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Abstract

:

Three water-soluble copper complexes based on the amine/pyridine functionalities were investigated, along with quantum dots, as a catalyst–photosensitizer assembly, respectively, for fundamental understanding of photoinduced electron transfer. Luminescence quenching and lifetime measurements were performed to try and establish the actual process that leads to the quenching, such as electron transfer, energy transfer, or complex formation (static quenching). Cyclic voltammetry and dynamic light scattering experiments were also performed. Irrespective of the similar reduction potentials of the three complexes, very different photoluminescence properties were observed.
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1. Introduction


The serious environmental impacts of fossil fuels have made energy-related research the paramount task of our society in the current times [1,2,3]. Developing alternative and sustainable energies, especially environmentally friendly conversion and storage technologies that address the global energy needs, will be an invaluable mission [2,4,5]. Therefore, many efforts have been made to explore approaches such as artificial photosynthesis system, wherein the overall process consists of light harvesting, charge separation, electron-transfer process, and chemical conversion [2,6]. The most viable method for large-scale growth in carbon-free energy is the light-driven splitting of water into its constituent elements [7,8]. Photocatalytic hydrogen production has been regarded as a promising solution to relieve the crisis triggered by the depletion of fossil fuels [9,10]. To improve the efficiency of hydrogen production, a key subject for overcoming the issues would be the development of an efficient and stable catalytic system with cheap and abundant materials [3,8].



Copper catalysts for proton reduction have recently gained special attention in facilitating solar and electrochemical energy storage via the formation of hydrogen fuel [3,11]. Cu is one of the most widely used metals in human society and, compared with other inexpensive metals (Ni, Co, Mo, etc.), it could be very favorable due to its higher abundance for practical applications [12,13]. Since Cu is earth-abundant and can support well-defined coordination chemistry, in addition to having diverse redox chemistry and rich photochemistry, biomimetic synthetic copper complexes have been investigated for application in hydrogen production [1,2,3,14,15,16,17].



Cu complexes have been explored extensively and used as catalysts for various transformations including CO2 reduction and water oxidation [3,16]. However, their potential application in catalyzing H2 production has been less developed [13,18]. Despite this fact, Cu complexes can be utilized for hydrogen evolution reactions, because they display accessible low oxidation states required during the catalytic cycle [19,20]. Cu molecular catalysts for the development of copper-based molecular systems for H2 evolution under aqueous conditions have only started to be explored in the past decade [9,21]. Cu complexes can be promising candidates for artificial photosynthesis because of their relatively high reactivity, stability, and relatively low light absorption [2].



Recently, a few mononuclear copper complexes have been reported as homogeneous electrocatalysts for hydrogen production from water [1,13,16,18]. Given the molecular nature of these Cu catalysts, they present an ideal opportunity for the investigation of homogenous photocatalytic hydrogen production with molecular Cu complexes. To date, only a few copper complexes have been reported to be active as molecular catalysts for light-driven or photocatalytic hydrogen evolution reactions (HERs) [3,6,8,11,17,19,21]. In the last decade, the first examples of copper-based molecular catalysts active under photocatalytic HER conditions were reported (Figure 1A,B) [17]. Similarly, in the years after, various copper complexes and varied reaction conditions were employed to successfully produce hydrogen photocatalytically (Figure 1C–K) [3,6,8,11,17,18,19,21].



As reported in the previous sections, most of these systems were developed in non-aqueous conditions, except for 1E. In that system, nanomaterials were used as photosensitizers, so quantum dots (QDs), particularly water-soluble QDs, can also be very valuable photosensitizers to explore. QDs have many advantages that are ideal for light-harvesting and electron delivery due to having features such as quantum confinement effect, superior photostability, rich surface-binding properties, a high surface-to-volume ratio, large absorption cross-sections over a broad spectral range, size-dependent absorption properties, long exciton lifetimes, etc. [22,23].



