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Abstract 

Electron transfer (ET) pathways govern our world on one of the most fundamental levels, 

determining the outcomes of countless complex chemical processes that build our society. 

Controlling ET and driving chemical product formation effectively, however, is a substantial 

challenge. Coupling semiconductor nanocrystals with redox enzymes enables opportunities to 

drive complex, multielectron chemistry with a renewable solar energy source, while at the same 

time opening up a world of possibilities to study the fundamental principles behind the control of 

ET in these systems. This dissertation investigates ET pathways and catalysis in photoexcited CdS 

nanocrystals and CdS nanocrystal-[FeFe] hydrogenase biohybrid complexes. Each of the four 

projects described here focuses on ET in a different part of this system: 1) Interfacial nanocrystal-

to-hydrogenase ET, with transient absorption spectroscopy and photochemical H2 production with 

a size series of CdS quantum dots (QDs). We find that QD properties other than size, likely QD 

surface properties, have the greater influence on the photocatalytic outcomes here. 2) The kinetics 

of ET within a hydrogenase photoreduced by CdS QDs. We model the resulting hydrogenase redox 

species’ kinetics from photochemical electron paramagnetic resonance spectroscopy experiments 

to gain a picture of the thermodynamic landscape of the intraprotein ET pathway. This work 

provides insight into the properties of the hydrogenase iron-sulfur clusters and organometallic 

active site that tune the directionality of ET and catalysis in this enzyme. 3) Examination of the 

nanocrystal-hydrogenase photochemical system as a whole, using experimental H2 production 

trends and kinetic Monte Carlo simulations to reveal how key parameters such as hole transfer, 

catalyst turnover, and back-transfer processes determine rate-limiting conditions. 4) Investigation 

of a charge transfer pathway in CdS nanocrystals which, under certain conditions, leads to long-

lived photoreduced states even in the absence of an external electron donor. We discuss the 

conditions under which this process occurs, and its relevance for other CdS photochemistries.  
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Chapter 1 

Introduction 

1.1.  Motivation 

Our society relies on the production of a wide range of materials and products for every 

aspect of life—food, fuel, medicine, infrastructure, and so much more. The production of all these 

materials requires energy, and in some cases, complex chemical conversion processes.1–4 The most 

widely used sources of energy today come from fossil fuels—finite resources which actively 

pollute our global atmosphere.5,6 Carbon dioxide and methane emissions from the burning of fossil 

fuels are responsible for the increasing the atmospheric greenhouse effect, inducing climate change 

which has already accelerated the rate of extreme weather around the world, damaging agriculture 

and ecosystems.7 Other fossil fuel emissions are the cause of numerous human health hazards.8  

Creating a more sustainable world will require addressing two great challenges: learning 

to produce materials more efficiently, and with renewable energy sources. To this first point, 

increasing the efficiency of chemical conversion reactions requires fundamental understanding of 

how to control one of the most integral processes happening at the sub-atomic scale: electron 

transfer (ET). Electrons are the source of chemical bonding, the process which determines 

molecular structure and function.9 As a result, many chemical reactions involve ET from one 

species to another to form or break chemical bonds—referred to as redox reactions.10 These are 

often multielectron reactions, and the greater the number of ETs and intermediate steps, the greater 

the chances for inefficiencies such as back- or side-reactions to occur. To facilitate such reactions, 

chemical catalysts are often employed; these are components able to decrease the activation energy 

of a reaction step, improving the rate, efficiency, and selectivity of the process.11 However, 
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designing effective catalysts that truly succeed at these goals is a multifaceted and challenging 

endeavor.12–16 

Fortunately, nature is several steps ahead of us; biological catalysts known as enzymes are 

protein structures that have evolved to carry out complex chemistries with incredible efficiency 

and selectivity.17,18 Redox enzymes of numerous types exist in all living organisms, carrying out 

thousands of reactions that synthetic catalysts frequently struggle to achieve at the same level.19,20 

Many factors contribute to enzymes’ success: their physical and chemical structure, as well as 

electronic and thermodynamic properties of their internal components all work to control the 

directionality of ET and catalysis in enzyme-driven chemistry.21–25 The better we can understand 

the interplay of these varying factors and how they facilitate the flow of electrons for specific 

chemical outcomes, the better we can design efficient methods of producing valuable material 

products. 

To study ET in complex chemical reaction systems, we need means of controlling the 

initiation of the ET process. In their native cellular environments, ET to and from enzymes is often 

carried out by a co-protein which acts as a redox shuttle.26–28 For ET to occur, the co-protein binds 

to the enzyme at a specific surface site, facilitated by compatible surface structure and electrostatic 

interactions between the two components.29 For each ET event, a co-protein must find, bind to, 

and then de-bind from the enzyme. As a result, ET to the enzyme in the native system is diffusion-

limited and controlling the timing of ET in an experimental setting is challenging. An alternate 

approach is to use a different source of electrons to drive enzyme chemistry. Electrode surfaces 

and photoactive materials have been used to drive charge transfer to enzymes for decades; more 

recently, semiconductor nanocrystals have become an increasingly versatile material for 

photochemistry.30–34 Several of their key properties—size, shape, surface chemistry, and band gap 
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energy—are all readily tunable and well-suited for controlling ET to redox enzymes with light.35–

38 This biohybrid approach enables us to demonstrate that complex, multielectron chemistry can 

be driven with a renewable solar energy source, while at the same time opening up a world of 

possibilities to study the fundamental principles behind the control of ET in these systems. 

1.2.  Background 

1.2.1 Semiconductor Nanocrystals 

Semiconductors are materials whose electronic structure is characterized by a band gap, 

such that to photoexcite an electron from energy levels below the band gap (valence band) to above 

(conduction band), the incident light must be at an energy at or above that of the band gap.39 The 

photoexcitation of the electron leaves behind a so-called “hole” in the valence band, and together 

the photoexcited electron and hole form what is known as an exciton. The exciton is delocalized 

over an area defined by the Bohr exciton radius, whose size depends on the chemical composition 

of the semiconductor.40 When a semiconductor crystal is made small enough that it approaches its 

Bohr exciton radius, it becomes quantum-confined—a phenomenon in which the continuous 

energy levels in the valence and conduction bands become discrete states at the band edges, and 

the band gap energy increases.41 As a result, semiconductor nanocrystal size becomes a means by 

which to tune its absorbance spectrum as well as the energy of the photoexcited electrons. The 

more quantum-confined dimensions a semiconductor nanocrystal has, the greater the range of 

tunability of the band gap energy.36,37,41 In this work we will discuss semiconductor nanorods—

confined in two dimensions—as well as spherical nanocrystals, or quantum dots (QDs)—which 

are confined in all three dimensions. 

The other key feature of semiconductor nanocrystals is their surface chemistry. To enable 

colloidal stability, nanocrystals may be functionalized with surface-capping organic ligands. The 
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polarity and functional groups of the ligands determine their surface charge, the solvents in which 

the nanocrystals are colloidally stable, and impact their photophysical and photochemical 

properties.42–46 In some systems, it has been proposed that photoexcited charges can transfer to a 

surface ligand, which then de-binds from the nanocrystal—as discussed in Chapter 5.47 

Meanwhile, undercoordinated surface atoms on a nanocrystal, when not passivated by ligands, can 

form mid-band gap states to which photoexcited electrons or holes can become localized, or 

“trapped” on the nanocrystal surface.43,48,49 Photoexcited charge carrier trapping and electron-hole 

recombination are the two primary pathways of intrinsic semiconductor nanocrystal excited state 

decay with which ET pathways to an external acceptor—such as a redox enzyme—must 

compete.34 

1.2.2 Hydrogenase Enzymes 

 Hydrogenases are redox enzymes which catalyze the reversible reaction of two protons 

(H+) with two electrons (e-) to form hydrogen gas (H2), as shown in Eqn (1): 

2H+ + 2e- ↔ H2 .     (1) 

H2 is a potential clean combustion fuel alternative to fossil fuels, as well as a source of electrons 

in other chemical reactions—H2 oxidation drives important metabolic reactions in many 

microorganisms.50–52 Hydrogenases are metalloenzymes: enzymes containing a transition metal 

ion cofactor which contributes to their catalytic function.53 There are three classes of hydrogenases, 

categorized based on the identity of their active site cofactor: [FeFe], [NiFe], and [Fe].50–52 We 

focus on [FeFe]-hydrogenases, whose diiron-containing active site is termed the H-cluster. Many 

[FeFe]-hydrogenases also contain one or more iron-sulfur cofactors (F-clusters), which function 

in the transport of electrons between the H-cluster and a native ferredoxin co-protein redox 

shuttle.54–56 Within the [FeFe]-hydrogenase family exists a wide range in the catalytic bias—
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defined as the relative rate of H2 production over the H2 oxidation rate—spanning at least six orders 

of magnitude.57 Most [FeFe]-hydrogenases are biased more strongly in the H2 oxidation direction, 

but some have shown preference for the reduction direction.57–62 Structural, electronic, and 

thermodynamic properties of both the H- and F-clusters have been shown to be important 

contributors to the directionality of the intraprotein ET pathway and overall catalytic bias, but there 

is still much to be learned about the details of these contributing parameters, as will be discussed 

further in Chapter 3. 

1.2.3 Cadmium Chalcogenide Nanocrystals with [FeFe]-Hydrogenases 

Cadmium chalcogenide nanocrystals (CdS, CdSe, CdTe) have been coupled with [FeFe]-

hydrogenases for several investigations of nanocrystal-hydrogenase binding, ET, and 

photochemical H2 production (Figure 1).63–70 Their band edge potentials are at suitable levels to 

enable a driving force for ET to hydrogenases, as well as the use of ascorbic acid as a compatible 

sacrificial photoexcited hole scavenger in the system.63,65 Finally, the tunability of cadmium 

chalcogenide nanocrystal size, shape, electronic structure, and surface chemistry allows for many 

avenues through which to modulate interactions with—and ET to—redox enzymes. One method 

of coupling nanocrystals with hydrogenases is by facilitating an electrostatic interaction in 

mimicry of the native co-protein to enzyme binding.34,63,65 The surfaces of ferredoxins—the co-

protein redox shuttles for many [FeFe]-hydrogenases—are predominantly negatively-charged and 

bind to a corresponding positively-charged patch on the hydrogenase near the distal F-cluster 

where inter-protein charge transfer occurs.52,55 Nanocrystal surface charge can be tuned to mimic 

this property of the ferredoxin by the use of surface-capping ligands such as a mercaptopropionate, 

which due to its solvent-facing carboxylic acid group imparts a negative surface charge to the 

nanocrystal surface in neutral pH conditions.63,65,71,72 Prior work with mercaptopropionate-capped 
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CdS nanorods paired with [FeFe]-hydrogenase I from Clostridium acetobutylicum (CaI) supported 

that the nanorods compete with ferredoxin binding to CaI.65 This proposed site of nanocrystal 

binding to CaI was also supported by measurements of ET from nanorods to CaI compared with 

ET to catalytically-inactive CaI, and by photochemical electron paramagnetic resonance 

spectroscopy experiments on illuminated CdSe QD-CaI complexes.66,70 

 

Figure 1.1: Scheme of ET and photochemical H2 production in a cadmium chalcogenide 

nanocrystal-hydrogenase biohybrid. The nanocrystal is capped with mercaptopropionate ligands 

(not pictured), imparting a negative surface charge which binds to the positively-charged (blue) 

patch of the hydrogenase near the distal F-cluster. This protein crystal structure is of [FeFe] 

hydrogenase I from Clostridium pasteurianum (PDB 3C8Y), which serves as a homolog for 

CaI.63,73 Photoexcited holes are scavenged by a sacrificial electron donor (D). 

