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Abstract

:

In this study, the impact of the type of ligand at the surface of colloidal CdSe@CdS dot-in-rod nanostructures on the basic exciton relaxation and charge localization processes is closely examined. These systems have been introduced into the field of artificial photosynthesis as potent photosensitizers in assemblies for light driven hydrogen generation. Following photoinduced exciton generation, electrons can be transferred to catalytic reaction centers while holes localize into the CdSe seed, which can prevent charge recombination and lead to the formation of long-lived charge separation in assemblies containing catalytic reaction centers. These processes are in competition with trapping processes of charges at surface defect sites. The density and type of surface defects strongly depend on the type of ligand used. Here we report on a systematic steady-state and time-resolved spectroscopic investigation of the impact of the type of anchoring group (phosphine oxide, thiols, dithiols, amines) and the bulkiness of the ligand (alkyl chains vs. poly(ethylene glycol) (PEG)) to unravel trapping pathways and localization efficiencies. We show that the introduction of the widely used thiol ligands leads to an increase of hole traps at the surface compared to trioctylphosphine oxide (TOPO) capped rods, which prevent hole localization in the CdSe core. On the other hand, steric restrictions, e.g., in dithiolates or with bulky side chains (PEG), decrease the surface coverage, and increase the density of electron trap states, impacting the recombination dynamics at the ns timescale. The amines in poly(ethylene imine) (PEI) on the other hand can saturate and remove surface traps to a wide extent. Implications for catalysis are discussed.
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1. Introduction


Colloidal semiconductor heteronanostructures, e.g., CdSe@CdS dot-in-rod nanorods (NR), have shown great potential as photosensitizers in artificial water splitting, especially for the hydrogen evolution reaction (HER) [1,2,3,4]. First, upon light excitation, an electron-hole pair is generated. In quasi-type-II NR, i.e., with a CdSe core diameter < 2.8 nm [5,6,7], in the lowest energetic exciton state the hole is confined in the CdSe seed, while the electron is delocalized over the entire rod [8]. This localization of the charge carriers supports exciton dissociation and charge transfer to a catalyst bound to the NR surface, e.g., metal or semiconductor nanoparticles or molecular catalysts [9], mediating the reduction of protons to molecular hydrogen. Further, the localization of the hole in the seed, well separated from the electron accepting catalytic reaction center, supports long-lived charge separation, directly translating into high quantum efficiencies for hydrogen production [4]. For quasi-type-II CdSe@CdS NR functionalized with metal particles at one tip, quantum efficiencies of hydrogen production of several tens of percent to even unity have been reported [1,10,11,12].



Colloidal nanoparticles such as CdSe@CdS NR cannot be considered as purely inorganic materials, as organic surface ligands mediate the growth of the nanostructure during synthesis and remain an essential part of the final structure, stabilizing them in dispersion. For CdSe@CdS NR, the state-of-the-art method for synthesis is the seeded growth approach [13,14], yielding trioctylphosphine oxide (TOPO) capped NR as final product (in this work, LIGAND-NR will be used in short for LIGAND-capped nanorods while LIGAND will always refer to the free ligand). TOPO-NR are dispersible in non-polar organic solvents such as toluene, chloroform, or hexane, but non-dispersible in polar solvents. However, for application as sensitizers in the light-driven HER, nanorods have to be dispersible in water. For this purpose, the ligand sphere on the nanorods has to be exchanged with hydrophilic ligands making the particles dispersible in water [15].



Hydrophilic ligands can be classified by their anchoring group to the NR surface and their hydrophilic segment [16]. A common choice is mercaptoalkanoic acids (MAA), such as the monothiol 11-mercaptoundecanoic acid (MUA), the dithiol dihydrolipoic acid (DHLA), or the amino acid cysteine [17]. These ligands bind to the nanorod surface via their thiol (or, to be more precise, their deprotonated thiolate) group(s), while at neutral and high pH, the negatively charged carboxylate group stabilizes the dispersed particles in water. MAA-NR lose their colloidal stability at low pH, as the carboxylate group is protonated [15,18]. Thus, systems with this type of ligand are suitable only for photocatalytic systems working at pH > 6 as has been shown for CdSe@CdS nanorods decorated with platinum or nickel particles [12,19,20,21,22]. However, some catalysts for the hydrogen evolution reaction such as [FeFe]-hydrogenase-mimics [23,24,25] or certain metal dichalcogenide nanoparticles, e.g., MoS2, [26,27] require acidic conditions for best performance. Accordingly, for use under these conditions, the hydrophilic segment has to be replaced from a carboxyl group to a moiety allowing for dispersibility at acidic pH or, to realize systems with highest flexibility, dispersibility over a wide pH range. An attractive candidate in this respect is a poly(ethylene glycol) (PEG) chain which has been shown to improve water dispersibility irrespective of pH [28,29,30] but which has not found wide use in the context of photocatalysis yet (for a PEG-MAA-NR used in the HER, see [19]). A conceptually slightly different approach is the coating of nanorods with water-soluble amphiphilic polymers such as poly(ethylene imine) (PEI), where the imines both serve as anchor group as well as hydrophilic segment. PEI-coating has already been shown to stabilize quantum dots (QDs) [31,32,33,34,35,36] and NR [19,37] at pH ≤ 7.



Besides mediating the stability in dispersions of various pH, the surface ligands can have severe impact also on electronic properties of the nanostructures, determined by the type of anchoring group. Hence, surface coating can also impact the underlying exciton dynamics in NR. At the surface of the particles, the bonds of the surface forming atoms are not saturated. Intrinsic surface defects such as undercoordinated metal ions, which might act as trap sites for electrons, can be passivated by electron-donating ligands such as TOPO [38]. While thiolate anchor groups act similarly as electron trap passivators, they also introduce trapping sites for holes. In the absence of traps, radiative exciton recombination in the CdSe core occurs efficiently for CdSe@CdS NR. If, however, hole localization to surface trap sites efficiently competes with localization to the CdSe core, a drop in photoluminescence is recorded [38]. Conceptually, this effect could also impact the activity of catalytically active systems, where trapping of charge carriers competes with charge separation and subsequent electron transfer to a catalyst and hole localization to the CdSe core. The effect of surface ligands on photocatalytic efficacy has already been demonstrated: gold-decorated PEI-NR exhibited one (for CdS NR) to two (for quasi-type-II CdSe@CdS NR) orders of magnitude higher photon to hydrogen conversion efficiency than MAA-NR, attributed to enhanced passivation of surface hole traps in PEI-NR [19]. Additionally, in cases where the catalyst domain is not directly in contact with the semiconductor, the choice of the surface ligand can impact and control the distance between the electron accepting catalyst moiety and the sensitizer. It has been observed for CdS nanorods with surface-proximal hydrogenase that the rate of electron transfer and, accordingly, the hydrogen evolution yield decreases with increasing MAA length [39,40], emphasizing that not only the anchoring group has to be taken into consideration in the design of ligand–NR.



Despite these fundamental observations, only very few studies have tried to unravel the exact influence of different surface coating on the elementary photoinduced exciton dynamics of NR. To close this gap, we present a comparative study on the influence of different commonly employed ligands rendering NR dispersible in water (Figure 1) on the optical properties and exciton dynamics of CdSe@CdS NR. The ligands reported here, MUA, poly(ethylene glycol) 2-mercaptoethyl methyl ether (HS-PEG), DHLA, dihydrolipoic acid poly(ethylene glycol) ester (DHLA-PEG), and PEI can be classified by their anchor groups, namely mono-thiols (MUA, HS-PEG), di-thiols (DHLA, DHLA-PEG), and amines (PEI), as well as their hydrophilic segment, namely carboxylate (MUA, DHLA), PEG chain (HS-PEG, DHLA-PEG), and amines (PEI). We investigated NR with a combination of steady-state and time-resolved absorption and photoluminescence spectroscopy to obtain information on exciton localization and relaxation dynamics in these NR. Results obtained with these surface ligands are compared to the benchmark system TOPO-NR, a phosphine oxide, in toluene. As photocatalysis requires sophisticated and optimized experimental protocols, we opted for photoluminescence measurements as an indicator for the efficiency of charge trapping.




2. Results


2.1. Particle Synthesis and Ligand Exchange


The particles were synthesized by the seeded growth approach [13] with CdSe quantum dots with a diameter of 2.2 nm as seed, yielding TOPO-NR of a length of circa 30 nm and a diameter of circa 4.5 nm (for the two batches investigated: 30.2 ± 2.3 nm and 4.6 ± 0.5 nm, and 29.3 ± 2.7 nm 4.3 ± 0.5 nm; Figure S1). The original surface ligands were exchanged following protocols adapted from procedures reported in literature. Exchange with MUA [4], HS-PEG, and DHLA (both modified from [4]) was performed under basic conditions, while DHLA-PEG [41] (as basic conditions could cleave the ligand’s ester bond) and PEI [42] were exchanged under neutral conditions at elevated and room temperature, respectively. Infrared (IR) spectroscopy prior and after exchange was used to infer information on the success of the ligand exchange procedure. Further, information on the ligand’s binding mode to the nanocrystal surface was derived from the IR spectra (Figures S2–S7 and Tables S1–S6). For the monothiols MUA and HS-PEG as well as the dithiols DHLA and DHLA-PEG, compared to the spectrum of the free ligand the weak S-H stretching vibration at circa 2550 cm−1 disappears while the C-S vibration at circa 700 cm−1 upon ligand exchange slightly shifts to lower energies, indicating a weakening of the bond, characteristic for binding to the surface via the deprotonated thiolate [43,44] and indicating a successful ligand exchange. PEI contains multiple primary, secondary, and tertiary amines, most of which are not close to the surface. As such, the IR spectrum of PEI remains largely unaffected by ligand exchange with regards to the energetic position of the vibrations. However, vibrations associated with NH2 and C-NH vibrations (3300 cm−1) as well as multiple vibrations in the fingerprint region are less pronounced for the bound-ligand compared to the free ligand.




2.2. Steady-state UV/Vis Absorption Spectroscopy


First insight on the impact of the ligand sphere on the optical and electronic properties of the NR was gained by steady-state UV/Vis absorption spectroscopy (recorded in toluene for TOPO-NR and water for NR capped with all other ligands). In Figure 2a, spectra of NR with various surface ligands are shown. The absorption spectrum of all NR is characterized by different lowest exciton transition between valence and conduction band levels localized in the CdSe core and different compartments of the CdS shell (Table 1) [45]. A quantitative assignment of different transition was performed on the basis of a five-Gaussian fit of the absorption spectrum (Figures S9–S14 and Table S7). The features at 2.66 and 2.73 eV correspond to the CdS rod based 1Σ (1σe-1σh) and 1Π (1πe-1πh) exciton transitions, while the broad, low-intensity feature at 2.46 eV is due to the absorption of the CdS shell directly surrounding the CdSe seed (subsequently referred to as “bulb” region) [45,46]. Similarly, CdSe seed absorption can be seen at 2.22 eV. A broad absorption band centered at circa 3 eV is assigned to higher lying transitions, entering a continuum.



Subtle differences between the exact positions of the excitonic peaks between the NR with varying surface ligands can be observed. Notably, all absorption features associated with the first excitonic CdS absorption in PEI-NR are shifted towards higher energies by 10–20 meV compared to TOPO-NR, whereas NR with other ligands show no remarkable shift, indicating no impact on the electronic and structural integrity of the nanostructure. Similarly, the CdSe seed absorption is blue-shifted by 20 meV for PEI-NR as well as DHLA-NR, while other ligands blue-shift the absorption by only 10 meV or less.




2.3. Photoluminescence Spectroscopy


Even more pronounced shifts in the peak positions can be observed in the photoluminescence spectra (Figure 2b). For TOPO-NR, excitation at 3.1 eV (400 nm), i.e., the CdS rod, results in photoluminescence peaking at 2.16 eV, which corresponds to emission from the band-edge excitonic state of CdSe. For MUA-NR, HS-PEG-NR, and DHLA-NR, the spectral shape and peak position of photoluminescence remains largely unaffected. PEI-coating, on the other hand, hypsochromically shifts the photoluminescence peak by 30 meV to 2.14 eV, while DHLA-PEG-NR exhibit a bathochromic shift of the photoluminescence peak by circa 30 meV. It is noteworthy that for the two different batches DHLA-PEG-NR investigated in this report, the photoluminescence spectrum differs considerably between the batches. For both batches, however, the photoluminescence spectrum is bathochromically shifted (Figure S13).