A fundamental step for the photocatalytic system is photoinduced electron transfer (PET). Although there have been reports of Cu photocatalytic systems, the mechanistic investigation of this process is less known. The aim of this report is to investigate a Cu–QD assembly toward the PET pathway. Since all the previously reported Cu HER catalysts are supported by amine/pyridine ligands, we also investigated a similar coordination environment. Therefore, in this paper, we report the investigation of three copper complexes supported by tetradentate ligands with amine and pyridine functionalities (N2/Py2) (Figure 2) toward PET, using QDs. The substituents in the pyridine functionality increase the electron donation ability of 2, whereas variations in the amine backbone of 3 make the ligand more rigid. With a narrow bandgap of 1.4 eV, CdTe quantum dots stabilized by 3-mercaptopropionic acid (MPA–CdTe QDs) were selected as the photosensitizer owing to their superior properties, as well as their aqueous dispersion and economical advantage [23,24].




2. Results and Discussion


Complexes 1–3 were synthesized by mixing equimolar amounts of the ligands and copper(II) perchlorate in methanol at room temperature and characterized using analytical methods such as NMR, UV–Vis spectroscopy, ESI–MS, and elemental analyses [25,26,27].



2.1. Optical Spectroscopy


The electronic absorption spectra for complexes 1–3 was recorded in water (Figure 3). Complexes 1–3 display broad absorption bands in the visible region at 631 nm, 630 nm, and 593 nm (Table 1), respectively, that were assigned as d–d transitions, as no significant changes were noticed, compared with the MeCN data [26,27]. The minor redshifts observed in water (ca. 5–10 nm) can be attributed to the slight distortion of the geometry of the complexes. The absorption features of all three complexes are characteristic of mononuclear Cu(II) compounds supported by nitrogen-enriched ligands in square pyramidal geometry [26,28,29].




2.2. Electrochemical Studies


The redox potentials of 1–3 was measured using cyclic voltammetry (Figures S1–S3). These values give us an insight into the effect of the ligand architecture on the reduction potentials of the complexes. The reduction potential of Cu(II) complexes plays a major role in proton reduction, and these can be tuned using ligand electronics. Systemic variations in the ligand architecture, such as the addition of electron-donating groups and rigidity of the backbone, can affect ligand electronics, which impact the activity and mechanism of proton reduction. All three Cu complexes exhibited fairly reversible cyclic voltammograms with cathodic waves corresponding to the Cu(II)/Cu(I) reduction potential around −0.33 V versus Ag/AgCl for 1, −0.40 V for 2, and −0.38 V for 3 (Table 1, Figures S1–S3), respectively, well within the range of other known Cu complexes [6,17,19].




2.3. Luminescence Quenching of QDs by Cu Complexes


The scope of this research is to investigate the roles of these Cu complexes to participate in PET with regard to QDs in water. Understanding the PET phenomenon in a water-soluble photosensitizer system such as the MPA–CdTe QDs will be beneficial for designing an efficient photosensitizer–catalyst assembly. The MPA–CdTe QDs exhibit absorption bands in the range of 550–650 nm (Figure S4). The photoluminescence of the MPA–CdTe QDs was measured in water at room temperature, following excitation at 514 nm. These QDs are luminescent at room temperature with a maximum emission value of 638 nm (Figure S5). To probe the impact on the luminescent intensity of the MPA–CdTe QDs upon the addition of the copper complexes, solutions of complexes 1–3 in water were added to the QDs. The emission intensity of the MPA–CdTe QDs was quenched upon the addition of 1 (Figure 4). The emission quenching could somewhat be correlated to the concentration of the complex with maximum quenching to be observed with the highest concentration. The emission intensity of the MPA–CdTe QDs was also quenched upon the addition of 2 (Figure S6), though no apparent trend could be observed. In both these cases, the amount of quenching was not significant; however, the emission intensity of the MPA–CdTe QDs was drastically quenched upon the addition of 3 (Figure S7). The first two additions of 3 led to a decrease in the intensity of the QDs by about 80–90%. From the third addition of 3 onward, QDs were completely quenched. Stern–Volmer plots (Figures S8–S10) for the luminescence quenching of the MPA–CdTe QDs with 1–3 showed that 3 serves as a better quencher when compared with 1; however, 2 could not be evaluated, as the R2 value obtained was not in the acceptable range (Table S1).




