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ABSTRACT: Nonporous, phosphorescent cross-linked poly-
mers (Ru-CP and Ir-CP) were synthesized via Pd-catalyzed
Sonogashira cross-coupling reactions between tetra(p-ethynyl-
phenyl)methane and dibrominated Ru(bpy)3

2+ or Ir(ppy)2(bpy)
+,

respectively. The resultant particulate cross-linked polymer (CP)
materials have very high catalyst loadings (76.3 wt % for Ru-CP
and 71.6 wt % for Ir-CP), and are nonporous with negligibly small
surface areas (2.9 m2/g for Ru-CP and 2.7 m2/g for Ir-CP).
Despite their nonporous nature, the insoluble CP materials serve
as highly active and recyclable heterogeneous photocatalysts for
a range of organic transformations such as aza-Henry reaction,
aerobic amine coupling, and dehalogenation of benzyl bromo-
acetate. An efficient light-harvesting mechanism, which involves
collection of photons by exciting the 3MLCT states of the phosphors and migration of the excited states to the particle surface, is
proposed to account for the very high catalytic activities of these nonporous CPs. Steady-state and time-resolved emission data,
as well as the reduced catalytic activity of Os(bpy)3

2+-doped Ru-CPs supports efficient excited state migration for the CP frameworks.
This work uncovers a new strategy in designing highly efficient photocatalysts based on light-harvesting cross-linked polymers.
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■ INTRODUCTION
The advancement of artificial photosynthesis heralds a promis-
ing and revolutionary approach toward green chemical trans-
formations.1 Several molecular chromophores, such as porphyrins
and Ru(bpy)3

2+ (bpy = 2,2′-bipyridine) have been created to
absorb and convert solar energy to chemical potentials in
molecular excited states or charge-separated pairs.2 In parallel,
many molecular systems have been developed to catalyze
thermodynamically uphill reactions with the input of photo,
chemical, or electrochemical energies, including water oxidation,3

proton reduction,4 CO2 reduction,
5 and general organic trans-

formations.6 In order to achieve artificial photosynthesis, it is
important to design molecular systems that can not only act as
antenna for photon capture but also are able to transfer the
energies to the reaction centers to drive desired chemical
transformations.1b,c,2a,7 Natural photosynthesis takes advantage
of a wired network of chromophores and functional centers to
facilitate energy and electron transfer within the system, leading
to efficient conversion of sunlight energy to chemical potential
stored in reactive chemical bonds.1b,8 Chemists have created a
variety of macromolecular and supramolecular systems,
including arrays of porphyrins and other chromophores,9 linear
polymers,10 dendrimers,11 metal−organic frameworks,12

bridged semiconducting nanoparticles,13 organogels and hybrid
hydrogels,14 vesicles,15 and biomolecule-based assemblies,16 in
order to mimic the energy and electron transfer processes in
natural photosynthesis.

Efficient collection of photons in artificial systems can lead
to the formation of charge-separated redox pairs or light-
harvesting species such as singlet oxygen.17 However, few of the
reported antenna systems can effectively use the harvested
energy to drive productive chemical reactions.17d,18 We have
recently become interested in designing multifunctional frame-
work materials, including metal−organic frameworks and cross-
linked polymers, as a potential platform to integrate light-
harvesting and catalytic centers for solar energy utilization.12,19

Cross-linked polymers have recently emerged as a new class of
highly stable functional solid-state materials that can be fine-
tuned at the molecular level.20 Because of their ease of func-
tionalization and high chemical stability, cross-linked polymers
have shown great promise in many applications, such as gas
storage,19a catalysis,19f,20 and light-harvesting.21 In this work,
we synthesized nonporous cross-linked polymers based on
tetra(p-ethynylphenyl)methane tetrahedral nodes and a stoi-
chiometric amount of [Ru(bpy)2(dbbpy)]

2+ (dbbpy is 5,5′-
dibromo-2,2′-bipyridine) or Ir[(bpy)2(dbbpy)]

+ linear linkers,
with the diamondoid network as the ideal structure prototype.
We discovered efficient core-to-surface excited state transport
in cross-linked polymers (CPs) built from [Ru(bpy)3]

2+- and
[Ir(ppy)2(bpy)]

+-derived phosphors (ppy is 2-phenylpyridine).
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Importantly, the harvested energy can be used to drive chemical
reactions on the polymer particle surface, leading to highly
active heterogeneous photocatalysts.

■ RESULTS AND DISCUSSIONS
Cross-Linked Polymer Synthesis and Characterization.