To further quantify the changes in their emissive behavior, photoluminescence spectra of the NR were reconstructed using two Gaussians which described the shape of the photoluminescence spectra adequately. Photoluminescence spectra were converted to line-shape spectra to allow a quantitative discussion of excited state populations [48]. Spectra of TOPO-NR, MUA-NR, HS-PEG-NR, and DHLA-NR could be described by two Gaussians centered at 2.17 and 2.13 eV, respectively (Figures S9–S14 and Table S8). For PEI-NR, both Gaussians were indeed blue shifted by circa 30 meV (to 2.20 and 2.15 eV), while DHLA-PEG-NR exhibit a redshift by 20 meV (to 2.16 and 2.10 eV). Notably, Gaussians fits for all samples resulted in the same full-width half maxima (FWHM) of ≈100 and ≈140 meV for both Gaussians. The band edge photoluminescence spectrum of the CdSe QDs used as seeds in the NR synthesis can equally be fitted using two Gaussians with very similar FWHM (centered at 2.47 and 2.42 eV, Figure S15), indicating that this is an intrinsic property of the CdSe core. While it cannot be ruled out that this observation stems from a polydisperse distribution of QD sizes, previous reports on CdS and CdSe QDs also noted that the (steady state or time-resolved) photoluminescence spectrum can be described by two or more Gaussians: the high-energy band is then attributed to photoluminescence from the band edge [49,50,51,52], whereas the origin of the broader low-energy emission has been attributed to either “charged excitons”, i.e., trions [49,50,53], or shallow trap-state emission [51,52]. While it is outside the scope of the report at hand to unravel the photophysics of the multimodal photoluminescence, it can be stated that ligand exchange does not change the energetic difference between the states involved. The ratio of the areas under the two curves (defined as the ratio of the high energy to low energy emission curve), on the other hand, revealed a minor trend: while for TOPO-NR, it amounts to circa 1.25, MUA- and PEI-NR exhibited a minor increase (to circa 1.5), while all other samples were in the order of 1.15 or, as was the case for DHLA-PEG-NR, unity. The apparent shift of the photoluminescence maximum can then be explained by the different weights of the two photoluminescent states to the entire photoluminescence spectrum. These results indicate gradual changes of density of hole and/or electron trapping sites depending on the surface functionalization.



Trends were also recorded in the photoluminescence quantum yield upon excitation at 2.76 eV (450 nm) ΦPL,450, which was recorded as absolute yields using an integrating sphere as other authors recommended for scattering NR solutions [54]. For TOPO-NR, a moderately high ΦPL,450, =0.58 ± 0.09 was recorded. For both MUA-NR and HS-PEG-NR, a huge drop in the photoluminescence quantum yield to ΦPL,450, ≈0.2 was observed. PEI coating significantly increased ΦPL to near unity, while a diametrically opposite behavior, i.e., a nearly complete quenching (ΦPL,450, ≈0.05) of photoluminescence, was observed for DHLA- and DHLA-PEG-NR. The photoluminescence quantum yield is, generally, defined as the ratio of the emissive rate constant and the sum of non-emissive and emissive rate constants, hence represents the weight of radiative recombination of excitons compared to all deactivation processes. Additionally, excitation at 450 nm mainly generates CdS localized excitons. The hole subsequently localizes into the CdSe core (competing with charge trapping to surface sites) and, finally, radiative exciton recombination in the core occurs (competing with intrinsic non-radiative processes such as Auger recombination) [5,55]. Thus, one can define the observed ΦPL as
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(1)




with the rate of hole localization kloc, rate of trapping ktrap, the emissive and non-emissive rate of the CdSe core krad and knonrad, and the respective hole localization efficiency Φloc and intrinsic radiative yield Φrad for an exciton localized in the CdSe seed. ΦPL is accordingly a measure for the efficiency of localization of the exciton to the CdSe core [5] (or, inversely, for trapping of charge carriers) and the efficiency of localization in the CdSe core can be determined if Φrad is known. One can get a rough estimate of Φrad by measuring the photoluminescence quantum yield upon direct CdSe core excitation. We recorded ΦPL upon excitation at 2.48 eV (500 nm), the onset of CdS absorption, in order to record a full CdSe photoluminescence spectrum, and which is already close enough to pure CdSe absorption to potentially see an effect [5,54]. For all samples except PEI-NR, an increase in ΦPL upon excitation at 500 nm was recorded, while for PEI-NR, it remained unchanged (Table 1). Assuming under these conditions Φloc = 1, then ΦPL equals Φrad, and localization efficiency Φloc for 450 nm excitation can be estimated (Table S9). It is highest for PEI-NR (circa 1.0) and TOPO-NR (0.75), smaller for MUA- and HS-PEG-NR (both circa 0.5) and smallest for DHLA- and DHLA-PEG-NR (circa 0.25).



Following the assumptions above, ΦPL,500 represents the intrinsic radiative rate Φrad. This intrinsic yield also depends on the type of surface ligand: it can be seen that non-radiative decay processes gain weight when exchanging TOPO with thiols. This effect is most pronounced for the dithiols. Addition of the bulky PEG-moiety leads to (at least for the monothiols) a further reduction of ΦPL. PEI-NR, on the other hand, show the highest contribution of radiative decay expressed in the highest ΦPL,500. In these results, gradual changes of density of hole and/or electron trapping sites depending on the surface functionalization is also reflected.



The recorded trends can be explained by regarding the bonding modes and surface coverage with the various ligands investigated. Thiolates can be either classified according to Green’s covalent bond classification scheme [56,57,58] as an X-type ligand or, due to their three electron lone pairs, as a σ- and π-donating ligand [38]. On a CdS nanocrystal surface, they have two counteracting effects: First, they passivate undercoordinated Cd2+, i.e., with a coordination number below four, located on the surface, which would act as electron traps [59]. While this should result in an increase in ΦPL, the two additional lone pairs act as hole traps on the surface, ultimately diminishing ΦPL due to the lower localization efficiency [38]. The decrease in intrinsic radiative yield observed for MUA-NR most likely is dominated by hole trapping. For HS-PEG-NR, a second effect comes into play, which is the bulkiness of the PEG-moiety. This limits the number of surface ligands bound to the surface [60] and leads to an increasing ratio between electron traps due to undercoordinated Cd2+ and hole traps induced by the thiolate group binding to the surface. This leads to a further decrease in ΦPL500.



For the dithiolates DHLA and DHLA-PEG, the situation is seemingly more complex. Notably, DHLA-NR and DHLA-PEG-NR differ in their emission spectrum: While DHLA-NR emits similar to MUA- or TOPO-NR, DHLA-PEG-NR’s emission is significantly red-shifted. The cause for this can be found in their ligand exchange protocols: while DHLA-NR was synthesized at basic conditions (as MUA-NR and HS-PEG-NR), DHLA-PEG-NR had to be synthesized at neutral conditions at elevated conditions, as basic conditions would cleave the ester bond present in the ligand. Performing DHLA ligand exchange also under neutral conditions at elevated temperatures yielded DHLA-NR which also emitted red-shifted (Figure S16). Possibly, the different surface treatment conditions lead to different surface passivations in the samples. However, this does not significantly affect the emission quantum yield. The lower quantum yields and rod-to-seed localization efficiencies in the dithiolates, in a very rough estimate, could be explained by “double” the amount of hole traps on the surface, due to two HS-binding groups per ligand, which also halves Φloc compared to the mono-thiolates investigated. Furthermore, for binding of dithiolates, two neighboring binding sites are necessary [44,61], adding constraints to the coverage of the surface. This leads to an increasing amount of electron trapping sites. These constraints might also be the reason that the surface coverage of the sterically demanding DHLA-PEG, similar to HS-PEG, does not significantly impact ΦPL compared to DHLA.



PEI-NR behave qualitatively different from the other investigated ligands, as they show not only an enhancement of ΦPL and Φloc to near unity, but also a hypsochromic shift of both absorption and photoluminescence by 20 meV. Notably, this shift also includes the exciton absorption related to the CdSe core. While previous studies on alkylamine-capped CdSe quantum dots assigned these changes to etching of Cd surface atoms, a recent report by Morgan and Kelley proposed that amines do not merely passivate surface atoms, but shifts the energetic levels of both valence and conduction band, making hole traps inaccessible [62]. This results in the blue-shift of absorption and emission and a near-unity photoluminescence.



If varying trap state densities interfering with radiative recombination of band-edge states are indeed the source of the observed effects, this should also be reflected in the photoluminescence decay kinetics. The temporal emissive behavior of the NR was probed in more detail by time-resolved photoluminescence spectroscopy (Figure 3). The photoluminescence decay, describing the radiative exciton recombination kinetics, of TOPO-, MUA-, and PEI-NR, could be well described by a monoexponential decay with a single time constant in the order of 20 ns. Rate constants of radiative recombination have been calculated on the basis of Equation (1). For TOPO- and PEI-NR, krad is in the order of 4 × 1011 s−1, implying only minor changes in the electronic structure of the samples. On the other hand, it decreases to 1.9 × 1011 s−1 for MUA-NR. It has been noted that localized trap states lead to reduced radiative rates in CdSe@CdS QDs [63]. As has been discussed above, MUA-capping leads to hole-trap surface states, which then reduces the radiative rate of recombination.





[image: Catalysts 10 01143 g003 550] 





Figure 3. Time-resolved photoluminescence decay of samples investigated measured in toluene (TOPO-NR) or water (all other samples). The solid line represents a mono- or biexponential fit of the data (dots), respective fit parameters are summarized in Table 2. 
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Table 2. Time-resolved photoluminescence spectroscopy on NR with different surface ligands. Time constants were obtained via a mono- or biexponential fit. For the biexponential fits, the amplitudes of the respective component are indicated. Additionally, the rate of radiative recombination krad, which was calculated from Equation (1) using τ2, is also given.






Table 2. Time-resolved photoluminescence spectroscopy on NR with different surface ligands. Time constants were obtained via a mono- or biexponential fit. For the biexponential fits, the amplitudes of the respective component are indicated. Additionally, the rate of radiative recombination krad, which was calculated from Equation (1) using τ2, is also given.





	Sample
	τ1/ns
	A1
	τ2/ns
	A2
	krad/1011 s−1





	TOPO-NR
	-
	-
	19.7 ± 0.4
	-
	3.9 ± 0.2



	MUA-NR
	-
	-
	25.0 ± 0.3
	-
	1.9 ± 0.1



	HS-PEG-NR
	0.9 ± 0.2
	0.31 ± 0.14
	18.0 ± 2.0
	0.69 ± 0.14
	2.2 ± 0.4



	DHLA-NR
	0.8 ± 0.3
	0.43 ± 0.03
	8.4 ± 2.5
	0.57 ± 0.03
	1.8 ± 0.8



	DHLA-PEG-NR
	0.6 ± 0.2
	0.64 ± 0.05
	7.5 ± 1.1
	0.36 ± 0.05
	2.8 ± 0.7



	PEI-NR
	-
	-
	20.1 ± 0.4
	-
	4.3 ± 0.2








For HS-PEG-NR, the monoexponential decay changes to a biexponential model with a sub-ns and an 18 ns lifetime. The changed photoluminescence decay kinetics compared to MUA-NR can stem from incomplete surface coverage of ligands: Potentially, the PEG chains prohibit full surface coverage due to steric inter-ligand hindrance, leading to undercoordinated Cd atoms on the surface. This introduces surface electron traps, ultimately changing the exciton recombination kinetics. For sub-2-nm CdSe QDs, it has been shown that less than 4 PEG molecules per QD adsorbed to the surface [60] (it has to be noted that the ligand exchange protocol differs from the one used in the report at hand). The longer lifetime, on the other hand, represents the exciton recombination dynamics similar to MUA-NR (with a similar krad = 2.2 × 1011 s−1).