The [FeFe]-hydrogenase CaI mentioned above has been coupled with several types of 

cadmium chalcogenide nanocrystals including CdTe QDs, CdS nanorods, and CdSe QDs for 

photoreduction and photochemical H2 production.63,65–67,70 Quantum yields (QY) of H2 production 

in these systems have been as high as 20%.65 The use of nanorods enabled increased light 

absorption per particle compared to QDs, as well as higher CaI:nanocrystal molar ratios which 

revealed decreased photochemical H2 production at the high CaI concentrations.65 This work also 
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demonstrated a linear dependence of H2 production on illumination intensity.65 In Chapter 4, we 

revisit these CdS nanorod-CaI results and their implications for the interplay of nanorod-CaI 

system parameters. Further studies using transient absorption (TA) and time-resolved 

photoluminescence spectroscopy investigated the rates and quantum efficiencies of ET from 

cadmium chalcogenide nanocrystals to CaI. In CdS nanorod-CaI complexes, kinetic modeling of 

excited state decays from TA experiments found the rate constant of ET to be on the order of 107 

s-1 with 3-mercaptopropionate-capped nanorods, decreasing exponentially with increasing ligand 

length.66–69 In CdTe QD-CaI samples, the rate of ET from time-resolved photoluminescence 

(normalized by the number of bound CaI) was independent of CdTe QD size for diameters 2.0 to 

3.5 nm.64 In Chapter 2, we expand the investigation of ET rates and photochemical H2 production 

in a series of CdS QDs of varying diameters 3.3 to 5.3 nm.  

1.3.  Summary and Dissertation Overview 

 Electron transfer pathways govern our world on one of the most fundamental levels, 

determining the outcome of countless complex chemical processes that build our society. 

Controlling ET and driving chemical product formation effectively, however, is a substantial 

challenge. Through the use of light-absorbing materials with highly tunable properties, combined 

with the most sophisticated catalysts grown by nature, we can further our understanding of the 

factors influencing electron flow. 

 The goal of this thesis work is to investigate ET pathways and catalysis in photoexcited 

CdS nanocrystals and CdS nanocrystal-[FeFe] hydrogenase biohybrid complexes. Each chapter 

examines ET in a different part of the system: Chapter 2 focuses on interfacial nanocrystal-to-

hydrogenase ET, Chapter 3 on the kinetics of ET within a hydrogenase, Chapter 4 explores the 

nanocrystal-hydrogenase photochemical system as a whole, scrutinizing how key parameters 
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determine rate-limiting conditions, and Chapter 5 investigates a charge transfer pathway in CdS 

nanocrystals by themselves, and the relevance this process could have for CdS photochemistry.  

 Specifically, Chapter 2 examines the rate of ET to hydrogenase and photochemical H2 

production with a size series of CdS QDs, finding that QD properties other than size have the 

greater influence over CdS QD-hydrogenase interactions and H2 production. Chapter 3 details the 

rise and decay of redox species within a hydrogenase photoreduced by CdS QDs, and models the 

resulting species’ kinetics to gain a picture of the thermodynamic landscape of the intraprotein ET 

pathway. This work provides insight into how the properties of both the F- and H-clusters tune the 

directionality of ET and catalysis in this enzyme. Chapter 4 investigates experimental trends in 

photochemical CdS nanorod-hydrogenase H2 production with the use of kinetic Monte Carlo 

simulations to understand the underlying processes limiting the catalytic output, particularly hole 

transfer, catalyst turnover, and back-transfer processes.  

 Chapter 5 is an adaptation of a 2021 Journal of Physical Chemistry C article which 

investigates the origin of long-lived photoreduced CdS nanocrystals in the absence of an external 

electron donor.47 This photoreduction effect depends on both the CdS nanocrystal surface-capping 

ligand and the solvent; we propose a mechanism by which the photoexcited hole transfers to the 

surface ligand, which then de-binds from the nanocrystal. Notably, we find that ligand-mediated 

photocharging is not present in mercaptopropionate-capped CdS nanocrystals, only short-lived 

solvent-mediated photocharging when a hole scavenger is present. While the intrinsic 

photocharging process is therefore not involved in the CdS nanocrystal-hydrogenase work, we 

discuss relevant considerations for other CdS photochemical systems. 
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Chapter 2 

Light-Driven Electron Transfer and H2 Production of QD-

Hydrogenase Complexes with CdS QDs of Varying Diameters 

 

2.1.  Abstract 

Colloidal CdS nanocrystals coupled with [FeFe]-hydrogenase I from Clostridium 

acetobutylicum (CaI) are capable of driving enzymatic H2 production with light. This work 

investigates interfacial photoexcited electron transfer (ET) to CaI and the resulting H2 production 

in CdS QD-CaI complexes of varying CdS QD size 3.3 to 5.3 nm. We used transient absorption 

(TA) spectroscopy to monitor the CaI-induced changes to the nanocrystal photoexcited electron 

decay. Modeling of the TA kinetics demonstrated two CaI-induced excited state decay pathways, 

one on the order of 108 s-1 present in all the QDs tested, and a faster decay of 1010 s-1 present in all 

but the largest two QD of diameters 5.0 and 5.3 nm. The values of these rate constants appear to 

be independent of QD size, suggesting that the rate of ET to CaI does not vary with the driving 

force for ET in this CdS QD size range. The average number of CaI bound per QD varied markedly 

with select QDs, though QD characteristics other than size appear to be the dominating factor in 

CdS QD-CaI binding affinity. Photochemical H2 production showed that the quantum yield of H2 

did not trend with the quantum efficiency of ET as calculated from the TA kinetics, demonstrating 

that different QDs with CaI may exhibit differences in aspects of the photochemical system other 

than ET or QD-CaI binding, or that not all of the CaI-induced excited state decay can be attributed 

to catalysis-productive ET pathways. This work highlights the complexity of charge transfer 

pathways in photochemistry with CdS QDs, and that QD characteristics other than size play a 

significant role in CdS QD-CaI interactions. 
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2.2.  Introduction 

 Coupling redox enzymes with colloidal semiconductor nanocrystals allows the opportunity 

to drive multielectron chemistry with light, using the tunability of semiconductor nanocrystal 

material properties as a powerful handle to control light-induced electron transfer to the enzyme 

and resulting catalytic output.1,2 Nanocrystal size, for example, can be modulated to tune the 

driving force for photoexcited electron transfer (ET) to an enzyme acceptor, as the quantum 

confinement nature of semiconductor nanocrystals causes the band gap energy to increase with 

decreasing particle size.3,4 Nanocrystal size and shape may also play a role in the binding affinity 

and orientation of the nanocrystal to the enzyme surface.  

 Previous work on CdS nanorods coupled with a H2 producing enzyme, [FeFe]-hydrogenase 

I from Clostridium acetobutylicum (CaI), demonstrated that capping the nanocrystal surface with 

negatively charged mercaptopropionate ligands allows for an electrostatic interaction with a 

positively charged patch on the CaI surface in biomimicry of the binding of the native CaI redox 

partner ferredoxin.5,6 From this binding site, evidence supports that the photoexcited nanocrystal 

injects electrons into the distal [4Fe-4S] cluster of CaI (Figure 2.1), followed by intraprotein 

electron transport through a further series of FeS clusters to reach the CaI catalytic active site 

where proton reduction occurs to produce H2.
5–7 Photoexcited holes are scavenged by ascorbate 

(AscH-), a sacrificial electron donor. 
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Figure 2.1: Proposed scheme of photochemical H2 production in CdS QD-CaI complexes. CdS 

QDs capped with negatively charged mercaptopropionate ligands (not pictured) are proposed to 

bind electrostatically with the positively charged (blue) patch of the CaI surface near the distal 

[4Fe-4S] cluster into which photoexcited electrons are transferred from the QD. Intraprotein ET 

occurs through a series of further FeS clusters to the active site where the interconversion of 

protons into H2 gas occurs, while photoexcited holes left behind in the QD are scavenged by 

ascorbate (AscH-). A [2Fe-2S] cluster lies near the surface of a second, smaller positively 

charged patch of the CaI surface. This cluster is hypothesized to play a role in modulating the 

electronic environment of neighboring clusters, but it is not thought to be involved in electron 

transport itself. 

 One of the other FeS clusters in CaI, a [2Fe-2S] cluster, also lies near the enzyme surface 

in the vicinity of a smaller positively charged surface patch of CaI. It has been proposed that the 

[2Fe-2S] cluster is not an active participant in the CaI intraprotein electron transport chain, but 

rather serves a role in modulating the electronic properties of neighboring clusters.7 Electron 

paramagnetic resonance experiments on photochemical reduction of CaI by CdSe quantum dots 

(QDs) demonstrated a rise in signal primarily from the reduced [4Fe-4S] cluster, but also possible 

features of [2Fe-2S] reduction, raising the question of whether QDs might bind to and carry out 

ET to this CaI surface site as well.8 However, the extent to which this ET pathway may occur in 

QD-CaI complexes and the impact it would have on photochemical H2 production is unknown. 

There is also still much that remains to be understood generally about the role that varying QD 

size may play in the rate constant of ET and binding affinity to CaI. 
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In this work, we investigate the role of QD size in controlling the interfacial ET step to CaI 

and the resulting photochemical H2 production using a size series of CdS QDs 3.3, 4.3, 4.5, 5.0 

and 5.3 nm in diameter. We measured the CaI-induced changes in the QD excited state decay 

kinetics with transient absorption (TA) spectroscopy. The CaI-induced decay kinetics were 

analyzed with a binomial model for the distribution of CaI bound per QD (NCaI) to extract rate 

constants of ET and average number of CaI bound (〈NCaI〉). We found that in QD sizes 3.3 to 4.5 

nm, two decay processes were necessary to fit the CaI-induced decay, a ~108 s-1 and a faster ~1010 

s-1 decay. While the data may indicate an upper QD size cutoffs for the presence of the faster ~1010 

s-1 process, in the QDs where the processes were present neither 〈NCaI〉 nor the rate constants 

trended in a QD size dependent manner. Rather, QD properties other than size appear to modulate 

〈NCaI〉 here. We measured photochemical H2 production in three of these QD sizes with CaI, 

finding that the quantum yield (QY) did not trend with the quantum efficiency of ET (QEET) as 

calculated from the CaI-induced excited state lifetime shortening of the QDs. This may indicate 

that some QDs differ greatly in other aspects of the photochemical system, such as the efficiency 

of the hole scavenger or back-electron transfer processes, or that not all of the observed excited 

state lifetime shortening is a result of ET processes that contribute towards H2 production. 

2.2 Experimental Methods 

2.2.1 Hydrogenase Expression, Purification, and Characterization 

 The CaI hydrogenase expression and purification were carried out using an adaptation of a 

previously described method.9 The protein was expressed heterologously in E. coli (BL21(DE3) 

∆iscR cell line). Inoculation of cultures was carried out with fresh transformants and grown 

overnight in terrific broth (TB) media with 0.4% glycerol, at 37 °C, 250 rpm for 15 h. In a 2 L 

flask, 1 L of TB was inoculated with 10 mL of overnight culture, which was then grown to an 
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A600 of 0.22 to 0.35. For induction, the following components were added for final concentrations 

of 1.5 mM IPTG, 2 mM cysteine, 4 mM ferric ammonium citrate, 25 mM fumarate, and 0.5% 

glucose. Two 1 L cultures were mixed together into a 2 L narrow-neck flask and sparged under 

Argon gas overnight. All further steps were carried out anaerobically. For harvesting, cells were 

centrifuged 7 min at 7000 rpm, resuspended in 100 mM Tris, 300 mM NaCl, pH 8.3, 5% glycerol, 

and 2 mM NaDT and stored at −80 °C. In preparation for purification, cells were thawed and mixed 

with Roche EDTA-free protease inhibitor, DNAse, and lysozyme. Cells were lysed by passing 

through a microfluidizer 8 to 10x and lysed cells were then spun for 1 h at 45,000 rpm. The clarified 

lysate was passed over an IBA column of preequilibrated XT-HC Strep, washed, and eluted with 

a storage buffer with 20 mM XT 4Flow biotin in 50 mM Tris, 200 mM NaCl, 5% glycerol, 5 mM 

NaDT pH 8. The CaI was stored anaerobically at 4 °C in an MBraun glovebox until use. SDS-

PAGE confirmed CaI expression and purity, and a Bradford assay measured CaI concentration. A 

methyl viologen dye-based assay measured CaI H2 production activity. 