The polymerization between the tetrahedral tetra(p-ethynylphenyl)-
methane and the linear dibromo compound, [Ru(bpy)2-
(dbbpy)]2+ or Ir[(bpy)2(dbbpy)]

+, was realized through a
Pd/CuI-catalyzed Sonogashira cross-coupling reaction (see
Scheme 1). Based on the inductively coupled plasma mass

spectrometry (ICP-MS) results, the resultant [Ru(bpy)3]
2+-

and Ir[(bpy)2(bpy)]
+-based polymers (Ru-CP and Ir-CP)

possess exceptionally high Ru and Ir catalysts loadings (76.3
and 71.6 wt %, respectively), which are very close to that of the
stoichiometric polymer formulas (78.3 wt % for Ru-CP and
79.1 wt % for Ir-CP). These phosphor loadings are exception-
ally high, when compared to recently reported [Ru(bpy)3]

2+-
and Ir[(bpy)2(bpy)]

+-containing porous cross-linked polymers
(2.2 and 4.5 wt %, respectively).19a

Similar Sonagashira coupling reactions were recently used by
Cooper et al. to synthesize conjugated microporous polymers
with metallo-complexes in the backbones.19f In their work,
linear 1,4-dibromobenzene was added to the feed to achieve
microporosity. It was found that increasing the amounts of the
metallo-complexes drastically decreases the surface areas of the
CPs, because of channel blocking by the bulky metallo-
complexes. Since the Ru-CP and Ir-CP in our work contain
stoichiometric amounts of the Ru and Ir complexes, they are
nonporous with negligibly small BET surface areas of 2.9 m2/g
and 2.7 m2/g, respectively (see Figure 1a).22 In comparison, the
control polymer (C-CP) made by cross-coupling between

dbbpy and tetra(p-ethynylphenyl)methane gave a BET surface
area of 333.6 m2/g (Figure 1a).
Transmission electron microscopy (TEM) images (see

Scheme 1 and Figure S1 in the Supporting Information) showed
that Ru-CP and Ir-CP are composed of interconnected nano-
particles with dimensions of 100−200 nm. The particles are stable
up to 300 °C in air, as revealed by thermogravimetric analysis
(TGA) (see Figure 2d). The cross-linked polymers are insoluble in
water and all of the organic solvents tested. The high degree of
polymerization is indicated by the IR spectra. The absence of the
carbon−hydrogen stretching peak of the CC−H group at
∼3300 cm−1 suggested that most of the alkyne groups in the
starting materials have been consumed in the coupling reaction
(see Figure 2c).

Light Harvesting by Cross-Linked Polymers: Photon
Capture and Excited-State Dynamics. With such non-
porous cross-linked polymer nanoparticles that contain
stoichiometric amounts of Ru and Ir dye molecules, we hypo-
thesized that the nanoparticles can serve as light-harvesting
antenna to collect energy and drive chemical reactions on the
polymer surfaces. The phosphor molecules in the interior of the
nonporous CP materials can readily absorb visible light to form
3MLCT excited states, which can efficiently migrate to the
particle surface. Based on the molar extinction coefficient of
Ru-CP at 485 nm (Figure 2a), 90% of the light can reach the
interior chromophoric centers for a nanoparticle with a size of
100 nm (with only ∼10% of the photons absorbed by the
Ru(bpy)3

2+ at the particle surface). The surface Ru and Ir
phosphor molecules, which can either be excited directly by

Scheme 1. Synthesis of Ru-CP, Os-CP, and Ir-CP (a TEM Image
of Ru-CP is Also Shown)

Figure 1. (a) Nitrogen sorption isotherms of Ru-CP (blue), Ir-CP
(red), and C-CP (black) at 77 K. (b) Smoothed steady-state emission
spectra of Ru-CP (red), 1.0 mol % Os-doped Ru-CP (green), 4.7 mol %
Os-doped Ru-CP (blue), 9.1 mol % Os-doped Ru-CP (purple) and
pure Os-CP (black); all of the spectra were taken while excited at
485 nm. (c) Decay transients measured at 630 nm (with 445-nm
excitation) for Ru-CP (red), 1.0 mol % Os-doped Ru-CP (green),
4.7 mol % Os-doped Ru-CP (blue), and 9.1 mol % Os-doped Ru-CP
(black); inset shows a plot of τ0/τ vs Os doping levels. The emission
decays in panel (c) were fit to the biexponential expression A = A1
exp(−t/τ1) +A2 exp(−t/τ2). The reported lifetime τ is the weighted
lifetime τ = (A1τ1

2 + A2τ2
2)/(A1τ1 + A2τ2). (d) Conversion percentage

for the reactions between 1a and nitromethane catalyzed by different
CP catalysts, versus the phosphorescent lifetimes of these catalysts.
Reactions were run at room temperature (rt) for 8 h, with 0.2 mol %
catalyst loadings, ∼5 cm in front of a 26-W fluorescent lamp.
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light or accept excited-state energy from the phosphors in the
interior of the polymer particle, will undergo photoredox
reactions and initiate a cascade of chemical transformations in a
catalytic cycle. Such a core-to-surface excited-state transport
process, followed by a redox catalytic reaction on the surface,
renders all of the phosphors in the nonporous solid
photoactive, akin to the light-harvesting processes in natural
photosynthesis. A high choromophore concentration in the
framework is essential for such effective light harvesting, since
the probability of Dexter-type energy migration between
adjacent chromophores decays exponentially with the increased
distance between them.
To test the hypothesis of efficient excited state migration

through the CP framework, we doped different amounts of
[Os(bpy)3]

