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Earth-abundant photosensitizers are highly sought after for
light-mediated applications, such as photoredox catalysis,
depollution and energy conversion schemes. Homoleptic and
heteroleptic copper(I) complexes are promising candidates in
this field, as copper is abundant and the corresponding
complexes are easily obtained in smooth conditions. However,
some heteroleptic copper(I) complexes suffer from low
(photo)stability that leads to the gradual formation of the
corresponding homoleptic complex. Such degradation path-
ways are detrimental, especially when recyclability is desired.
This study reports a novel approach for the heterogenization of
homoleptic and heteroleptic Cu complexes on silica nano-
particles. In both cases, the photophysical properties upon
surface immobilization were only slightly affected. Excited-state

quenching with aryl diazonium derivatives occurred efficiently
(108–1010 M�1 s�1) with heterogeneous and homogeneous pho-
tosensitizers. Moderate but almost identical yields were ob-
tained for the α-arylation of enol acetate using the homoleptic
complex in homogeneous or heterogeneous conditions. Impor-
tantly, the silica-supported photocatalysts were recycled with
moderate loss in photoactivity over multiple experiments.
Transient absorption spectroscopy confirmed that excited-state
electron transfer occurred from the homogeneous and hetero-
geneous homoleptic copper(I) complexes to aryl diazonium
derivatives, generating the corresponding copper(II) center that
persisted for several hundreds of microseconds, compatible
with photoredox catalysis applications.

Introduction

Visible-light photoredox catalysis has emerged as an efficient
tool to develop novel reaction pathways using mild and
ecofriendly conditions. Despite being the most efficient organo-
metallic photocatalysts, ruthenium(II) and iridium(III) complexes
suffer from limitations in terms of sustainability and scalability.
Alternatives based on organic and Earth-abundant photosensi-
tizers, such as those based on iron, zinc or copper, have recently
emerged.[1]

Homoleptic copper complexes [Cu(NN)2]+, where NN is a
bidentate diimine ligand, were the first copper(I) complexes to
be developed in photocatalysis. In the late 1980s, Kern and
Sauvage reported the synthesis of [Cu(dap)2]+ (dap=2,9-

dianisyl-1,10-phenanthroline) and its application in the homo-
coupling of p-nitrobenzyl bromide.[2] Drawbacks such as the low
excited-state lifetime of homoleptic complexes limited their
applications, which led to their gradual disuse compared to
Ru(II) and Ir(III) analogues.[1i] [Cu(NN)2]+ have nonetheless
experienced a recent upsurge due to their notable reducing
properties and the development of new diimine ligands
enhancing the photophysical properties of such copper
complexes.[1a,b,3] In an effort to improve the photophysical
properties of these complexes, new derivatives of 1,10-phenan-
throline ligands bearing bulky substituents were developed to
prevent excited-state geometry changes via pseudo Jahn-Teller
distortion.[4] In 2002, McMillin and coworkers drastically im-
proved the field of copper photocatalysis by associating these
sterically hindered diimine ligands with a diphosphine POP
ligand (POP=bis[2-(diphenylphosphino)phenyl] ether). This led
to the development of a new family of heteroleptic photo-
catalysts with excited-state lifetimes that can exceed those of
ruthenium and iridium photocatalysts with blue-shifted
absorbances.[5] Since then, heteroleptic copper complexes have
been tremendously developed and their potential was demon-
strated in multiple organic synthesis applications.[1i,o,6] However,
it has been reported that heteroleptic copper complexes can
sometimes suffer from ligand substitution and/or loss depend-
ing on the reaction conditions. This possible low (photo)stability
leads to the formation of their homoleptic counterparts via a
ligand association-dissociation mechanism that occurs more
rapidly in coordinating solvents than in non-coordinating ones,
for example.[7] This process can also occur upon oxidation of
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Cu(I) to Cu(II), either photochemically or electrochemically.[8]

This association-dissociation mechanism also occurs in homo-
leptic complexes but the impact of such process is evidently
less detrimental.[9]

Combining bulky ligands around the copper center is a
solution to ensure a long-lived excited-state and a (photo)stable
photocatalyst in solution, but it is not always sufficient to
suppress that ligand exchange mechanism in coordinating
solvents, as observed for [Cu(bcp)(DPEPhos)]PF6 (bcp=bath-
ocuproine, DPEPhos=bis[(2-diphenylphosphino)phenyl] ether)
which forms the corresponding [Cu(bcp)2]PF6 complex under
irradiation.[1p] Heterogenization on solid particles seems to be a
promising approach to circumvent some of the above-men-
tioned limitations. Indeed, such an approach would restrict the
degrees of freedom of the photosensitizers and potentially
inhibit the association-dissociation mechanism. Moreover, we
believe that developing approaches to recycle photosensitizers
is paramount in the current energy and environmental land-
scape. Indeed, despite the low cost of heteroleptic copper(I)
complexes such as [Cu(bcp)(DPEPhos)]PF6 (2.5 times less
expensive than [Ru(bpy)3]2+ (bpy=bipyridine) and 32 times less
than [Ir(ppy)3] (ppy=phenylpyridine)),[6f] developing versatile
approaches to recover and isolate the metal is highly desirable
to implement circular economy.[10] An added benefit in photo-
redox catalysis would also be the efficient separation of the
heterogenized copper complexes that could be easily recovered
by filtration from the reaction media.

Photocatalysts heterogenization has been studied as a
powerful tool towards sustainable organic synthesis, amongst
others.[11] Silica nanoparticles represent an optimal support as
this inorganic oxide possesses i) a high specific surface area
which can be tuned by the porosity parameters,[12] ii) an easy
surface functionalization,[13] iii) a transparency over a broad
range of wavelengths[14] and iv) a high mechanical and
(photo)stability.[12] In organic photocatalysis, the heterogeniza-
tion on silica supports has been developed mainly for organic
dyes such as Rose Bengal,[15] Eosin Y[16] or BODIPY[17] as well as
ruthenium(II)[18] and iridium(III) complexes.[19] To the best of our
knowledge, there is only a handful of examples of well-defined
copper complexes heterogenized on silica nanoparticles. For
example, Cai and coworkers recently heterogenized a non-
discreet copper complex [Cu(NN)Xn]+ (X= I, Br, Cl, OAc or SO4)
on mesoporous silica nanoparticles for the thermal reactivity in
organic synthesis.[20] Hosseinzadeh et al. anchored a phenan-
throline-Cu(I) catalyst on nanocellulose which was used in
thermal C�N and C�O cross-couplings reactions.[21]

The main photocatalytic domain for which copper com-
plexes immobilization was developed is dye-sensitized solar
cells (DSSC).[22] Numerous heteroleptic and homoleptic copper(I)
complexes were immobilized on TiO2 surfaces and revealed to
be efficient for solar energy conversion.[1i] Efficient surface
anchoring is achieved via the introduction of carboxyl[23] or
phosphonate[24] groups on the chelating diimine ligand for
example. The anchoring of heteroleptic copper(I) complexes
was also applied for the photocatalytic hydrogen production by
the Beller group.[25] Using sulfonated photosensitizers also
anchored on TiO2 composites along with [Fe3(CO)12] as water

reduction catalyst, a TON of 2452 could be reached in the
photoproduction of H2. For photocatalytic organic transforma-
tions, the immobilization of copper complexes has been rare. In
2020, Choi et al. developed a hybrid-copper catalyst anchored
on SBA-15 (Santa Barbara Amorphous-15) silica nanoparticles.[26]

By derivatizing the bipyridine ligand, a covalent bond was
formed between the photoactive species and the support. This
heterogenized system was then used in a photo-induced C�H
arylation. Note however that no heteroleptic or homoleptic
copper complex was involved, only a non-discreet complex. The
only example of heteroleptic copper complex immobilization
used in photocatalytic applications was described by Appleby
et al. that used [Cu(xantphos)(dmp)](tfpb) (dmp=dimeth-
ylphenanthroline; tfpb= tetrakis(3,5-bis(trifluorometh-
yl)phenyl)borate) immobilized on chromatography grade silica
by simple adsorption. These photoactive surfaces were then
used to produce singlet oxygen upon irradiation with visible
light in aqueous media to exterminate bacteria.[27] To the best
of our knowledge, the immobilization of homoleptic or
heteroleptic copper(I) complexes for photoredox applications is
overlooked so far.

In here, we present an innovative approach for the
heterogenization of heteroleptic and homoleptic Cu(I) com-
plexes on silica nanoparticles and their use in the photo-
catalyzed α-arylation of enol acetate using aryl diazonium
derivatives. Unambiguous heterogenization was confirmed by
X-Ray Photoelectron spectroscopy (XPS), Transmission Electron
Microscopy (TEM), Time of Flight Secondary Ion Mass Spectrom-
etry (Tof-SIMS) as well as by Diffuse Reflectance UV-vis (DR-UV-
vis). Comprehensive mechanistic details were garnered by
steady-state and time-resolved spectroscopic techniques, which
included transient absorption spectroscopy. The latter was used
to determine that the heterogenized Cu(I) complexes were
competent for excited-state electron transfer to the aryl
diazonium derivatives with electron transfer rate constants that
were in the 108–1010 M�1 s�1 range. Importantly, the supported
photocatalyst could be efficiently recovered and the photo-
catalytic activity only slowly decreased from 40 to 18% over
5 runs.

