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Recycling of Brush Polymer Containing Iridium Photocatalyst 
supported on Glass Balls. 

Audrey Beillard,[a] Julien A. L. Renault,[a] Duc-Hahn Nguyen,[a] Warren Lhuillier,[a] Jean-Luc Renaud,[a] 
Aurélie Vicente,[b] and  Sylvain Gaillard.*[a] 

The synthesis of the first glass-supported iridium photocatalyst is reported. The use of brush polymer to covalently link the 

iridium ancillary ligand (2,2-bipyridine derivative) to the glass, allows 0.5 wt% of iridium loading on 9 – 13 µm glass balls. 

Cross dehydrogenative coupling (CDC) was selected as a benchmark reaction of photoredox reaction. The photocatalytic 

material has been recycled 10 time without loss of activity. To the best of our knowledge, this is the first functionalization 

of glass spheres for photocatalytic applications.

Introduction 

For several decades, a huge effort had been made to develop 

eco-compatible processes. As a matter of fact, photoredox 

catalysis has gained a great interest because light can be seen 

as an environmentally friendly reagent. Light induced processes 

offer now the opportunity to develop new strategies as 

evidenced in literature.1,2 Efforts have also been devoted to 

highly efficient reactions using Earth-abundant transition metal 

photocatalysts but catalyst loading is usually higher than with 

noble metals.3,4 In addition, iridium complexes demonstrated to 

be useful tool in various photocatalytic processes including dual 

catalysis5 or enantioselective synthesis.6,7 So, the recycling of 

platinum metal photocatalysts or their incorporation on 

immobilized phase in flow chemistry process can be highly 

advantageous for further industrial developments. 

Nevertheless, heterogeneous supported photocatalysts, and 

their recycling remain scarce. Only few examples of supported 

iridium photocatalyst were described with SiO2,8-10 metal 

organic frameworks,11-13 or polymers14-24 as support. If 

transparency toward visible light is considered, those materials 

might present a drawback, and glass or quartz would be more 

suitable for further development in photoredox flow chemistry 

processes. The main bottleneck of glass surfaces, compare to 

silica and MOFs, is the low specific surface and the number of 

chemical functions that can be functionalized. Taking advantage 

of previous studies on transition metal incorporated in 

polymers,25 the functionalization of glass surface to increase the 

number of coordination sites was envisaged to tackle this issue.  

In the present study, a proof of concept depicting glass spheres 

of 9 – 13 µm functionalized by 0.5 wt% of an iridium 

photocatalyst is presented. Additionally, cross dehydrogenative 

coupling reaction26-31 (CDC) between tetrahydroquinoline and 

nitromethane, as model reaction, has been performed with this 

new heterogeneous photocatalytic material. Of note, this 

photocatalyst material has been recycled 10 times without any 

loss of activity. 

Results and discussion 

For the synthesis, the surface of the glass balls (GS) were firstly 

cleaned using piranha solution. For the chemical 

characterization of cleaned GS, 1H MAS NMR was performed 

and silanol content was measured at 6.4 µmol per gram of glass 

balls (see ESI, Figure S1). Then, the Brunauer-Emmett-Teller 

surface area (BET) was measured and a value of 1.67 m2.g-1 was 

found, indicating an absence of porosity. The first synthetic step 

consisted in the silanization of GS by a 5 wt% of chlorosilane 

derivative 1 to furnish GS-ini (Scheme 1), i.e. GS incorporating 

atom transfer radical polymerization (ATRP) initiators. Then, 

poly(2-hydroxyethyl methacrylate) (PHEMA) brushes were 

grown in the presence of CuCl/CuBr2/2,2-bipyridine catalytic 

system using 2-hydroxyethyl methacrylate 2 as monomer. At 

the end of the reaction, an inseparable mixture of GS-PHEMA 

and non-crafted PHEMA was obtained (Scheme 1).32,33 Of note, 

a brief screening of the reaction conditions has shown that all 

component of the catalytic cocktail were essential for the 

polymerization process. Then, nucleophilic substitution of the 

hydroxy group of the crude GS-PHEMA was performed with 

non-symmetrically substituted 4,4’-bipyridine derivative 3 

leading to GS-bipy (Scheme 1). Importantly, the non-crafted 

PHEMA formed in the previous step can be removed by washing  
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Scheme 1. Synthetic pathway for the preparation of the heterogeneous iridium-functionalized glass spheres GS-Ir. 