2.4. Lifetime of QDs with Cu Complexes


As a number of processes could lead to quenching, such as energy transfer, electron transfer, or complex formation (static quenching); therefore, the actual process needs to be established. We measured the luminescence lifetime of the MPA–CdTe QDs using a time-correlated single-photon counting (TCSPC) system and monitored the lifetime changes in the presence of Cu complexes. Analysis of the decay revealed that the emission lifetime of the MPA–CdTe QDs did not change with the addition of Cu complexes 1–2 (Figure 5 and Figure S11). As we observed no change in the lifetime, we eliminated the possibility of electron transfer in this case (Table S2) [22,30,31]. Nevertheless, the possibilities of complex formation (static quenching) and energy transfer were still left. The process of energy transfer from the excited MPA–CdTe QDs to the Cu complexes could not be completely eliminated in the case of 1–2, as the optical spectra (absorption maxima) show overlap with the emission band (maximum) of the MPA–CdTe QDs (Figure S12). However, in the case of 3, the overlap of the maxima observed is minimal. The lifetime measurements for 3 could not be performed (Figure S13). This was somewhat expected based on the complete emission quenching observed earlier (Figure S7). We believe that the timescale of quenching observed for 3 and the MPA–CdTe QDs is much faster than nanoseconds, which is beyond the capacity of the TCSPC instrument.



Static quenching is assumed to result from the formation of a quencher (Cu complexes)–fluorophore (quantum dots) complex in the ground state. Shifts of the quantum dots absorption spectrum with added Cu complexes provide evidence of such complex formation [32]. However, that is not the case as observed in the optical spectra measured for MPA–CdTe QDs and complexes 1–3 (Figures S14–S16). Although it was noted, in both the quenching and TCSPC measurements, that the addition of 1–3 leads to a color change in the MPA–CdTe QDs from orange to green even before irradiation by the laser light, no optical change was noted in the spectrum. Another type of static quenching is often observed at high quencher (Cu complexes) concentrations due to the existence of increasing numbers of quencher–fluorophore pairs in which the quencher (Cu complexes) is close enough to the fluorophore (quantum dots) to instantaneously quench their excited state [33]. Analysis of this type of quenching is less straightforward. However, it can be distinguished from quenching due to true ground-state complex formation because it does not produce changes in the fluorophore (quantum dots) absorption spectrum [32]. The optical data we collected support this phenomenon (Figures S14–S16).




2.5. Dynamic Light Scattering for QDs and Cu Complexes


In a number of cases, it has been demonstrated that the molecular complexes introduced as a catalyst are actually transformed in situ into metal particles or soluble metal colloids [19,20]. It is still difficult to obtain evidence directly since metal colloids or nanoclusters derived from an aggregation process are soluble species and cannot be easily detected [20]. Dynamic light scattering (DLS) is a technique that can be used to identify the presence (or to establish the absence) of nanoparticles or aggregation in solution [2,9,20]. Therefore, DLS measurements can help determine if such aggregations occur with the reactions between the MPA–CdTe QDs and complexes 1–3. When we performed similar experiments with the QDs and Cu complexes (QD + 0.10 mM (1–3)), nanoparticle sizes could not be measured, as the DLS instrument was not sensitive enough to perform the measurements. QDs are usually in the size range of less than 10 nm, and although the instrument has a 0.1–1000 nm detection range, no measurements could be performed for less than 100 nm, despite optimizing the various conditions.