Results and Discussion

Synthesis

Siloxane moieties were considered to derivatize 1,10-phenan-
throline-type ligands in order to achieve the final goal of
immobilizing copper(I) complexes onto silica nanostructures.
These anchoring moieties are suitable functions as they form
strong anchor points with silica nanoparticles. In addition, the
present study also investigates two different approaches to
efficiently anchor copper(I) complexes, i. e. a one-step anchoring
of well-defined homoleptic and heteroleptic copper(I) com-
plexes and a two-step procedure where the heteroleptic
complex was gradually assembled on the silica nanoparticles.

The targeted ligand functionalized with siloxane moieties
(DMP-Si) was synthesized in three steps starting from the
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commercial 2,9-dimethyl-1,10-phenanthroline (DMP) that
underwent nitration in a mixture of concentrated sulfuric acid
and fuming nitric acid to yield the corresponding 5-nitro-2,9-
dimethyl-1,10-phenanthroline (DMP-NO2). Subsequent reduc-
tion using hydrazine hydrate and carbon-supported palladium
afforded the corresponding amine (DMP-NH2). The last step was
the formation of the ureido group through the reaction of
DMP-NH2 with triethoxy(3-isocyanatopropyl)silane to obtain the
final DMP-Si ligand with an overall yield of 31%. This ligand was
then used for the synthesis of the corresponding homoleptic
and heteroleptic copper complexes (Scheme 1). The homoleptic
complex (Cu-1) was formed by dissolving the DMP-Si ligand in
2 :1 ratio with [Cu(MeCN)4]PF6 in dichloromethane (DCM). For
the heteroleptic complex (Cu-2), DMP-Si was reacted in 1 :1
ratio with a previously synthesized diphosphine copper com-
plex ([Cu(DPEPhos)2]PF6) in DCM at room temperature for
3 hours. The homoleptic (Cu-1) and heteroleptic (Cu-2) com-
plexes were obtained with isolated yields of 57% and 61%,
respectively, and were characterized by Nuclear Magnetic
Resonance (NMR), Differential Pulse Voltammetry (DPV) and
Cyclic Voltammetry (CV), XPS, Fourier-Transform Infrared – Total
Attenuated Reflectance (FTIR-ATR) and High Resolution Mass
Spectrometry (HRMS) (see SI).

With the two complexes in hands, we sought to develop
the synthesis of silica nanoparticles for efficient surface
immobilization. Nanospheres (NS) nanoparticles were first
targeted as they represent a standard morphology that
prevents potential pore-diffusion issues, as commonly observed
in heterogeneous catalysis.[28] Nanospheres nanoparticles were
obtained by adapting the procedure of Stöber et al. based on
the sol-gel process to access a 40 nm diameter size.[29] Core-
shell (CS) silica nanoparticles were also targeted as this
architecture offers a high specific surface area while limiting the
diffusion of chemical species. Core-shell silica nanoparticles,
with a core of 28 nm and a mesoporous layer of 16 nm, were
obtained by adapting the procedure from Yoon et al also based
on the sol-gel process.[30] The size and morphology of these NS
and CS nanoparticles were confirmed by TEM (Figure 1). XPS
(Figures S1 and S3) analysis showed that the 3D inorganic
network of SiO2 was correctly formed, and that no impurities
were present, with the exception of NS for which a small

amount of unreacted or partially reacted tetraethylorthosilicate
(TEOS) was observed. Specific surface areas of 360 m2g�1 and
650 m2g�1 were calculated using the Brunauer-Emmett-Teller
(BET) equation on nitrogen physisorption data for NS and CS,
respectively (Figures S2 and S4).

First, the grafting of [Cu(DMP-Si)2]PF6 Cu-1 was investigated
on silica nanospheres. Cu-1 was allowed to react with silanol
functions of silica nanospheres in toluene under reflux over
24 hours (Scheme 2a). This afforded a deep orange-colored
powder that was characterized by XPS and thermogravimetric
analysis (TGA). All expected elements were detected at correct
binding energies by XPS (Figure 2). The atomic ratios were in
agreement with the one of pure Cu-1 (Figure S5) corroborating
that the complex’s structure remained intact on the silica
surface (Table 1).

Nevertheless, two unexpected components were observed
for the F1s signal by XPS, indicating that two types of fluorine
environments were detected. The first one was attributed to
PF6� appearing at a binding energy of 686.5 eV while the
second one, with a binding energy of 688.3 eV, was attributed
to F�(O,Si) bonds. The latter could come from an interaction
between the counteranion and the support and explain the
slightly decreased P/F atomic ratio obtained with XPS analyses.
To bring that interaction into light, [Cu(DPEPhos)2]PF6 was
stirred in DCM in the presence of pristine NS silica. After several

Scheme 1. Structures of the homo- and heteroleptic copper complexes Cu-1
and Cu-2, respectively.

Figure 1. TEM images of pristine silica core-shell (CS) nanoparticles (a) and
nanospheres (NS) (b).
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washing steps, the silica nanoparticles were analyzed by XPS
where a fluorine signal was detected at 688.1 eV (Figure S28).
This binding energy is in line with the one of O�F and Si�F
bonds. As XPS is a semi-quantitative surface analysis, a TGA
thermogram was recorded to quantify the loading of Cu-1 at
the surface of the support. The thermogram showed a loss in

weight of about 15.6 wt.% which corresponds to 0.015 mmol of
complex per 100 mg of material (Figure S17). This is consistent
with standard loading values of copper comprised between
0.3–0.75 mmolg�1 found in the literature when considering the
specific surface area ratios.[20a,c,31]

Scheme 2. The one- or two-step methodologies investigated to anchor the homoleptic (a) and heteroleptic (b) copper(I) complexes on nanospheres (NS) and
core-shell (CS) silica nanoparticles. Note that both anchoring points of NS-Cu-1 complex are probably located on the same silica nanosphere. NS-Cu-2 was
analyzed by ToF-SIMS and the corresponding color-coded fragments were detected, i. e. PF6 (black, m/z=145), Cu (blue, m/z=63), Cu+DPEPhos (blue-orange,
m/z=602), Cu+DMP-Si (blue-green, m/z=314) and Cu+DPEPhos+DMP-Si (orange-blue-green, m/z=824). See Supporting Information for additional ToF-
SIMS details.

Figure 2. P2p, Cu2p, F1s and N1s XPS spectra of immobilized NS-Cu-1 (top) and NS-Cu-2 (bottom) obtained through the one-step methodology.
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Similar conditions were used to anchor the heteroleptic
complex Cu-2 on nanospheres and core-shell nanoparticles
(Scheme 2b). XPS results were encouraging in both cases as all
of the expected elements were detected at correct binding
energies (Figure 2 and Figure S18) and all the atomic ratios
were close to those of the pure copper complex (Table 1,
Figure S9). The only mismatch came from Cu/P ratio that
highlighted a slight deficiency of phosphine ligand and the P/F
ratio, as described before, which was larger on NS than on CS
nanoparticles. The loading was different from one support to
the other, as expected based on the various specific surface
areas. Via TGA, a loading of 0.014 mmol per 100 mg (wt.%=

14.8) and of 0.020 mmol per 100 mg (wt.%=20.8) of material
were determined for NS and CS, respectively (Figure S20).
Inductively coupled plasma optical emission spectroscopy (ICP-
OES) also corroborated the calculated loading obtained by TGA
(wt.% in Cu=0.82%, wt.% in Cu-2=14.6%). As for the
anchoring of Cu-1, these values are encouraging as the same
range was found in the literature when considering the specific
surface area ratios.[20a,c,31] Hence, this one-step anchoring
procedure seemed efficient to preserve the copper complex’s
architecture. Smoother reaction conditions were also attempted
with Cu-2 (EtOH at room temperature instead of toluene at
reflux) but only 0.03 at.% of Cu were detected by XPS (vs
0.7 at.% in toluene).

ToF-SIMS analysis was performed on NS-Cu-2 to further
confirm the efficient immobilization of complex Cu-2. In ToF-
SIMS, surface sputtering with a focused primary ion beam
generates the ejection of secondary ions that are easily
collected and analyzed and provide molecular information. All
the important fragments were detected by ToF-SIMS in
negative (PF6) and positive modes (Cu, Cu+DPEPhos, Cu+

DMP-Si, Cu+DPEPhos+DMP-Si) (Scheme 2, Figure S19) which,
in combination with the results obtained by XPS, unambigu-
ously confirm the efficient immobilization of unaltered Cu-2 at
the surface of nanoparticles and highlights the efficiency of the
proposed methodology.