the material with diethylether (see ESI). GS-Ir518 was finally 

obtained by coordination of the iridium metal centers following 

adapted known procedure in the presence of the iridium dimer 

[Ir(ppy)2Cl]2 4.34 

1H and 13C MAS NMR were performed on each purely isolated 

material, i.e. GS-ini, GS-bipy and GS-Ir518 and indicate that all 

framework of the brush polymer, as well as, the ATRP initiator 

and ligands, were incorporated on the GS (Figure S2-S5). In 

details, signals at 8.5 and 6.9 ppm were assigned to aromatic 

protons of the iridium complex ligands. Signals at 2.0 and 1.4 

were attributed to CH2 and CH3 of the polymer chain (Figure S5). 

In order to observe the signals of the CH2 of the brush part, 1H 

echo MAS NMR experiment were conducted to decrease the 

intensity of the labile proton of the Si-OH residual function on 

the glass surface (Figure S6). In these conditions, signals of the 

two CH2 were detected at 4.95 and 3.8 ppm (Figure S6) and even 

the integration with a ratio 2:3 between the CH2 at 2.0 ppm and 

the CH3 at 1.4 ppm confirms the previous attribution. Finally, a 

signal at 0.1 ppm was observed in the 1H MAS NMR and was 

assigned to the CH3 group of the silane function of the ATRP 

initiator. 13C MAS NMR spectroscopy was also performed on GS-

ini, GS-bipy and GS-Ir518 and supported the 1H MAS NMR 

analyses. In details, 13C MAS NMR spectrum of GS-ini exhibited 

a signal at 0 ppm that was assigned to the methyl groups of the 

ATRP initiator (Figure S2). After ATRP reaction and 

functionalization of GS-PHEMA by the bipy derivative 3, the 13C 

MAS NMR spectrum of GS-bipy showed appearance of the 

carbon atom assigned to the CH3 and CH2 frameworks of the 

brush polymer at 11.5 and 45.0 ppm, respectively (Figure S4). 

Finally, the 13C MAS NMR spectrum of GS-Ir518 confirmed the 

formation of the iridium complexes as an additional signal at 

130 ppm was observed and was assigned to the aromatic 

carbon atoms of the ligands (Figure S4). 

CPMAS {1H}-29Si NMR experiment was performed on GS-Ir518 

and compared to the same analysis of GS. The comparison of 

those NMR spectra allowed to estimate that approximately 66 

% of the silanol moieties were functionalized by compound 1 

(Figure S7). Unfortunately, attempts to quantify the absolute 

quantity of reacting initiator 1 by CPMAS {1H}-29Si NMR was 

unsuccessful after the two steps synthesis furnishing GS-bipy, 

as CPMAS is known to be a qualitative experiment.  

To confirm again the formation of GS-Ir518 and also to compare 

its photocatalytic activities with homogeneous analogs, the 

well-defined [Ir(ppy)3] 5,35 [Ir(ppy)2(dtbby)][Cl] 636 and 

[Ir(ppy)2(3)][PF6] 7,34 were prepared (Figure 1). Complex 7 is the 

analogous iridium complex present in GS-Ir518 and was first used 

as reference for photophysical characterization of GS-Ir518.  