As a result, we increased the concentration of the Cu complexes in each of the reactions. The concentration of the solutions was doubled to contain 0.20 mM of complexes 1–3. This yielded a measurement of average sizes of 164 ± 50 nm for 1. This implies that aggregation occurs in the solution and is measurable. To investigate whether aggregation changes with an increase in the concentration of 1, the solution concentration was increased to contain 0.30 mM and 0.40 mM of 1. These gave measurements of average sizes of 822 ± 439 nm and 3112 ± 548 nm, respectively (Table 2). Thus, as can be seen, the aggregation increases as the concentration of 1 is increased. The optical spectra of the corresponding measurements also reflect this result (Figure 6). This could also explain the small intensity shifts observed in the optical spectra for 1 earlier (Figure S14).



The exact same experiments were performed for QDs with complexes 2–3 (Table 2 and Table S5). However, the trends may not be clear with 2 and 3. The values of DLS measurements for all Cu complexes indicate that the hydrodynamic sizes vary for each of the complexes. This may be due to different aggregations/agglomerations between QDs and complexes 1–3, resulting in varied sizes. As of now, it can only be said that there is possible aggregation/agglomeration even with the original scale of measurements, though the DLS instrument is not sensitive enough to detect it. However, this observation suggests that most likely the quenching phenomenon reported in this paper is due to static quenching or energy transfer.





3. Materials and Methods


UV–Vis spectroscopy experiments were performed on an Agilent Cary 8454 UV–Vis spectrometer (Agilent, Santa Clara, CA, USA) in a quartz cuvette with a path length of 5 mm. The hydrodynamic diameter of QDs with the complexes was evaluated by dynamic light scattering (DLS), Malvern Zetasizer Nano ZS, Malvern Panalytical Inc. The measurements conditions were as follows: temperature, 25 °C; wavelength of the laser, 633 nm; scattering angle, 173°. The cyclic voltammetry experiments were performed under a nitrogen atmosphere, with Ag/AgCl as the reference electrode and 0.1 M KCl as the supporting electrolyte. In order to measure the potential of the MPA–CdTe, QDs samples were scanned from −1.5 V to +1.5 V in water with a scan rate varying from 100 mV/s to 500 mV/s. Similarly, the complexes were measured in water using a potential window of −1 V to +1 V, with a scan rate varying from 100 mV/s to 500 mV/s. Graphical representation and data analysis were performed using the Origin program (OriginLab Corporation, Northampton, MA, USA).



Water-soluble cadmium telluride quantum dots stabilized by 3-mercaptopropionic acid (MPA-CdTe QDs) were purchased from NNCrystal US Corp (NNCrystal US Corporation, Fayetteville, AR, USA). The emission spectra were recorded using a TE-cooled QEPRO spectrometer from Ocean Optics (Ocean Insight, Orlando, FL, USA). The measurements were performed at room temperature. A continuous-wave laser diode with a 514 nm wavelength was used as an excitation source. The entrance slit was 200 µm, and the slit size was 25 µm. A combination of dichroic mirrors and filters were used to separate the emission of the quantum dots from the laser beam before sending it to the spectrometer. To measure the lifetime of the quantum dots we used a time-correlated single-photon counting (TCSPC) system (Picoquant Time harp 260) combined with a 30 ps pulsed laser with a 450 nm wavelength. All the above emission and lifetime measurements were performed with special optical glass cells with a path length of 10 mm.



3.1. Complex Synthesis


Complexes 1–3 were synthesized following the procedures published in the literature (Supplementary Materials) [25,26,27,34].