2+ entities into Ru-CP by copolymerization, and
detected energy transfer from [Ru(bpy)3]

2+* to [Os(bpy)3]
2+

by luminescence measurements. If efficient energy transfer
from [Ru(bpy)3]

2+* to [Os(bpy)3]
2+ can occur at relatively low

[Os(bpy)3]
2+ loadings, the [Ru(bpy)3]

2+* excited states must
have hopped from site to site before reaching the [Os(bpy)3]

2+

traps. Steady-state luminescence measurements indicated a
dramatic increase of the [Os(bpy)3]

2+-based emission at ∼800
nm as the Os doping level increased from 0 to 9.1 mol % (see
Figure 1b). Deconvolution of the emission spectrum of the 9.1
mol % Os-doped Ru-CP gave a value of 2.46 for the ratio of
[Os(bpy)3]

2+ to [Ru(bpy)3]
2+ emission (see Figure S10 in the

Supporting Information). Considering the different quantum
yields and extinction coefficients of [Os(bpy)3]

2+ and [Ru-
(bpy)3]

2+ moieties in the framework [QY(Os)/QY(Ru) =
0.116 and ε(Os)485 nm/ε(Ru)485 nm = 0.538 were experimentally
determined with the polymer built from 100% Os (Os-CP) and
100% Ru (Ru-CP)], we concluded that 95% of the excited state
energy on [Ru(bpy)3]

2+ had migrated to the 9.1 mol %
[Os(bpy)3]

2+ in the CP (see the Supporting Information for a

detailed analysis). This analysis indicates efficient excited-state
migration, which was also evident in the steady-state emission
spectra of 1.0 and 4.7 mol % Os-doped Ru-CPs. Quantitative
analyses were less reliable for these systems due to
incompatibly disparate Os and Ru emission intensities. The
efficient energy transfer from [Ru(bpy)3]

2+* to [Os(bpy)3]
2+

was confirmed by time-resolved emission measurements of Os-
doped Ru-CPs taken at 630 nm [λmax for the [Ru(bpy)3]

2+

emission]. The averaged lifetime of the 630 nm emission
steadily decreased as the Os doping level increased (Figure 1c),
consistent with an increasing level of energy transfer from
[Ru(bpy)3]

2+* to [Os(bpy)3]
2+.

Photocatalysis. We then examined the photocatalytic
activity of the Ru-CP particles, using the aza-Henry reaction23

as a test reaction. The reaction between tetrahydroisoquinoline
derivatives 1a−3a (see Table 1) and nitromethane or nitroethane

were carried out in air with a common fluorescent lamp (26 W) as
the light source. As shown by the 1H NMR-determined reaction
conversions in Table 1, the Ru-CP is a highly effective photo-
catalyst for all the six reactions with 88% to >99% conversions
at 0.2 mol % Ru-CP loadings. These conversions are higher than
those of the homogeneous counterparts (Table 1). The efficient
photocatalytic aza-Henry reactions are supported by high
isolated yields of 77% and 74% for 1b and 2b, respectively.
Control experiments were carefully carried out to demonstrate
the photocatalytic and heterogeneous nature of the reactions
(Table 2). Reactions in the absence of either light or the
catalysts showed zero or simply background conversions. The
reaction supernatant after removing the CP was also proved to
be inactive by a substrate crossover experiment. Substrate 3a
was used in the Ru-CP-catalyzed aza-Henry reaction, and a
complete conversion was achieved in 8 h. The Ru-CP catalyst
was then removed by filtering through Celite, and the second
substrate 1a was added to the filtrate. After stirring the solution
under light for 8 h, only 11% conversion was observed for 1a.
This low conversion, comparable to that of the background

Figure 2. (a) UV−vis absorption spectrum of Ru-CP particles
suspended in MeCN. (b) Decay transient measured at 650 nm for Ir-
CP with excitation at 350 nm (red) and decay transient measured at
830 nm for Os-CP with excitation at 444.2 nm (blue). [IRF =
Instrument Response Function for excitation at 444.2 nm (black).]
The emission decay was fit to the biexponential expression A = A1
exp(−t/τ1) + A2 exp(−t/τ2). The reported lifetimes are the weighted
lifetimes τ = (A1τ1

2 + A2τ2
2)/(A1τ1 + A2τ2). Inset shows a steady-state

emission spectrum of Ir-CP (excited at 440 nm). (c) FT-IR spectra of
Ru-CP (black) and Ir-CP (red). (d) TGA curves of Ru-CP (black)
and Ir-CP (red).