2.2.2 CdS QD Synthesis and Ligand Exchange  

The 3.3 nm CdS QDs were synthesized with a single-injection procedure documented in 

Chapter 5, in which the same QD batch was used.10,11 The 4.3 to 5.3 nm CdS QDs were synthesized 

with a multi-injection procedure described in prior publications, and the 4.5 and 5.0 nm QD batches 

were also used in experiments described in Chapters 3 and 5, respectively.10,12 The multi-injection 

synthesis was performed under inert atmosphere with an argon-filled Schlenk line and purification 

was carried out in an argon atmosphere MBraun glovebox. Sulfur precursor consisted of 0.025 g 

sulfur (99.998%) in 5.529 g 1-octadecene (technical grade, 90%) for a 0.1 M solution which was 

left to dissolve overnight. Cadmium oleate precursor (0.1 M) was made in a 3-necked round bottom 

flask with a reflux condenser; the precursor starting materials consisted of 0.131 g cadmium oxide 
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(99.99%), 2.83 oleic acid (90%), and 5.43 g 1-octadecene, which were evacuated at 90°C for 30 

minutes. Under argon atmosphere, the precursor was then heated to 250°C. After the precursor 

solution turned clear, it was cooled to 60°C in preparation for later injections. Meanwhile, the 

synthesis reaction mixture was set up in a second flask with reflux condenser, to which 2.38 g 1-

octadecene was added and evacuated for 30 min at 90°C. Next, 4 mL of cadmium-oleate precursor 

solution was transferred to the synthesis reaction flask, which was then heated to 260°C, followed 

by a 2 mL injection of 0.1 M sulfur precursor. The reaction mixture temperature was kept at 220°C 

for the injections remaining. The first sulfur injection was followed three minutes later by 0.5 mL 

of cadmium oleate precursor. Thereafter, injections were spaced 1 minute apart, alternating sulfur 

and cadmium oleate injections. Aliquots were taken in-between injections and their UV-vis 

absorbance spectrum measured, and injections were halted when the desired band edge peak 

wavelength was achieved. After the last injection, the mixture was left to grow at 220°C for one 

more minute prior to quenching in a mineral oil bath to cool the solution. Once cooled to a safe 

handling temperature <70°C, the reaction solution was placed in an argon-filled rubber septum-

capped vial and transferred into an argon atmosphere glovebox for the purification procedure.  

The CdS QD purification was carried out as follows: the initial post-synthesis QD solution 

was precipitated using a 1:3 v/v mixture of methanol:isopropanol and centrifuged. The supernatant 

was removed, leaving a gel-like QD pellet. The pellet was redissolved in ~1 mL toluene, 

precipitated with methanol, and centrifuged. The clear supernatant was removed, and the solid QD 

pellet was redissolved in ~4 mL hexanes, precipitated with a 1:3 v/v mixture of 

methanol:isopropanol, and centrifuged. The clear supernatant was removed, the solid QD pellet 

was placed under vacuum to evaporate the remaining solvent, followed by redispersal in ~1 mL 

toluene. The QD average diameters were determined from previously established calibration 
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curves based on the first exciton peak wavelength of the absorbance spectrum (Table 2.2.1). The 

first exciton peak absorbance and molar absorptivity were used to determine QD stock 

concentrations.13 

Table 2.2.1: CdS QD diameters and other sample designations, band-edge peak wavelengths, 

and pump wavelengths used in TA experiments. 

QD Diameter13 

(nm) 

Band Edge 

Wavelength 

(nm) 

TA Pump 

Wavelengths 

(nm) 

3.3 396 342 

4.3 (#1) 427 342 

4.3 (#2) 427 358 

4.5 432 358 

5.0 (LE-a) 443 380 

5.0 (LE-b) 443 378 

5.3 450 380 

 

The CdS QD ligand exchanges to 3-mercaptopropionate surface capping ligands were 

carried out adapted from previously described methods.14,15 A 71 mM 3-mercaptopropionic acid 

solution was made with 0.143 g of 3-mercaptopropionic acid (99%), 15.0 g of methanol, and 0.448 

g of tetramethylammonium hydroxide (>97%) for adjustment to pH 11. For each CdS QD stock 

synthesized, the native ligand-capped CdS QDs in toluene were precipitated with methanol, and 

the mercaptopropionic acid solution was added until the QD solution became optically clear. The 

ligand exchanged QDs were precipitated with toluene, centrifuged, the colorless supernatant 

discarded, and the pellet of mercaptopropionate-capped CdS QDs was dried and redissolved in 

Milli-Q water. 

2.2.3 Transient Absorption Spectroscopy 

This TA data collection setup has been described previously.16 The instrumentation 

consists of a Spectra-Physics Solstice regeneratively amplified Ti:sapphire laser (1 kHz, 800 nm, 

3.5 mJ/pulse, 100 fs), a Light Conversion TOPAS-C optical parametric amplifier, an Ultrafast 
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Systems HELIOS spectrometer for the time window 150 fs – 3 ns, and an Ultrafast Systems EOS 

spectrometer for the time window 0.3 ns – 400 μs. CdS QD-CaI samples were run under rigorous 

air-free conditions in 2 mm quartz cuvettes fitted with a Kontes valve in 12.5 mM Tris buffer at 

pH 7. The CdS QD concentrations were 2 µM, with the exception of the 3.3 nm QD run at 3.5 µM 

to increase signal quality. Samples with CdS QDs and CaI were mixed at the molar ratios as noted 

in the text. A magnetic stir bar was used for continuous stirring throughout data collection. Varying 

pump wavelengths were used as shown in Table 2.1, such that for each QD diameter, the pump 

energy did not approach resonant pumping with the band edge. Pump powers for each QD sample 

were selected such that the normalized excited state decays were independent of power, a sign of 

predominantly single excitons contributing to the signal. Experiments were carried out at room 

temperature, and absorption spectra taken at intervals during the experiment were used to monitor 

sample consistency. 

2.2.4 Photochemical Hydrogen Production  

Mixtures of CdS QDs and CaI at 1:1 QD:CaI ratios were prepared in 50 mM Tris, 5 mM 

NaCl, 5% glycerol, at pH 7, with 100 mM ascorbate as a hole scavenger. QD and CaI 

concentrations were at 590, 450, and 320 nM for the 4.3 (#2), 4.5, and 5.0 (LE-b) nm QD samples, 

respectively, such that all three QD samples had similar absorbance values of ~0.3 at 405 nm. 

Buffers were sparged under argon prior to use and sample preparation was carried out in an argon-

filled MBraun anaerobic chamber. Assay samples prepared were 600 µL in 1.5 mL serum vials 

sealed with rubber septa. Sample vials were stirred and illuminated 10 min by a 405 nm continuous 

wave diode laser at 40 mW. After illumination, H2 was detected by injecting a sample of the vial 

headspace into an Agilent 7820A gas chromatograph with a 5 Å molecular sieve column.  
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2.3. Results and Discussion 

To investigate the impact of QD size on QD-CaI ET, we took transient absorption 

spectroscopy measurements on six CdS QDs with varying diameters of 3.3, 4.3, 4.5, 5.0, and 5.3 

nm. We also compare two QDs from different batches which are of similar diameter (4.3 nm), but 

differing intrinsic excited state lifetimes, two QD samples from the same batch of 5.0 nm particles 

which was ligand exchanged to MPA on two separate occasions, and two batches of CaI stock.  

2.3.1 Intrinsic CdS QD Photoexcited Electron Decays  

First, we briefly describe the intrinsic QD excited state decays, so that we can address 

whether any differences between QDs in these properties appear relevant in the later discussion of 

CaI-induced decay processes (Figure 2.1a). We focus on the transient band-edge bleach feature 

of the CdS QD TA spectrum, which corresponds to the ensemble population of conduction band-

edge electrons.17–19 The excited state decay kinetics of cadmium chalcogenide QDs are complex 

and the underlying contributions to the kinetics are not yet well-characterized for the full femto- 

to microsecond time window. As such, here we take a generalized approach and characterize the 

intrinsic QD decays by their half-lives. The excited state half-lives of all but one of the QD samples 

lie in a similar range from 5 to 10 ns (Figure 2.1b). The longest-lived QD, the first of the two 4.3 

nm particles, has a half-life of 18 ± 4 ns, visibly longer than that of the second 4.3 nm QD at 8.4 ± 

0.5 ns. Of the two MPA ligand exchange batches of the 5.0 nm QDs, MPA LE-b is slightly longer 

than MPA LE-a with a half-life of 9.9 ± 0.6 ns versus 6.9 ± 2.6 ns, respectively. These differences 

may result from varying MPA ligand coverage affecting the number or distribution of surface-

localized electron trap states, which serve as one of the pathways of decay of the conduction band 

electron in CdS nanocrystals.20–23 
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Figure 2.2: a) Excited state decays of the band-edge bleach feature of MPA-capped CdS QDs of 

varying diameter and b) their corresponding half-lives. 

 3.2 Excited State Decay Kinetics in CdS QD-CaI Complexes  

To observe ET from CdS QDs to CaI, the QDs were mixed with CaI at a range of molar 

ratios. ET should result in lifetime shortening of the QD excited state decay; to analyze the 

potential ET kinetics we take the quotient as described by Eqn (1): 

𝑆𝐶𝑎𝐼(𝑡) =
𝑆𝑄𝐷−𝐶𝑎𝐼(𝑡)

𝑆𝑄𝐷(𝑡)
         (1) 

where 𝑆𝐶𝑎𝐼(𝑡) represents the QD excited state decay caused by the addition of CaI, and 𝑆𝑄𝐷(𝑡) 

and 𝑆𝑄𝐷−𝐶𝑎𝐼(𝑡) the excited state decays of the QD-only and QD-CaI sample, respectively.  Figure 

2.2 shows 𝑆𝐶𝑎𝐼(𝑡) for a selection of the data from QD-CaI data taken with QDs of diameters 3.3 

to 5.3 nm. Previous work on CdS nanorod-CaI complexes has demonstrated that the number of 

CaI bound per nanorod can by modeled by a Poisson distribution; given the much more limited 

surface area of QDs compared to nanorods, we propose that a binomial distribution—which 

accounts for a limited number of binding sites (Nmax)—is a more appropriate model for the 

distribution in the number of CaI bound per QD (NCaI), described by an average number bound, 

〈NCaI〉.
5,24–26 Averaging over the distribution of NCaI,

26 we may model an QD-CaI ET pathway with 

rate constant k and normalization factor A using Eqn (2):  
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𝑆𝐶𝑎𝐼(𝑡) = 𝐴 ∙ (1 +
〈𝑁𝐶𝑎𝐼〉

𝑁𝑚𝑎𝑥
(𝑒−𝑘𝑡 − 1))

𝑁𝑚𝑎𝑥

.    (2) 

 
Figure 2.3: Excited state decay kinetics caused by the interaction of CaI with CdS QD (SCaI(t)), 

obtained by taking the quotient of the QD-CaI and QD-only band-edge bleach decay traces for 

QD diameters a) 5.3 nm, b) 5.0 nm (MPA LE-a), c) 4.5 nm, d) 4.3 nm from synthesis batch #1, 

e) 4.3 nm from synthesis batch #2, and f) 3.3 nm. The solid dark blue lines correspond to fits to 

Eqn (2) for QD sizes 5.3 and 5.0, and to Eqn (3) for sizes 4.5, 4.3, 3.3 nm 
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 We find that 𝑆𝐶𝑎𝐼(𝑡) of the largest QDs of diameters 5.3 and 5.0 nm can be fit reasonably 

well to Eqn (2), with similar k values ranging from 1.0 to 1.8 x 108 s-1 (Figure 2.2a, b, Table 2.2). 

In all fits, where multiple QD:CaI molar ratios were available, a global fit was performed such that 

k was set as a linked parameter while 〈NCaI〉 was allowed to vary between QD:CaI ratios. The 

value of Nmax does not have a strong impact on the fit—for Nmax ≥ 1, the variation in the other fit 

parameters was negligible, likely a result of the low 〈NCaI〉 of these samples, whose highest value 

was 0.51 ± 0.01 for the 3:1 QD:CaI ratio of the 5.3 nm QD. For the smaller sizes 3.3, 4.3, and 4.5 

nm, however, Eqn (2) is not sufficient to describe the 𝑆𝐶𝑎𝐼(𝑡) kinetics due to the presence of an 

additional decay occurring at faster times <1 ns.  