DHLA- and DHLA-PEG-NR also followed a biexponential decay, which compared to MUA is accelerated with a sub-nanosecond and a 7 ns component. It is noteworthy that both DHLA- and DHLA-PEG-NR, as well as the two different batches of DHLA-PEG-NR, decay near identically, despite their different steady-state photoluminescence spectra. Similar to HS-PEG-NR, the biexponential decay can be explained on the basis of incomplete surface coverage inducing electron trapping sites. It is widely assumed that using DHLA as an anchoring group leads to reduced surface coverage compared to structurally similar MAA (circa 25 % for 4.5 nm CdS QD [44]) and DHLA could either bind to two separate Cd surface atoms or act as a chelating ligand with both thiolates binding to the same Cd atom [44,61]. It is feasible that exchange with DHLA leads only to a partial coverage of the surface, nevertheless with the additional thiolate (compared to e.g., MUA) acting as an additional hole trap decreasing τ2. In fact, it has been shown that treatment of ZnSe@CdS QDs with H2S changes the photoluminescence decay from a mono- to a biexponential decay (in addition to pronounced photoluminescence quenching) [64], with adsorbed S2–, SH–, or H2S as hole traps. DHLA could induce similar changes. For both samples, krad is nearly unchanged from the monothiolate ligands, indicating an increase of non-radiative deactivation pathways. Taking these effects together it is feasible to assume these are related to the increased amount of hole and electron traps on the surface [60].




2.4. Transient Absorption Spectroscopy


The data collected so far indicates that ligand-induced surface traps mediate surface-located trap states, which influence the radiative exciton recombination dynamics on a nanosecond-timescale. However, it only partially sheds light on the different localization efficiencies between samples. As charge localization occurs on a sub-nanoseconds timescale [46], transient absorption spectroscopy was employed to deliver information on the temporal evolution of excitons generated by excitation of electrons to the CdS and CdSe conduction band levels [65], helping to identify ligand-induced changes on the exciton relaxation and localization and trapping processes. The excitation wavelength was set to 390 nm, directly exciting mainly the CdS and to a lesser extent the CdSe domain (with a power density small enough to generate one exciton per NR or less) and the sample was probed with a white light continuum spanning from 3.54–2.33 eV (350 nm to 700 nm) up to a delay time of 1700 ps.



Qualitatively, the transient spectra for all NR evolve similarly (Figure 4a shows transient spectra recorded for TOPO-NR at different delay times, representations for all NR see Figures S17–S22). Transient spectra obtained few hundreds of femtoseconds after excitation are characterized by a sharp negative feature peaking at 2.68 eV (by comparison with steady-state absorption spectra assigned to a bleach of the CdS exciton transition), a broad bleach feature centered at 2.21 eV (assigned to the bleach of the CdSe exciton transition) and a slightly positive feature at 2.57 eV, due to the presence of hot excitons generated in the nanorod upon excitation into higher excitonic transitions at 390 nm [45,66]. Within the first picosecond, the amplitudes of both bleach features grow, i.e., become more negative, the positive feature at 2.57 eV vanishes and becomes negative, and a positive excited state absorption feature rises at 2.90 eV instead, which is induced by interaction of the S(e)1S3/2(h) exciton with other exciton bands, inducing a red-shift of these transitions [66,67]. Additionally, a broad, minute positive amplitude was recorded for probe photon energies lower than 2.1 eV (600–750 nm, Figure S23), which builds up within the first ps. Previous studies attributed this spectral feature to the dissociation of excitons into electrons and holes with subsequent trapping of holes on the surface [46,68,69]. The subsequent behavior is characterized by the decay of the CdS bleach feature, accompanied by a small red-shift of the spectral position of the minimum of circa 50 meV, and the decay of the CdSe bleach feature, accompanied by a small blue-shift of the minimum of circa 30 meV. Both bleach features do not fully decay until the end of the temporal detection window employed (limited by the mechanical delay stage). Transient spectra recorded for the different NR are comparable with respect to the spectral evolution and position of bleach minima, with the exception of PEI-NR, which exhibits a blue shift of both CdS and CdSe bleach of circa 30 meV, in accordance with the shift observed in the steady-state absorption spectrum.



A global fit of the transient absorption data delivers a quantitative basis for the subsequent discussion. Since it is known that the features associated with CdS and CdSe decay with different characteristic time constants, the energy ranges of 2.48–2.95 eV (corresponding to a wavelength range of 420–500 nm) and 1.97–2.34 eV (530–630 nm) were fitted separately. For all NR, four time constants and an offset were needed to describe the excited CdS decay (420–500 nm) while the number of components varied for global fitting of the spectral region of CdSe bleach, yielding three time constants for DHLA- and DHLA-PEG-NR and four for the remaining samples (Table 3). In the following, the decay associated spectra DAS(τn), indicating the spectral changes associated with τn, and the respective processes will be discussed.



DAS(τ1,CdS) is characterized by a strong positive band at 2.70 eV for all samples, describing the fast sub-picosecond (limited by the temporal resolution of the measurement setup) build-up of the CdS bleach signal. Additionally, a negative amplitude, indicating a rise of the positive signal with the associated time constant, was found at 2.93 eV, the edge of the spectral window used in the fitting procedure. These changes represent the relaxation of “hot” excitons formed upon photoexcitation to the band edge on a sub-picosecond time scale, populating the 1σ level [5,45,66]. This is visible as a build-up of both the CdS and also the CdSe bleach features. The respective DAS(τ1,CdSe) is characterized by a positive amplitude centered at circa 2.2 eV, indicating bleach formation. The CdSe bleach build-up occurs more slowly than the CdS one (τ1,CdS ≤ τ1,CdSe). This is because of an additional process contributing to the formation of the bleach signal, i.e., the localization of excitons from the CdS shell into the CdSe core due to the quasi-type-II band alignment of the NR investigated, which routinely occurs on a sub-ps to circa 10 ps timescale [10,45,70,71]. Due to similar spectral changes associated with the processes, this process was not discriminated from the hot exciton relaxation process in the fit of the CdSe band, but is represented in DAS(τ2,CdS). This process occurring with time constants τ2,CdS in the range of 1–3 ps for all samples exhibits a sigmoidal shape with a slightly positive amplitude at 2.64 eV and a broad, negative amplitude at circa 2.77–2.80 eV: These changes describe the bleach recovery associated with the relaxation of an exciton generated in the CdS rod to form excitons localized in the CdSe seed driven by the localization of the generated hole in the CdSe seed [45,67,72], while the formation of a negative amplitude at 2.64 eV is associated with the localization of electrons close to the CdS bulb region [46], for which the bandgap is slightly reduced [72].



Parallel to the initial CdS and CdSe bleach formation processes formation of a broad positive amplitude for probe photon energies lower than 2.1 eV (Figure S23), indicative of surface trapping of holes [46,68,69], is observed. This process exhibits a minor ligand-dependence: for all thiol-based ligands, the risetime is in the order of 0.3 ps and below, while TOPO- and PEI-NR exhibit slightly higher risetimes (0.8 and 0.5 ps, respectively). In general, electron localization is driven by prior hole localization: holes trapped to surface sites will prohibit hole-localization-driven electron localization in the seed and effectively keep electrons localized in the rod. Both processes, driven by Coulombic interactions, occur in parallel. Accordingly, the time constant τ2,CdS observed for rod to seed localization should be independent of the presence of surface hole traps, in good agreement with the findings described above. For the thiolate-based systems, this process is significantly slowed down compared to TOPO-NR, possibly related to the different solvents (water and toluene, respectively) used: the more polar the solvent, the slower charge separation and localization occur in NR [73]. For PEI-NR, this process occurs on a similar timescale as for TOPO-NR, probably related to the different electronic structure induced by the ligand, negating the solvent effect.



Nevertheless, the efficiency of electron localization to the seed region is directly affected by the presence of hole traps at surface sites, expressed in the efficiency of hole localization Φloc. The trend derived from the photoluminescence quantum yields can also be found in the results from transient absorption spectroscopy. A quantitative measure for hole localization in the seed is the relative contribution of the localization component (represented by the relative integrated amplitude of DAS(τ2,CdS)) compared with the remaining three DAS describing CdS rod decay (a conceptually similar approach can be found in ref. [46]). For TOPO- and PEI-NR, this value is in the order of 0.25, whereas it amounts to ~0.10 for all other systems (Figure S24). Notably, these values differ from the localization efficiencies derived from the photoluminescence quantum yield measurements. It has to be emphasized that Φloc is not a sole measure of exciton localization, but is affected by hole and electron trapping, whereas the value derived from the transient absorption measurement is only sensitive to electrons which localize strongly to the CdSe core (which is also affected by sample homogeneity [45,46]) and only an indirect measure of hole localization (or trapping). Still, the trend of lower localization in the thiolate-based ligand system remains visible also with this approach.



After the initial 10 ps, decay of signal amplitudes can be observed for the entire spectral window. Residual decay of CdS rod bleach at delay times > 10 ps, could be well described by two time constants and an offset spectrum. Corresponding DAS are spectrally very similar with negative amplitudes at 2.71 and 2.70 eV for all NR except PEI-NR, for which these features are blue-shifted by circa 30 meV in agreement with the positions in the ground state absorption spectra. These decays describe intrinsic decay processes such as recombination processes between holes and electrons involving holes trapped on the surface or the CdS rod [46,68,74,75]. Further, processes involving trapping of electrons at the surface opening additional decay pathways can contribute to this signal decay, if respective trap sites are available in the structures [76]. The kinetics of CdS bleach recovery are not pronouncedly different between samples with the exception of PEI-NR, where it occurs faster. It has been noted that in CdSe@CdS NR, rod-to-seed localization of electrons completes within 100 ps after photoexcitation [46]. As the hole localization efficiency Φloc is near unity for PEI-NR, the reason for the fast rod bleach recovery might lie in the efficient charge carrier localization to the seed.



Similarly complex decay dynamics are observed for the CdSe bleach recovery of the initially relaxed exciton which can be described by two (DHLA- and DHLA-PEG-NR) or three (all other samples) decay times. Again, the DAS associated with the time-constants are very similar to each other. Knowles et al. have described complex radiative and non-radiative recombination channels in pure CdSe QDs with time constants very similar to those found in our system [76]. CdSe bleach recovery is then associated with competing processes of radiative recombination with hole trapping (for sub-100 ps processes) or electron trapping (for slower processes). The absence of the τ2,CdSe-process in the analysis of the DHLA-based systems could be then rationalized that very efficient and quantitative hole trapping on the sub-100 ps timescale efficiently inhibits radiative recombination, which would contribute to the CdSe bleach recovery. A DAS(τ2,CdSe) for these systems would then only contribute to the bleach recovery with a minute amplitude, which the global analysis of the data might not catch. CdSe bleach recovery continues on a timescale of nanoseconds, due to the radiative and non-radiative recombination of electrons and holes, which is reflected in the time-resolved photoluminescence measurements (vide supra).





3. Discussion


In this report, ligands with commonly employed anchor groups, namely mono-thiols, di-thiols, and imines, and hydrophilic segments with different steric demands (carboxylates and PEG) were investigated with regards to their impact on the photophysics of the NR. Particular emphasis was laid on trapping of charge carriers generated upon photoexcitation. Main results are summarized in Figure 5.



Surface ligands can impede charge carrier localization to the CdSe core. Photoinduced rod-to-seed localization of charge carriers is a fast process in NR, occurring within several picoseconds, and efficient rod-to-seed localization has been found to be a key parameter determining catalytic efficiency in systems building on seeded NR [4]. From excitation wavelength dependent photoluminescence quantum yield measurements, we could infer that trapping of holes on the surface efficiently competes with hole localization in mono- and dithiolate-NR, with trapping efficiencies of circa 0.5 and 0.75, respectively. PEI-coating, on the other hand, passivates the surface and changes the electronic structure of the NR that hole-traps are not accessible anymore, giving access to a rod-to-seed localization efficiency of nearly unity. Comparison of the relative amplitudes of the hole-localization driven electron rod-to-seed localization in transient absorption measurements were in good agreement with this finding. Hole localization in the seed in metal tipped seeded NR was shown to improve excited state lifetime [77], which correlates with improved photon-to-hydrogen conversion efficiencies [4]. In line with this, thiolate-NR showed significantly lower catalytic efficiencies compared to, for instance, PEI-NR [19].