Table 1. Photocatalytic aza-Henry Reactionsa

Conversion (%) with
Different Catalystsb

entry amine substrate product Ru-CP Ru-M

1c 1a 1b 97 85
2c 2a 2b >99 84
3c 3a 3b >99 90
4d 1a 1c 94 81
5d 2a 2c 88 57
6d 3a 3c >99 62

aAll the reactions were run at room temperature (rt) for 8 h with 0.2
mol % catalyst. bConversions were determined by integrating the 1H
NMR peaks. Ru-M is [(bpy)2Ru(debpy)]Cl2 (debpy = 5,5′-diethynyl-
2,2′-bipyridine), which models the Ru phosphor in the CP. cWith
nitromethane as solvent. dWith nitroethane as solvent.
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reaction, proved that the supernatant of the reaction mixture is
inactive in photocatalysis. In addition, ICP-MS studies showed
very little Ru leaching (<0.3%) to the solution during the
reaction. The Ru-CP was also easily recovered from the reac-
tion mixture by centrifugation, and reused four times without
any loss of activity (Table 2).
We also demonstrated the applicability of nonporous Ru-CP

in other light-driven reactions. At 1 mol % loading, Ru-CP
efficiently catalyzed aerobic oxidative coupling of a series of
primary amines24 with 84%−99% conversions in 1 h (Table 3,

entries 1−3), again comparable to that of the homogeneous
catalyst. The isolated yield for 4a was 88%. The recyclability
and reusability of the Ru-CP catalyst was also evaluated for this
reaction. The recovered catalyst after simple filtration was
reused three times, showing no deterioration in conversion
percentage (Table 3; see the Supporting Information for more
details). Similarly, a visible-light-driven dehalogenation of
benzyl bromoacetate25 catalyzed by 1 mol % Ru-CP catalyst
also gave complete substrate transformation in 8 h, with an

isolated yield of 84% (Table 4; see the Supporting Information
for more details).
The nonporous nature of Ru-CP indicates that only a very

small fraction of [Ru(bpy)3]
2+ phosphors are at or near the

surface and accessible to the organic substrates. The reason why
Ru-CP still exhibits extremely high photocatalytic activity can
only be explained by the fact that Ru phosphors embedded in
the core of Ru-CP can serve as antenna to harvest light energy
and the excited states generated at the interior of the material
can easily migrate through the framework and reach the surface
active sites (see Scheme 2).

Catalysis results using Os-doped Ru-CP and Os-CP support
the light-harvesting nature of these photocatalytic reactions.
Aza-Henry reaction between 1a and CH3NO2 was employed to
probe the photocatalytic activity of Os-doped Ru-CPs. The 4.7
mol % Os-doped Ru-CP gave only 45% conversion of the
substrate after reactions of 8 h, compared to 97% conversion
catalyzed by the Ru-CP under identical conditions. The 9.1
mol % Os-doped Ru-CP catalyst further decreased the
conversion to 37%. Interestingly, although the homogeneous
Os(bpy)3(PF6)2 catalyst gave a complete conversion of 1a
under the same reaction conditions, the Os-CP gave 13%
conversion, which is only slightly above that of the background
reaction (10%). The drastically different behavior of Os-CP,
compared to its Ru-CP counterpart, indicates that the
[Os(bpy)2(dbbpy)]

2+* excited state cannot effectively migrate

Table 2. Control Experiments and Catalyst Reuse for
Photocatalytic aza-Henry Reactionsa

entry condition substrate conversionb (%)

1 no light, Ru-CP 1a <5
2 no catalyst 1a 10
3 no catalyst 2a 11
4 no catalyst 3a 19
5 C-CP 1a 36
6 C-CP 2a 29
7 Ru-CP (first reuse) 1a 97
8 Ru-CP (second reuse) 1a 94
9 Ru-CP (third reuse) 1a 96
10 Ru-CP (fourth reuse) 1a 92

aReactions were run at room temperature for 8 h, with 0.2 mol %
catalyst loadings, ∼5 cm in front of a 26 W fluorescent lamp.
bConversions were determined by 1H NMR.

Table 3. Photocatalytic Aerobic Oxidative Coupling of
Aminesa

entry catalyst substrate conversionb (%)

1 Ru-CP 4 99
2 Ru-CP (first reuse) 4 99
3 Ru-CP (second reuse) 4 99
4 Ru-CP 5 95
5 Ru-CP 6 84
6 Ru(bpy)3Cl2 4 97
7 C-CP 4 8
8c no catalyst 4 <5
9d Ru-CP 4 <5
10d Ru(bpy)3Cl2 4 <5

aAll the reactions were run at 60 °C for 1 h with 1 mol % Ru-CP at a
distance of ∼10 cm from a 450-W Xe lamp. bConversions were
determined by integrating the 1H NMR peaks. cWithout photocatalyst.
dWithout light.