To fit the full time window of 𝑆𝐶𝑎𝐼(𝑡) behavior from the picosecond to tens of nanosecond 

range in the 3.3 to 4.5 nm QDs, we consider whether QD-CaI binding may involve more than one 

distinct binding orientation of the QD on the CaI surface, with its own separate k and 〈NCaI〉. 

Adding another ET pathway with a binomial distribution of NCaI results in Eqn (3): 

𝑆𝐶𝑎𝐼(𝑡) = 𝐴 ∙ (1 +
〈𝑁𝐶𝑎𝐼〉1

𝑁𝑚𝑎𝑥
(𝑒−𝑘1𝑡 − 1))

𝑁𝑚𝑎𝑥

(1 +
〈𝑁𝐶𝑎𝐼〉2

𝑁𝑚𝑎𝑥
(𝑒−𝑘2𝑡 − 1))

𝑁𝑚𝑎𝑥

. (3) 

Eqn (3) assumes the same Nmax for both QD-CaI binding orientations, as the number of available 

binding sites on the QD is unlikely to change drastically with CaI orientation, and the fits to the 

data with Eqn (2) already showed that Nmax has minimal impact on the fit since the relative 

concentration of CaI is low.  

Eqn (3) fits well to the 𝑆𝐶𝑎𝐼(𝑡) decay traces of the 3.3 to 4.5 nm QDs (Figure 2.2c-e). The 

fits result in a k1 in the same 108 s-1 order of magnitude to the k values found for the 5.0 and 5.3 

nm QDs (Table 2.2). It should be noted that the fit results from the 3.3 nm QD kinetics have a 

much greater uncertainty, because of particularly low signal-to-noise at late times which prevents 

fitting the kinetics > 3 ns. Compared to the fit results from the other QDs, the value of k1 for the 
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4.3 nm #1 is somewhat lower at 0.6 x 108 s-1. This may be related to the fact that this was the QD 

with the longer intrinsic excited state lifetime (Figure 2.1), as this allowed for better signal to 

noise of 𝑆𝐶𝑎𝐼(𝑡) at later delay times >30 ns and therefore to be fit to a wider time window than was 

possible for the other QDs. The fit of Eqn (3) to the 3.3 to 4.5 nm QDs is also able to describe the 

faster decay component with the value of k2 ranging from 0.8 to 4.1 1010 s-1 (Table 2).  

Table 2.2: Rate constants of SCaI(t) decay kinetics. 

QD Diameter 

(nm) 

k1 

(108 s-1) 

k2 

(1010 s-1) 

 5.3 1.3 ± 0.06 - 

5.0 (LE-a) 1.0 ± 0.1 - 

5.0 (LE-b) 1.8 ± 0.4 - 

4.5 1.8 ± 0.1 1.3 ± 0.4 

4.3 (#1) 0.6 ± 0.05 0.8 ± 0.2 

4.3 (#2) 2.5 ± 0.3 3.1 ± 2.5 

3.3 6.6 ± 4.5 4.1 ± 1.0 

Overall, the fit results of the 𝑆𝐶𝑎𝐼(𝑡) kinetics indicate two excited state decay processes 

induced by CaI, with rate constants k1 ~108 and k2 ~1010 s-1. The values of k1 and k2 do not appear 

to be QD size dependent (Figure 2.3a). The 108 s-1 process appears to be present in all the QDs 

tested, though with higher uncertainty in the 3.3 nm QD due to low signal-to-noise ratio. The 1010 

s-1 decay, meanwhile, only appears in the smaller end of the QD size range 3.3 to 4.5 nm. (Figure 

2.3a).  

 
Figure 2.4: a) Rate constants k1 (black circles) and k2 (teal triangles) of SCaI(t) decay versus QD 

diameter, b) 〈NCaI〉1 and 〈NCaI〉2 versus QD diameter at a 6:1 QD:CaI ratio with CaI batch #1. 
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 To observe trends in QD-CaI binding, we look to the 〈NCaI〉 fit parameter. The resulting 

〈NCaI〉 values for each QD and QD:CaI ratio are listed in Table 2.3. As two different batches of 

CaI were used in this data set, to examine trends in 〈NCaI〉 we will compare only data which was 

taken at the same QD:CaI ratio and with the same CaI batch, as there may be differences in the 

iron-sulfur cluster loading and therefore the fraction of CaI capable of accepting electrons. First, 

Figure 2.3b shows the trends for 〈NCaI〉1 and 〈NCaI〉2 at a 6:1 QD:CaI ratio for CaI batch #1. In 

this data set, 〈NCaI〉1 is distinctly lower for the 3.3 nm compared to the 4.3 to 5.3 nm QDs, which 

do not appear to follow a clear trend with QD size. 〈NCaI〉2, meanwhile, is higher with the 4.3 nm 

than the 3.3 nm, though with only two data points we cannot determine whether this is due to QD 

size or other factors.  

Table 2.3: 〈NCaI〉 values from kinetic fits to 𝑆𝐶𝑎𝐼(𝑡) kinetics. 

QD Diameter 

(nm) 

CaI 

Batch 

QD:CaI 

Ratio 
〈𝑵𝑪𝒂𝑰〉𝟏 〈𝑵𝑪𝒂𝑰〉𝟐 

3.3 #1 6:1 0.04 ± 0.01 0.04 ± 0.004 

4.3 (#1) #1 10:1 0.22 ± 0.006 0.05 ± 0.006 

4.3 (#1) #1 6:1 0.28 ± 0.004 0.07 ± 0.05 

5.0 (LE-a) #1 6:1 0.18 ± 0.008 - 

5.0 (LE-a) #1 3:1 0.25 ± 0.008 - 

5.3 #1 6:1 0.22 ± 0.01 - 

5.3 #1 3:1 0.51 ± 0.01 - 

4.3 (#2) #2 3:1 0.08 ± 0.004 0.008 ± 0.003 

4.5 #2 2:1 0.21 ± 0.005 0.05 ± 0.005 

4.5 #2 1:1 0.35 ± 0.003 0.07 ± 0.003 

5.0 (LE-b) #2 3:1 0.04 ± 0.001 - 

5.0 (LE-b) #2 1:1 0.11 ± 0.001 - 

In the data taken on CaI batch #2, there is no single ratio at which data on all three QD 

sizes was obtained (Table 2.3). Nevertheless, a notable result can be seen in that the 4.5 nm QD 

has significantly higher 〈NCaI〉 values than the other QDs with CaI batch #2. While the 4.3 and 5.0 
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nm QD have comparable 〈NCaI〉1 (3:1 QD:CaI) the 4.5 nm QD has a markedly higher 〈NCaI〉1 at 

0.35, over 3x higher than 0.11 for the 5.0 nm QD (1:1 QD:CaI). This is different from the trend 

seen with the CaI batch #1 data from Figure 2.3b, in which 〈NCaI〉1 for the QDs in the 4.3 to 5.3 

nm range did not vary to the same extent. From these comparisons from both CaI batches, it does 

appear that some characteristic of the QD other than size alone has an impact on the strength of 

QD-CpII binding.  

2.3.4 Photochemical H2 Production with Varying CdS QD Size  

We measured photochemical H2 production from three of the above QDs, 4.3 nm (#2), 4.5 

nm, and 5.0 nm (LE-b). All three QD sizes were run at a 1:1 QD:CaI ratio, under the same 

illumination conditions with a 405 nm continuous wave diode laser in the presence of a sacrificial 

hole scavenger, ascorbate. Illumination of QDs in the absence of CaI did not produce any 

detectable H2. Figure 2.4 shows the relative QY, obtained by dividing the QY of each sample by 

that of the 4.3 nm QD sample. The 4.3 nm and 5.0 nm QD-CaI samples produced similar QY 

within error of each other, followed by the 4.5 nm QD whose QY was more than 4x lower.  

 
Figure 2.5: Relative QY of photochemical H2 production from CdS QD-CaI samples from three 

QD sizes, compared to the trends in QEET (as calculated using Eqn (4)) at QD:CaI ratios of a) 

3:1 and b) 1:1, for the QD sizes at which TA data was taken at those ratios. 
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 We use an established method to calculate the quantum efficiency of ET (QEET)—defined 

as the percentage of photoexcited electrons in the sample which undergo ET to CaI instead of 

decaying through other pathways such as electron-hole recombination or localization to surface 

trap sites on the QD—from the TA decay traces directly.26 Under the assumption that the QD 

excited state lifetime shortening caused by the addition of CaI is attributed to ET, we calculate 

QEET following Eqn (4): 

𝑄𝐸𝐸𝑇 = 1 − ∫ 𝑑𝑡 (−
𝑑𝑆𝑄𝐷(𝑡)

𝑑𝑡
) (

𝑆𝑄𝐷−𝐶𝑎𝐼(𝑡)

𝑆𝑄𝐷(𝑡)
)

∞

0
    (4) 

Figure 2.4a shows the QEET values at a QD:CaI ratio 3:1 for the 4.3 and 5.0 nm, and Figure 2.4b 

for the QD:CaI ratio of 1:1 for the 4.5 and 5.0 nm, compared with the relative QY for each QD 

size. From the 3:1 ratio in Figure 2.4a, we see that the 4.3 and 5.0 nm QDs have similar QEET, 

and their resulting QY are similar to each other, as we might expect. However, from the 1:1 ratio 

in Figure 2.4b we see that while the 4.5 nm sample QEET is over 2x higher than that of the 5.0 

nm QD, its QY is over 4x lower than the 5.0 nm sample.  

How could the QD-CaI sample with the highest QEET have the lowest QY of H2 

production? There are several possible causes of this result. One possibility is that the rate of hole 

transfer to the ascorbate varies with different QDs, possibly due to a difference in surface faceting 

or surface ligand coverage; if the 4.5 nm QD is experiencing a lower hole transfer rate, this would 

correspondingly lower the QY even if the QEET is larger than that of the other QD sizes. A second 

possibility is a differing rate of back-electron transfer between different QDs, which would 

similarly cause QY to no longer trend with QEET. The third possibility is that the fundamental 

assumption of our QEET calculation—that all of the excited state lifetime shortening induced by 

CaI is the result of ET—is incorrect. Given that we observe two separate decay processes in 
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𝑆𝐶𝑎𝐼(𝑡), perhaps one of these processes is not an ET pathway—or at least, not an ET pathway 

productive for catalysis.  

For example, if the addition of CaI modulates the QD surface in such a way that the rate or 

amount of electron trapping is increased, this would manifest in excited state lifetime shortening 

in the same manner as ET. Alternatively, if one of the two 𝑆𝐶𝑎𝐼(𝑡) decay pathways represents QD 

binding the alternate positively charged CaI surface patch and ET to the [2Fe-2S] cluster, this may 

simply not be an ET pathway which contributes to catalysis, particularly since prior work has 

hypothesized that the [2Fe-2S] cluster is not a direct participant in the ferredoxin-driven electron 

transport chain of CaI.7  

If this is the case, then which of the two 𝑆𝐶𝑎𝐼(𝑡) decays might represent the catalysis-

productive ET process? Given that the 5.0 nm QD-CaI sample demonstrated photochemical H2 

production but did not show any indication of the k2 ~1010 s-1 decay process (Table 2.2, Figure 

2.3), it seems likely that the k1 ~108 s-1 decay process represents the catalysis-productive ET 

process. This would also track with past work with CdS nanorod-CaI samples, which measured 

rate constants of ET on similar timescales of 107 to 108 s-1.6,24–26 The apparent absence of a QD 

size dependence of the value of k1 is interesting, as it implies that neither the driving force for ET, 

nor the nanocrystal size alone have a strong impact on the rate constant of ET—at least in the CdS 

QD size range from 3.3 to 5.3 nm. Prior studies of ET in CdTe QD-CaI complexes reached a 

similar conclusion, proposing that the presence of proton-coupled ET may result in the lack of a 

driving force dependence. However, the fact that we do see large deviations in 〈NCaI〉 for select 

QDs—the significantly lower 〈NCaI〉 with the 3.3 nm QD, and the markedly higher 〈NCaI〉 with the 

4.5 nm—suggests that some quality of the QDs other than size does play a large role in QD-CaI 

interaction. Differences in QD surface properties are a likely culprit, such as the distribution of 
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facets and ligand coverage, impacting the strength and nature of the QD-CaI binding. Further 

understanding of QD characteristics related to surface structure could be key to tuning nanocrystal-

hydrogenase interaction.  