In an effort to increase versatility of the silica support and
expand the range of possible coordination reactions, a two-step
methodology was also optimized where the ligand was

anchored prior to being reacted with [Cu(DPEPhos)2]PF6 in
dichloromethane at room temperature (Scheme 2b). The DMP-
Si ligand was anchored onto CS by reacting the dense layer of
silanols with the DMP-Si siloxane moieties. The formation of the
CS supported ligand, i. e. CS-(DMP-Si), was confirmed by XPS
analysis that showed a nitrogen peak at 399.4 eV corresponding
to aromatic and urea nitrogen (Figure S23).[4] An experimental
N/C atomic ratio of 0.19 was determined, which agreed well
with the theoretical one of 0.22. In addition, TGA was also used
to evaluate the ligand loading at the surface that showed a loss
in weight of wt.%=21.3, corresponding to a loading of
0.045 mmol of ligand per 100 mg of material, assuming that the
calcinated organic part was only due to the presence of the
DMP-Si ligand (Figure S24). With the efficient covalent immobi-
lization of DMP-Si confirmed, we investigated the formation of
the heteroleptic complex Cu-2. CS-(DMP-Si) was dispersed in
DCM and a solution of [Cu(DPEPhos)2]PF6 in DCM was added
dropwise. After an overnight reaction, a yellow powder was
recovered and analyzed by XPS which confirmed the efficient
formation of the immobilized heteroleptic complex CS-Cu-2, as
emphasized by the presence of copper and diphosphine ligand
peaks (Figure S25). Similar observations as in the anchoring of
Cu-1 were made for the F1s signal indicating once again the
interaction between the counteranion and the silica support.
The atomic ratios were investigated to confirm that the
expected structure was obtained (Table 1). Firstly, the N/Si ratio
did not change compared to CS-(DMP-Si), confirming that the
DMP-Si ligand was not altered or lost during reaction. The Cu/N
was smaller than the theoretically predicted one, indicating that
either some of the DMP-Si ligand was left unreacted, or that
some homoleptic complex was also formed. This last hypothesis
was reinforced by the lower than predicted percentage of
phosphorus element. Finally, a loading of photoactive com-
pound of 0.02 mmol of [Cu] per 100 mg of material was
determined by TGA (Figure S26) which is slightly higher than
the one obtained with the previously described methodology.
Hence, the one-step methodology seems more suitable to
preserve the structure of heteroleptic complex Cu-2.

Table 1. XPS atomic ratios determined for the grafting of Cu-1 and Cu-2 onto CS or NS nanoparticles, in comparison with pure compounds. The theoretical
ratio (in parenthesis) was calculated based on the molecular structures of Cu-1 and Cu-2.

Cu-1 NS-Cu-1 Cu-2 CS-Cu-2 NS-Cu-2

Two steps[a] One step[a] One step[a]

N/Si 3.60 (4) 0.09 4.2 (4) 0.38 0.13 0.11

N/C 0.17 (0.17) 0.13 0.06 (0.07) 0.12 0.08 0.08

Cu/C 0.025 (0.021) 0.018 0.014 (0.017) 0.02 0.02 0.02

Cu/N 0.15 (0.125) 0.14 0.24 (0.25) 0.14 0.26 0.32

Cu/P 1.15 (1) – 0.38 (0.5)[b] 0.89[b] 0.70[b] 1.40[b]

Cu/F 0.14 (0.17) 0.23 0.14 (0.17) 0.28 0.19 0.25

P/F[c] 0.12 (0.17) – 0.15 (0.17) 0.07 0.08 0.04

[a] “One step” and “two steps” refer to the one- and two-step methodologies used for the preparation of the supported complexes (Scheme 2). [b] Only the
phosphine component was used. [c] Only the phosphorus component arising from the counteranion was used.
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Photophysical and electrochemical properties

The photophysical (Table 2) and electrochemical properties of
[Cu(DMP-Si)2]PF6 (Cu-1) and [Cu(DMP-Si)(DPEPhos)]PF6 (Cu-2)
were first evaluated in homogeneous conditions. Cu-2 absorbed
moderately in the visible range with a maximum centered at
389 nm that tailed until 470 nm. A molar absorption coefficient
around 2800 M�1 cm�1 was determined at 389 nm which is in
line with [Cu(dmp)(DPEPhos)]BF4 (ɛ=2700 M�1 cm�1 in DCM).[32]

Visible light excitation of Cu-2 led to steady-state photo-
luminescence (SSPL) centered at 560 nm. Time-resolved photo-
luminescence (TRPL) measurements in dichloromethane were
well described by first-order kinetics which yielded excited-state
lifetimes of 13.2 μs and 283 ns under argon and under O2

saturated solution, respectively. Cu-2 was also luminescent in
acetonitrile with excited-state lifetimes of 2220 ns and 20 ns
under argon and under O2 saturated solution, respectively.
Complex Cu-1 exhibited a more intense and red-shifted

absorption with a maximum centered at 464 nm with a
corresponding molar absorption coefficient of 11000 M�1 cm�1

in DCM which is in accordance with values for [Cu(bcp)2]PF6
(ɛ=13200 M�1 cm�1 in DCM).[33] SSPL was observed at 704 nm in
DCM under argon with a corresponding excited-state lifetime of
41 ns (Figure 3). The electrochemical properties of Cu-1 and Cu-
2 were measured by cyclic and differential pulse voltammetry in
MeCN containing 0.1 M TBAPF6 electrolyte. For Cu-2, a metal-
centered oxidation and ligand-centered reduction were re-
corded at 1.46 and �1.11 V vs NHE, respectively (Figures S10
and S11). Using the Rehm-Weller equation,[34] excited-state
redox potentials E1/2(Cu+ */0)=1.09 and E1/2(Cu2+ */+)=�0.74 V vs
NHE were determined for Cu-2. These excited-state redox
potentials are in line with the prototypical [Cu-
(bcp)(DPEPhos)]PF6,[1p] highlighting that the introduction of a
siloxane anchoring group did not change the fundamental
properties of the complex. Concerning Cu-1, a metal-centered
oxidation and ligand-centered reduction were recorded at
0.91 V and �1.12 V vs NHE (Figures S6 and S7), respectively,
which yielded excited-state redox potentials of 0.64 V and
�0.85 V vs NHE for E1/2(Cu+*/0) and E1/2(Cu2+*/+), respectively.

Similar photophysical properties were observed for the
heterogenized copper complexes. The absorption profile was
first assessed to confirm proper immobilization of the copper
complexes without significant changes in their fundamental
properties. To do so, diffuse reflectance UV-vis spectroscopy
with a Kubelka-Munk treatment was performed. Anchored or
not, the complexes showed the same absorption profile
(Figure 3) and corresponding photoluminescence upon blue
light excitation (Figure S27). Importantly, different diffuse
reflectance spectra were obtained for CS-Cu-2 whether the
immobilization of the copper complex was performed in one or
two steps. When a one-step immobilization approach was used,
the diffuse reflectance spectra agreed well with the absorption
spectra of Cu-2 recorded in DCM. However, when the two-step
procedure was used, a shoulder at 415 nm and a higher
absorbance at 450 nm was observed which could potentially be
attributed to the partial formation of Cu-1, albeit with the
maxima slightly shifted compared to homogeneous conditions.
This observation reinforces the previously proposed hypothesis
that a portion of homoleptic complex was formed at the solid
surface when a two-step methodology was used.

The SSPL spectra in DCM of NS-Cu-2 functionalized nano-
particles were recorded following pulsed 410 nm light excita-
tion. A very small shift of 6 nm was observed under argon
atmosphere, with maxima centered at 561 and 555 nm in
homogeneous and heterogeneous conditions, respectively. In
the presence of oxygen, the PL intensity was almost completely
quenched, indicating that this material is competent for 1O2

photosensitization. In addition, this also highlights that, even if
immobilized, the photoactive compound is still capable of
undergoing excited-state reactivity. An excited-state lifetime of
3.8 μs was determined in heterogenous conditions, indicating
that surface immobilization leads to additional excited-state
deactivation processes.

We were then interested in investigating the stability of the
heteroleptic complex in the dark and under irradiation. Indeed,

Table 2. Photophysical properties of Cu-1 and Cu-2 recorded in DCM.

Complex Abs
(nm)

PL
(nm)

ɛ
(M�1 cm�1)

τ (ns)

Cu-1 464 704 11000 41 (Ar)

Cu-2 389 560 2830 13200 (Ar); 283
(O2)

Figure 3. Top: UV-vis absorption (solid lines) and steady-state photolumines-
cence (dashed lines) spectra of Cu-1 and Cu-2 recorded in argon-purged
DCM. Bottom: Diffuse reflectance spectra of Cu-1 and Cu-2 heterogenized
on silica core-shell (CS) or nanosphere (NS) nanoparticles. OS=one-step
methodology; TS= two-step methodology.
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even if heteroleptic complexes represent a widely used class of
photosensitizers for photoredox catalysis, their stability over the
course of a reaction is not always investigated. It is also known
that heteroleptic copper complexes can suffer from a lack of
(photo)stability leading to the formation of their homoleptic
counterparts via a ligand association-dissociation mechanism
that occurs more rapidly in coordinating solvents than in non-
coordinating ones for example.[7a,b,35] This is proper to hetero-
leptic copper(I) complexes but such light-induced degradation
also occurs in prototypical Ru(II) photosensitizer where the
dissociative ligand-field states can be easily populated.[36] In the
dark or under irradiation, these heteroleptic Cu(I) complexes
undergo ligand exchange to yield the corresponding homo-
leptic complexes which tend to be less effective in photoredox
reactions. Strategies to mitigate these problems have been
proposed over the years, the most famous one being the use of
bulky substituents around the copper center.