Table 4. Photocatalytic Dehalogenation of Benzyl
Bromoacetatea

entry catalyst conversionb (%)

1 Ru-CP >99
2 Ru(bpy)3Cl2 >99
3 no catalyst 8
4 C-CP 27

aReactions were run at room temperature (rt) for 8 h with 1 mol %
Ru-based catalyst. bConversions were determined by 1H NMR.

Scheme 2. Schematic Representation of Core-to-Surface
Excited State Transport in Ru-CP-Catalyzed Photoreactions
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in the Os-CP framework. This is consistent with the much
shorter lifetime of Os-CP (τ = 17 ns; see Figure 2b), which trans-
lates to less time and a shorter distance that the [Os(bpy)3]

2+*
excited state can travel. In the Os-doped Ru-CP-catalyzed
reactions, the [Ru(bpy)3]

2+* excited states generated in the
interior of the solid may transfer energy to the [Os(bpy)3]

2+ traps
before migrating to the solid surface to drive redox reactions. In
both cases, the low activities of the Os-CP and the Os-doped
Ru-CPs can be explained by the inability of the excited states to
reach the polymer surface, supporting the role of core-to-surface
excited-state migration in the CP photocatalysis.
We also tested the photocatalytic activity of Ir-CP using the

aza-Henry reaction. As a result of the core-to-surface excited-
state migration, the Ir-CP also serves as an active photocatalyst
with 55%, 54%, and 99% conversions in 8 h for reactions
between nitromethane and 1a, 2a, and 3a, respectively. (See
Table 5.) Except for substrate 3a, the conversions of the

reactions catalyzed by Ir-CP are significantly lower than that of
the Ru-CP-catalyzed reactions, which is consistent with the
shorter lifetime of the Ir-CP (τ = 97.5 ns; see Figure 2a) than
the Ru-CP counterpart (τ = 166.5 ns). An empirical linear
relationship was obtained by plotting the conversions of
reactions between 1a and nitromethane catalyzed by different
CP catalysts against the phosphorescent lifetimes of those
catalysts (the catalysts include Ru-CP, Ir-CP, 4.7% Os-doped
Ru-CP, 9.1% Os-doped Ru-CP, Os-CP; see Figure 1d). Such
correlation between the photochemical activity and the excited-
state lifetime in CPs, which is absent in homogeneous mol-
ecular catalytic systems,23 provides additional evidence for the
core-to-surface excited-state transport mechanism of these highly
active CP photocatalysts.
In an additional control experiment, we observed that photo-

catalytic reactions with C-CP (without the metallo-phosphor)
gave slightly higher conversions than corresponding back-
ground reactions. For example, in the aza-Henry reactions with
nitromethane, C-CP gave conversions of 36% and 29% for 1a
and 2a, in comparison to the background conversions of 10%
and 11% (see Table 1). In the aerobic oxidative coupling of 4,
C-CP gave a conversion of 8% in comparison to <5% for the

background reaction (see Table 4). C-CP gave a conversion of
27% for 7 in the dehalogenation reaction, as compared to the
8% conversion for the background reaction. Therefore, we
believe that the antenna effect of the framework, through either
sensitizing 3MLCT excitation of the [Ru(bpy)3]

2+ phosphor or
directly activating the substrates, also contributes to the
excellent photocatalytic activities of Ru-CP.26

■ CONCLUSION

Nearly stoichiometric amounts of Ru(bpy)3
2+ and Ir(ppy)2-

(bpy)+ phosphors have been incorporated into cross-linked
polymers Ru-CP and Ir-CP by Sonogashira cross-coupling
reactions. Despite their nonporous nature, the Ru-CP and Ir-
CP are highly active and recyclable heterogeneous photo-
catalysts for a range of organic transformations such as aza-
Henry reaction, aerobic amine coupling, and dehalogenation of
benzyl bromoacetate. The very high catalytic activities of these
nonporous CPs result from their light-harvesting ability, which
allows collection of photons by exciting the 3MLCT states of
the phosphors via framework sensitization and migration of the
excited states to the particle surface to drive the redox catalysis.
This light-harvesting mechanism was supported by steady-state
and time-resolved emission data as well as the reduced catalytic
activities of Os-CP and Os-doped Ru-CPs. This work illustrates
the potential for designing highly efficient photocatalysts based
on light-harvesting cross-linked polymers.