2.4. Summary and Conclusions 

In this work, we examined interfacial ET and photochemical H2 production in CdS QD-

CaI complexes in a range of QD diameters from 3.3 to 5.3 nm. We found that all the QDs sizes 

showed a CaI-induced excited state decay process with rate constant k1 ~108 s-1, and QDs with 

diameters 3.3 to 4.5 nm showed an additional, faster process with rate constant k2 ~1010 s-1. 〈𝑁𝐶𝑎𝐼〉 

did vary for select QDs, showing that factors other than QD size play an important role in QD-CaI 

binding affinity. 〈𝑁𝐶𝑎𝐼〉 did vary for select QDs, but also did not appear to trend with QD size, 

demonstrating that QD properties other than size play an important role in QD-CaI binding affinity. 

We measured photochemical H2 production in QD-CaI samples with three QD sizes, finding that 

the QD with the largest calculated QEET resulted in the lowest QY of H2 production. This may be 

an indication of differences in hole or back-electron transfer between this and the other two QDs, 

or that not all of the CaI-induced excited state lifetime shortening is associated with a catalysis-

productive ET pathway. If this is the case, we find that the catalytically-productive ET pathway is 

likely associated with k1 ~108 s-1 decay process, while the k2 ~1010 s-1 decay may be the result of 

either an CaI-induced change to the intrinsic QD excited state decay, or a separate QD-CaI binding 

orientation leading to an unproductive ET pathway; in either case, the ~1010 s-1 decay is not present 

in CdS QD sizes ≥ 5.0 nm. Overall, we find that CdS QD properties other than size—such as 

differences in surface faceting and ligand passivation—are a powerful factor in determining the 

nature of QD-CaI binding, and that more work is needed to understand the processes contributing 

to the excited state lifetime shortening of CdS QDs induced by CaI. 
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2.5. Future Work and Outlook 

An emerging future opportunity for this work will be to incorporate independent 

measurements of QD-CaI binding, as well as kinetic Monte Carlo simulation to probe the factors 

contributing to the differences in H2 production QY between CdS QD-CaI samples. Microscale 

thermophoresis (MST) is a technique which has been used to quantify the strength and 

cooperativity of protein-protein binding interactions using fluorescent-tagging. Recent work has 

established the use of this method for characterizing electrostatic CdS QD-nitrogenase enzyme 

binding interactions, demonstrating the promise of MST as a measure of QD-enzyme binding 

which does not rely on interpretation of ET and photochemical product formation. Correlating QD-

CaI MST with the results from TA spectroscopy and photochemical H2 production experiments 

will enable us to begin piecing together how QD-CaI binding properties contribute to observed 

differences in H2 production.  

To investigate how differences in other pathways in the photochemical system play a role,  

a promising avenue is the use of kinetic Monte Carlo simulations of QD-CaI H2 production, which 

we have already developed for CdS nanorod-CaI studies as will be discussed in Chapter 4. For 

example, if the k2 ~1010 s-1 CaI-induced decay pathway observed in TA experiments is a non-

catalytically productive ET pathway, using the rate constants obtained from TA data fits and QD-

CaI binding information from MST as inputs, we can simulate this possibility and observe whether 

this or other hypotheses are capable of explaining the experimental trends.  

Finally, knowing that the QD surface likely plays a significant role in QD-CaI interactions, 

it would be insightful to test the impact of different post-synthesis QD treatments on QD-CaI 

binding, ET, and H2 production. Prior work has shown that successive precipitation of Cd 

chalcogenide nanocrystals with methanol modifies the nanocrystal surface stoichiometry. 
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Differences in the MPA ligand exchange procedure are also capable of producing changes to QD 

surface ligand passivation, as demonstrated by the slight differences in excited state decay kinetics 

seen in our two 5.0 nm CdS QDs in Figure 2.1. Such experiments could shed light on the extent 

to which post-synthetic handling of CdS QDs impacts binding, ET, and catalysis in these systems, 

and lead to better understanding of how their interactions with external components could be better 

controlled. 
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Chapter 3 

Kinetics of Redox Intermediates of a [FeFe]-Hydrogenase 

Photoreduced by CdS Quantum Dots 

 

3.1. Abstract 

 Protein structure and cofactor properties are key to the control of electron transfer (ET) and 

catalytic bias in redox enzymes. We examine these factors in [FeFe] hydrogenase II from 

Clostridium pasteurianum (CpII), which catalyzes the reversible activation of H2 with large bias 

toward H2 oxidation. CpII is a metalloprotein consisting of two iron-sulfur clusters (F-clusters) 

which enable ET to and from the active site (H-cluster). We photoreduce CpII via coupling with 

colloidal cadmium sulfide quantum dots (CdS QDs), measuring the change in CpII redox species 

as a function of illumination time with electron paramagnetic resonance (EPR) spectroscopy. 

Through kinetic modeling of the photochemical EPR data we extract relative rate constants of ET 

between the metalloclusters. We find the results support a pathway of photoexcited ET from the 

QD into CpII through the distal F-cluster, in the same manner as the native ferredoxin redox 

partner. The resulting relative ET rates between clusters suggest highly directional electron flow, 

such that ET away from the H-cluster toward the proximal F-cluster is strongly favored by three 

orders of magnitude. This relative rate resembles the previously measured magnitude of CpII 

catalytic bias for H2 oxidation, and supports the prior proposed model for the thermodynamic 

landscape of the intraprotein CpII ET pathway. We also detect signal resembling the two-electron 

reduced Hsred H-cluster state; the favored stabilization of Hsred over Hhyd may be another key 

element in the catalytic bias of CpII toward H2 oxidation. 
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3.2. Introduction 

 Hydrogenase enzymes are essential biological catalysts for H2 oxidation and proton 

reduction, comprising a family of enzymes with a wide range in catalytic bias.1,2 An ongoing area 

of interest lies in how protein structure controls this bias, and how the underlying principles learned 

from these systems may be applied to the control of electron transport in increasingly complex 

redox chemistries.3–7 The H2 activation reaction in [FeFe]-hydrogenases is catalyzed at a 

metallocluster known as the H-cluster; electrons can be funneled to and from the H-cluster via a 

series of iron sulfur clusters (F-clusters), which in turn are oxidized or reduced by external redox 

shuttles such as a ferredoxin protein.7–9 The structural, thermodynamic, and electronic properties 

of these clusters are all key to the resulting rate and directionality of intraprotein electron flow.7,8 

Our hydrogenase of interest in this work is [FeFe]-hydrogenase II from Clostridium 

pasteurianum (CpII), which consists of an H-cluster and two F-clusters in its electron transport 

chain (Figure 3.1a).7,10,11 CpII is nearly 1000 fold biased towards H2 oxidation, but how the F-

cluster arrangement and thermodynamic and electronic properties impact this catalytic bias in CpII 

is still under investigation.7,10 The F-clusters of CpII demonstrate significantly different reduction 

potentials, most recently measured as -406 mV ± 12  and -140 mV ± 18 versus NHE.10,11 Recent 

work has demonstrated evidence of spin-spin coupling between the two F-clusters of CpII, and 

proposes that that the higher potential F-cluster is located proximal to the H-cluster.10 This 

arrangement would favor the flow of electrons in the H2 oxidation direction from H-cluster to the 

proximal F-cluster, with spin-spin coupling compensating for the otherwise thermodynamically 

unfavorable electron transfer from proximal to the lower potential distal F-cluster for eventual 

reduction of a ferredoxin.  However, further work is required to confirm this thermodynamic 

landscape and F-cluster arrangement. In addition, little is known about the catalytic mechanism of 
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H2 oxidation and reduction in CpII. Figure 3.1b provides an example of a [FeFe]-hydrogenase 

catalytic cycle and possible intermediates,7 however higher reduced H-cluster states such as Hsred 

or Hhyd have yet to be definitively observed in CpII. Identification of the relevant H-cluster redox 

species could provide further insight addressing the question of whether the H-cluster of CpII is 

tuned for H2 oxidation.  

 

Figure 3.1: a) Scheme of CdS QD coupled to [FeFe]-hydrogenase CpII for photochemical H2 

production. b) One example of a proposed [FeFe] hydrogenase catalytic mechanism of H2 

production and oxidation occurring at the H-cluster active site and the cycle of H-cluster 

intermediates, reprinted with permission from Artz et al. J. Am. Chem. Soc. 2020, 142, 3, 1227–

1235, copyright © 2019 American Chemical Society. The reduced F-clusters, as well as several 

H-cluster intermediates (including Hox, Hsred, and Hhyd) are EPR active. 

 In this work, we investigated the electron transfer pathways and redox intermediates of 

CpII by interfacing CpII with colloidal cadmium sulfide quantum dots (CdS QDs) to reduce the 

enzyme via the native electron injection pathway in a light-controlled manner. Previous work with 

other [FeFe] hydrogenases coupled with cadmium chalcogenide nanocrystals has shown that 

functionalization of the nanocrystal surface with negatively charged mercaptopropionate ligands 

allows for electrostatic binding to the hydrogenase in mimicry of the native ferredoxin-

hydrogenase interaction.12–14 Using this approach, we monitored the redox changes in the CpII F-

clusters and H-cluster in the QD-CpII biohybrids as a function of illumination time with electron 

paramagnetic resonance (EPR) spectroscopy. We identified the relative light-dependent 
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accumulation and decay of the paramagnetic F- and H-cluster states by EPR-active signatures, 

developed a kinetic model of photoinduced electron transfer, and fit the model to the changes in 

EPR signals of redox species to extract relative rate constants of electron transfer between the 

metalloclusters. From these relative rates, we discuss the implications of the two different 

thermodynamic landscapes of the F-cluster relay, the catalytic mechanism of CpII, and how these 

results support previous proposed models of CpII electron transfer directionality. 

3.3. Experimental Methods 

3.3.1 [FeFe]-Hydrogenase Expression, Purification, and Characterization  

The [FeFe]-hydrogenase CpII enzyme expression and purification were carried out as has 

been described previously.7,10 Cultures were inoculated with fresh transformants and grown 

overnight in terrific broth (TB) media (all TB media used contained 0.4% glycerol), at 37 °C, 250 

rpm for 14 to 16 h. In a 2 L flask, 1 L of TB media was inoculated with 10 mL of the overnight 

culture, which were then grown to an A600 of 0.22 to 0.35. For induction, the following 

components were added in sequence for final concentrations of: 1.5 mM IPTG, 2 mM cysteine, 4 

mM ferric ammonium citrate, 25 mM fumarate, and 0.5% glucose. Two 1 L cultures were 

transferred into a 2 L Kimble Kimax narrow-neck flask and sparged with Argon gas overnight. 

Thereafter, all steps were carried out under anaerobic conditions. For harvesting, cells were 

centrifuged for 5 to 7 min at 6000 to 7000 rpm, resuspended in 100 mM Tris, 300 mM NaCl, pH 

8.3, 5% glycerol, and 2 mM NaDT buffer and stored at −80 °C. In preparation for purification, 

cells were thawed and Roche EDTA-free protease inhibitor, lysozyme, and DNAse were added. 

Cells were lysed by passing through a microfluidizer 8 to 10x and lysed cells were then spun for 

1 h at 45,000 rpm. The clarified lysate was passed over an IBA column of preequilibrated XT-HC 

Strep, washed, and then eluted with a 50 mM Tris, 300 mM NaCl, 5% glycerol, pH 8 storage buffer 
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containing 20 mM XT 4Flow biotin. Protein was stored at 4 °C in an MBraun anaerobic chamber 

until use. SDS-PAGE was used to confirm CpII expression and purification, and a Bradford assay 

was used to measure CpII concentration. A methyl viologen dye-based biochemical assay was 

used to measure the specific activity of H2 production of purified CpII.  