3.2. Sample Preparation and Measurements


The UV–Vis absorption, emission, and lifetime analyses were performed under anaerobic conditions at room temperature as follows: A 1 mL solution of the MPA–CdTe QDs of concentration 1.4 × 10−6 M (0.5 mg/mL) in water was prepared. Then, 4 mM stock solutions of complexes 1–3 in water were also prepared. The MPA–CdTe QD solutions were purged with nitrogen gas for 30 s in a micro cuvette (10 mm pathlength), whereas complexes 1–3 stock solutions were purged with nitrogen gas for 90 s. To the MPA–CdTe QD solution in the cuvette, an aliquot of 10 μL of the 4 mM stock solution of complexes 1–3 was added with the help of a gas-tight syringe.





4. Conclusions


Photoluminescence properties of MPA–CdTe QDs in the presence of copper complexes were investigated in detail, in order to gain a fundamental understanding of their prospects for potential photocatalytic systems. Unfortunately, complexes 1–2 investigated in this publication did not show promising results, as they were unable to reduce the lifetime of QDs. Data suggest that the slight quenching observed for 1–2 arises because of static quenching or energy transfer. Surprisingly, changing the ligand architecture by having a rigid backbone (3 compared to 1–2) did lead to a significant change in the decay lifetime of the QDs. However, because of limitations, the exact data could not be ascertained. Based on our observations, measurements for 3 will need to be performed using more sensitive instruments or techniques such as ultrafast spectroscopy and transmission electron microscopy. Based on our findings, we can conclude that the MPA–CdTe QDs are not a suitable photosensitizer to study PET for these Cu complexes. This is somewhat surprising, as the bandgap of these QDs matches well with the potentials of Cu complexes (Figures S17 and S18) [25,34]. These results suggest that designing a Cu–QD system for artificial photosynthesis is much more complicated. As shown in the energy scheme (Figure S18), having the reduction potentials of Cu complexes match with the bandgap of the QDs does not always lead to PET.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/catal12040422/s1, Figure S1: Cyclic Voltammogram of 1 in water under N2 with Ag/AgCl as the reference electrode and 0.1 M KCl as the supporting electrolyte; Figure S2: Cyclic Voltammogram of 2 in water under N2 with Ag/AgCl as the reference electrode and 0.1 M KCl as the supporting electrolyte; Figure S3: Cyclic Voltammogram of 3 in water under N2 with Ag/AgCl as the reference electrode and 0.1 M KCl as the supporting electrolyte; Figure S4: UV-Vis absorption spectra of MPA-CdTe QDs (2.8 × 10−6 M, 1 mg/mL); Figure S5: Emission spectra of MPA-CdTe QDs (1.4 × 10−6 M, 0.5 mg/mL); Figure S6: Emission spectra of MPA-CdTe quantum dots (1.4 × 10−6 M, 0.5 mg/mL) with increasing concentration of 2 (0 to 0.10 × 10−3 M) in water (excitation wavelength: 514 nm); Figure S7: Emission spectra of MPA-CdTe quantum dots (1.4 × 10−6 M, 0.5 mg/mL) with increasing concentration of 3 (0 to 0.10 × 10−3 M) in water (excitation wavelength: 514 nm); Figure S8: Stern-Volmer plot for the luminescence quenching of MPA-CdTe QDs with 1; Figure S9: Stern-Volmer plot for the luminescence quenching of MPA-CdTe QDs with 2; Figure S10: Stern-Volmer plot for the luminescence quenching of MPA-CdTe QDs with 3; Figure S11: The lifetime of MPA-CdTe quantum dots (1.4 × 10−6 M, 0.5 mg/mL) with increasing concentrations of 2 (0 to 0.10 × 10−3 M) in water (excitation wavelength: 450 nm); Figure S12: Overlay of the absorption maxima of the complexes 1-3 (scale on right) and the emission maximum of the MPA-CdTe QDs (scale on left); Figure S13: The lifetime of MPA-CdTe quantum dots (1.4 × 10−6 M, 0.5 mg/mL) with increasing concentrations of 3 (0 to 0.10 × 10−3 M) in water (excitation wavelength: 450 nm); Figure S14: UV-Vis absorption spectra of MPA-CdTe quantum dots (1.4 × 10−6 M, 0.5 mg/mL) with increasing concentration of 1 (0 to 0.10 × 10−3 M) in water; Figure S15: UV-Vis absorption spectra of MPA-CdTe quantum dots (1.4 × 10−6 M, 0.5 mg/mL) with increasing concentration of 2 (0 to 0.10 × 10−3 M) in water; Figure S16: UV-Vis absorption spectra of MPA-CdTe quantum dots (1.4 × 10−6 M, 0.5 mg/mL) with increasing concentration of 3 (0 to 0.10 × 10−3 M) in water; Figure S17: Cyclic Voltammogram of MPA-CdTe QDs in water under N2 with Ag/AgCl as the reference electrode and 0.1 M KCl as the supporting electrolyte; Figure S18: Bandgap (vs. NHE) of the MPA-CdTe quantum dots and the reduction potentials (vs. NHE) of the complexes 1–3; Table S1: The Stern–Volmer quenching constant Ksv for the complexes 1 and 3; Table S2: Mean lifetimes of the quantum dots in the presence of complexes 1–2; Table S3: Biexponential fit parameters and mean lifetimes for 1; Table S4: Biexponential fit parameters and mean lifetimes for 2; Table S5: Hydrodynamic sizes for QDs and complexes 1–3 from DLS measurements [35].
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Figure 1. Chemical structures of copper complexes used for photocatalytic H2 production. 






