pd@CPP-1, resulting in higher catalytic activity. In
summary, this study not only provides a general and
facile approach for fabrication of ultrafine metal NPs
with size- and location-control but also opens a
new avenue to development of efficiently hetero-
geneous catalytic systems by using POPs as supports
of metal NPs.

1227 (s), 1116 (w), 1042 (s), 827 (vs), 736 (vw), 564 (vw). Anal.
Calcd (%) for (Cy425HoNs),: C 77.01, H 4.09, N 18.91. Found:
C65.13,H5.33,N 15.15.

Synthesis of (PP-2. Following the same procedures as for the
synthesis of CPP-1, CPP-2 was obtained as a yellow solid. Yield:
100%. IR (KBr, cm™"): 3422 (s), 3144 (w), 2363 (W), 2326 (w), 2123
(m), 1918 (vw), 1608 (s), 1512 (vs), 1482 (s), 1407 (m) 1289 (w),
1227(m), 1117 (w), 1042 (s), 994 (s), 827 (vs), 741 (w), 668 (vw),
532 (w). Anal. Calcd (%) for (Cq4.25HgNs),: € 77.01,H 4.09,N 18.91.
Found: C 72.19, H 4.86, N 17.23.

Synthesis of Pd(I1)@CPP-1 and Pd@CPP-1. To a solution of Pd(OAc),
(81 mg, 0.36 mmol) in dichloromethane (100 mL) was added
CPP-1 (200 mg). After stirring at 60 °C for 24 h, the precipitate
was isolated by filtration, purified by Soxhlet extraction using
dichloromethane, and dried in vacuo at 80 °C for 12 h to give
Pd(IN@CPP-1 as a brown solid. Pd(I)\@CPP-1 was reduced in a
stream of Hy/N, (10% H,, 100 mL/min~") at 200 °C for 4 h to
give Pd@CPP-1 as a gray solid. The Pd content in Pd@FCP-1 was
0.41 mmol g~ as determined by ICP.

Synthesis of Pd(I)@CPP-2 and Pd@CPP-2. Following the same pro-
cedures as for the synthesis of Pd(I)@CPP-1 and Pd@CPP-1,
Pd(I)@CPP-2 and Pd@CPP-2 were obtained as a brown solid
and gray solid, respectively. The Pd content in Pd@FCP-1 was
0.39 mmol g~ as determined by ICP.

Synthesis of Pd@CPP-1-NaBH,. To a solution of Pd(OAc), (81 mg,
0.36 mmol) in dichloromethane (100 mL) was added CPP-1
(200 mg). After stirring at 60 °C for 24 h, the precipitate was
isolated by filtration, purified by Soxhlet extraction with dichlor-
omethane, and dried in vacuo at 80 °C for 12 h. To a vigorous
stirring dispersion of the reultant brown solid (100 mg) in water
(100 mL), a freshly prepared 1 M aqueous NaBH, solution (1 mL)
was added. The suspension was collected by centrifugation and
dried at 80 °C in vacuo to give Pd@CPP-1-NaBHj, as a gray solid.
The Pd content in Pd@CPP-1-NaBH, was 0.53 mmol g~ as
determined by ICP.

Typical Procedure for Hydrogenation of Nitroarenes. Nitroarene
(0.5 mmol), Pd-containing samples (0.5 mol %), and ethanol
(2.0 mL) were placed in a Schlenk flask (20 mL). The flask was
purged with H, three times to remove air, and the reaction
mixture was stirred with a balloon of H, at room temperature for
a given time. After the reaction, the resultant mixture was
transferred into a tube and the solid was separated by centri-
fugation. The organic phase was analyzed with GC to determine
conversion and selectivity. The identity of products was con-
firmed by comparison with GC retention times of commercial
materials and literature NMR spectroscopic data.

Recyclability Tests for Hydrogenation of Nitrobenzene. After the first
run reaction was finished, the residual solid was recovered by
centrifugation and washed with ethanol, followed by centrifu-
gation. The processes were repeated twice, and the resultant
solid was directly used for the next run with the same amount of
fresh nitrobenzene and ethanol.

Theoretical Calculations. The density functional theory (DFT)
method at the hybrid Becke three-parameter Lee—Yang—Parr
(B3LYP) functional level was used to study the electronic
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structures of model compounds (CPP-1-MC, CPP-2-MC,
Pd@CPP-1-MC, and Pd@CPP-2-MC). The geometrical structures
were first optimized. During the calculation processes, the
symmetry restrictions of the structures were not considered,
and the convergent values of maximum force, root-mean-
square (RMS) force, maximum displacement, and RMS displace-
ment were set by default. Then, the natural bond orbital analysis
was implemented. In these calculations, the Lanl2dz effective
core potential was used to describe the inner electrons of
palladium atoms, while its associated double-G basis set of
Hay and Wadt was employed for the remaining outer electrons.
The all-electron basis set of 6-31G* was used for nonmetal N, C,
and H atoms. All calculations were implemented in the Gaussian
03 program.®® Visualization of the optimized geometrical struc-
tures, frontier molecular orbitals, and electrostatic potential
mapped onto the electron density surface were performed by
GaussView.
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