The reflectance and phosphorescence spectroscopies of GS-

Ir518 in solid state were achieved and compared to UV-visible 

and phosphorescence spectra of 7 in solution (Figure 2). The 

diffuse reflectance of GS-Ir518 in solid state showed maxima 

centered at 276, 305, 390, 420 and 472 nm. In comparison, UV-

visible spectrum of complex 7 in dichloromethane solution 

exhibited very similar profile with maxima found at 259 (1ILCT), 

272 (1ILCT), 309 (1ILCT), 380 (1LLCT), 415 (1MLCT) and 472 

(3MLCT) nm (Figure 2).37 

Then, GS-Ir518 was subjected to phosphorescence spectroscopy 

in solid state (Figure 2). As the emission spectrum was 

presenting several scatterings, the original measurement was 

unclear (see ESI Figure S11). After removing background and 

mathematical deconvolution, maximal λem was found to be 

centered at 515 nm (see Figure 2 for modified emission spectra 

and see Figure S11 to S15 in ESI for measured emission spectra 

and mathematical treatment). By comparison, phosphorescent 

emission of complex 7 in dichloromethane disclosed a maximal 

wavelength at 580 nm. Such blue-shifted emission of supported 

iridium complex on silica, compared to its analogous in solution, 

was already observed by Yamashita and co.9 and attributed to a 

“rigidochromic” effect.38 Nevertheless, all these analyses tend 

to validate the incorporation of an iridium complex into a brush 

polymer, and consequently the synthesis of the new supported 

GS-Ir518. 

Figure 1. Homogeneous type iridium complexes 5-7. 
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Figure 2. Top: Absorption (black curve) and normalized emission spectra (dotted 
yellow curve, λex = 380 nm) of [Ir(ppy)2(4)][PF6] 7 in dichloromethane solution (C = 
10-5 M); Bottom: Diffuse reflectance spectra (blue curve) and normalized solid 
emission spectra (dotted green curve, λex = 330 nm) of GS-Ir518. 

 

After these photophysical evidences of the presence of 

phosphorescent iridium complex coordinated to the bipyridine 

functionalized brush polymer, quantification of iridium element 

in GS-Ir518 was investigated by ICP-MS and a loading of 518 ppm 

(0.52 wt%) in GS-Ir518 was measured. Thanks to the brush 

polymer, the iridium content of GS-Ir518 is comparable to those 

obtained with silica-functionalized metal complexes albeit the 

specific surface of glass is lower than the one of silica.9,39,40 

 

Figure 3. Iridium concentration [Ir] depending on the initial mass ratio of 
iridium dimer 4 and GS-bipy for the synthesis of GS-Ir. Dash line represents 
the potential concentration of [Ir] if all silanol on GS surface where mono-
functionalized by a bipy ligand. 

 

Table 1. Iridium concentration [Ir] reached in GS-Ir with different 4/GS-bipy ratio during 

the coordination step. 

Entry  4/GS-bipy ratio[a] [Ir] (ppm)[b] 

1  0.01 518 

2  0.03 750 

3  0.15 930 

4  0.30 1187 

5  0.50 1530 

6  1.00 1844 

7  1.50 2251 

8  2.00 3316 

9 2.50 4795 

[a] Mass ratio of iridium dimer 4 and GS-bipy. [b] Determined by ICP-MS. 

Further investigations were undertaken to explore the 

possibility to vary the iridium concentration [Ir] in the GS-Ir 

material, by changing the mass ratio between iridium dimer 4 

and GS-bipy from 0.01 to 2.50 during the coordination step. All 

resulting new GS-Ir were then subjected to ICP-MS analysis to 

quantify the concentration of the iridium complexes [Ir]. Results 

are summarized in Table 1 and shown in Figure 3. 

Additionally, 1H MAS NMR allowed us to estimate that a 

maximum iridium concentration [Ir] of 825 ppm could be 

reached if all silanol frameworks were mono-functionalized by 

one bipy ligand. Introducing GS-bipy materials with different 

mass ratio of 4/GS-bipy from 0.01 to 2.5, [Ir] increased gradually 

from 518 to 4795 ppm, respectively. Thanks to the brush 

polymer, an increase of almost 6 time of the [Ir] can be achieved 

compare to an unfunctionalized GS if the surface were solely 

mono-functionalized by a bipy ligand. 

With this characterized new GS-Ir material in hands, the next 

step in this study was its evaluation in photoredox reaction, and 

more specifically in CDC reaction using 2-

phenyltetrahydroisoquinoline 8 in nitromethane solution, as a 

model reaction.26-31 Due to the low iridium loading in GS-Ir518, 

the evaluation was initiated with a mass of GS-Ir518 

corresponding to a PC concentration of 0.1 mol%. Results are 

summarized in table 2. 