Figure 1. Chemical structures of copper complexes used for photocatalytic H2 production.



[image: Catalysts 12 00422 g001]







[image: Catalysts 12 00422 g002 550] 





Figure 2. Synthesized copper complexes 1–3 with the bispicen (N2/Py2) ligand system. 
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Figure 3. Optical spectra of complexes 1 (black line), 2 (red line), and 3 (blue line) in water using a quartz cuvette with a 1 cm path length. All complexes are dissolved in water to give a 4 mM concentration. 
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Figure 4. Emission spectra of MPA-CdTe quantum dots (1.4 × 10−6 M, 0.5 mg/mL) with increasing concentration of 1 (0 to 0.10 × 10−3 M) in water (excitation wavelength: 514 nm). 






Figure 4. Emission spectra of MPA-CdTe quantum dots (1.4 × 10−6 M, 0.5 mg/mL) with increasing concentration of 1 (0 to 0.10 × 10−3 M) in water (excitation wavelength: 514 nm).



[image: Catalysts 12 00422 g004]







[image: Catalysts 12 00422 g005 550] 





Figure 5. The lifetime of MPA–CdTe quantum dots (1.4 × 10−6 M, 0.5 mg/mL) with increasing concentrations of 1 (0 to 0.10 × 10−3 M) in water (excitation wavelength: 450 nm). 
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Figure 6. Optical spectra of the MPA–CdTe QDs with increasing concentration of 1. 
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Table 1. Optical and electrochemical parameters for 1–3.
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	Complex
	Peak Position

λmax

(nm)
	Molar Absorptivity

(M−1cm−1)
	ipa/ipc
	E1/2

vs. Ag/AgCl

(V)
	E1/2 vs.

NHE

(V)





	1
	631
	140
	0.68
	−0.33
	−0.042



	2
	630
	128
	0.68
	−0.40
	−0.112



	3
	593
	95
	0.67
	−0.38
	−0.092
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Table 2. Hydrodynamic sizes for QDs and complexes 1–3 from DLS measurements.
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	Complex
	QD + 0.10 mM (Complex)

nm
	QD + 0.20 mM (Complex)

nm
	QD + 0.30 mM (Complex)

nm
	QD + 0.40 mM (Complex)

nm





	1
	N/R
	164 (50)
	822 (439)
	3112 (548)



	2
	N/R
	N/R
	473 (72)
	460 (84)



	3
	N/R
	N/R
	379 (164)
	492 (157)







N/R: No measurement could be recorded.
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