In the present case, Cu-2 did not undergo ligand exchange
over 24 h in the dark in dimethylformamide, as evidenced by 1H
NMR (Figure S13). The photostability of this complex was then
evaluated under 470 nm irradiation (Blue Thorlabs LED, Fig-
ure S31) in dimethylformamide, a suitable solvent for photo-
redox catalysis applications (vide infra). To do so, different
concentrations of Cu-2 were prepared and the absorption
spectra were recorded at specific time intervals following
irradiation with Blue Thorlabs LED. As can be observed from
Figure 4, the presence of an isosbestic point at 420 nm coupled
to the gradual increase of an absorption band at 475 nm is in
line with the formation of the corresponding homoleptic
complex Cu-1. Based on molar absorption coefficients, we
estimated that 12% of Cu-1 was formed after 4 hours of
irradiation. In addition, it should be pointed out that this
conversion was independent of the concentrations of photo-
sensitizer and hence evolved according to a zero-order reaction.
Similar experiments could not be performed on the heterogen-
ized surfaces that require diffuse reflectance measurements, but
those spectra were recorded following photoredox catalysis
reactions (vide infra). Formation of the homoleptic complex Cu-
1 was also confirmed by 1H NMR with similar conclusions as in
the photostability study (55% of Cu-1 formation after 24 h of
irradiation) (Figure S14). Note that the changes of absorption
features did not originate from the UV-vis spectrophotometer,
as shown by control experiments (Figure S32). Photostability of
Cu-1 was also assessed using the same irradiation setup
(Figure S31) which showed that Cu-1 is photostable throughout
10 h of constant irradiation (Figure 4).

Excited-state reactivity

With a clear understanding of the ground and excited-states
properties of the homogeneous and heterogenized copper
complexes, we sought to investigate excited-state reactivity
with an electron donor (N,N-diisopropylethylamine (DIPEA)) and
an electron acceptor (4-nitrobenzene diazonium tetrafluorobo-
rate). To do so, we performed excited-state quenching experi-
ments following a Stern-Volmer approach. In homogeneous

conditions using Cu-2, a quenching rate constant (kq) of
4.1×107 M�1 s�1 was determined with DIPEA in acetonitrile. This
represents a very inefficient quenching process, and probably
stems from the moderate driving force for electron transfer
(�0.13 eV). When 4-nitrobenzene diazonium tetrafluoroborate
was used, a much larger quenching rate constant of
2.3×109 M�1 s�1 was determined in acetonitrile (Figure 5) along
with a very favourable driving force for electron transfer
(�1.14 eV). This value is very close to the solvent diffusion limit
and highlights the efficiency for potential excited-state oxida-
tive quenching. The Stern-Volmer experiments were more
difficult to perform on Cu-1 due to the short excited-state
lifetime. No quenching rate constant could be determined with
DIPEA or 4-nitrobenzene diazonium tetrafluoroborate in
acetonitrile due to low emission intensity. These Stern-Volmer
experiments were also conducted in dichloromethane on Cu-2
and Cu-1. In both cases, the copper complexes were efficiently
quenched by 4-nitrobenzene diazonium tetrafluoroborate with
quenching rate constants of 1.2×109 M�1 s�1 and
5.5×1010 M�1 s�1 for Cu-2 and Cu-1, respectively. No significant
degradation was observed over the course of these experi-
ments. Note however that some degradation was observed
when steady-state photoluminescence quenching experiments
were carried out in acetonitrile using Cu-2 and 4-nitrobenzene

Figure 4. Photostability study of the homoleptic complex Cu-1 (top) and of
the heteroleptic complex Cu-2 (bottom). Since degradation was observed for
Cu-2, experiments were carried out at different concentrations
(1.19×10�4 M=black square; 2.51×10�4 M= red circle; 3.47×10�4 M=blue
triangle; 4.57×10�4 M=pink triangle) with the corresponding exponential fit
(dashed orange line).
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diazonium tetrafluoroborate (Figure S34). Steady-state photo-
luminescence quenching experiments were carried out in
dichloromethane using Cu-2 which yielded a quenching rate
constant of 1.2×109 M�1 s�1 (Figure S33).

To corroborate the photoredox catalysis experiments (vide
infra), nanosecond transient absorption experiments were also
conducted in DMF. Unfortunately, Cu-2 did not exhibit
sufficient photostability to obtain unambiguous transient
absorption results. Indeed, when Cu-2 was irradiated at 410 nm
with ~10 mJ/pulse laser fluence, a positive signal gradually
appeared at wavelengths consistent with the formation of the
homoleptic complex. However, Cu-1 was particularly well-suited
for these transient absorption measurements. The photosensi-
tizer was short lived in DMF, as in acetonitrile, which prevented
us from rigorously characterizing the excited-state absorption
spectra. We thus opted for an alternative solution and recorded
the transient absorption spectra 200 ns after 470 nm pulse-light
excitation. This led to no significant absorption changes, as
expected, and was only used to set the baseline for these
experiments and to confirm that no side reaction occurred with
DMF on that timescale (Figure 6), unlike Cu-2. Identical
measurements were performed in the presence of 10 mM of 4-
nitrobenzene diazonium tetrafluoroborate. In that case, an
intense negative signal was observed around 490 nm, consis-

Figure 5. Excited-state quenching of Cu-2 (a, b) and Cu-1 (c) with increasing amounts of 4-nitrobenzene diazonium tetrafluoroborate in acetonitrile (b) and
dichloromethane (a, c). Similar experiments were carried out with NS-Cu-2 and 4-nitrobenzene diazonium tetrafluoroborate in dichloromethane (d). All
experiments were carried out in argon purged solutions.

Figure 6. Nanosecond transient absorption spectroscopy recorded in DMF
200 ns after pulsed 470 nm light excitation of Cu-1 (solid) and NS-Cu-1
(dashed) without (orange) and with (green) 10 mM of 4-nitrobenzene
diazonium tetrafluoroborate. The inset represents the single wavelength
absorption changes recorded at 490 nm following pulsed 470 nm excitation
for Cu-1 (solid) and NS-Cu-1 (dotted) in the presence of 10 mM of 4-
nitrobenzene diazonium tetrafluoroborate. All experiments were carried out
in argon purged solutions.
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tent with the loss of the MLCT transition via oxidative electron
transfer associated with the excited-state oxidation of Cu(I) into
Cu(II) and the corresponding reduction of the aryl diazonium
derivative. Such absorption changes are consistent with those
observed for prototypical Ru(II) photosensitizers upon one-
electron oxidation.[1t,37] Note that the reduced aryl radical does
not absorb in that wavelength range. In addition, at these
concentrations, the transient species perdured on the milli-
second timescale, which is very promising for photocatalytic
applications.

In heterogeneous conditions, a similar quenching rate
constant with 4-nitrobenzene diazonium tetrafluoroborate was
determined in acetonitrile, i. e. 3×109 M�1 s�1. The main chal-
lenge associated with these experiments was the dispersion
efficiency of the silica nanoparticles which impacts the intensity
of the photoluminescence. In addition, aggregation of silica
nanoparticles could impair the photocatalyst’s availability to
engage in excited-state reactivity. When an effective dispersion
was assured (i. e. no persistent solid aggregates), the hetero-
genized photocatalyst was capable of reacting with the aryl
diazonium and thus, induced photochemical reaction at the
solid surface which is, to the best of our knowledge, one of the
first example in the literature using copper(I) complexes.

At this stage, it should be noted that for heterogeneous
photoredox catalysis application, an oxidative quenching gen-
erating an oxidized photosensitizer might be preferable
compared to a reductive pathway. Indeed, in a classical
reductive pathway, the excited-state is reduced by large
amount of sacrificial electron donor, whose sole purpose is to
ensure a high yield of formation of the reduced species. In
solution, this reduced photosensitizer then diffuses until it
encounters a suitable reactive substrate, yielding the original
photosensitizer and reduced substrate. This therefore depends
on diffusion properties of the (reduced) photosensitizer. When
heterogenized, the reduced photosensitizer does not have the
possibility to diffuse, and chances of encountering the substrate
are hence less probable. However, in oxidative electron transfer,
the oxidized photosensitizer is formed as well as the corre-
sponding reduced substrate, which can then diffuse out of the
support and be used to drive further reactivity. If sufficiently
stable, the oxidized copper can rest in that oxidized state until
it finds a suitable regeneration pathway. Transient absorption
experiments were also realized in heterogenous conditions and
the same profile as in homogeneous conditions was observed.
This is interesting as it shows that the immobilization does not
seem to have an impact on the photoactivity of the complex
and highlights that Cu(II) can be transiently formed. The
recombination process seemed to occur faster in heteroge-
neous conditions than in homogeneous ones, but still lasts for
several hundreds of microseconds.