3.3.2 CdS QD Synthesis and Ligand Exchange  

CdS QDs were synthesized with a multi-injection procedure described in prior work.15 The 

synthesis was performed under inert atmosphere with an argon-filled Schlenk line and purification 

was carried out in an argon atmosphere MBraun glovebox. Sulfur precursor consisted of 0.025 g 

sulfur (99.998%) in 5.529 g 1-octadecene (technical grade, 90%) for a 0.1 M solution which was 

left to dissolve overnight. Cadmium oleate precursor (0.1 M) was made in a 3-necked round bottom 

flask with a reflux condenser; the precursor starting materials consisted of 0.131 g cadmium oxide 

(99.99%), 2.83 oleic acid (90%), and 5.43 g 1-octadecene, which were evacuated at 90°C for 30 

minutes. Under argon atmosphere, the precursor was then heated to 250°C. After the precursor 

solution turned clear, it was cooled to 60°C in preparation for later injections. Meanwhile, the 

synthesis reaction mixture was set up in a second flask with reflux condenser, to which 2.38 g 1-

octadecene was added and evacuated for 30 min at 90°C. Next, 4 mL of cadmium-oleate precursor 

solution was transferred to the synthesis reaction flask, which was then heated to 260°C, followed 

by a 2 mL injection of 0.1 M sulfur precursor. The reaction mixture temperature was kept at 220°C 

for the injections remaining. The first sulfur injection was followed three minutes later by 0.5 mL 

of cadmium oleate precursor, one minute later by 0.5 mL sulfur, one minute later by another 0.5 

mL cadmium oleate, after which the mixture was left to grow at 220°C for one more minute prior 

to quenching in a mineral oil bath to cool the solution. Once cooled to a safe handling temperature 



34 

 

<70°C, the reaction solution was placed in an argon-filled rubber septum-capped vial and 

transferred into an argon atmosphere glovebox to for the purification procedure.  

The CdS QD purification was carried out as follows: the initial post-synthesis QD solution 

was precipitated using a 1:3 v/v mixture of methanol:isopropanol and centrifuged. The supernatant 

was removed, leaving a gel-like QD pellet. The pellet was redissolved in ~1 mL toluene, 

precipitated with methanol, and centrifuged. The clear supernatant was removed, and the solid QD 

pellet was redissolved in ~4 mL hexanes, precipitated with a 1:3 v/v mixture of 

methanol:isopropanol, and centrifuged. The clear supernatant was removed, the solid QD pellet 

was placed under vacuum to evaporate the remaining solvent, followed by redispersal in ~1 mL 

toluene. The QD average diameter of 4.5 nm and molar absorptivity of 6.9 x 105 M-1cm-1 was 

determined from previously established calibration curves based on the 432 nm first exciton peak 

wavelength of the absorbance spectrum.16 The first exciton peak absorbance and molar 

absorptivity were used to determine QD stock concentrations. 

The CdS QD ligand exchange to 3-mercaptopropionate surface capping ligands was carried 

out using an adaptation of previously described methods.17,18 A 71 mM 3-mercaptopropionic acid 

solution was made with 0.143 g of 3-mercaptopropionic acid (99%), 15.0 g of methanol, and 0.448 

g of tetramethylammonium hydroxide (>97%) for adjustment to pH 11. First, the QDs were 

precipitated out of the toluene stock solution using methanol, and centrifuged. The clear 

supernatant was removed, and the solid QD pellet dried under vacuum then redispersed in 1 mL 

hexanes. 1 mL of the 71 mM 3-mercaptopropionic acid solution was added to the QD stock, mixed, 

and left to sit until phase separation occurred leaving a bottom layer of optically clear QD solution 

and a colorless top layer. The top layer was removed, toluene was used to precipitate the QDs, and 
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the solution was centrifuged. The colorless supernatant was removed, the QDs were dried under 

vacuum followed by redispersal in water.  

3.3.3 Photochemical Hydrogen Production  

Photochemical hydrogen production assays were used to assess the success of nanocrystal-

hydrogenase coupling for photoreduction (Figure 3.2). Mixtures of CdS QDs (500 nM) and CpII 

(0, 250, 500, 2000 nM) were prepared in 50 mM Tris, 5 mM NaCl, 5% glycerol, at pH 7, with 100 

mM ascorbate as a hole scavenger. Buffers were degassed under vacuum prior to use and sample 

preparation was carried out in an MBraun anaerobic chamber filled with N2. Assay samples 

prepared were 600 µL in 1.5 mL serum vials sealed with rubber septa. Sample vials were stirred 

and illuminated 10 min by a 405 nm light emitting diode set to 8 mW. After illumination, H2 was 

detected by injecting a sample of the vial headspace into an Agilent 7890A gas chromatograph 

with a 5 Å molecular sieve column.  

 
Figure 3.2: Photochemical H2 production per CpII as a function of CdS QD:CpII ratio. 

3.3.4 CdS QD-CpII EPR Sample Preparation  

All samples were prepared under a N2 atmosphere in an MBraun anaerobic chamber and 

all buffers were degassed under vacuum and transferred to the anaerobic chamber prior to use. 

Oxidized CpII was prepared by incubation of as-purified CpII for one minute in a 0.5 mM thionin 

acetate salt (≥ 85%) solution. The oxidized CpII was buffer exchanged into the final desired EPR 
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sample buffer contents and mixed with CdS QDs for final sample concentrations of 100 µM CdS 

QDs and 100 or 300 µM CpII in 50 mM Tris, 5% glycerol by volume, and 70 mM NaCl. The 

buffer exchange of oxidized CpII was carried out using a 30 kDa Millipore centrifugal filter for a 

minimum of six cycles at 9000 to 12,000 x g for 5 to 10 min each. CpII-only samples were prepared 

using the same procedure, but without the addition of CdS QDs. After being loaded into the EPR 

tube, a rubber septum was used to cap the sample which was then transferred out of the anaerobic 

chamber and frozen immediately in liquid nitrogen. Once frozen, samples were stored uncapped 

in the dark in a liquid nitrogen dewar while not in use. 

3.3.5 CdS QD-CpII Sample Illumination and EPR Spectroscopy  

Steady state illumination of samples was carried out in a Thor Labs integrating sphere fitted 

with two Thor Labs 1 W, 405 nm light emitting diodes and a Bruker liquid nitrogen cryostat (ER 

4131 VT). Calibration of the cryostat temperature was carried out using a thermocouple probe 

placed inside a buffer solution. The EPR sample was placed in the sphere and allowed one minute 

to equilibrate to the set temperature of 233K in the dark and then illuminated at 405 nm, 2 W for 

the desired time interval. After each illumination period, the sample was immediately removed 

from the sphere, placed in liquid nitrogen, and then transferred to the EPR spectrometer for data 

collection at that illumination time point. The illumination and EPR data collection procedure was 

repeated to obtain the illumination time dependent spectra. EPR spectra (continuous wave, X-

band—9.38 GHz) were acquired using a Bruker Elexsys E-500 with a super high-Q resonator, 

ColdEdge Technologies cryogen-free helium setup, and Oxford Instruments MercuryiTC 

temperature controller. Data was collected with modulation frequency at 100 kHz, modulation 

amplitude at 10 G, and several temperatures and microwave powers: 3.8K (0.1, 1, 10 mW), 10K 

(1 mW), 20K (1 mW), and 40K (1 mW). EPR spectra under these same conditions were also 
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collected for buffer and blank samples to assist with background correction. Simulations of the 

EPR spectra of previously characterized CpII redox species were generated using the EasySpin 

package in MATLAB. 

3.4 Results and Discussion 

3.4.1 CpII Redox Species Pre- and Post-Illumination  

  Photochemical reduction of CpII by CdS QDs was monitored via EPR spectroscopy at two 

QD:CpII ratios, 1:1 and 3:1. The EPR experimental parameters were guided by previously 

established temperature and power dependences of known EPR-active CpII redox species; the 

most relevant species and g-values can be found in Table 3.1.10,11 Figure 3.3 shows a selection of 

the QD-CpII EPR data, displaying the redox species visible in the pre- versus post-illuminated 

sample spectra measured at 3.8K. Pre-illumination, the EPR spectra across the temperature range 

of 3.8 to 40 K are primarily composed of the oxidized H-cluster (Hox) signal. This is consistent 

with CpII being in a pre-reaction resting state. After 1970 s of illumination—which supports the 

formation and transfer of photo-excited electrons from CdS to CpII—we observed the appearance 

of features of reduced F-clusters (F2.061 and F2.058). There is also a loss of Hox and appearance of 

an axial signal with g-values around 2.11 and 1.87, similar to the features of a doubly reduced H-

cluster state known as Hsred. Although characterized in in other [FeFe] hydrogenases such as 

HydA1 from Chlamydomonas reinhardtii, Hsred has not yet been definitively identified in CpII.10,19 
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Table 3.1: CpII redox species, their EPR signal type and g-values. F2.061, F2.058, Hox, and Hox-CO 

g-values were determined in previous work, the possible Hsred g-values were obtained from 

simulations of EPR spectra at 3.8K, 10 mW.10,11 

CpII Redox Species, EPR signal g-values 

F2.061, rhombic 2.061, 1.920, 1.887 

F2.058, rhombic 2.058, 1.931, 1.891 

Hox, rhombic 2.0795, 2.0284, 2.000 

Hsred, axial 2.11, 1.87 

Hox-CO, rhombic 2.032, 2.017, 1.998 

 

 

 
Figure 3.3: Selected EPR spectra of the QD-CpII sample at a 1:1 QD:CpII ratio at 3.8K, 1 mW, 

before and at one of the post-illumination time points to demonstrate the EPR-active CpII redox 

species present. 



39 

 

A control rection of illumination of CpII without QD present did not demonstrate any of 

the aforementioned CpII reduced states, but did reveal an additional photoinduced species present 

at g ~ 2.032, 2.017, 1.998 that was also present in the QD-CpII samples. This signal may be 

attributed to Hox-CO—a catalytically inactive H-cluster state with an extrinsic CO bound.11 

Alongside the growth of this possible Hox-CO feature, the CpII-only sample also exhibited decay 

of Hox with increasing illumination time (Figure 3.5). Previous work has shown that in certain 

hydrogenase species, illumination may cause degradation of Hox due to a photolytic release of CO 

from the H-cluster; this free CO can bind to neighboring intact H-clusters, forming the Hox-CO 

state.20 This separate photoinduced Hox decay pathway will be accounted for in the kinetic analysis 

below. 

3.4.2 Time Dependent Trends of Photochemically-Generated CpII Redox Species  

The rise and decay kinetics of the CpII redox species as a function of illumination time 

with the QD provide insight into this photoinduced electron transfer pathway. Here, we observe 

these kinetics for three of the identified species—F2.058, Hox, and the possible Hsred signal—from 

the magnitude of the EPR signal at select g-values and measurement temperatures at which only 

one redox species is the primary contributor to the signal, as listed in Table 3.2, and simulations 

of the EPR spectra under these conditions and parameters are shown in Figure 3.4. We will begin 

by examining the general trends exhibited by the time-dependence of each species, before moving 

on to a more detailed look via kinetic modeling in Section 3.4.3. 
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Table 3.2: The g-values and measurement conditions selected for evaluation of photoinduced 

changes in CpII redox species. 

CpII Redox 

Species 

g-value  Temperature Microwave Power  

Hox 2.079  40 K 1 mW 

F2.058 1.943 20 K 1 mW 

Hsred 1.820 3.8 K 10 mW 

 

 
Figure 3.4: Simulated EPR spectra at the temperature and microwave power conditions at which 

the illumination time dependence of the CpII redox species a) Hox, b) F2.058, and c) possible Hsred 

were monitored. The simulations shown represent the relative intensities of the species at a 

sufficiently late illumination time (2200 s) for the photoinduced CpII states (reduced F-clusters, 

Hsred, and Hox-CO) to have grown in. The Hox-CO signal shown in a) was obtained from EPR 

spectra of CpII samples with added CO. 