Disorder in the ligand shell can be the source of additional electron trap states. Generally, the MAAs investigated behaved nearly identical compared to their PEG-analogues in terms of photoluminescence quantum yield and charge localization efficiency. However, some distinct changes in the photoluminescence decay, which is an indicator for the radiative recombination of the core-localized exciton on the nanosecond timescale, were recorded. While MUA-NR exhibited a monoexponential decay, it changed to a biexponential emission decay for HS-PEG-NR. This finding was rationalized on the basis that bulky PEG-chains inhibit high surface coverage of the NR with ligands, leaving surface Cd atoms undercoordinated, which then serve as electron trapping sites. Similarly, the sterically demanding DHLA binding group also introduces electron traps, changing the emission decay to a biexponential process, as well as additional hole traps, which reduce the lifetime of the exciton. The intrinsic rate of radiative recombination is, however, the same between all thiolate samples, but reduced compared to TOPO- and PEI-NR.



Low surface coverage could be battled by careful choice of the parameters (notably temperature, solvent, or concentration) during the ligand exchange procedure. A recent report on CdSe@CdS QDs demonstrated how careful calibration of a ligand–composite system (namely oleic acid and an alkyl phosphine) can be used to induce order in the ligand sphere, increasing photoluminescence [78]. Similar approaches might be applicable to increase order in the ligand sphere of PEG-ligand systems, resulting in less surface electron traps. As electron trapping occurs on a nanosecond and slower timescale, these become in particular important when coupling NR to molecular catalysts such as hydrogenases, where electron transfer to the catalytic center occurs on a tens of nanosecond timescale [79] and trapping of electrons can block the transfer to a catalytic reaction center [80].



Implications for photocatalysis. These findings illustrate that the choice of the surface ligand should be considered with care in the design of assemblies for light-driven catalysis. In short, surface ligands impact the charge localization processes in NR drastically: thiolates induce hole traps, impacting sub-10-picosecond processes, and competing with the rod-to-seed localization, while bulky, sterically demanding ligands induce electron trapping sites due to undercoordinated Cd atoms, impacting the exciton recombination kinetics on a nanosecond timescale, possibly competing with electron transfer processes in this time range. Additionally, but not regarded in this report, not only surface coverage, but also length of the hydrophilic chain is known to negatively impact the electron transfer rate to a surface-proximal molecular catalyst [39,40].



Thus, NR with none or only a few surface traps (both hole and electron traps) seem to be desirable. However, this might not be universally true. While in the study at hand, DHLA-based systems showed the highest hole-trap efficiency and considerable electron traps, DHLA-capped CdSe QDs have already shown excellent photon-to-hydrogen yields in the order of several tens of percent [3,81,82]. Hence, under certain circumstances, surface trapping of charges can also support the desired function and increase their availability to surface-proximal catalytic centers and/or hole scavengers. A similar concept has recently been introduced as trap-state mediated charge transfer [83,84]. Thus, deciding on an optimal surface ligand is a sophisticated task and affords detailed knowledge on the function determining mechanistic steps and the impact of the ligand on these.




4. Materials and Methods


Chemicals and reagents. All chemicals and solvents were purchased from Sigma Aldrich (Merck KGaA, Darmstadt, Germany) except octadecylphosphonic adid (ODPA) were purchased from Carl Roth GmbH + Co. KG (Karlsruhe, Germany) and used without any further purification. All solvents were of spectroscopic grade.



Synthesis of CdSe seeds. Synthesis of the CdSe seed was adapted form a literature-known procedure [14]. A 25-mL-three-neck-flask was filled with 3.00 g trioctylphosphine oxide (TOPO), 0.28 g octadecylphosphonic adid (ODPA), 0.06 g CdO. The synthesis was conducted under constant stirring and an inert atmosphere if not indicated otherwise. The flask was heated up to 80 °C to melt the chemicals and evacuated to get rid of the water content in the chemicals. Once no more gas emerged from the solution, the flask was heated to 120 °C and kept evacuation for 30 min. After that, the flask was purged with N2. The flask was then heated to 320 °C, upon which the solution turns colorless due to the complexation of Cd-ODPA, and then cooled down to 120 °C. Then a vacuum was applied until gas formation in the reaction mixture stopped to get rid of the water which is a side product of the complexation of Cd-ODPA (at least 2 h). Then, the flask was purged with N2 again and heated up to 340 °C. Next, 0.058 g Se dissolved in 0.36 g trioctyl phosphine (TOP) were injected. After the injection, the heating was immediately stopped, and the flask was cooled down by N2 airflow to accelerate the cooling speed. After the temperature of the mixture was cooled down to 90 °C, 5 mL of toluene was injected into the mixture. The seeds were cleaned by centrifugation with 10 mL toluene in 10 mL methanol for five times and then dissolved in toluene. The diameter of the CdSe quantum dots was determined from the energetic position of the lowest energy absorption peak [85] to be 2.2 nm.



Synthesis of TOPO-NR. TOPO-NR were synthesized following protocols reported in literature [13]. A 25-mL-three-neck-flask was filled with 3.35 g trioctylphosphine oxide (TOPO), 1.08 g octadecylphosphonic acid (ODPA), 0.207 g CdO, and 0.06 g n-propylphosphonic acid (PPA). The synthesis was conducted under constant stirring and an inert atmosphere if not noted otherwise. The flask was heated up to 80 °C until the reaction mixture melted and evacuated to remove residual water from the mixture. Once gas formation stopped, the flask was heated to 120 °C and kept evacuated for 30 min. After that, the flask was flooded with N2. The flask was then heated to 320 °C, upon which the solution turns colorless due to the complexation of Cd-ODPA, and then cooled down to 120 °C. Next, a vacuum was applied until gas formation in the reaction mixture stopped (at least 2 h) to remove water, which is a side product of Cd-ODPA complexation. Then, the flask was flooded with N2 again and heated up to 340 °C. Next, 1.5 g TOP and 0.05 g sulfur dissolved in 0.60 g TOP were injected. After 20 s, 2 mg of CdSe seeds (diameter = 2.2 nm) dissolved in 0.5 g TOP were injected. The reaction was allowed to stir for 10 min until the color of the solution turned from red to orange. 5 mL of toluene was injected into the mixture once the temperature dropped below the flashing point of toluene to stop solidification of the mixture. After precipitated by 10 mL methanol, rods were cleaned by centrifugation with 6 mL n-hexane, 2 mL nonanoic acid, and 2 mL octylamine in 10 mL methanol five times. Next, the size of the rods was excluded by centrifugation at 4200 rpm for 30 min with 10 mL toluene and 8 mL isopropanol to obtain rods with lengths of circa 30 nm. This was repeated two times in total. The NR were then dispersed in toluene for further investigation.



We synthesized two batches of TOPO-NR with a length of 30.2 ± 2.3 nm and 29.3 ± 2.7 nm, respectively, as determined by transmission electron microscopy (TEM) and a diameter of 4.6 ± 0.5 nm and 4.3 ± 0.5 nm, respectively. (Figure S1). The size distribution of the NR (length, width) from TEM images were determined using ImageJ 1.52a [86].



Ligand exchange with 11-mercaptoundecanoic acid (MUA). Ligand exchange with MUA was performed following a protocol described by Amirav and Alivisatos [4]. 250 mg MUA were dissolved in 25 mL methanol and tetramethylammonium hydroxide pentahydrate was added until the solution reached pH 11 (circa 200 mg). 20 mg TOPO-NR (dried from its toluene solution under vacuum) were added into this mixture and stirred for 2 h. When the NR were fully dispersed, approximately 35 mL of toluene was added as non-solvent until NR precipitated. The mixture was then centrifuged at 6000 rpm for 20 min, the supernatant discarded, and the precipitate was redispersed in degassed water.



Ligand exchange with poly(ethylene glycol) 2-mercaptoethyl methyl ether (HS-PEG-OCH3). The ligand exchange procedure for HS-PEG-OCH3 was similar to MUA (vide supra). 50 mg HS-PEG-OCH3 (Mn ≈ 800 g mol−1, equal to roughly 18 repeating units) were dissolved in 5 mL methanol and tetramethylammonium hydroxide pentahydrate was added until the solution reached pH 11 (circa 200 mg). 4 mg TOPO-NR were added into this mixture and stirred for 2 h at room temperature. Different from the ligand exchange protocol for MUA, the mixture was then transferred into a centrifugation tube with a filter (Vivaspin 20 centrifugal concentrator with a membrane made of polyethersulfone with 10,000 molecular weight cut off) and then centrifuged at 6000 rpm for 20 min. The precipitate was redispersed in 5 mL methanol and centrifuged again under the same conditions. This was repeated three times in total. The precipitate was finally dispersed in degassed water.



Ligand exchange with dihydrolipoic acid (DHLA). The ligand exchange procedure for DHLA was similar to MUA (vide supra). 50 mg DHLA were dissolved in 5 mL methanol and tetramethylammonium hydroxide pentahydrate was added until the solution reached pH 11 (circa 200 mg). 4 mg dry TOPO-NR were added into this mixture and stirred for 2 h at room temperature. The mixture was then transferred into a centrifugation tube with a filter (Vivaspin 20 centrifugal concentrator with a membrane made of polyethersulfone with 10,000 molecular weight cut off) and then centrifuged at 6000 rpm for 20 min. The precipitate was redispersed in 5 mL methanol and centrifuged again under the same conditions. This was repeated three times in total. The precipitate was finally dispersed in degassed water.



Synthesis of dihydrolipoic acid–poly(ethylene glycol) ester (DHLA-PEG). Synthesis of DHLA-PEG followed a literature-known protocol by Uyeda et al. [41]. In short, poly(ethylene glycol) (PEG) (40g, Mn ≈ 400 g mol−1, equal to roughly 9 repeating unit) was attached onto lipoic acid (LA) (2.06 g, using a dicyclohexylcarbodiimide (DCC) (2.27 g) mediated esterification reaction with 4-(dimethylamino)-pyridine (DMAP) (0.37 g) as catalyst in dichloromethane (DCM, 100 ml) to obtain lipoic acid–poly(ethylene glycol) ester (LA-PEG). The precipitate that formed was filtered over a plug of Celite (SERVA Electrophoresis, Heidelberg, Germany) and the residual organic mixture washed with brine (75 mL) for three times to remove excess PEG. The combined organic extracts were dried over MgSO4, filtered, and evaporated. The crude product was dissolved in DCM, purified by chromatography (ethyl acetate/methanol 95:5) and DCM was evaporated to obtain LA-PEG as a yellow oil. The reduction reaction was performed by adding NaBH4 (0.083 g) into LA-PEG (1.21 g) in a 1:4 ethanol/water solution. To get pure DHLA-PEG, column chromatography (ethyl acetate/methanol 90:10) was applied and the residual solvent was evaporated.



Ligand exchange with dihydrolipoic acid–poly(ethylene glycol) ester (DHLA-PEG). For the ligand exchange, 50 mg DHLA-PEG was dissolved in 5 mL methanol and 4 mg dry TOPO-NR were added. The mixture was heated at 50 °C for 4 h under constant stirring. As DHLA-PEG-NR were dispersible in both polar and nonpolar solvents, the sample was purified three times using a centrifugal at 6000 rpm for 15 min. The precipitate was redispersed in degassed water.