Table 2. Photocatalytic evaluation of GS-Ir518 vs. complexes 5-7 in CDC reaction. 

 
Entry Catalyst (x mol%) Yield (%)[a] 

1 GS-Ir518 (0.1)[b]  71 

2 GS-Ir518 (0.1) 81 

3 5 (0.1)  27 

4 5 (1)  81 

5 6 (1)  44 

6 7 (1) 62 

7 -[c] 24 

[a] Yield were determined by 1H NMR analysis. [b] Reaction time 24 h. [c] without any 

PC. 
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Gratifyingly, alkylated compound 9 was obtained in 71% 1H 

NMR yield after 24 h under blue light irradiation (455 nm, 38 W) 

(Table 2, entry 1). Increasing the reaction time, from 24 to 30 h, 

improved the 1H NMR yield from 71 to 81% (Table 1, entries 1-

2). For comparison, complex [Ir(ppy)3] 5 was engaged in this 

CDC reaction with a catalyst loading of 0.1 mol%, and 27 % of 

yield were reached. Of note, a loading of 1 mol% was required 

to attain the same result than the one with 0.1 mol% of GS-Ir518 

(Table 2, entry 4 vs. entry 2).4 Additionally, in the presence of 1 

mol % of complex 6 or 7, homogeneous analog of GS-Ir518, only 

44 and 62 % of alkylated compound were obtained, respectively 

(Entries 5 and 6). Finally, in the absence of iridium complex, 24 

% 1H NMR yield were observed. This result correlates data 

found in the literature.41  

Comparison of the reaction kinetics in the presence of the new 

materials GS-Ir (having various iridium complexes 

concentration), the complex [Ir(ppy)3] and also in the absence 

of any PS was conducted over an 8 h period under blue light 

irradiation. Figure 4 shows that all supported iridium 

photocatalyst materials GS-Ir provided higher conversions of 

compound 8 than reaction using [Ir(ppy)3] or in absence of 

iridium photocatalyst after 1 h under irradiation, 28 to 72 % for 

GS-Ir vs 17 % when using [Ir(ppy)3] (Figure 4). After 8 h under 

irradiation, [Ir(ppy)3] achieved 69 % conversion of compound 8 

whereas GS-Ir reached conversion between 76 to 88 % for the 

same time (Figure 4). 

Analyses of the 1H NMR spectra of the various reaction crudes 

(see ESI, figure S17) at the end of the photocatalysis showed the 

formation of the expected CDC compound 9 and, in some case, 

an unreported by-product 10 identified as a nitrile derivative42 

and an already observed by-product identified as the lactam 11 

(Scheme 2).43 

 

 
Figure 4. Conversion of compound 8 using GS-Ir materials, [Ir(ppy)3] or in 
absence of PC. 

 

 

Scheme 2. Photocatalyzed-CDC reaction from compound 8 leading to 
compounds 9-11. 

To have a better understanding of all these processes, 

electrochemical analysis and kinetics were undertaken. Cyclic 

voltammetry was initially performed on GS-Ir(III) material but 

did not furnish satisfying results. In order to estimate the redox 

potentials of GS-Ir(III)* at excited state, we turned our attention 

to complex 7, the homogeneous congener of GS-Ir(III). Cyclic 

voltammetry of 7 indicated that the redox potentials for the 

couple [Ir(IV)]/[Ir(III)] and [Ir(III)]/[Ir(II)] were 1.17 and -1.52 V 

vs. SCE, respectively (see ESI Figure S18 and Table S1). Then, 

considering the emission wavelength at 580 nm for complex 7, 

the redox potentials in the excited state for 7 were respectively 

approximated at - 0.97 V vs SCE for [Ir(IV)]/[Ir(III)]* and 0.62 V 

vs SCE for [Ir(III)]*/[Ir(II)] (approximation achieved with E00 = 

2.14 V).37 We hypothesized that the redox potentials of complex 

7 could be similar to those of our new photoactive materials GS-

Ir(III) and consequently these values were used for further 

study and to the proposed mechanisms (Figure 5-7). The 

formation of compounds 9-11 was explained based on three 

consecutive distinct catalytic cycles. Figure 5 depicts the 

formation of compound 9 which is the first product formed 

during our photocatalytic conditions and is similar to the 

mechanism usually reported in literature. 