Photocatalytic tests

The photoactivity of both homogeneous and heterogeneous
copper complexes were investigated. To do so, an already
established [Ru(bpy)3]2+-photocatalyzed reaction was trans-

posed and optimized under heterogenized conditions to assess
the efficiency of these copper(I) complexes for such reactions,
as well as to evaluate the recyclability efficiency. The α-arylation
of an enol acetate (2a) using 4-nitrobenzene diazonium
tetrafluoroborate 1a mediated by visible light was used as a
benchmark reaction (Table 3). This reaction was reported by the
Burkhard König’s group to work efficiently in DMF using
[Ru(bpy)3]2+ as photosensitizer.[38] In here, we used a LED with
an emission distributed between 435 and 500 nm with a
maximum centred at 470 nm. This allowed to sufficiently excite
both photosensitizers (Figure S15), while higher-energy wave-
length LED would lead to some undesired reactivity of the
substrate so it was avoided. We were able to reproduce the
reaction using [Ru(bpy)3]2+ as photosensitizer which yielded the
desired product in 88% yield following 2 hours of irradiation.
Smaller yields of 55% were obtained after 2 hours in homoge-
neous conditions when Cu-2 was used as photosensitizer. This
yield was increased to 78% when the irradiation time was
increased to 4 hours (entry 3). In DCM, the photoactivity
dropped completely, probably due to the poor solubility of 4-
nitrobenzene diazonium tetrafluoroborate (entry 4). Moderate
yields of 45% were obtained when Cu-1 was used (entry 6).
Control experiments highlighted that both a light source and

Table 3. Photoactivity evaluation of homogeneous and immobilized
copper complexes.[a]

Entry Photocatalyst
(PC)

PC
(mol
%)

Time
(h)

Solvent Yield[b]

(%)

1 [Ru(bpy)3](PF6)2 2 2 DMF 88

2 Cu-2 5 2 DMF 55

3 Cu-2 5 4 DMF 78

4 Cu-2 5 4 DCM 8

5 Cu-1 5 2 DMF 22

6 Cu-1 5 4 DMF 45

7 Cu-1 5 16 DMF 50

8 No light 5 4 DMF 3[c]

9 No photocata-
lyst

– 4 DMF 1[c]

10 CS-Cu-2 5 16 DMF 14

11 NS-Cu-2 5 16 DMF 33

12 NS-Cu-2 (Run 2) 5 16 DMF 24

13 NS-Cu-1 5 16 DMF 40

14 NS-Cu-1 (Run 2) 5 16 DMF 39

15 NS-Cu-1 (Run 3) 5 16 DMF 31

16 NS-Cu-1 (Run 4) 5 16 DMF 27

17 NS-Cu-1 (Run 5) 5 16 DMF 18

[a] The reaction was performed using 0.15 mmol of 1a, 10 equiv. of 2a
and two blue Thorlabs lamps (470 nm, 4.0 mW/cm2, output power of
253 mW). [b] Isolated yields. [c] NMR yield using dimethylsulfone as
internal standard.
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the photosensitizer were needed for an efficient reaction to
occur (entries 8 and 9). These results showcase the efficiency of
the newly reported Cu-2 for the α-arylation reaction while the
corresponding homoleptic Cu-1 exhibited only moderate
activity in 4 hours.

Encouraged by these results, we transposed the best
reaction conditions to the heterogenized copper complexes. To
do so, we kept the respective ratios of photosensitizers and
reagents unchanged but increased the volume of reaction from
0.4 to 10 mL to ensure optimal dispersion of the silica-
supported photosensitizers. The heteroleptic copper complex
immobilized on core-shell nanostructures CS-Cu-2 gave disap-
pointing results in the first run of reaction as only a 14%
isolated yield for the product was obtained (entry 10). CS
nanostructures are probably not the most suitable support as
the diffusion of the reactants and the light path to the pores
seem to be limiting factors in this reaction. Moreover, chemical
transformations at the solid surface depend on adsorption/
desorption equilibria that can also lower the overall apparent
rate of the reaction compared to homogeneous conditions.
Even more concerning was the orange coloration of silica
nanoparticles that was clearly visualized during the nano-
particle’s dispersion step, meaning that the homoleptic com-
plex could possibly be formed just by applying ultrasound
(Figure S22). Heterogenized photocatalyst on nanospheres NS-
Cu-2 gave better isolated yields of 33% (entry 11). However, the

orange color of the silica nanoparticles at the end of the
reaction indicated the probable formation of the homoleptic
complex at the solid surface (Figure S21). Both CS and NS
recovered solids were analyzed by XPS to check the presence of
all elements and verify the proposed hypothesis about homo-
leptic complex formation (Table 4). Indeed, phosphorus was no
longer detected and only the inelastic component of Si2p was
visualized (Figure 7). Hence, it seems that the DPEPhos ligand
was completely removed during the course of the photoredox
catalytic reaction.

Under oxidative conditions, Fischer et al. demonstrated that
a heteroleptic copper complex decomposed by the dissociation
of the sterically demanding phosphine ligand (elongation of the
Cu�P bond and a decrease in the bite angle value). A second
diimine ligand is then able to coordinate to form the
homoleptic copper complex.[39] This dynamic ligand exchange
was also reported by Kaeser et al..[7a] Another reason for the loss
in phosphorus element could be the oxidation of the DPEPhos
ligand that would no longer be coordinating. The atomic ratios
after the first run corresponded to the theoretical ratios
expected for the homoleptic complex, validating the previously
formulated hypothesis. A leaching of copper was also observed
for which its surface atomic concentration was divided by half.
This is consistent with the formation of the homoleptic photo-
catalyst as two anchored ligands are needed for one copper
center. Therefore, it seems that the homoleptic complex was
formed, irrespective of the morphology of the support. A
regeneration attempt on NS was performed by adding fresh
DPEPhos ligand at the solid surface but this approach was
unfortunately not successful as no phosphorus element could
be detected by XPS.

Heterogeneous tests were carried out using the immobi-
lized homoleptic complex NS-Cu-1. In otherwise identical
conditions, 40% isolated yields were obtained (entry 13),
emphasizing that the homoleptic complex is competent for
that reaction, with yields close to the one obtained in
homogeneous conditions. NS-Cu-1 were then recycled by
simple filtration at the end of the reaction. The solid was
washed with ~50 mL of diethyl ether and dried for several
hours under high vacuum before being used in the next run of
reaction. When the anchored homoleptic complex NS-Cu-1 was
used in a second run of reaction, a 39% isolated yield was
obtained which is similar to the first run (entry 14). This
photoactivity was maintained over 4 runs before dropping by
half on the fifth run (entries 15–17). NS-Cu-2 was used in a
recycling run and a 24% isolated yield was obtained (entry 12),
which is consistent with the activity of the anchored homoleptic
complex, albeit with a smaller surface loading. The heterogen-
ized homoleptic complex remained stable throughout these
experiments as copper and nitrogen were still detected by XPS
after these runs (Figure S29). However, a loss in these elements
was observed when comparing to the initial atomic percen-
tages of NS-Cu-1 before use. It seems that 25% of the initial
copper was still present at the surface while the leaching of the
ligand was much less important as 70% of the initial nitrogen
was detected. Hence, the lower amount of copper present at

Table 4. XPS atomic ratios of NS-Cu-1 and NS-Cu-2 and of the recovered
heterogenized heteroleptic and homoleptic complexes after the first run of
reaction.

Atomic ratios NS-Cu-1 NS-Cu-1
Run 1

NS-Cu-2 NS-Cu-2
Run 1

N/Si 0.09 0.07 0.11 0.08

N/C 0.13 0.19 0.08 0.15

Cu/C 0.018 0.013 0.02 0.03

Cu/N 0.14 0.07 0.32 0.18

Cu/P – – 1.40[a] –

Cu/F 0.23 0.04 0.25 0.04

P/F[b] – – 0.04 –

[a] Only the phosphine component was used. [b] Only the phosphorus
component arising from the counteranion was used.

Figure 7. P2p XPS spectra of NS-Cu-2 (left) and NS-Cu-2 after photocatalyzed
α-arylation of enol acetate 2a (right).

Wiley VCH Mittwoch, 11.10.2023
2399 / 323280 [S. 10/16] 1

Chem. Eur. J. 2023, e202301212 (10 of 15) © 2023 Wiley-VCH GmbH

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202301212

 15213765, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202301212 by B

ibliothecaire En C
hef U

ni C
atholique D

e Louvain (U
cl), W

iley O
nline Library on [16/10/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



the NS surface explains the smaller isolated yields in the fifth
run.

All samples were also characterized by DR-UV-vis to further
prove our hypothesis of the in situ formation of homoleptic
complex. After one run of reaction using the heterogenized
heteroleptic complex, an absorption profile similar to that of
the homoleptic complex was clearly observed (Figure S30).