Ligand exchange with hyperbranched poly(ethylene imine) (PEI). The ligand exchange with PEI followed the protocol developed by Thomas Nann for TOPO-capped CdSe@ZnS quantum dots [42]. 4 mg dry TOPO-NR and 50 mg hyperbranched PEI (Mn = 25000 g mol−1) were dispersed in 5 mL CHCl3. The mixture was stirred for 4 h followed by adding 10 mL cyclohexane to precipitate the NR. The precipitate was collected by centrifugation at 6000 rpm for 15 min and redispersed in degassed water.



Steady-state absorption spectroscopy. Absorption spectra were recorded in a quartz cell (d = 1 cm) using a JASCO V780 UV-Visible/NIR spectrophotometer (JASCO GmbH, Pfungstadt, Germany). All measurements were performed in a wavelength range of 200 nm to 800 nm. A cuvette with pure solvent was always measured as a reference.



Absorption coefficients ε ere estimated on the basis of the absorption spectrum using a literature known procedure [47]. In short, the width of the CdS rods was estimated from the energy axis intercept obtained from a linear fit between 2.60 and 2.64 eV, yielding widths in the order of 4.9 nm, in good agreement with the TEM measurement. The size of the CdSe seed was determined from the peak position of CdSe absorption. Then, the CdS volume of a single NR VCdS was estimated by


   V  C d S   =   1.337 ⋅  A  m a x , C d S   ⋅  V  C d S e      A  m a x , C d S e      



(2)




with the seed volume VCdSe, the absorption at the peak position of CdS absorption Amax,CdS and at the peak position of CdSe absorption Amax,CdSe. From the rod volume and width, a rod length of circa 35 nm was estimated, again in good agreement with the TEM results. Finally, the absorption coefficient at 3.54 eV (350 nm) was obtained by


   ε  3.54 e V   = 28326.9 ⋅  L  m o l ⋅ c m ⋅ n  m 3    ⋅  V  t o t a l    



(3)




with the total rod volume Vtotal.



IR spectroscopy. IR spectra were recorded using a Bruker Tensor 27 system (Bruker Corporation, Billerica, MA, USA) equipped with a mid-IR source (4000 to 600 cm−1) with attenuated total reflection (ATR) mode. The sample is was drop casted on a CaF2 substrate (1 cm × 1 cm) and the respective solvent was evaporated under vacuum. The background of the CaF2 substrate was always scanned before the measurements of the samples.



Steady-state photoluminescence spectroscopy. Photoluminescence spectra were recorded in a quartz cell (d = 1 cm) using an FLS980 photoluminescence spectrometer (Edinburgh Instruments Ltd., Livingston, UK) in a 90° geometry. An excitation wavelength of 400 nm was used to record photoluminescence spectra covering a wavelength range of 420 nm to 700 nm. The optical density of the dispersions was set to 0.05 to avoid inner filter effects and reabsorption of photoluminescence.



Photoluminescence spectra as a function of energy were corrected by scaling the measured intensity as a function of wavelength by the Jacobian transformation. For a quantitative description of the photoluminescence shape by means of fitting multiple Gaussians, the photoluminescence intensity was further divided by E3 to obtain lineshape spectra with only little effect on the shape of the photoluminescence spectra [48]. Absolute photoluminescence quantum yields were recorded at an excitation wavelength of 450 nm and 500 nm using a barium sulfate coated integrating sphere [54,87]. The integrating sphere was mounted on the fluorimeter with the entry and output ports of the sphere located in 90° geometry from each other in the plane of the spectrometer. Photoluminescence was recorded from 425 to 700 nm. The colloidal samples were held in a five-face transparent quartz cuvette located in the center of the integrating sphere and the optical density at the excitation wavelength was adjusted to 0.1. As a reference sample, a cuvette filled with pure solvent was recorded under identical conditions.



Fs-transient-absorption spectroscopy. The fs time-resolved measurements were performed on as system consisting of a Ti: sapphire amplifier (Legend-Elite, Coherent Inc., Santa Clara, CA, USA), producing pulses centered at 795 nm with a repetition rate of 1 kHz and a pulse duration of <100 fs. The pump pulses centered at 390 nm were generated by second harmonic generation from the fundamental. A white light continuum with a spectral range from 340 to 750 nm was generated by focusing a fraction of the fundamental into an eccentrically rotating CaF2 crystal to probe the sample. The pump pulses were delayed with respect to the probe pulses by means of an optical delay stage (maximum delay: 2 ns) and focused into the sample by a lens (f = 75 cm). The repetition rate of the pump pulses was reduced to 500 Hz by a mechanical chopper and the polarization of the pump with respect to the probe pulses was set to the magic angle (54.7°) using a Berek compensator (Thorlabs GmbH, Bergkirchen, Germany) and a polarizer. The power density of the pump pulse at the sample position was adjusted to 0.1 W·cm−2 and below, ensuring circa 2 photon absorption per NR or less. The white light continuum was split into probe and reference. The probe pulse was focused onto the sample by a concave mirror (f = 500 mm) and spatially overlapped with the pump pulse. Probe and reference were collected by a detection system (Pascher Instruments AB, Lund, Sweden) consisting of a spectrograph (Acton, Princeton Instruments, Trenton, NJ, USA) equipped with a double-stripe diode array detector. The diode array is read out with the laser repetition rate and the signal (ΔA) is calculated from two consecutive probe pulses, corresponding to pump-on and pump-off conditions. Samples were prepared and measured under inert conditions using home-built sealed, airtight cuvettes with 1 mm path length. The optical density of the sample was set to 0.4–0.6 at the excitation wavelength. Global fits were performed with a program provided by Jens Uhlig.



Time-resolved photoluminescence spectroscopy. Spectrally resolved photoluminescence decay curves were determined employing a Hamamatsu HPDTA streak camera (C4334, Hamamatsu Photonics K.K., Hamamatsu, Germany). Samples were excited by pulses centered at 390 nm created by frequency-doubling the output of a Ti: sapphire laser (Tsunami, Newport Spectra-Physics GmbH, Berlin, Germany). The repetition rate of the fundamental is reduced to 400 kHz by a pulse selector (model 3980, Newport Spectra-Physics GmbH, Berlin, Germany). Photoluminescence was collected for solutions from a 1 cm cuvette in a 90° angle and spectrally dispersed on the detector using a CHROMEX spectrograph (Chromex, Albuquerque, NM, USA). The optical density of the solutions was adjusted to circa 0.1 at the excitation wavelength. Measurements were performed with a polarizer set to magic angle, i.e., set to 54.7° with respect to the excitation polarization, in the detection path. A glass plate was used to record the instrumental response function (IRF) by reflecting parts of the attenuated excitation beam directly into the detector. IRFs were typically in the order of 0.3 ns. The emission was spectrally integrated and the resulting decay traces fitted with DecayFit software [88].




5. Conclusions


By combining results from steady-state and time-resolved spectroscopic techniques the influence of the type of surface ligand with respect to the anchoring group and steric demands on fundamental exciton relaxation and charge-carrier trapping processes in CdSe@CdS dot-in-rod nanostructures was investigated. The results of this investigation will support the design of optimized assemblies for light-driven catalysis incorporation CdSe@CdS dot-in-rod nanostructures as sensitizers. Via modulating the density and type of trapping states available the surface functionalization impacts, e.g., hole-localization driven rod-to-seed exciton localization, which occurs on a sub-10 ps time scale and has been shown to be precondition for the formation of long-lived charge separation in systems functionalized with metal nanoparticles acting as catalytic reaction centers and high photon-to-hydrogen conversion efficiencies. In such scenario PEI or ligands binding to the surface via amino groups in general seem to be a good choice, because they lead to efficient passivation of hole trapping sites and, as is shown in this study, high localization efficiencies of the exciton in the seed. On the other hand, trap states have been shown to be able to mediate charge transfer processes to molecular acceptors. In this case an increase of the density of trapping sites could support the targeted function. We find that steric restrictions, e.g., in dithiolates or ligands with bulky side chains (PEG), which decrease the surface coverage lead to an increase in the density of electron trap states, influencing the recombination dynamics at the ns timescale.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4344/10/10/1143/s1, Figure S1. (A) and (D) TEM images of the two batches of NR used in this work together with (B) and (E) length and (C) and (F) width distribution of the rods. Figure S2. IR-spectra of TOPO and TOPO-NR. Table S1. IR-frequencies of TOPO and TOPO-NR. Figure S3. IR-spectra of MUA and MUA-NR. Table S2. IR-frequencies of MUA and MUA-NR. Figure S4. IR-spectra of HS-PEG and HS-PEG-NR. Table S3. IR-frequencies on HS-PEG and HS-PEG-NR. Figure S5. IR-spectra of DHLA and DHLA-NR. Table S4. IR-frequencies of DHLA and DHLA-NR. Figure S6. IR-spectra of DHLA-PEG and DHLA-PEG-NR. Table S5. IR-frequencies of DHLA-PEG and DHLA-PEG-NR. Figure S7. IR-spectra of PEI and PEI-NR. Table S6. IR-frequencies on PEI and PEI-NR. Figure S8. Photoluminescence spectra of NR capped with different surface ligands normalized to their integrated area. Figure S9. Gaussian fits of steady-state spectra of TOPO-NR. Figure S10. Gaussian fits of steady-state spectra of MUA-NR. Figure S11. Gaussian fits of steady-state spectra of HS-PEG-NR. Figure S12. Gaussian fits of steady-state spectra of DHLA-NR. Figure S13. Gaussian fits of steady-state spectra of DHLA-PEG-NR. Figure S14. Gaussian fits of steady-state spectra of PEI-NR. Table S7. Fitting results for absorption spectra of nanorods with different surface ligands by five Gaussians. Table S8. Fitting results for line-shape spectra of nanorod photoluminescence with different surface ligands by two Gaussians. Figure S15. Gaussian fits of steady-state spectra of QDs used as seeds. Figure S16. Photoluminescence spectra of DHLA-NR synthesized under neutral and basic conditions recorded in water. Table S9. Localization and intrinsic radiative recombination efficiencies of the samples investigated, calculated via Equation (1). Figure S17. Transient absorption spectroscopy of TOPO-NR upon 390 nm excitation. Figure S18. Transient absorption spectroscopy of MUA-NR upon 390 nm excitation. Figure S19. Transient absorption spectroscopy of HS-PEG-NR upon 390 nm excitation. Figure S20. Transient absorption spectroscopy of DHLA-NR upon 390 nm excitation. Figure S21. Transient absorption spectroscopy of DHLA-PEG-NR upon 390 nm excitation. Figure S22. Transient absorption spectroscopy of PEI-NR upon 390 nm excitation. Figure S23. Spectroscopic evidence of hole trapping in the spectral region of 600–750 nm recorded for TOPO-NR in toluene. Figure S24. Relative contribution of DAS(τn) to the total CdS bleach decay.





Author Contributions


Conceptualization, M.M. and M.W.; Methodology, M.M. and M.W.; Validation, M.M., B.L., and M.W.; Formal Analysis, M.M. and B.L.; Investigation, M.M. and B.L.; Resources, M.W.; Writing—Original Draft Preparation, M.M. and B.L.; Writing—Review & Editing, M.M. and M.W.; Visualization, M.M.; Supervision, M.W.; Project Administration, M.W.; Funding Acquisition, M.W. All authors have read and agreed to the published version of the manuscript.




Funding


Financial support is acknowledged by China Scholarship Council (CSC), the German Research Foundation (DFG)—project number 364549901—TRR234 (CataLight, B4 and Z2) and the Fonds der Chemischen Industrie (FCI).