First, we address the Hox kinetics; as mentioned above, in addition to the reductive 

conversion of Hox due to photoexcited electron transfer from the QD, the Hox signal was subject to 

a photoinduced decay. This is hypothesized to be a result of photolytic loss of H-cluster CO 

ligands. Figure 3.5a shows the illumination-dependent Hox decay and of the CpII-only sample 

alongside that of the two QD-CpII samples, normalized at time zero. The CpII-only Hox decay fit 

well to a single exponential decay with rate constant khox,hv = 4 ± 0.2 x 10-5 s-1. While we do not 

necessarily expect the rate of this process to be the same in the QD-CpII samples, qualitative 

comparison of the slope of the Hox decay in QD-CpII samples (Figure 3.5a) suggests that at least 

part of the photoinduced Hox decay at late times >200 s is caused by this proposed photolytic CO 
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ligand loss. This may indicate that the Hox decay caused by QD photoreduction does not continue 

indefinitely, but eventually slows and saturates.  

 

Figure 3.5: Illumination time-dependence of the decay of Hox of the CpII-only sample versus the 

QD-CpII samples, Hox signal normalized at t = 0. The CpII-only Hox kinetics were fit to a single 

exponential decay.  

We continue by examining the illumination time-dependences of the Hox, F2.058 and Hsred 

signal in relation to each other (Figure 3.6). The F2.058 and Hsred signals were background 

subtracted to zero at time zero, and normalized at the final illumination time shown at 4370 s. The 

1:1 and 3:1 QD:CpII ratios demonstrated the same kinetics for the F2.058 and Hsred species, while 

the 3:1 sample demonstrated slightly more decay of the Hox signal than in the 1:1 sample. At early 

illumination times <40 sec, we observe the rise in the F2.058 signal. While Hox species also decays 

slightly (~5%) in this window, the majority of the photoreduction-induced decay in Hox occurs at 

later times >100 sec illumination, after the rise of F2.058 has begun to saturate. The rise of the 

possible Hsred feature similarly begins in this later time window.  
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Figure 3.6: Illumination time-dependence of three CpII redox species, Hox, F2.058, and possible 

Hsred signal. Hox signal was normalized to 1 at time zero, while F2.058 and Hsred signal intensities 

were normalized at the final illumination time point shown. Fits to the kinetic model depicted in 

Figure 3.7 are overlaid; the Hox kinetics differed slightly between the two QD:CpII ratios, while 

F2.058 and Hsred kinetics were the same for both ratios. 

Qualitatively, these observations support the proposed model of photoreduction of CpII by 

the QD as depicted in Figure 3.1a, in which the photoexcited QD injects electrons into CpII via 

the native charge transfer pathway, namely in a sequential manner from the F-clusters to the H-

cluster active site. This is similar to the results observed previously in photochemical QD-

hydrogenase EPR, except that in the previous work—which involved QDs paired with [FeFe] 

Hydrogenase I from Clostridium acetobutylicum (CaI)—the Hox signal decayed almost completely 

by the end of the illumination period. One possibility is that some of the remaining Hox signal is 

due to a percentage of CpII in the sample which does not have a QD bound, and therefore cannot 

be photoreduced. However, the CpII concentration dependence of photochemical H2 production 

showed saturation of H2 production at QD:CpII ratios >1 (Figure 3.2). Correspondingly, an 

increase in the QD:CpII ratio from 1:1 to 3:1 in the EPR experiments resulted in a minimal change 

to the percentage of photoreduced Hox signal decay, from ~25% to 35% in the 1:1 and 3:1 samples, 

respectively (Figure 3.5b).  
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Alternatively, the high fraction of Hox remaining in CpII at late times may be a result of 

CpII’s differing intraprotein electron transfer directionality compared to CaI; it has been 

demonstrated prior that the thermodynamic landscape of the F- and H-clusters of CpII allow for 

greater stabilization of Hox compared to its reduced states.7 The fact that we see possible signal 

from the two-electron reduced state Hsred indicates that despite CpII’s bias toward H2 oxidation, 

paired with QDs we are able to sufficiently reduce the CpII active site to accumulate a redox 

intermediate from the later stages of the H2 reduction reaction direction. The apparent 

accumulation of Hsred may also lend insight into how the catalytic mechanism of CpII is uniquely 

tuned for H2 oxidation by passing through this particular two-electron reduced state. As depicted 

in Figure 3.1b, in the proton reduction direction of catalysis after Hsred, the H-cluster passes 

through another state, Hhyd, before H2 is released. If the equilibrium between these two states favors 

Hsred, this would presumably favor catalytic bias in H2 oxidation direction since the H-cluster 

would therefore spend less time in the Hhyd state needed for H2 evolution. That we see evidence of 

the Hsred signal but no visible signs of Hhyd may suggest that we are indeed seeing selective 

stabilization of Hsred as one of the means through which the catalytic bias of CpII is tuned. 

3.4.3 Modeling of Photoreduced CpII Electron Transfer Kinetics  

To delve further into these remaining questions regarding the picture of CpII electron 

transfer pathways, we turn to kinetic analysis of the illumination time dependence of the F2.058, 

Hox, and possible Hsred signals. Our kinetic model is depicted in Figure 3.7 below. Assuming 

electron injection from the QD to occur via the native electron transfer pathway for the H2 

reduction direction, the distal F-cluster (F1) is the first to be reduced (k1), followed by electron 

transfer (k2) from F1 to the proximal F-cluster (F2). Electron transfer from F2 to the H-cluster (k3) 

converts Hox into the one-electron reduced state, Hred—this step may or may not also involve 
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proton binding. Transfer of a second electron through the F-cluster relay to Hred (k3) results in the 

two-electron reduced state, Hsred; this model assumes that the rate constant electron transfer from 

F2 to H-cluster is the same regardless of the redox state of the active site. Finally, proton transfer 

and H2 release (k4) restore the Hox resting state. Electron transfer between each of the F- and H-

clusters is reversible (k -2, k -3). In principle, back-electron transfer from F1 to the QD is also 

possible (k -1), but fitting to the experimental data resulted in low to negligible k -1 values, so was 

therefore not included in the final model. Binding of H2 to Hox to form Hsred (k -4) was also not 

included, as the H2 produced by CpII turnover would be negligible and the sample contained no 

other source of H2. 

 

Figure 3.7: Kinetic model of photoreduction of CpII in a CpII-CdS QD system. Oxidized states 

are in grey, one-electron reduced states in magenta, and the two-electron reduced state in red. 

Also included in the model but not depicted here is the previously discussed photoinduced decay 

of Hox with rate constant khox,hv. 

The differential equations for each CpII redox species as determined by the kinetic model 

in Figure 3.7 are shown in Table 3.3. The EPR-active states are F1, F2, Hox, and Hsred, while Hred 

and the oxidized F-cluster states F1,ox and F2,ox are EPR silent. The coupled differential equations 

were solved numerically using an ordinary differential equation solver in MATLAB and fit 

simultaneously to all three of the experimental redox species kinetics—Hox, F2.058, and Hsred—in 

Figure 3.6 using pyABC, a Python-based parameter inference package. For fitting to the F2.058 

kinetics, fitting to F1 and F2 signal were both tested. 
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Table 3.3: Differential equations for each redox species in CpII and EPR status. 

Redox 

Species 
Differential Equation 

EPR 

signal 

F1 
𝑑[𝐹1]

𝑑𝑡
= 𝑘1[𝐹1,𝑜𝑥] − 𝑘2[𝐹1][𝐹2,𝑜𝑥] + 𝑘−2[𝐹1,𝑜𝑥][𝐹2] 

active 

 

F2 

𝑑[𝐹2]

𝑑𝑡
= 𝑘2[𝐹1][𝐹2,𝑜𝑥] − 𝑘−2[𝐹1,𝑜𝑥][𝐹2] − 𝑘3[𝐻𝑜𝑥][𝐹2]

+ 𝑘−3[𝐻𝑟𝑒𝑑][𝐹2,𝑜𝑥] 

Hox 

𝑑[𝐻𝑜𝑥]

𝑑𝑡
= −𝑘3[𝐻𝑜𝑥][𝐹2] + 𝑘−3[𝐻𝑟𝑒𝑑][𝐹2,𝑜𝑥] + 𝑘5[𝐻𝑠𝑟𝑒𝑑]

− 𝑘ℎ𝑜𝑥,ℎ𝑣[𝐻𝑜𝑥] 

Hsred 
𝑑[𝐻𝑠𝑟𝑒𝑑]

𝑑𝑡
= +𝑘4[𝐻𝑟𝑒𝑑][𝐹2] − 𝑘−4[𝐻𝑠𝑟𝑒𝑑][𝐹2,𝑜𝑥] − 𝑘5[𝐻𝑠𝑟𝑒𝑑] 

Hred 
𝑑[𝐻𝑟𝑒𝑑]

𝑑𝑡
= − (

𝑑[𝐻𝑜𝑥]

𝑑𝑡
+

𝑑[𝐻𝑠𝑟𝑒𝑑]

𝑑𝑡
) 

silent F1,ox 
𝑑[𝐹1,𝑜𝑥]

𝑑𝑡
= −

𝑑[𝐹1]

𝑑𝑡
 

F2,ox 
𝑑[𝐹2,𝑜𝑥]

𝑑𝑡
= −

𝑑[𝐹2]

𝑑𝑡
 

 

The average rate constants resulting from the best fit to the photoreduction kinetics of F2.058, 

Hox, and Hsred are shown in Table 3.4. The khox,hv and k1 rate constants were allowed to vary 

between the two QD:CpII ratios, while the others were kept constant. The model fits to all three 

experimental traces fairly well (Figure 3.6), with the exception of the very early time points of the 

F2.058 signal < 12 sec; this may be a result of some of our simplifying assumptions (such as the lack 

of inclusion of possible differences in rate between the first and second electron transfer to the H-

cluster), or simply error due to larger signal to noise in the F2.058 signal in the initial illumination 

time points.  Due to the relatively high number of fit parameters, some of the results have large 

uncertainty, primarily k2, k -2, and k4. The best fit results for k2 and k -2 both span a relatively wide 
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range of values, preventing a definitive discussion of the relative rates of electron transfer between 

the F-clusters. It should also be noted that while the fits in Table 3.4 represent fitting the F2.058 

kinetics to the F2 signal, similar residuals can be obtained by fitting F2.058 to F1, as the k2/k -2 ratio 

is a large determining factor in distinguishing the F1 and F2 kinetics. The rate of the final step of 

H2 release from Hsred to restore Hox, k4, has the highest degree of uncertainty spanning several 

orders of magnitude.  However, the remaining fit parameters demonstrate much higher consistency 

in their best fit values; we discuss these below.  

Table 3.4: Kinetic fit results of the photochemically-induced changes in Hox, F2.058, and Hsred 

EPR signal in QD-CpII complexes fit to the model from Figure 3.7. 

Rate 

constant 

Average fit value (s-1) 

QD:CpII ratio 

1:1 3:1 

khox,hv 0.000015 ± 0.000004 0.000040 ± 0.000008 

k1 0.08 ± 0.05 0.10 ± 0.05 

k2 100 ± 40 

k-2 50 ± 30 

k3 0.0003 ± 0.00004 

k-3 0.5 ± 0.2 

k4 0.1 to 100 

 

The first step—electron injection from QD to F1, defined by rate constant k1—is a product 

of the excitation frequency of the QD and the quantum efficiency of QD-to-CpII electron transfer. 

The best fit gives an average value of k1 at least 10 times smaller than k2.and k -2. Considering that 

previous work has demonstrated evidence of spin-spin coupling between the two F-clusters of 

CpII, it is reasonable to expect this inter-cluster electron transfer to be faster than the interfacial 

transfer from QD to enzyme, particularly considering that k1 is limited by the photoexcitation rate 

and QEET. The fit results for the transfer between F2 and the H-cluster, however, are perhaps the 

most interesting. The average fit result for k3 is 103 times smaller than the reverse transfer step k -

3. This implies highly directional electron flow with a high barrier to transfer from F2 to the H-
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cluster, and correspondingly favored transfer from H-cluster to F2. These relative rates agree well 

with the “Model 2” thermodynamic landscape of CpII proposed by Kisgeropoulos et al., in which 

the F-cluster with the more positive potential (F2.058) is the one located proximal to the H-cluster 

(F2), with the more negative potential F-cluster (F2.061) in the distal position (F1).
10 The fact that k-

3/k3 reflects the same ~103 order of magnitude as the reported H2 oxidation bias of CpII7 is also 

highly suggestive that the directionality of electron transfer between the metalloclusters in CpII is 

a key contributor to the resulting catalytic bias. 