■ EXPERIMENTAL SECTION
All starting materials were purchased from Aldrich and Fisher, unless
otherwise noted, and used without further purification. 1H NMR
spectra were recorded on a Bruker Model NMR 400 DRX spectro-
meter at 400 MHz and referenced to the proton resonance resulting
from incomplete deuteration of deuterated chloroform (δ 7.26). A
Varian 820-MS inductively coupled plasma−mass spectrometer (ICP-
MS) was used to determine the Ru and Ir content. Transmission
electron microscopy (TEM) was used to image the particles, using a
JEM Model 100CX-II TEM system. Thermogravimetric analysis
(TGA) was performed using a Shimadzu Model TGA-50 system that
was equipped with a platinum pan, and all samples were heated at a
rate of 5 °C/min in air. Nitrogen adsorption experiments were per-
formed with a Quantachrome Autosorb-1C system. Steady-state and
time-resolved emission spectra were recorded on an Edinburgh FLS
920 system.

Synthesis of Ru-CP. Bis(2,2′-bipyridine)(5,5′-dibromo-2,2′-
bipyridine)ruthenium(II) dihexafluorophosphate ([Ru(bpy)2(dbbpy)]-
(PF6)2) and tetra(4-ethynylphenyl)methane were synthesized by following
the literature procedure.27,28 [Ru(bpy)2(dbbpy)](PF6)2 (50 mg,
0.05 mmol), tetra(4-ethynylphenyl)methane (15 mg, 0.037 mmol),
tetrakis(triphenylphosphine)palladium (15 mg), and copper(I) iodide
(10 mg) were dissolved in a mixture of DMF (2.5 mL) and triethylamine
(2.5 mL). The reaction mixture was heated to 90 °C and stirred for
72 h under a nitrogen atmosphere. The mixture was cooled to room
temperature, and the insoluble precipitated product was filtered and
washed with acetonitrile, water, methanol, and acetone to remove any
unreacted monomers or catalyst residues. Further purification of the
product was carried out by Soxhlet extraction with methanol for 24 h.29

The product was dried under vacuum for 24 h at 50 °C to give brown
powder (yield: 40 mg, 76%).

Synthesis of [Os(bpy)3]
2+-Doped Ru-CP and Os-CP. Bis(2,2′-

bipyridine)(5,5′-dibromo-2,2′-bipyridine)osmium(II) dihexafluoro-
phosphate ([Os(bpy)2(dbbpy)](PF6)2) was synthesized by following
the literature procedure.30 A procedure similar to the synthesis of Ru-
CP was followed for the synthesis of Os(bpy)3

2+-doped Ru-CP and
Os-CP, except that mixtures of [Ru(bpy)2(dbbpy)](PF6)2 and [Os(bpy)2-
(dbbpy)](PF6)2 of appropriate molar ratios, or pure [Os(bpy)2(dbbpy)]-
(PF6)2 were added as the monomers.

Table 5. Photocatalytic aza-Henry Reactionsa Using Ir-CP
and Homogeneous Ir Complex (Ir-M) as Photocatalysts

entry condition substrate conversionb (%)

1 Ir-CP 1a 55
2 Ir-CP 2a 54
3 Ir-CP 3a >99
4 Ir-M 1a 99
5 Ir-M 2a 99
6 Ir-M 3a 81

aReactions were run at room temperature (rt) for 8 h, with 0.2 mol %
catalyst loadings, ∼5 cm in front of a 26-W fluorescent lamp.
bConversions were determined by 1H NMR. Ir-M is [(ppy)2Ir-
(debpy)]Cl, which models the Ir phosphor in the CP.
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Synthesis of Ir-CP. Bis(2-phenylpyridine)(5,5′-dibromo-2,2′-
bipyridine)iridium(III) chloride ([Ir(ppy)2(dbbpy)]Cl) was synthe-
sized following the literature procedure.31 A procedure similar to the
synthesis of Ru-CP was followed for the synthesis of Ir-CP, except
that [Ir(ppy)2(dbbpy)]Cl was added as the monomer. Pd particles in
the as-synthesized samples were further removed by dispersing the
solids in a 0.4 M NaCN aqueous solution and bubbling air through the
solution for 2 days. The obtained solids were then washed with water
and acetone several times, followed by vacuum drying.
Synthesis of Control Cross-Linked Polymer (C-CP). A

procedure similar to the synthesis of Ru-CP was followed for the
synthesis of C-CP, by substituting [Ru(bpy)2(dbbpy)]