Acknowledgments


M.M. gratefully acknowledges fruitful discussions with A. Schleusener and R. Baruah. We acknowledge the Leibniz Institute of Age Research–Fritz Lipmann Institute (FLI) Jena providing access to TEM and Katrin Buder (FLI) for help with TEM. The publication of this article was funded by the Open Access Fund of the Leibniz Association.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kalisman, P.; Houben, L.; Aronovitch, E.; Kauffmann, Y.; Bar-Sadan, M.; Amirav, L. The golden gate to photocatalytic hydrogen production. J. Mater. Chem. A 2015, 3, 19679–19682. [Google Scholar] [CrossRef]

	



Wu, K.; Zhu, H.; Lian, T. Ultrafast Exciton Dynamics and Light-Driven H2 Evolution in Colloidal Semiconductor Nanorods and Pt-Tipped Nanorods. Acc. Chem. Res. 2015, 48, 851–859. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, F.; Han, Z.; Peterson, J.J.; Odoi, M.Y.; Sowers, K.L.; Krauss, T.D. Photocatalytic Hydrogen Generation by CdSe/CdS Nanoparticles. Nano Lett. 2016, 16, 5347–5352. [Google Scholar] [CrossRef] [PubMed]

	



Amirav, L.; Alivisatos, P. Photocatalytic Hydrogen Production with Tunable Nanorod Heterostructures. J. Phys. Chem. Lett. 2010, 1, 1051–1054. [Google Scholar] [CrossRef]

	



Wu, K.; Hill, L.J.; Chen, J.; McBride, J.R.; Pavlopolous, N.G.; Richey, N.E.; Pyun, J.; Lian, T. Universal Length Dependence of Rod-to-Seed Exciton Localization Efficiency in Type I and Quasi-Type II CdSe@CdS Nanorods. ACS Nano 2015, 9, 4591–4599. [Google Scholar] [CrossRef] [PubMed]

	



Eshet, H.; Grünwald, M.; Rabani, E. The Electronic Structure of CdSe/CdS Core/Shell Seeded Nanorods: Type-I or Quasi-Type-II? Nano Lett. 2013, 13, 5880–5885. [Google Scholar] [CrossRef]

	



Sitt, A.; Della Sala, F.; Menagen, G.; Banin, U. Multiexciton Engineering in Seeded Core/Shell Nanorods: Transfer from Type-I to Quasi-type-II Regimes. Nano Lett. 2009, 9, 3470–3476. [Google Scholar] [CrossRef]

	



Wu, K.; Lian, T. Quantum confined colloidal nanorod heterostructures for solar-to-fuel conversion. Chem. Soc. Rev. 2016, 45, 3781–3810. [Google Scholar] [CrossRef]

	



Strmcnik, D.; Lopes, P.P.; Genorio, B.; Stamenkovic, V.R.; Markovic, N.M. Design principles for hydrogen evolution reaction catalyst materials. Nano Energy 2016, 29, 29–36. [Google Scholar] [CrossRef]

	



Nakibli, Y.; Mazal, Y.; Dubi, Y.; Wächtler, M.; Amirav, L. Size Matters: Cocatalyst Size Effect on Charge Transfer and Photocatalytic Activity. Nano Lett. 2017, 18, 357–364. [Google Scholar] [CrossRef]

	



Sun, Z.; Zheng, H.; Li, J.; Du, P. Extraordinarily efficient photocatalytic hydrogen evolution in water using semiconductor nanorods integrated with crystalline Ni 2 P cocatalysts. Energy Environ. Sci. 2015, 8, 2668–2676. [Google Scholar] [CrossRef]

	



Kalisman, P.; Nakibli, Y.; Amirav, L. Perfect Photon-to-Hydrogen Conversion Efficiency. Nano Lett. 2016, 16, 1776–1781. [Google Scholar] [CrossRef] [PubMed]

	



Talapin, D.V.; Nelson, J.H.; Shevchenko, E.V.; Aloni, S.; Sadtler, B.; Alivisatos, A.P.; Alivisatos, P. Seeded Growth of Highly Luminescent CdSe/CdS Nanoheterostructures with Rod and Tetrapod Morphologies. Nano Lett. 2007, 7, 2951–2959. [Google Scholar] [CrossRef]

	



Carbone, L.; Nobile, C.; De Giorgi, M.; Della Sala, F.; Morello, G.; Pompa, P.; Hÿtch, M.; Snoeck, E.; Fiore, A.; Franchini, I.R.; et al. Synthesis and Micrometer-Scale Assembly of Colloidal CdSe/CdS Nanorods Prepared by a Seeded Growth Approach. Nano Lett. 2007, 7, 2942–2950. [Google Scholar] [CrossRef] [PubMed]

	



Kodaimati, M.S.; McClelland, K.P.; He, C.; Lian, S.; Jiang, Y.; Zhang, Z.; Weiss, E.A. Viewpoint: Challenges in Colloidal Photocatalysis and Some Strategies for Addressing Them. Inorg. Chem. 2018, 57, 3659–3670. [Google Scholar] [CrossRef]

	



Susumu, K.; Uyeda, H.T.; Medintz, I.L.; Pons, T.; Delehanty, J.B.; Mattoussi, H. Enhancing the Stability and Biological Functionalities of Quantum Dots via Compact Multifunctional Ligands. J. Am. Chem. Soc. 2007, 129, 13987–13996. [Google Scholar] [CrossRef]

	



Zhang, Y.; Clapp, A. Overview of Stabilizing Ligands for Biocompatible Quantum Dot Nanocrystals. Sensors 2011, 11, 11036–11055. [Google Scholar] [CrossRef]

	



Ansar, S.M.; Chakraborty, S.; Kitchens, C.L. pH-Responsive Mercaptoundecanoic Acid Functionalized Gold Nanoparticles and Applications in Catalysis. Nanomaterials 2018, 8, 339. [Google Scholar] [CrossRef]

	



Ben-Shahar, Y.; Scotognella, F.; Waiskopf, N.; Kriegel, I.; Conte, S.D.; Cerullo, G.; Banin, U. Effect of Surface Coating on the Photocatalytic Function of Hybrid CdS-Au Nanorods. Small 2014, 11, 462–471. [Google Scholar] [CrossRef]

	



Wolff, C.M.; Frischmann, P.; Schulze, M.; Bohn, B.J.; Wein, R.; Livadas, P.; Carlson, M.T.; Jäckel, F.; Feldmann, J.; Würthner, F.; et al. All-in-one visible-light-driven water splitting by combining nanoparticulate and molecular co-catalysts on CdS nanorods. Nat. Energy 2018, 3, 862–869. [Google Scholar] [CrossRef]

	



Simon, T.; Bouchonville, N.; Berr, M.J.; Vaneski, A.; Adrović, A.; Volbers, D.; Wyrwich, R.; Döblinger, M.; Susha, A.S.; Rogach, A.L.; et al. Redox shuttle mechanism enhances photocatalytic H2 generation on Ni-decorated CdS nanorods. Nat. Mater. 2014, 13, 1013–1018. [Google Scholar] [CrossRef] [PubMed]

	



Schneider, J.; Vaneski, A.; Pesch, G.R.; Susha, A.S.; Teoh, W.Y.; Rogach, A.L. Enhanced hydrogen evolution rates at high pH with a colloidal cadmium sulphide–platinum hybrid system. APL Mater. 2014, 2, 126102. [Google Scholar] [CrossRef]

	



Jian, J.-X.; Liu, Q.; Li, Z.-J.; Wang, F.; Li, X.-B.; Li, C.-B.; Liu, B.; Meng, Q.-Y.; Chen, B.; Feng, K.; et al. Chitosan confinement enhances hydrogen photogeneration from a mimic of the diiron subsite of [FeFe]-hydrogenase. Nat. Commun. 2013, 4, 2695. [Google Scholar] [CrossRef] [PubMed]

	



Wen, M.; Li, X.-B.; Jian, J.-X.; Wang, X.-Z.; Wu, H.-L.; Chen, B.; Tung, C.-H.; Wu, L.-Z. Secondary coordination sphere accelerates hole transfer for enhanced hydrogen photogeneration from [FeFe]-hydrogenase mimic and CdSe QDs in water. Sci. Rep. 2016, 6, 29851. [Google Scholar] [CrossRef]

	



Jian, J.-X.; Ye, C.; Wang, X.-Z.; Wen, M.; Li, Z.-J.; Chen, B.; Tung, C.; Wu, L.-Z. Comparison of H 2 photogeneration by [FeFe]-hydrogenase mimics with CdSe QDs and Ru(bpy) 3 Cl 2 in aqueous solution. Energy Environ. Sci. 2016, 9, 2083–2089. [Google Scholar] [CrossRef]

	



Kong, D.; Cha, J.J.; Wang, H.; Lee, H.R.; Cui, Y. First-row transition metal dichalcogenide catalysts for hydrogen evolution reaction. Energy Environ. Sci. 2013, 6, 3553–3558. [Google Scholar] [CrossRef]

	



Archana, B.; Kottam, N.; Nayak, S.; Chandrasekhar, K.B.; Sreedhara, M.B. Superior Photocatalytic Hydrogen Evolution Performances of WS2 over MoS2 Integrated with CdS Nanorods. J. Phys. Chem. C 2020, 124, 14485–14495. [Google Scholar] [CrossRef]

	



Ali, M.; Zayed, D.; Ramadan, W.; Kamel, O.A.; Shehab, M.; Ebrahim, S. Synthesis, characterization and cytotoxicity of polyethylene glycol-encapsulated CdTe quantum dots. Int. Nano Lett. 2019, 9, 61–71. [Google Scholar] [CrossRef]

	



Palui, G.; Bin Na, H.; Mattoussi, H. Poly(ethylene glycol)-Based Multidentate Oligomers for Biocompatible Semiconductor and Gold Nanocrystals. Langmuir 2012, 28, 2761–2772. [Google Scholar] [CrossRef]

	



Susumu, K.; Mei, B.C.; Mattoussi, H. Multifunctional ligands based on dihydrolipoic acid and polyethylene glycol to promote biocompatibility of quantum dots. Nat. Protoc. 2009, 4, 424–436. [Google Scholar] [CrossRef]

	



Liang, W.-J.; Wang, F.; Wen, M.; Jian, J.-X.; Wang, X.-Z.; Chen, B.; Tung, C.; Wu, L.-Z. Branched Polyethylenimine Improves Hydrogen Photoproduction from a CdSe Quantum Dot/[FeFe]-Hydrogenase Mimic System in Neutral Aqueous Solutions. Chem.—A Eur. J. 2015, 21, 3187–3192. [Google Scholar] [CrossRef] [PubMed]

	



Mohs, A.M.; Duan, H.; Kairdolf, B.A.; Smith, A.M.; Nie, S. Proton-resistant quantum dots: Stability in gastrointestinal fluids and implications for oral delivery of nanoparticle agents. Nano Res. 2009, 2, 500–508. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Liu, J.-M.; Yan, X.-P. Self-Assembly of Folate onto Polyethyleneimine-Coated CdS/ZnS Quantum Dots for Targeted Turn-On Fluorescence Imaging of Folate Receptor Overexpressed Cancer Cells. Anal. Chem. 2012, 85, 228–234. [Google Scholar] [CrossRef]

	



Duan, H.; Nie, S. Cell-Penetrating Quantum Dots Based on Multivalent and Endosome-Disrupting Surface Coatings. J. Am. Chem. Soc. 2007, 129, 3333–3338. [Google Scholar] [CrossRef] [PubMed]

	



Smith, A.M.; Duan, H.; Rhyner, M.N.; Ruan, G.; Nie, S. A systematic examination of surface coatings on the optical and chemical properties of semiconductor quantum dots. Phys. Chem. Chem. Phys. 2006, 8, 3895–3903. [Google Scholar] [CrossRef]

	



Tang, H.; Wu, R.; Mao, M.; Li, L.S.; Zhou, C.; Shen, H. The enhanced fluorescence properties & colloid stability of aqueous CdSe/ZnS QDs modified with N-alkylated poly(ethyleneimine). New J. Chem. 2015, 39, 4334–4342. [Google Scholar] [CrossRef]

	



Zhuang, Z.; Lu, X.; Peng, Q.; Li, Y.D. Direct Synthesis of Water-Soluble Ultrathin CdS Nanorods and Reversible Tuning of the Solubility by Alkalinity. J. Am. Chem. Soc. 2010, 132, 1819–1821. [Google Scholar] [CrossRef]

	



Peterson, M.D.; Cass, L.C.; Harris, R.D.; Edme, K.; Sung, K.; Weiss, E.A. The Role of Ligands in Determining the Exciton Relaxation Dynamics in Semiconductor Quantum Dots. Annu. Rev. Phys. Chem. 2014, 65, 317–339. [Google Scholar] [CrossRef]