In details, GS-Ir(III) could be excited under blue light irradiation 

into GS-Ir(III)*. Then, all the photocatalytic sequence could be 

initiated via an oxidative quenching. Indeed, the most favorable 

single electron transfer (SET) could generate the reduction of O2 

into its oxygen radical anion O2
.- (E(O2/O2

.-) = - 0.75 V vs SCE)44 

with concomitant oxidation of GS-Ir(III)* into GS-Ir(IV) 

(E([Ir(IV)]/[Ir(III)]*) = - 0.97 V vs SCE, see ESI Table S1). Then, 

regeneration of the photocatalyst GS-Ir(III) could occur through 

another SET between 8 and GS-Ir(IV) (E([Ir(IV)]/[Ir(III)] 1.17 V vs 

SCE) leading to the radical cation 8.+ (E(8/8.+) = 0.83 V vs SCE).44 

Then, reaction of O2
.- with the radical cation 8.+ led to the 

iminium 8+ with hydroperoxide anion HO2
- as counterion.  

Finally, the reaction of nitromethane with the iminium 8+ 

furnished the expected compound 9 and H2O2.44 As 

consequence of this first photocatalytic process, H2O2 could 

accumulate in time and might be responsible of the evolution 

of compound 9 into firstly compound 10 which is reported, to 

the best of our knowledge for the first time in a CDC reaction.   



  

 

ARTICLE 

  

Please do not adjust margins 

Please do not adjust margins 

 

Figure 5. Proposed mechanism for the formation of 9. 

Figure 6 describes a possible pathway to explain the formation 

of 10 from 9 involving H2O2, as protons and electrons source, 

and the immobilized iridium complex GS-Ir(III), and 

regeneration of O2. The latter supports and explains the CDC 

reaction between nitromethane and compound 9 in closed 

vessel.  

As shown in figure 6, H2O2 (Eox = 0.44 V vs SCE)45 could serve as 

a reductant to allow the transformation of two equivalent of 

Ir(III)]* to [Ir(II)] (E[Ir(III)]*/[Ir(II)] = 0.62 V vs SCE). This reduction 

would produce then dioxygen involved in oxidation steps (see 

vide supra - Figure 5 and vide infra - Figure 7) and protons able 

to react with compound 9. Protonation of 9 followed by 

tautomerization and dehydration step might lead to an 

hydroxynitrilium intermediate. Such intermediate from a nitro 

derivative was previously described in literature for the Nef and 

Meyer reaction46 and could lead to the formation of the nitrile 

oxide 12. As the oxidation process of H2O2 into O2 is a 2 

electrons redox process, two GS-Ir(III)* would accept one 

electron and be reduced into two GS-Ir(II) species. Then, these 

two GS-Ir(II) species could be oxidized by two SET with 12 in 

acidic conditions.47 This process could give the nitrile compound 

10 and is consistent with the electrosynthesis of nitrile from 

oxime via cathodic reduction of nitrile oxide.48 Indeed, the lead 

cathode used in this study has a reducing potential E(Pb2+/Pb) 

of around -0.47 V,49 and Ir(II)/Ir(III) redox couple of GS-Ir 

appears to have a higher reduction power (-1.52 V vs SCE) and 

should be able to perform this redox step.  

 

 
Figure 6. Proposed mechanism for the formation of 10. 
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Figure 7. Proposed mechanism for the formation of 11. 

This pathway could also be consistent with the fact that the 

formation of 10 occurred with a higher rate when the 

concentration of iridium complexes [Ir] increased on the GS-

Ir(III) material (vide supra). We assume that the functionalized 

brush-polymer GS-Ir(III) brings the iridium PS species close to 

each other, allowing a more efficient two electrons/two protons 

transfer for the formation of 10.  