Conclusions

In conclusion, a robust strategy for the functionalization of silica
nanospheres with homoleptic and heteroleptic copper(I) com-
plexes was reported. In one step, heterogenized copper
complexes were obtained that maintained photophysical prop-
erties compatible with excited-state reactivity. Stern-Volmer
analysis revealed that aryl diazonium derivatives were suitable
reagents for excited-state oxidative electron transfer that were
used to trigger a reported α-arylation of enol acetate reaction.
The homogeneous and heterogeneous homoleptic complexes
were able to perform that reaction with moderate yields.
Importantly, the supported photocatalyst could be efficiently
recovered and the photocatalytic activity was maintained with
slightly altered yields over 4 runs. Unfortunately, the hetero-
leptic complex, whether in homogeneous solution or hetero-
genized on silica nanospheres did not exhibit sufficient photo-
stability and underwent the well-known ligand exchange to
form the corresponding homoleptic derivatives. Nanosecond
transient absorption spectroscopy revealed that both Cu-1 and
NS-Cu-1 were competent for excited-state electron transfer to
4-nitrobenzene diazonium tetrafluoroborate that generated the
corresponding Cu(II) analogue that persisted on the millisecond
timescale. The nearly retained photophysical properties of the
anchored homoleptic complex are promising for other applica-
tions in photoredox catalysis and solar fuel productions. In
addition, photocatalytic yields were almost unchanged in
homogeneous and heterogenous conditions. That aspect,
coupled to the developed methodology that yields robust
functionalized surfaces, highlight that the anchoring method-
ology is optimal but that better copper(I) photosensitizer could
be useful to burst the door open to efficient and recyclable
photocatalysts.[3i]

Experimental Section
Chemicals and materials: All reactions were carried out using
flame-dried glassware and magnetic stirring under an argon
atmosphere unless otherwise stated. Commercial reagents were
used as received while dichloromethane and toluene were distilled
on MBraun MBSPS5 device before use. Ethanol (99% V/V euro
denaturated with 1% of isopropanol), tetraethylorthosilicate (TEOS,
�99%, Sigma-Aldrich), ammonium hydroxide (NH4OH, 25% solu-
tion in water, Acros Organics), hexadecyltrimethylammonium
bromide (CTAB, �99%, Sigma Aldrich), anhydrous chloroform (�
99% with 0.5–1.0% ethanol as stabilizer, Sigma-Aldrich), anhydrous
dimethylformamide (99.8%, Sigma-Aldrich), 2,9-dimethyl-1,10-phe-
nanthroline (�98%, Sigma-Aldrich), palladium on activated carbon
(5% Pd, Acros Organics), hydrazine hydrate (N2H4.H2O, 99.9%, Acros

Organics), triethoxy(3-isocyanatopropyl)silane (95%, ABCR), DPE-
Phos (99%, Acros Organics), tetrakis(acetonitrile)copper(I) hexafluor-
ophosphate (>97%, TCI), acetophenone (98%, Acros Organics),
isopropenyl acetate (99%, Sigma-Aldrich), p-toluenesulfonic acid (p-
TsOH, >98%, Sigma-Aldrich), 4-nitrobenzenediazonium tetrafluor-
oborate (>98%, TCI) were commercially available and used as
received. 2,9-dimethyl-5-nitro-1,10-phenanthroline (DMP-NO2),[40]

2,9-dimethyl-5-amino-1,10-phenanthroline (DMP-NH2),[40] [Cu-
(DPEPhos)2]PF6[41] and 1-phenylvinyl acetate[38] were synthesized
according to published literature.

Characterization methods

Nuclear magnetic resonance (NMR): NMR spectra were recorded
on BRUKER spectrometers (300 MHz for 1H, 75 MHz for 13C, 121 MHz
for 31P). Chemical shifts are reported in δ ppm relative to either the
residual solvent peak of CDCl3 (δ=7.26 ppm) or the signal of PF6�

(δ=�144.30 ppm). The following abbreviations have been used: δ
(chemical shift), J (coupling constant expressed in hertz), br (broad),
s (singlet), d (doublet), t (triplet), q (quadruplet) and m (multiplet).

X-Ray photoelectron spectroscopy (XPS): XPS analyses were
carried out at room temperature with a SSIX-probe (SSX 100/206)
photoelectron spectrometer from Surface Science Instruments
(USA) equipped with a monochromatized microfocus Al X-ray
source. Samples were stuck onto small sample holders with double-
face adhesive tape and then placed on an insulating home-made
ceramic carousel (Macor®, Switzerland). Charge effects were
avoided by placing a nickel grid above the samples and using a
flood gun set at 8 eV. The binding energies were calculated with
respect to the Si2p peak fixed at 103.5 eV. Data treatment was
performed with the CasaXPS program (Casa Software Ltd., UK). The
peaks were decomposed into a sum of Gaussian/Lorentzian (85/15)
after subtraction of a Shirley type baseline.

UV-vis: UV-vis absorption spectra were recorded on a Shimadzu
UV-1700 instrument using 1 cm large cuvettes in quartz.

Photostability: A cuvette or an NMR tube containing the inves-
tigated copper complex dissolved in DMF or deuterated DMF was
irradiated with two Thorlabs 470 nm LEDs (Figure S31 for setup).
After specific time intervals, the cuvette was transported to an
Agilent Cary 60 spectrophotometer and an absorption spectrum
was recorded. To do that, the apparatus recorded the transmittance
from 800 to 300 nm with a scan rate of 600 nm/min with a data
interval of 1.00 nm and an average time of 0.1 s. Control experi-
ments (Figure S32) showed that the Agilent Cary 60 spectropho-
tometer source had no impact on the photodegradation. Alter-
natively, the NMR tube was carried to the NMR facility and a 1H
NMR spectrum was recorded.

Photoluminescence: Time-resolved photoluminescence spectra
were recorded on a LP980-K spectrometer from Edinburgh Instru-
ments (see nanosecond transient absorption for full description).
The optically diluted samples were excited with pulsed light and
the excited-state lifetime was measured on a PMT LP detector
(Hamamatsu R928) which covers the spectral range from 185 to
870 nm. An average of 30 scans per measurement was used.

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV): Experiments were performed with an Autolab PGSTAT 100
potentiostat using a standard three-electrode-cell, i. e. a glassy
carbon disk working electrode (approximated area=0.03 cm2), a
platinum wire counter electrode and an aqueous Ag/AgCl reference
electrode (salt bridge: 3 M KCl/saturated AgCl). Experiments were
performed in 0.1 M tetrabutylammonium hexafluorophosphate
acetonitrile electrolyte, and the samples were purged with argon
before each measurement.
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Nanosecond transient absorption: Nanosecond transient absorp-
tion measurements were recorded on a previously described
apparatus.[1t] Briefly, the latter consisted in a LP980-K spectrometer
from Edinburgh Instruments equipped with an iCCD detector from
Andor (DH320T). The excitation source was a tunable Nd:YAG Laser
NT342 Series from EKSPLA. The third harmonic (355 nm) at 150 mJ
was directed into an optical parametric oscillator (OPO) to enable
wavelength tuning starting from 410 nm. The laser power was then
attenuated to reach appreciable signal/noise and the integrity of
the samples was verified by UV–Vis measurements. The LP980-K is
equipped with a symmetrical Czerny-Turner monochromator. For
single wavelength absorption changes, a 1800 gmm�1 grating,
blazed at 500 nm is used, which affords wavelength coverage from
200 to 900 nm. For spectral mode (iCCD), a 150 gmm�1 grating,
blazed at 500 nm is used, offering a wavelength coverage of
540 nm over the full wavelength range extending from 250 to
900 nm. Single wavelength absorption changes were monitored
using a PMT LP detector (Hamamatsu R928) which covers the
spectral range from 185 to 870 nm. The probe was a 150 W ozone-
free xenon short arc lamp (OSRAM XBO 150 W/CR OFR) that was
pulsed at the same frequency of the laser. The excitation wave-
length depended on the photosensitizers but in all cases the
concentration at the excitation wavelength was adjusted to reach
absorbance values between 0.3 and 0.5. All measurements were
performed in argon-purged solvents at room temperature. An
average of 30 to 90 scans per measurement was used.

Stern-Volmer: Stern-Volmer experiments were performed in a
quartz cuvette equipped with a 24/32 joint. Cuvettes were sealed
with Teflon tape, a septum and parafilm. All samples were purged
with dried argon, that was passed through a bubbler containing
the solvent of interest, for at least 15 minutes. p-nitrobenzenediazo-
nium tetrafluoroborate stock solutions with a concentration of
~11 mM were prepared in 10 mL of dry acetonitrile. In dichloro-
methane, the concentration was ~0.6 mM as the p-nitrobenzene-
diazonium tetrafluoroborate is only slightly soluble. A photo-
sensitizer solution with an absorbance of ~0.2 at the excitation
wavelength was prepared in dry acetonitrile or dichloromethane.
The desired p-nitrobenzenediazonium tetrafluoroborate quencher
was then gradually added to the photosensitizer cuvette. The
excited-state quenching was monitored by time-resolved spectro-
scopy using the LP980-K spectrometer from Edinburgh Instruments
(see above). The decrease of excited-state lifetime is directly related
to the concentration of quencher and the respective Stern-Volmer
plots were extrapolated using the following equation. The quench-
ing rate constant (kq) was then determined by dividing the slope by
the initial lifetime without any quencher.

P
PLI0Ö ÜP
PLIÖ Ü à

t0
t
à 1á KSV Qâ ä à 1á kqt0 Qâ ä (1)

Thermogravimetric analysis (TGA): Thermograms were recorded
on a TGA/SDTA 851e simultaneous DSC-TGA instrument from
METTLER TOLEDO. These analyses were carried out with a heating
ramp of 10 °Cmin�1 and under air flow (100 mLmin�1) with the
samples (3–20 mg) placed into alumina containers.