	



Wilker, M.B.; Utterback, J.K.; Greene, S.; Brown, K.A.; Mulder, D.W.; King, P.W.; Dukovic, G. Role of Surface-Capping Ligands in Photoexcited Electron Transfer between CdS Nanorods and [FeFe] Hydrogenase and the Subsequent H2 Generation. J. Phys. Chem. C 2017, 122, 741–750. [Google Scholar] [CrossRef]

	



Yang, W.; VanSuch, G.E.; Liu, Y.; Jin, T.; Liu, Q.; Ge, A.; Sanchez, M.L.K.; Haja, D.K.; Adams, M.W.W.; Dyer, R.; et al. Surface-Ligand “Liquid” to “Crystalline” Phase Transition Modulates the Solar H2 Production Quantum Efficiency of CdS Nanorod/Mediator/Hydrogenase Assemblies. ACS Appl. Mater. Interfaces 2020, 12, 35614–35625. [Google Scholar] [CrossRef]

	



Uyeda, H.T.; Medintz, I.L.; Jaiswal, J.; Simon, S.M.; Mattoussi, H. Synthesis of Compact Multidentate Ligands to Prepare Stable Hydrophilic Quantum Dot Fluorophores. J. Am. Chem. Soc. 2005, 127, 3870–3878. [Google Scholar] [CrossRef]

	



Nann, T. Phase-transfer of CdSe@ZnS quantum dots using amphiphilic hyperbranched polyethylenimine. Chem. Commun. 2005, 1735. [Google Scholar] [CrossRef]

	



Young, A.G.; Green, D.P.; McQuillan, A.J. Infrared Spectroscopic Studies of Monothiol Ligand Adsorption on CdS Nanocrystal Films in Aqueous Solutions. Langmuir 2006, 22, 11106–11112. [Google Scholar] [CrossRef] [PubMed]

	



Young, A.G.; Green, D.P.; McQuillan, A.J. IR Spectroscopic Studies of Adsorption of Dithiol-Containing Ligands on CdS Nanocrystal Films in Aqueous Solutions. Langmuir 2007, 23, 12923–12931. [Google Scholar] [CrossRef] [PubMed]

	



Wu, K.; Rodríguez-Córdoba, W.; Liu, Z.; Zhu, H.; Lian, T. Beyond Band Alignment: Hole Localization Driven Formation of Three Spatially Separated Long-Lived Exciton States in CdSe/CdS Nanorods. ACS Nano 2013, 7, 7173–7185. [Google Scholar] [CrossRef] [PubMed]

	



Grennell, A.; Utterback, J.K.; Pearce, O.M.; Wilker, M.B.; Dukovic, G. Relationships between Exciton Dissociation and Slow Recombination within ZnSe/CdS and CdSe/CdS Dot-in-Rod Heterostructures. Nano Lett. 2017, 17, 3764–3774. [Google Scholar] [CrossRef] [PubMed]

	



Adel, P.; Bloh, J.; Hinrichs, D.; Kodanek, T.; Dorfs, D. Determination of all Dimensions of CdSe Seeded CdS Nanorods Solely via their UV/Vis Spectra. Z. Phys. Chem. 2017, 231, 93–106. [Google Scholar] [CrossRef]

	



Mooney, J.; Kambhampati, P. Get the Basics Right: Jacobian Conversion of Wavelength and Energy Scales for Quantitative Analysis of Emission Spectra. J. Phys. Chem. Lett. 2013, 4, 3316–3318. [Google Scholar] [CrossRef]

	



Jakubek, Z.J.; Devries, J.; Lin, S.; Ripmeester, J.; Yu, K. Exciton Recombination and Upconverted Photoluminescence in Colloidal CdSe Quantum Dots. J. Phys. Chem. C 2008, 112, 8153–8158. [Google Scholar] [CrossRef]

	



Woodall, D.L.; Tobias, A.K.; Jones, M. Resolving carrier recombination in CdS quantum dots: A time-resolved fluorescence study. Chem. Phys. 2016, 471, 2–10. [Google Scholar] [CrossRef]

	



Fitzmorris, B.C.; Cooper, J.K.; Edberg, J.; Gul, S.; Guo, J.; Zhang, J.Z. Synthesis and Structural, Optical, and Dynamic Properties of Core/Shell/Shell CdSe/ZnSe/ZnS Quantum Dots. J. Phys. Chem. C 2012, 116, 25065–25073. [Google Scholar] [CrossRef]

	



Darzynkiewicz, Z.; Pędziwiatr, M.; Grzyb, J. Quantum dots use both LUMO and surface trap electrons in photoreduction process. J. Lumin. 2017, 183, 401–409. [Google Scholar] [CrossRef]

	



Rabouw, F.T.; Lunnemann, P.; Van Dijk-Moes, R.J.A.; Frimmer, M.; Pietra, F.; Koenderink, A.F.; Vanmaekelbergh, D.; Koenderink, A.F. Reduced Auger Recombination in Single CdSe/CdS Nanorods by One-Dimensional Electron Delocalization. Nano Lett. 2013, 13, 4884–4892. [Google Scholar] [CrossRef] [PubMed]

	



Geißler, D.; Würth, C.; Wolter, C.; Weller, H.; Resch-Genger, U. Excitation wavelength dependence of the photoluminescence quantum yield and decay behavior of CdSe/CdS quantum dot/quantum rods with different aspect ratios. Phys. Chem. Chem. Phys. 2017, 19, 12509–12516. [Google Scholar] [CrossRef]

	



Coropceanu, I.; Rossinelli, A.A.; Caram, J.R.; Freyria, F.S.; Bawendi, M.G. Slow-Injection Growth of Seeded CdSe/CdS Nanorods with Unity Fluorescence Quantum Yield and Complete Shell to Core Energy Transfer. ACS Nano 2016, 10, 3295–3301. [Google Scholar] [CrossRef]

	



Green, M. A new approach to the formal classification of covalent compounds of the elements. J. Organomet. Chem. 1995, 500, 127–148. [Google Scholar] [CrossRef]

	



Owen, J.S. The coordination chemistry of nanocrystal surfaces. Sci. 2015, 347, 615–616. [Google Scholar] [CrossRef]

	



Boles, M.A.; Ling, D.; Hyeon, T.; Talapin, D.V. The surface science of nanocrystals. Nat. Mater. 2016, 15, 141–153. [Google Scholar] [CrossRef]

	



Houtepen, A.J.; Hens, Z.; Owen, J.S.; Infante, I. On the Origin of Surface Traps in Colloidal II–VI Semiconductor Nanocrystals. Chem. Mater. 2017, 29, 752–761. [Google Scholar] [CrossRef]

	



Wenger, W.N.; Bates, F.S.; Aydil, E.S. Functionalization of Cadmium Selenide Quantum Dots with Poly(ethylene glycol): Ligand Exchange, Surface Coverage, and Dispersion Stability. Langmuir 2017, 33, 8239–8245. [Google Scholar] [CrossRef]

	



Liu, Y.-F.; Xie, B.; Yin, Z.-G.; Fang, S.-M.; Zhao, J.-B. Synthesis of Highly Stable CdTe/CdS Quantum Dots with Biocompatibility. Eur. J. Inorg. Chem. 2010, 2010, 1501–1506. [Google Scholar] [CrossRef]

	



Morgan, D.P.; Kelley, D.F. Mechanism of Hole Trap Passivation in CdSe Quantum Dots by Alkylamines. J. Phys. Chem. C 2018, 122, 25661–25667. [Google Scholar] [CrossRef]

	



Sowers, K.L.; Hou, Z.; Peterson, J.J.; Swartz, B.; Pal, S.; Prezhdo, O.; Krauss, T.D. Photophysical Properties of CdSe/CdS core/shell quantum dots with tunable surface composition. Chem. Phys. 2016, 471, 24–31. [Google Scholar] [CrossRef]

	



Pu, C.; Peng, X. To Battle Surface Traps on CdSe/CdS Core/Shell Nanocrystals: Shell Isolation versus Surface Treatment. J. Am. Chem. Soc. 2016, 138, 8134–8142. [Google Scholar] [CrossRef] [PubMed]

	



Morgan, D.P.; Kelley, D.F. What Does the Transient Absorption Spectrum of CdSe Quantum Dots Measure? J. Phys. Chem. C 2020, 124, 8448–8455. [Google Scholar] [CrossRef]

	



Wu, K.; Zhu, H.; Liu, Z.; Rodríguez-Córdoba, W.; Lian, T. Ultrafast Charge Separation and Long-Lived Charge Separated State in Photocatalytic CdS–Pt Nanorod Heterostructures. J. Am. Chem. Soc. 2012, 134, 10337–10340. [Google Scholar] [CrossRef] [PubMed]

	



O’Connor, T.; Panov, M.S.; Mereshchenko, A.S.; Tarnovsky, A.N.; Lorek, R.; Perera, D.; Diederich, G.; Lambright, S.; Moroz, P.; Zamkov, M. The Effect of the Charge-Separating Interface on Exciton Dynamics in Photocatalytic Colloidal Heteronanocrystals. ACS Nano 2012, 6, 8156–8165. [Google Scholar] [CrossRef] [PubMed]

	



Utterback, J.K.; Ruzicka, J.L.; Hamby, H.; Eaves, J.D.; Dukovic, G. Temperature-Dependent Transient Absorption Spectroscopy Elucidates Trapped-Hole Dynamics in CdS and CdSe Nanorods. J. Phys. Chem. Lett. 2019, 10, 2782–2787. [Google Scholar] [CrossRef] [PubMed]

	



Jasrasaria, D.; Philbin, J.P.; Yan, C.; Weinberg, D.; Alivisatos, P.; Rabani, E. Sub-Bandgap Photoinduced Transient Absorption Features in CdSe Nanostructures: The Role of Trapped Holes. J. Phys. Chem. C 2020, 124, 17372–17378. [Google Scholar] [CrossRef]

	



Diroll, B.T.; Turk, M.E.; Gogotsi, N.; Murray, C.B.; Kikkawa, J.M. Ultrafast Photoluminescence from the Core and the Shell in CdSe/CdS Dot-in-Rod Heterostructures. ChemPhysChem 2015, 17, 759–765. [Google Scholar] [CrossRef]

	



Lupo, M.G.; Della Sala, F.; Carbone, L.; Zavelani-Rossi, M.; Fiore, A.; Luër, L.; Polli, D.; Cingolani, R.; Manna, L.; Lanzani, G. Ultrafast Electron—Hole Dynamics in Core/Shell CdSe/CdS Dot/Rod Nanocrystals. Nano Lett. 2008, 8, 4582–4587. [Google Scholar] [CrossRef] [PubMed]

	



Wu, K.; Rodríguez-Córdoba, W.; Lian, T. Exciton Localization and Dissociation Dynamics in CdS and CdS–Pt Quantum Confined Nanorods: Effect of Nonuniform Rod Diameters. J. Phys. Chem. B 2014, 118, 14062–14069. [Google Scholar] [CrossRef] [PubMed]

	



Hewa-Kasakarage, N.N.; El-Khoury, P.Z.; Schmall, N.; Kirsanova, M.; Nemchinov, A.; Tarnovsky, A.N.; Bezryadin, A.; Zamkov, M. The effect of dielectric friction on the rate of charge separation in type II ZnSe/CdS semiconductor nanorods. Appl. Phys. Lett. 2009, 94, 133113. [Google Scholar] [CrossRef]

	



Utterback, J.K.; Grennell, A.; Wilker, M.B.; Pearce, O.M.; Eaves, J.D.; Dukovic, G. Observation of trapped-hole diffusion on the surfaces of CdS nanorods. Nat. Chem. 2016, 8, 1061–1066. [Google Scholar] [CrossRef]

	



Sadhu, S.; Patra, A. Relaxation Dynamics of Anisotropic Shaped CdS Nanoparticles. J. Phys. Chem. C 2011, 115, 16867–16872. [Google Scholar] [CrossRef]

	