Finally, figure 7 shows the proposed mechanism for the 

photocatalytic Reissert compound oxidation furnishing the 

lactame 11.50,51 This synthesis might be initiated via the 

traditional oxidative cycle allowing the formation of O2
.- and the 

radical cation 10.+, similar to the formation of 8.+. Hydride 

abstraction furnished the iminium intermediate 10+. A 

subsequent addition of HOO- to the latter could generate the 

peroxo-nitrile intermediate 13. Then, in the presence of in situ 

generated water, the lactame 11 would be obtained after the 

loss of CO2 and NH3.50,51  

Formation of both compounds 10 and 11 over time was 

investigated by performing kinetics of the photocatalytic 

reaction (Figure 8). Interestingly, 88 % conversion of 8 into 9 

was observed after 6 h using GS-Ir518. Then, the first 5 % of a 

mixture of 10 and 11 was observed after 8 h of photocatalysis 

and their formation slightly increased until 11 % after 30 h of 

reaction. 

In addition to the kinetic study for GS-Ir518, the same 

experiment was conducted with GS-Ir2251 and GS-Ir4795. Figure 9 

shows the kinetic profiles of both CDC reaction with compound 

8.  

Importantly, the reaction time to reach 75 % of conversion was 

shortened compared to GS-Ir518 (around 1.5 h and 1 h for GS-

Ir2251 and GS-Ir4795, respectively). Not surprisingly, increasing the 

catalyst loading accelerated the kinetic of the CDC reaction. 

Likewise, the formation of the mixture of 10 and 11 was 

observed in all photocatalytic reactions. Higher the 

concentration of iridium complexes [Ir] in GS-Ir material, faster 

the formation of 10 and 11 was detected. Of note, compounds 

10 and 11 became the major products after 30 h of 

photocatalytic reaction with GS-Ir2251 or GS-Ir4795. 

 

Figure 8. Kinetic of the CDC reaction photocatalyzed by GS-Ir518. 

As the amount of 10 and 11 remains below 10% after 24 h in the 

presence of GS-Ir518, we use this immobilized photocatalyst to 

evaluate the recycling in the model CDC reaction. 

Experimentally, a simple centrifugation followed by removal of 

the supernatant solution containing the organic compounds 

furnished the crude immobilized GS-Ir, which was reengaged 

directly with fresh starting materials. No loss of photocatalytic 

activity was noticed (69 % ±2%) except for the 6th run (54 %) 

attributed to an irradiation or stirring issue, as initial yield was 

recovered at the 7th run and until the 10th run. Of note, the 

cumulative TON on 10 runs reached 6760 (Figure 10). 

Additionally, these studies shown an efficient photoactivity for 

at least 240 h under irradiation for GS-Ir518. 

After the last recycling run, ICP-MS analysis was performed both 

on GS-Ir518 material and also on the crude mixture. No iridium 

was detected in the crude solution but a loading of 233 ppm was 

determined and found in the recovered GS-Ir518. As no decrease 

of catalyst activity of GS-Ir was observed after 10 runs of 24 h 

and no iridium leaching was detected in the reaction mixture, 

the drop of iridium complex concentration was attributed to a 

solvent or reagent trap within the solid as reported before for 

polymer-supported photocatalysts.52–54 

 

 
Figure 9. Kinetics of the CDC reaction photocatalyzed by GS-Ir2251 (above) and 
GS-Ir4795 (below). 
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Figure 10. Recycling of GS-Ir and cumulative TON over the 10 recycling 
runs. 

Conclusions 

This study reports the proof of concept of a glass sphere surface 

functionalization by brush polymer coordinated-iridium 

photocatalyst. Characterization has been achieved by 

reflectance and phosphorescent spectroscopy. Dosage of the 

iridium loading by ICP-MS revealed that this new photocatalytic 

material contained as much photocatalyst as most of the silica-

based materials reported in the literature, even if glass is known 

to possess a lower specific surface. The CDC reaction 

photocatalyzed by GS-Ir exhibited better activity than their 

analogous iridium complexes in homogeneous conditions. 

Moreover, these catalysts can be recycled, at least, 10 times 

without any loss of activity, reaching a cumulative TON of 6760. 

To conclude, this new architecture of supported photocatalytic 

system may pave the way to further development in stationary 

phase for flow chemistry process. Development on glass 

spheres of bigger sizes as well as incorporation of this material 

in flow photochemistry process in an ongoing research in our 

laboratories. 
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