Transmission electron microscopy (TEM): TEM images were
obtained with a LEO 922 OMEGA energy filter transmission electron
microscope. The powder samples were suspended in ethanol under
ultrasonic treatment, then a few drops of the supernatant were
deposited on a holey carbon film supported on a copper grid
(Protochips, 1.2 micron hole diameter, 1.3 micron hole spacing,
200 mesh copper grid), which was dried for a few hours under
vacuum at room temperature before analysis.

Fourier-transform infrared total attenuated reflectance spectro-
scopy (FTIR-ATR): FTIR-ATR spectra were recorded on Perkin Elmer
Spectrum Two-UATR by depositing the powder onto the diamond
equipped with a mechanical press. The bands are reported in cm�1

and the following abbreviations have been used: br (broad), s
(strong), m (medium), w (weak).

Diffuse reflectance-UV-vis (DR-UV-vis): DR-UV-vis spectra were
recorded on a Shimadzu 2600plus device from 800 to 200 nm using
a harrick praying mantis modulus. Spectralon was used to record
the baseline prior to powder samples measurements.

Time of flight secondary ion mass spectrometry (ToF-SIMS):
Chemical characterisation of samples were carried out by using a
TOF.SIMS 5 instrument (IONTOF GmbH, Münster, Germany). A
pulsed Bi5+ metal ion source was used to produce a primary beam
using an acceleration voltage of 30 kV. An AC target current of
0.05 pA with a bunched pulse width lower than 1 ns was used.
Both positive and negative secondary ion species were analysed.
For spectra, a raster of 128×128 data points over an area of
300×300 μm2 was recorded. The total primary ion beam dose for
each analysed area was always kept below 4×1010 ions.cm�2,
ensuring static conditions. Lateral resolution of ~3 μm and mass
resolution m/Δm >5000 at 41 m/z were maintained for positive
and negative spectra acquisition. Charge compensation was done
by an interlaced electron flood gun (Ek=20 eV). All data analyses
were carried out using the software supplied by the instrument
manufacturer, SurfaceLab (version 6.8). Sample powders were
simply pressed onto the adhesive part of Post-it® papers before
introduction in the instrument.

Inductively coupled plasma optical emission spectroscopy (ICP-
OES): These analyses were performed by MEDAC LTD company
using Varian Vista MPX ICP-OES system. The sample was digested
using a combination of HNO3 and HF acids and the mixture was
made up to 100 mL of de-ionised water. A matrix blank was
prepared at the sample time.

High resolution mass spectrometry: HRMS were recorded on a Q-
Extractive orbitrap from ThermoFisher. Samples were ionized by
Electrospray Ionization (ESI) (capillary temperature: 250 °C, vaporizer
temperature: 250 °C, sheath gas flow rate: 20).

Nitrogen physisorption: The specific surface areas were measured
by nitrogen adsorption-desorption isotherms. The measurements
were achieved using a Micromeritics ASAP 2020 analyzer at
�196 °C. Before analysis, the samples (~200 mg) were degassed for
2 h at 200 °C with a heating ramp of 10 °Cmin�1 under 0.133 Pa
pressure. The analysis of the isotherms provided specific surface
areas calculated with the Brunauer-Emmett-Teller (BET) equation.

Synthesis of 2,9-dimethylphenanthroline-siloxane ligand (DMP-
Si). 2,9-dimethyl-5-amino-1,10-phenanthroline (100 mg, 0.45 mmol,
1 eq.) and molecular sieves were added in a 25 mL two-neck round-
bottom flask. The flask was placed under static vacuum for
10 minutes and filled with argon. 5 mL of dry chloroform were
added followed by the dropwise addition of triethoxy(3-
isocyanatopropyl)silane (0.11 mL, 0.45 mmol, 1 eq.). The reaction
mixture was heated at 80 °C for 16 h. After reaction, the solvent was
evaporated under reduced pressure and the crude residue was
purified by silica flash chromatography (DCM/MeOH, 100:0 to 95 :5).
The DMP-Si ligand was obtained as a brown oil (138 mg, 65%
yield). 1H NMR (300 MHz, CDCl3): δ=9.07 (br, 1H), 8.42 (s, 1H), 8.24
(d, J=8.6 Hz, 1H), 8.09 (d, J=8.3 Hz, 1H), 7.42 (d, J=8.3 Hz, 1H),
6.77 (m, 2H), 3.62 (q, J=7.0 Hz, 6H), 3.30 (m, 2H), 2.78 (s, 3H), 2.51
(s, 3H), 1.54 (m, 2H), 1.06 (t, J=7.0 Hz, 9H), 0.49 (t, J=8.4 Hz, 2H);
13C NMR (75 MHz, CDCl3): δ=158.6, 157.7, 156.9, 145.4, 142.2, 136.4,
132.9, 131.0, 127.7, 124.3, 122.8, 122.5, 114.5, 58.4, 42.7, 24.8, 24.5,
23.7, 18.3, 7.7; IR (cm�1): ~n=3322 (m), 2973 (m), 2926 (m), 1656 (m),
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1102 (s), 1078 (s), 954 (m); HRMS (ESI) m/z calcd for C24H34O4N4
28Si+

H+ : 471.2422 [M+H]+; found: 471.2424.

Synthesis of [Cu(DMP-Si)(DPEPhos)]PF6 (Cu-2). In two flame-dried
25 mL round-bottom flasks, [Cu(DPEPhos)2]PF6 (140 mg, 0.3 mmol,
1 eq.) and DMP-Si ligand (386 mg, 0.3 mmol, 1 eq.) were added
separately. The flasks were placed under static vacuum for
10 minutes and filled with argon. The copper complex was
dissolved in 20 mL of dry dichloromethane and a minimum amount
of dichloromethane was added to solubilize the DMP-Si ligand. The
solution of DMP-Si was cannula-transferred to the copper solution
leading to an immediate orange/yellow color. The reaction medium
was left under stirring for one hour under the dark. After reaction,
the mixture was added dropwise to 100 mL of n-hexane previously
cooled to 0 °C. The yellow precipitate was recovered by filtration. If
free DPEPhos was still observed by NMR spectroscopy, the copper
complex was purified by silica flash chromatography (3% methanol
in dichloromethane). The title compound Cu-2 was obtained as a
yellow solid (95 mg, 61% yield). 1H NMR (300 MHz, CDCl3): δ=8.75
(d, J=8.7 Hz, 1H), 8.35 (s, 1H), 8.11 (d, J=8.3 Hz, 1H), 7.69 (s, 1H),
7.54 (d, J=8.6 Hz, 1H), 7.35 (d, J=8.2 Hz, 1H), 7.33–7.28 (m, 2H),
7.25–7.13 (m, 8H), 7.08–6.87 (m, 18H), 5.92 (t, J=5.8 Hz, 1H), 3.84 (q,
J=7.0 Hz, 6H), 3.33 (q, J=6.7 Hz, 2H), 2.37 (s, 3H), 2.34 (s, 3H), 1.75
(m, 2H), 1.23 (t, J=7.0 Hz, 9H), 0.80–0.68 (m, 2H); 31P NMR (121 MHz,
CDCl3): δ=�13.33, �126.66, �132.54, �138.42, �144.30, �150.18,
�156.06, �161.94; 13C NMR (75 MHz, CDCl3): δ=158.5, 158.4, 156.2,
156.0, 143.4, 140.2, 137.2, 133.9, 133.8, 133.2, 133.1, 132.8, 132.2,
131.7, 130.1, 128.7, 128.7, 128.4, 125.7, 125.3, 125.2, 125.0, 123.3,
120.2, 114.2, 58.5, 43.2, 27.1, 27.0, 23.4, 18.5, 7.6; IR (cm�1): ~n=3427,
(br), 2926 (m), 1657 (s), 1462 (m), 1435 (s), 1097 (s), 1066 (s), 956 (s),
833 (s), 740 (s), 697 (s); HRMS (ESI): m/z calcd for
C60H62O5N4

63CuP2
28Si: 1071.3255 [M�PF6]+; found: 1071.3272.

Synthesis of [Cu(DMP-Si)2]PF6 (Cu-1). [Cu(MeCN)4]PF6 (37 mg,
0.1 mmol, 1 eq.) was added in a 50 mL flame-dried round-bottom
flask. The flask was placed under static vacuum for 10 minutes and
filled with argon. 13 mL of dry dichloromethane was added and a
solution of DMP-Si (94 mg, 0.2 mmol, 2 eq.) in dichloromethane
was added dropwise. A red color was observed that went darker
along the time of reaction. The reaction mixture was left under
stirring for 1 hour under the dark. After reaction, the solvent was
evaporated under reduced pressure. The crude residue was
dissolved in a minimum amount of dichloromethane and added
dropwise in 100 mL of n-hexane previously cooled to 0 °C. An
orange/red powder corresponding to complex Cu-1 was recovered
by filtration (65 mg, 57% yield). 1H NMR (300 MHz, CDCl3): δ=8.72
(br, 2H), 8.37 (br, 2H), 8.23 (br, 2H), 7.78 (br, 2H), 7.57 (m, 4H), 5.97
(br, 2H), 3.83 (q, J=7.0 Hz, 12H), 3.33 (br, 4H), 2.34 (s, 6H), 2.25 (s,
6H), 1.74 (m, 4H), 1.21 (t, J=7.0 Hz, 18H), 0.72 (m, 4H); 13C NMR
(75 MHz, CDCl3): δ=156.9, 156.0, 155.4, 143.4, 140.1, 136.4, 133.4,
132.3, 128.1, 125.4, 124.9, 119.6, 115.2, 58.5, 43.1, 25.7, 25.4, 23.4,
18.3, 7.6; IR (c�1): ~n=3373 (m), 2927 (m), 1655 (s), 1102 (s), 1073 (s),
956 (s), 835 (s), 775 (s); HRMS (ESI): m/z calcd for C48H68O8N8

63Cu28Si2:
1003.3989 [M�PF6]+; found: 1003.3986.