Knowles, K.E.; McArthur, E.A.; Weiss, E.A. A Multi-Timescale Map of Radiative and Nonradiative Decay Pathways for Excitons in CdSe Quantum Dots. ACS Nano 2011, 5, 2026–2035. [Google Scholar] [CrossRef]

	



Wächtler, M.; Kalisman, P.; Amirav, L. Charge-Transfer Dynamics in Nanorod Photocatalysts with Bimetallic Metal Tips. J. Phys. Chem. C 2016, 120, 24491–24497. [Google Scholar] [CrossRef]

	



Balan, A.D.; Olshansky, J.H.; Horowitz, Y.; Han, H.-L.; O’Brien, E.A.; Tang, L.; Somorjai, G.A.; Alivisatos, P. Unsaturated Ligands Seed an Order to Disorder Transition in Mixed Ligand Shells of CdSe/CdS Quantum Dots. ACS Nano 2019, 13, 13784–13796. [Google Scholar] [CrossRef]

	



Utterback, J.K.; Ruzicka, J.L.; Keller, H.R.; Pellows, L.M.; Dukovic, G.; Unsleber, J.P.; Reiher, M. Electron Transfer from Semiconductor Nanocrystals to Redox Enzymes. Annu. Rev. Phys. Chem. 2020, 71, 335–359. [Google Scholar] [CrossRef]

	



Zou, H.; Dong, C.; Li, S.; Im, C.; Jin, M.; Yao, S.; Cui, T.; Tian, W.; Liu, Y.; Zhang, H. Effect of Surface Trap States on Photocatalytic Activity of Semiconductor Quantum Dots. J. Phys. Chem. C 2018, 122, 9312–9319. [Google Scholar] [CrossRef]

	



Han, Z.; Qiu, F.; Eisenberg, R.; Holland, P.L.; Krauss, T.D. Robust Photogeneration of H2 in Water Using Semiconductor Nanocrystals and a Nickel Catalyst. Science 2012, 338, 1321–1324. [Google Scholar] [CrossRef]

	



Liu, C.; Qiu, F.; Peterson, J.J.; Krauss, T.D. Aqueous Photogeneration of H2 with CdSe Nanocrystals and Nickel Catalysts: Electron Transfer Dynamics. J. Phys. Chem. B 2015, 119, 7349–7357. [Google Scholar] [CrossRef]

	



Harvie, A.J.; Smith, C.T.; Ahumada-Lazo, R.; Jeuken, L.J.C.; Califano, M.; Bon, R.S.; Hardman, S.J.O.; Binks, D.J.; Critchley, K. Ultrafast Trap State-Mediated Electron Transfer for Quantum Dot Redox Sensing. J. Phys. Chem. C 2018, 122, 10173–10180. [Google Scholar] [CrossRef]

	



Olshansky, J.H.; Balan, A.D.; Ding, T.X.; Fu, X.; Lee, Y.; Alivisatos, P. Temperature-Dependent Hole Transfer from Photoexcited Quantum Dots to Molecular Species: Evidence for Trap-Mediated Transfer. ACS Nano 2017, 11, 8346–8355. [Google Scholar] [CrossRef] [PubMed]

	



Jasieniak, J.; Smith, L.; Van Embden, J.; Mulvaney, P.; Califano, M. Re-examination of the Size-Dependent Absorption Properties of CdSe Quantum Dots. J. Phys. Chem. C 2009, 113, 19468–19474. [Google Scholar] [CrossRef]

	



Rasband, W.S.; Image, J. U. S. National Institutes of Health, Bethesda, Maryland, USA, 1997–2018. Available online: https://imagej.nih.gov/ij/ (accessed on 30 May 2020).

	



Porres, L.; Holland, A.; Pålsson, L.-O.; Monkman, A.P.; Kemp, C.; Beeby, A. Absolute Measurements of Photoluminescence Quantum Yields of Solutions Using an Integrating Sphere. J. Fluoresc. 2006, 16, 267–273. [Google Scholar] [CrossRef] [PubMed]

	



FluorTools DecayFit—Fluorescence Decay Analysis Software 1.4. 2014. Available online: http://www.fluortools.com/software/decayfit (accessed on 30 May 2020).








[image: Catalysts 10 01143 g001 550] 





Figure 1. (a) Schematic sketch of a CdSe@CdS nanorods (NR) with ligands attached on the surface. The red rectangle represents an anchoring group to the surface, the blue one a hydrophilic functionality of the ligand. (b) Chemical structures of the ligands used in this work. While NR capped with trioctylphosphine oxide (TOPO) are only dispersible in nonpolar organic solvents, 11-mercaptoundecanoic acid (MUA), poly(ethylene glycol) 2-mercaptoethyl methyl ether (HS-PEG), dihydrolipoic acid (DHLA), dihydrolipoic acid poly(ethylene glycol) ester (DHLA-PEG), or hyperbranched poly(ethylene imine) (PEI) capped NR can be dispersed in water. In all structures, the anchoring groups used in this work, namely monothiols, bithiols, phosphine oxide, and amines, are highlighted in red, while hydrophilic groups, namely carboxylates, poly(ethylene glycol) (PEG) and amines, are highlighted in blue. For PEI, amines can in principle fulfill both roles. 
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Figure 2. Steady-state spectroscopy on NR capped with different ligands. TOPO-capped NR (TOPO-NR) were dispersed in toluene, while MUA-, HS-PEG-, DHLA-, DHLA-PEG-, and PEI-NR were dispersed in water. (a) Absorption spectra of investigated samples. Absorption coefficients have been estimated using a procedure based on the spectral shape of the absorption spectra [47]. The inset depicts the region of CdSe core absorption. (b) Photoluminescence spectra (λex = 450 nm) whose integrals have been normalized to their respective photoluminescence quantum yield. Photoluminescence spectra of DHLA- and DHLA-PEG-NR have been enlarged by a factor of 4 and 3, respectively, for better comparison. Area-normalized photoluminescence spectra can be found in the supporting information (Figure S8). 






Figure 2. Steady-state spectroscopy on NR capped with different ligands. TOPO-capped NR (TOPO-NR) were dispersed in toluene, while MUA-, HS-PEG-, DHLA-, DHLA-PEG-, and PEI-NR were dispersed in water. (a) Absorption spectra of investigated samples. Absorption coefficients have been estimated using a procedure based on the spectral shape of the absorption spectra [47]. The inset depicts the region of CdSe core absorption. (b) Photoluminescence spectra (λex = 450 nm) whose integrals have been normalized to their respective photoluminescence quantum yield. Photoluminescence spectra of DHLA- and DHLA-PEG-NR have been enlarged by a factor of 4 and 3, respectively, for better comparison. Area-normalized photoluminescence spectra can be found in the supporting information (Figure S8).



[image: Catalysts 10 01143 g002]







[image: Catalysts 10 01143 g004 550] 





Figure 4. Transient absorption spectroscopy on the investigated structures recorded upon 390 nm excitation. (a) Transient spectra of TOPO-NR recorded at the indicated delay times. (b) and (c) Decay Associated spectra obtained via a global fit for TOPO-NR. The spectral regions 2.48–2.95 eV and 1.97–2.34 eV were fitted separately from each other. The data for all other ligands is displayed in the SI. (d) and (e) Kinetic traces at 2.70 eV (460 nm) and 2.25 eV (570 nm), respectively, recorded for the different samples. Kinetic traces were normalized to −1 at the minimum of the fit function (solid line), while recorded data points are shown as semi-transparent points. 
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Figure 5. Summary of the effect of different water-soluble ligands on the excited state properties of CdSe@CdS NR. On a sub-10-ps timescale, mono- and ditholates offer hole trapping sites, opening a channel for processes competing with exciton localization to the CdSe core, while PEI prevents any trapping. On a ns-timescale, radiative exciton recombination is impaired by non-radiative processes induced by electron trapping sites. These result from the presence of either the bulky hydrophilic chain (PEG) or the anchoring group (in particular, DHLA). PEI (not shown) allows for a near-unity charge recombination, saturating surface defects very efficiently without inducing additional hole trapping sites. 
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Table 1. Steady-state absorption and photoluminescence data of NR with different surface ligands in pure water, TOPO-NR in toluene: Eabs,CdS and Eabs,CdSe spectral position of the lowest energy excitonic CdS and CdSe seed absorption peak position, EPL spectral position of the peak photoluminescence upon excitation at 3.10 eV (400 nm), and the absolute photoluminescence quantum yields ΦPL,450 and ΦPL,500 upon excitation at 2.76 eV (450 nm) and 2.48 eV (500 nm), respectively. For ΦPL,500, the error is equal to the instrumental error.
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	Sample
	Eabs,CdS/eV
	Eabs,CdSe/eV
	EPL/eV
	ΦPL,450
	ΦPL,500





	TOPO-NR
	2.70
	2.22
	2.16
	0.58 ± 0.09
	0.77 ± 0.02



	MUA-NR
	2.71
	2.22
	2.18
	0.25 ± 0.05
	0.47 ± 0.02



	HS-PEG-NR
	2.71
	2.23
	2.17
	0.21 ± 0.07
	0.39 ± 0.02



	DHLA-NR
	2.70
	2.23
	2.17
	0.04 ± 0.02
	0.15 ± 0.02



	DHLA-PEG-NR
	2.70
	2.22
	2.14
	0.05 ± 0.02
	0.21 ± 0.02



	PEI-NR
	2.71
	2.24
	2.19
	0.91 ± 0.12
	0.87 ± 0.02
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Table 3. Transient absorption spectroscopy on NR with different surface ligands. Time constants were obtained via a global fit within the indicated wavelength range. For the range 420–500 nm (indicating changes in excited CdS), four time constants and an offset were needed for all samples. For the range 530–630 nm (indicating changes in excited CdSe), two time constants and an offset were needed for DHLA- and DHLA-PEG-NR, and three and an offset for TOPO-NR, MUA-NR, and HS-PEG-NR, and PEI-NR.
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Ligand

	
Energy Range

	
τ1/ps

	
τ2/ps

	
τ3/ps

	
τ4/ps






	
TOPO

	
2.48–2.95 eV

	
0.2 ± 0.0

	
1.0 ± 0.2

	
34 ± 8

	
530 ± 70




	
1.97–2.34 eV

	
0.7 ± 0.0

	
47 ± 12

	
190 ± 50

	
6200 **




	
MUA

	
2.48–2.95 eV

	
0.2 ± 0.0

	
2.5 ± 0.4

	
78 ± 6

	
650 ± 40




	
1.97–2.34 eV

	
0.5 ± 0.1

	
58 ± 15

	
540 ± 170

	
12200 **




	
HS-PEG

	
2.48–2.95 eV

	
0.2 ± 0.1

	
3.0 ± 0.6

	
68 ± 4

	
780 ± 30




	
1.97–2.34 eV

	
0.5 ± 0.1

	
42 ± 7

	
450 ± 140

	
4000 **




	
DHLA

	
2.48–2.95 eV

	
0.2 ± 0.0

	
4.8 ± 1.0

	
86 ± 7

	
820 ± 40




	
1.97–2.34 eV

	
0.5 ± 0.1

	
— *

	
150 ± 20

	
4000**




	
DHLA-PEG

	
2.48–2.95 eV

	
0.2 ± 0.0

	
1.7 ± 0.2

	
60 ± 10

	
610 ± 160




	
1.97–2.34 eV

	
0.4 ± 0.0

	
— *

	
190 ± 50

	
2500 **




	
PEI

	
2.48–2.95 eV

	
0.2 ± 0.0

	
1.3 ± 0.3

	
25 ± 1

	
470 ± 70




	
1.97–2.34 eV

	
1.0 ± 0.2

	
74 ± 11

	
270 ± 30

	
4100 **








* For DHLA- and DHLA-PEG, only three time constants were needed to describe the temporal evolution of the signal in this spectral region. The assignment to a specific time constant is based on the spectral similarity of the decay associated spectra (DAS) of the different systems investigated. ** The relative error associated with this time-constant is in the order of 20–50%, but was included nonetheless in the fitting procedure.
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