2+ with dbbpy.
Pd particles in the as-synthesized samples were further removed by
dispersing the solids in a 0.4 M NaCN aqueous solution and bubbling
air through the solution for 2 days. The solids were further purified by
Soxhlet extraction with methanol for 24 h. The product was then
washed with water and acetone several times, followed by drying under
vacuum.
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■ ABBREVIATIONS
Ru-CP = cross-linked polymer built from tetra(p-ethynylphenyl)-
methane and bis(2,2′-bipyridine)(5,5′-dibromo-2,2′-bipyridine)-
ruthenium(II) dihexafluorophosphate
Ir-CP = cross-linked polymer built from tetra(p-ethynyl-
phenyl)methane and bis(2-phenylpyridine)(5,5′-dibromo-2,2′-
bipyridine)iridium(III) chloride
Os-CP = cross-linked polymer built from tetra(p-ethynyl-
phenyl)methane and bis(2,2′-bipyridine)(5,5′-dibromo-2,2′-
bipyridine)osmium(II) dihexafluorophosphate
C-CP = cross-linked polymer built from tetra(p-ethynylphenyl)-
methane and 5,5′-dibromo-2,2′-bipyridine, serving as a control
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Hammarström, L. Acc. Chem. Res. 2009, 42, 1899−1909. (b) Engel, G. S.;
Calhoun, T. R.; Read, E. L.; Ahn, T. K.; Mancal, T.; Cheng, Y. C.;
Blankenship, R. E.; Fleming, G. R. Nature 2007, 446, 782−786.
(9) (a) Wagner, R. W.; Lindsey, J. S. J. Am. Chem. Soc. 1994, 116,
9759−9760. (b) Kobuke, Y. Eur. J. Inorg. Chem. 2006, 2006, 2333−
2351.
(10) (a) Jones, W. E.; Baxter, S. M.; Strouse, G. F.; Meyer, T. J. J. Am.
Chem. Soc. 1993, 115, 7363−7373. (b) Fox, M. A. Acc. Chem. Res.
1992, 25, 569−574. (c) Fleming, C. N.; Dattelbaum, D. M.;
Thompson, D. W.; Ershov, A. Y.; Meyer, T. J. J. Am. Chem. Soc.
2007, 129, 9622.
(11) Xu, Z.; Moore, J. S. Acta Polym. 1994, 45, 83−87.
(12) (a) Kent, C. A.; Liu, D. M.; Ma, L. Q.; Papanikolas, J. M.;
Meyer, T. J.; Lin, W. J. Am. Chem. Soc. 2011, 133, 12940−12943.
(b) Kent, C. A.; Mehl, B. P.; Ma, L. Q.; Papanikolas, J. M.; Meyer, T. J.;
Lin, W. J. Am. Chem. Soc. 2010, 132, 12767−12769. (c) Wang, C.; Xie,
Z.; deKrafft, K. E.; Lin, W. J. Am. Chem. Soc. 2011, 133, 13445.
(13) (a) Nabiev, I.; Rakovich, A.; Sukhanova, A.; Lukashev, E.;
Zagidullin, V.; Pachenko, V.; Rakovich, Y. P.; Donegan, J. F.; Rubin,
A. B.; Govorov, A. O. Angew. Chem., Int. Ed. 2010, 49, 7217−7221.
(b) Spitler, M. T.; Parkinson, B. A. Acc. Chem. Res. 2009, 42, 2017−
2029.
(14) (a) Sugiyasu, K.; Fujita, N.; Shinkai, S. Angew. Chem., Int. Ed.
2004, 43, 1229−1233. (b) Nakashima, T.; Kimizuka, N. Adv. Mater.
2002, 14, 1113−1116.
(15) Nagata, N.; Kuramochi, Y.; Kobuke, Y. J. Am. Chem. Soc. 2009,
131, 10.
(16) (a) Borjesson, K.; Tumpane, J.; Ljungdahl, T.; Wilhelmsson, L. M.;
Norden, B.; Brown, T.; Martensson, J.; Albinsson, B. J. Am. Chem. Soc.
2009, 131, 2831−2839. (b) Channon, K. J.; Devlin, G. L.; MacPhee, C. E.
J. Am. Chem. Soc. 2009, 131, 12520.
(17) (a) D’Souza, F.; Smith, P. M.; Zandler, M. E.; McCarty, A. L.;
Itou, M.; Araki, Y.; Ito, O. J. Am. Chem. Soc. 2004, 126, 7898−7907.
(b) Kodis, G.; Terazono, Y.; Liddell, P. A.; Andreasson, J.; Garg, V.;
Hambourger, M.; Moore, T. A.; Moore, A. L.; Gust, D. J. Am. Chem.
Soc. 2006, 128, 1818−1827. (c) Xing, C. F.; Xu, Q. L.; Tang, H. W.;
Liu, L. B.; Wang, S. J. Am. Chem. Soc. 2009, 131, 13117−13124.
(d) Yuhas, B. D.; Smeigh, A. L.; Samuel, A. P. S; Shim, Y.; Bag, S.;
Douvalis, A. P.; Wasielewski, M. R.; Kanatzidis, M. G. J. Am. Chem. Soc.
2011, 133, 7252−7255.
(18) Takeda, H.; Ohashi, M.; Tani, T.; Ishitani, O.; Inagaki, S. Inorg.
Chem. 2010, 49, 4554−4559.
(19) (a) Yuan, S. W.; Kirklin, S.; Dorney, B.; Liu, D. J.; Yu, L. P.
Macromolecules 2009, 42, 1554−1559. (b) Thomas, A. Angew. Chem.,
Int. Ed. 2010, 49, 8328−8344. (c) Trewin, A.; Cooper, A. I. Angew.
Chem., Int. Ed. 2010, 49, 1533−1535. (d) Cooper, A. I. Angew. Chem.,
Int. Ed. 2011, 50, 996−998. (e) Ding, X.; Guo, J.; Feng, X.; Honsho, Y.;
Seki, S.; Maitarad, P.; Saeki, A.; Nagase, S.; Jiang, D. Angew. Chem., Int.Ed.
2011, 50, 1289−1293. (f) Jiang, J. X.; Wang, C.; Laybourn, A.; Hasell, T.;
Clowes, R.; Khimyak, Y. Z.; Xiao, J. L.; Higgins, S. J.; Adams, D. J.;
Cooper, A. I. Angew. Chem., Int. Ed. 2011, 50, 1072−1075. (g) Spitler,
E. L.; Dichtel, W.R. Nat. Chem. 2010, 2, 672. (h) Colson, J. W.; Woll,
A. R.; Mukherjee, A.; Levendorf, M. P.; Spitler, E. L.; Shields, V. B.;