Silica nanospheres (NS) synthesis. Reaction conditions were
adapted from the work of Stöber et al. to yield bigger quantities of
silica nanospheres.[29] 150 mL of ethanol (99.9% denaturated) were
introduced in a 500 mL Erlenmeyer. Under vigorous stirring, 6 mL
of NH4OH were added. The reaction mixture was stirred for 5 min at
room temperature. Then, 10 mL of tetraethylorthosilicate (TEOS)
were added dropwise with a syringe pump at a rate of
59 mLhour�1. The solution was left under stirring for 6 hours at
room temperature. The silica nanoparticles were recovered by
centrifugation (9.500 rpm for 40 min) and washed three times with
40 mL of ethanol. The nanoparticles were dried in the oven at
100 °C overnight and subsequently grinded to obtain a fine white/

beige powder. This material was characterized by TEM, XPS and
BET.

Silica Core-Shell (CS) nanoparticles synthesis. Reaction conditions
were adapted from the work of Yoon et al. to yield smaller
nanoparticles.[30] 150 mL of ethanol (99.9% denaturated) were
introduced in a 500 mL Erlenmeyer. Under vigorous stirring, 6 mL
of NH4OH were added. The reaction mixture was stirred for 5 min at
room temperature. Then, 10 mL of tetraethylorthosilicate (TEOS)
were added dropwise with a syringe pump at a rate of
59 mLhour�1. The solution was left under stirring for 6 hours at
room temperature. 380 mL of Milli-Q water and 30 mL of a
hexadecyltrimethylammonium bromide (CTAB) solution (1.2 g of
CTAB dissolved in 20 mL H2O/10 mL ethanol) were added and the
solution was left under stirring for 30 min. 2.15 mL of TEOS were
added and the mixture was stirred overnight. The silica nano-
particles were recovered by centrifugation (6000 rpm for 50 min)
and washed three times with 40 mL of ethanol. The nanoparticles
were dried in the oven at 100 °C and finally calcinated by heating at
500 °C for 5 hours at a rate of 10 °Cmin�1 (3 g of silica nanoparticles
were recovered). This material was characterized by TEM, XPS and
BET.

Anchoring of [Cu(DMP-Si)(DPEPhos)]PF6 (Cu-2) according to a
two-step procedure. In a flame-dried 25 mL two-neck round-
bottom flask were inserted silica core-shell nanoparticles (100 mg).
The flask was placed under static vacuum for 10 minutes and filled
with argon. 5 mL of dry toluene were added and the resulting
suspension was sonicated for 15 min at power 3 on a VWR
ultrasonic bath. DMP-Si ligand (94 mg, 0.2 mmol, 0.12 eq.) was
dissolved in 5 mL of toluene before being added dropwise at a rate
of 8 mLhour�1. The reaction mixture was refluxed at 120 °C for 24 h.
Filtration on a PVDF Millipore Membrane (0.1 μm) allowed the
recovery of a yellowish solid which was washed several times with
absolute ethanol. The functionalized core-shell nanoparticles were
then added in a 25 mL flame-dried round-bottom flask. The flask
was placed under static vacuum for 10 minutes and filled with
argon. 8.5 mL of dry dichloromethane was added to the silica
nanoparticles and the resulting suspension was sonicated for
15 minutes at power 2 on a VWR ultrasonic bath. [Cu(DPEPhos)2]PF6
(93 mg, 0.07 mmol) was placed in a round-bottom flask and the
latter was placed under static vacuum for 10 minutes and filled
with argon. 1.5 mL of dry dichloromethane were added and this
solution was added dropwise to the silica nanoparticles suspension
that was stirred at ambient temperature for an additional 16 h. The
solid was recovered by filtration on a PVDF Millipore Membrane
(0.1 μm) and washed three times with 10 mL of dichloromethane.
The resulting yellowish powder was dried under vacuum for several
hours.

General one-step procedure for the anchoring of copper com-
plexes. In a 50 mL flame-dried two-neck round-bottom flask,
nanospheres or core-shell nanoparticles (140 mg) were introduced.
The flask was placed under static vacuum for 10 minutes before
being filled with argon. 30 mL of dry toluene were added and the
resulting suspension was sonicated for 15 minutes at power 2 on a
VWR ultrasonic bath. The homoleptic or heteroleptic copper
complexes (90 mg and 100 mg, respectively, 0.08 mmol) were
dissolved in a minimum amount of dry toluene and added
dropwise to the silica suspension. The suspension was refluxed for
24 h. After reaction, the mixture was cooled to room temperature
and filtered on a PVDF Millipore Membrane (0.1 μm). The powder
was recovered and washed three times with 10 mL of dichloro-
methane. The solid was dried under vacuum for several hours.

Use of homogeneous photocatalysts for the α-arylation of 1-
phenylvinyl acetate 2a. In a 3 mL oven-dried vial were dissolved 4-
nitrobenzene diazonium tetrafluoroborate 1a (35.5 mg, 0.15 mmol,

Wiley VCH Mittwoch, 11.10.2023
2399 / 323280 [S. 13/16] 1

Chem. Eur. J. 2023, e202301212 (13 of 15) © 2023 Wiley-VCH GmbH

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202301212

 15213765, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202301212 by B

ibliothecaire En C
hef U

ni C
atholique D

e Louvain (U
cl), W

iley O
nline Library on [16/10/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



1 eq.), 1-phenylvinyl acetate 2a (243 mg, 1.5 mmol, 10 eq.) and the
photocatalyst (2–5 mol%) in 0.4 mL of dry dimethylformamide.
Argon was bubbled for 15 min and the solution was irradiated for 2
or 4 hours (depending on the photocatalyst) with two LIU470A
470 nm blue LEDs purchased from Thorlabs (intensity=4.0 mW/
cm2; total output power=253 mW; supply voltage=24 V). After
reaction, 5 mL of distilled water were added and the aqueous phase
was washed three times with 10 mL of diethylether. The organic
phases were combined, dried over MgSO4, filtered and the solvent
was evaporated under reduced pressure. The crude residue was
purified over silica flash chromatography using NextGen Combi-
Flash device along with 12 g silica column (n-hexane/ethyl acetate).
The following gradient in ethyl acetate was used: 0 to 2.5% (2 min),
2.5% (1 min), 2.5 to 5% (1 min), 5% (2 min), 5 to 7.5% (1 min),
7.5% (1 min), 7.5 to 10% (1 min), 10% (2 min). The product was
recovered as a white powder. 1H NMR (300 MHz, CDCl3): δ=8.25–
8.14 (m, 2H), 8.06–7.96 (m, 2H), 7.66–7.56 (m, 1H), 7.55–7.47 (m, 2H),
7.45–7.40 (m, 2H), 4.42 (s, 2H); 13C NMR (75 MHz, CDCl3): δ=196.1,
147.2, 142.2, 136.3, 133.9, 130.8, 129.0, 128.6, 123.9, 45.1; IR (cm�1):
~n=2922 (w), 1683 (s), 1599 (m), 1514 (s), 1108 (m), 993 (m), 761 (s),
733 (s), 690 (s).

Use of heterogeneous photocatalysts for the α-arylation of 1-
phenylvinyl acetate 2a. In a 50 mL flame-dried round-bottom flask,
the heterogenized copper complex (50 mg for homoleptic and
65 mg for heteroleptic) was introduced and placed under static
vacuum for 10 minutes before being filled with argon. 8–10 mL of
degassed (freeze-pump-thaw) dry dimethylformamide were added
and the resulting suspension was sonicated for 15 minutes at
power 2 on a VWR ultrasonic bath. 4-nitrobenzene diazonium
tetrafluoroborate 1a (35.5 mg, 0.15 mmol, 1 eq.) and 1-phenylvinyl
acetate 2a (243 mg, 1.5 mmol, 10 eq.) were added and the
suspension was left under stirring for 16 h at room temperature
under blue irradiation. After reaction, the heterogenized copper
complex was recovered by filtration on a PTFE Millipore Membrane
(0.1 μm) and the solid was washed three times with 10 mL of
diethylether. To the filtrate was added 20 mL of distilled water and
the aqueous phase was washed three times with 20 mL of
diethylether. The organic phases were combined, washed with
saturated NaCl (20 mL) and LiCl 10% (20 mL), dried over MgSO4,
filtered and the solvent was evaporated under reduced pressure.
The white powder was finally dried under vacuum.
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