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am3003445 | ACS Appl. Mater. Interfaces 2012, 4, 2288−22942293

http://pubs.acs.org
mailto:wlin@unc.edu


Spencer, M. G.; Park, J.; Dichtel, W. R. Science 2011, 332, 228. (i) Spitler,
E. L.; Koo, B. T.; Novotney, J. L.; Colson, J. W.; Uribe-Romo, F. J.;
Gutierrez, G. D.; Clancy, P.; Dichtel, W. R. J. Am. Chem. Soc. 2011, 133,
19416. (j) Jin, Y.; Voss, B. A.; McCaffrey, R.; Baggett, C. T.; Noble, R. D.;
Zhang, W. Chem. Sci. 2012, 3, 874. (k) Jin., Y.; Voss, B. A.; Jin, A.; Long,
H.; Noble, R. D.; Zhang, W. J. Am. Chem. Soc. 2011, 133, 6650.
(20) (a) Xie, Z.; Wang, C.; Dekrafft, K. E.; Lin, W. J. Am. Chem. Soc.
2011, 133, 2056−2059. (b) Wang, J.-L.; Wang, C.; Dekrafft, K. E.;
Lin, W. ACS Catal. 2012, 2, 417.
(21) Chen, L.; Honsho, Y.; Seki, S.; Jiang, D. L. J. Am. Chem. Soc.
2010, 132, 6742−6748.
(22) Freeze-drying has recently been shown to be a gentle method of
activation for porous materials. See: Ma, L.; Jin, A.; Xie, Z.; Lin, W.
Angew. Chem., Int. Ed. 2009, 48, 9905 . We attempted to activate
Ru-CP by freeze-drying, but only a slight increase of BET surface area (to
27 m2/g) was observed (see Figure S2 in the Supporting Information).
(23) Condie, A. G.; Gonzalez-Gomez, J. C.; Stephenson, C. R. J. Am.
Chem. Soc. 2010, 132, 1464−1465.
(24) (a) Lang, X.; Ji, H.; Chen, C.; Ma, W.; Zhao, J. Angew. Chem.,
Int. Ed. 2011, 50, 3934−3937. (b) Su, F.; Mathew, S. C.; Mohlmann,
L.; Antonietti, M.; Wang, X.; Blechert, S. Angew. Chem., Int. Ed. 2011,
50, 657−660.
(25) Narayanam, J. M.; Tucker, J. W.; Stephenson, C. R. J. Am. Chem.
Soc. 2009, 131, 8756−8757.
(26) It is also worth noting that the porosity of C-CP allows the
organic substrates to diffuse into the CP for photocatalysis to occur.
(27) Kozlov, D. V.; Tyson, D. S.; Goze, C.; Ziessel, R.; Castellano, F. N.
Inorg. Chem. 2004, 43, 6083−6092.
(28) Yuan, S.; Kirklin, S.; Dorney, B.; Liu, J.-J.; Yu, L. Macromolecules
2009, 42, 1554.
(29) Jiang, J.; Laybourn, A.; Clowes, R.; Khimyak, Y. Z.; Bacsa, J.;
Higgins, S. J.; Adams, D. J.; Cooper, A. I. Macromolecules 2010, 43,
7577.
(30) Walters, K. A.; Trouillet, L.; Guillerez, S.; Schanze, K. S. Inorg.
Chem. 2000, 39, 5496.
(31) Kim, K. Y.; Schanze, K. S. Proc. SPIE−Int. Soc. Opt. Eng. 2006,
6331.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am3003445 | ACS Appl. Mater. Interfaces 2012, 4, 2288−22942294