3.5. Summary and Conclusions 

The use of light-activated means for electron injection into the CpII hydrogenase enabled 

tracking of the EPR signals of CpII redox species as a function of illumination time, providing a 

window into the intraprotein electron transfer kinetics and catalytic mechanism. Upon illumination 

of CdS QD-CpII biohybrids, EPR signatures of reduced F-clusters grew in, followed by the decay 

of Hox, both processes eventually reaching saturation. At later illumination times, along with the 

decay of Hox there was also a rise in features of a possible two-electron reduced Hsred species. 

These results support the proposed model that the QD is injecting photoexcited electrons into CpII 

through the same pathway as the native ferredoxin redox partner, from distal F-cluster to H-cluster. 

The presence of a possible Hsred signature also lends insight into the catalytic mechanism of CpII 

and how selective stabilization of Hsred over Hhyd may contribute to CpII’s bias toward H2 

oxidation.  

To examine the relative rates of individual steps in the CpII intraprotein electron transfer 

relay, a kinetic model was proposed and fit to the illumination time dependence of the F2.058, Hox, 

and Hsred signals. The fit results imply a large barrier to electron transfer from proximal F-cluster 

to H-cluster, as k3 is three orders of magnitude smaller relative to k -3. This supports the previously 
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proposed model for the thermodynamic landscape of the CpII electron relay, which places the 

higher potential F-cluster as most likely to be in the position proximal to the H-cluster active site 

such that electron transfer away from the H-cluster is strongly favored, enabling bias for the H2 

oxidation direction of catalysis.10  

Overall, in this work we have used a biohybrid approach to light-controlled electron 

injection into CpII to address fundamental questions on the intraprotein electron transfer dynamics 

and functional contribution to catalysis. In doing so we have furthered our understanding of how 

metallocluster properties, the thermodynamic and electronic landscapes, and catalytic mechanisms 

of hydrogenases may impact the directionality of electron flow and catalytic bias. Such 

understanding provides insights towards the improved design of complex chemical conversion 

processes. 

3.6. Future Work and Outlook 

Several next steps will strengthen and add to the outcomes from this work. First, simulation 

of the full temperature and microwave power dependence of the EPR spectra using the EasySpin 

software package for MATLAB will allow for extracting spectra such as the F2.061 signal from 

other overlapping spectra, as well as quantification of all identifiable F- and H-cluster redox 

species using a copper standard. In particular, this will enable us to add the time dependence of 

the F2.061 signal to fit to the kinetic model, and spin quantization will enable us to know the 

percentage change in F-cluster reduction. Both of these additions to our analysis will further reduce 

the degrees of freedom in the kinetic fit and will provide important support for the assignment of 

the structural arrangement of the F-clusters and the relative intercluster electron transfer rates. 

Second, Fourier transform infrared spectroscopy measurements of CdS QD-CpII samples before 
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and during illumination will assist in more definitive identification of the H-cluster signals 

observed in the photochemical EPR experiments, such as Hox-CO and Hsred.  

More broadly, the use of semiconductor nanocrystal-enzyme biohybrids in photochemical 

EPR experiments as applied here has the potential to answer many further detailed questions 

regarding redox enzyme electron transfer and catalysis. These experiments provide a complement 

to data obtained from chemical reduction of redox enzymes, as the light-induced nature of the 

biohybrid system allows for time-dependent control of electron injection, and the electrostatic 

surface properties of the nanocrystal can be tuned to mimic the enzyme’s binding orientation with 

its native redox partner, allowing for observation of electron injection targeted through the native 

pathway.14 Much exciting work has already been and continues to be conducted with the use of 

photochemical EPR experiments on nanocrystal-nitrogenase biohybrids to uncover insights into 

biological ammonia production.21–24 In the [FeFe] hydrogenase family to which CpII belongs, the 

various determining factors behind this enzyme family’s dramatic range in control over electron 

transfer directionality are still being comprehensively understood.7,10 Comparison of 

photochemical EPR experiments across a range of related hydrogenases, such as Hydrogenases I 

and III from Clostridium pasteurianum (CpI and CpIII), could lend valuable insight into the ways 

in which F-cluster arrangement and properties as well as the favoring of different H-cluster states 

contribute to the control of electron transport in these and other biological systems. 
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Chapter 4 

Rate Limiting Regimes in Photochemical H2 Generation by 

Complexes of Colloidal CdS Nanorods and Hydrogenase 

 

4.1  Abstract 

Driving redox enzyme catalysis with semiconductor nanocrystals has emerged as a 

compelling approach for new chemical conversion strategies. Tuning catalytic outcomes in these 

systems requires an understanding of the impacts and interplay of the different chemical steps 

involved, many of which occur at unknown rates. We reveal the roles of various steps in 

determining the photochemical H2 production rates with complexes of colloidal CdS nanorods and 

[FeFe]-hydrogenase (H2ase). We developed kinetic Monte Carlo simulations of the overall light-

driven catalytic cycle to analyze experimental H2 production trends. We focused on three critical 

processes that have been elusive to date: scavenging of photoexcited holes from photoexcited 

nanorods, back-electron transfer, and H2 oxidation. Simulations and fitting of experimental H2 

production trends reveal that hole transfer becomes the prominent rate-limiting step at high 

illumination intensities. Comparison of simulations to experimental H2 production reveal that both 

back-electron transfer and H2 oxidation play an efficiency-limiting role at high catalyst loadings. 

Our work reveals how experimental parameters can be tuned to minimize the role of energy-

wasting pathways and optimize photochemical product formation.  More broadly, our approach 

demonstrates how critical but elusive chemical steps in multi-step photochemical reactions can be 

probed with a combination of experiments and simulations. 
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4.2  Introduction 

Over the last decade, the concept of driving redox enzyme catalysis with photoexcited 

colloidal semiconductor nanocrystals has evolved from initial reports of catalysis of H2 generation 

with hydrogenases to a wide range of reactions. Examples include N2 fixation, carbon-carbon bond 

and CO formation via CO2 reduction, CO reduction to hydrocarbons, regeneration of biological 

cofactors, fumarate to succinate reduction, and myristic acid monooxygenation, among others.1–8 

While this approach holds promise for light-driven enzymatic reactions to upcycle low-value 

chemicals into valuable products, challenges remain in understanding—and therefore 

controlling—the factors that govern the photochemical outcomes in these systems. Consequently, 

we do not yet know how to design nanocrystal-enzyme experimental systems to convert photon 

energy into chemical products with optimal quantum yields (QYs) and minimal losses to 

unproductive pathways. Here, we address this challenge by examining the kinetics of individual 

steps involved in light-driven catalysis in a model nanocrystal-enzyme system to identify the 

reaction regimes under which particular processes become rate-limiting.    

We focus on CdS nanorods paired with [FeFe]-hydrogenase I from Clostridium 

acetobutylicum (H2ase) for photochemical production of H2 (Figure 4.1). H2ase is a redox enzyme 

that catalyzes reversible H2 activation, producing H2 from reduction of two protons by two 

electrons or electrons and protons from H2 oxidation.9–11 The CdS nanorods, functionalized with 

negatively-charged mercaptopropionate surface-capping ligands, are thought to adsorb 

electrostatically to H2ase at the binding site of the natural ferredoxin electron carrier.11,12 To 

produce H2, CdS nanorods absorb light and transfer the photoexcited electrons to the H2ase, which 

in turn uses them to drive catalysis. During this process, photoexcited holes are removed from the 

nanorod by a sacrificial hole scavenger such as ascorbate (Asc). An important consequence of the 
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stochastic electrostatic interaction between the nanorods and H2ase is that it leads to a Poisson 

distribution in the number of enzymes bound per nanorod (Ncat).
11–15 This ensemble distribution 

of Ncat must be taken into account when extracting quantitative kinetic information from 

experimental data.13–16  

 

Figure 4.1: Scheme of light-driven H2 production in a CdS nanorod-H2ase system, which 

involves several processes, including photoexcitation (exc), electron transfer (ET), electron-hole 

recombination (Rec), hole transfer (HT), back-electron transfer (BET), and catalyst turnover 

(catred, catox). These last three—the processes in red—will be the focus of our discussions. 

Previous studies have revealed the kinetics of some critical steps in this photochemical 

reaction (Figure 4.1). Under typical solution conditions with continuous wave excitation 

comparable with the intensity of the solar spectrum, the photoexcitation rates (Rexc) are on the 

order of 103-104 s-1 nanorod-1.11 In the CdS nanorods, above-bandgap photoexcited electrons and 

holes cool to the band edges and holes localize (i.e. trap) to undercoordinated surface sites on a 

sub-picosecond timescale.17–19 As such, the relevant nanorod excited state for electron transfer 

(ET) to H2ase consists of a surface-trapped hole and a conduction band edge electron. Prior 

transient absorption spectroscopy experiments showed that electron-hole recombination (Rec) and 
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nanorod-to-H2ase ET occur with rate constants (kRec, kET, respectively) of ~107 s-1 for nanorods 

capped with 3-mercaptopropionate surface ligands (there is also a less dominant electron trapping 

pathway, not shown).12–14,16  

Prior work has revealed that quantum efficiency of electron transfer (QEET), i.e., the 

probability that the electron will transfer to H2ase rather than relax by other means, plays a 

governing role in the QY of H2 production, i.e., the number of photochemical H2 molecules 

produced per every two photons absorbed.12,14,16 kET and the resulting H2 generation rate (RH2) 

have been shown to depend strongly on the surface-capping ligands, revealing the critical role of 

the ET interface.16 In prior studies, the QY of H2 production from nanorod-H2ase complexes 

remained constant with increasing light intensity, resulting in a linear relationship between the net 

rate of H2 production per nanorod (RH2) and Rexc.
11 Here, we will refer to this scenario as the 

“photon-limited” regime.  

Considerably less is known about the role of other steps in the overall H2 production 

catalysis, shown with red arrows in Figure 4.1. Hole transfer (HT) to Asc must keep up with ET 

to maintain the charge carrier flow in the photochemical cycle. RH2 increases linearly with Asc 

concentration until reaching saturation; the typical H2 production experiments are done in this 

regime where H2 production is not changing with Asc concentration.11 While these Asc 

concentrations have previously been sufficient to maintain a photon-limited H2 production trend, 

one may imagine that with increasing light intensity, HT may eventually not be able to keep up 

with the electron injection and thereby become the rate-limiting step. The rates of HT per nanorod 

(RHT) in these systems have not been reported, presumably due to the experimental challenges 

associated with the weak spectroscopic signatures of trapped holes.19–22  
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Lastly, perhaps the least-characterized steps in the nanorod-H2ase system are the processes which 

reverse the steps of H2 production. Prior experiments in which RH2 and QY decreased at high 

H2ase:nanorod ratios raised the possibility of back-electron transfer (BET) pathways.11 BET here 

refers to the reversal of ET, in which an electron transferred to H2ase is lost, either through return 

to the nanorod or lost to other components in solution. The other potentially relevant back-reaction 

process is the catalytic oxidation of H2 by H2ase, which leads to reduction of the H2ase, followed 

by BET.  

To minimize the role of non-productive pathways and enhance control of the desired 

photochemical pathways, more understanding is needed for how each process impacts H2 

production trends and which parameters are key to controlling that impact.  Herein, we explore the 

roles and impacts of these elusive steps—HT, BET and H2 oxidation pathways—in photochemical 

H2 production in complexes of CdS nanorods and H2ase. To do so, we use a combination of 

experimental H2 production data and kinetic Monte Carlo (kMC) simulations of the photochemical 

cycle. We begin by describing our kMC method and our model of photochemical H2 production 

by CdS nanorod-H2ase complexes. We use the insights from experimental and kMC simulation 

data to discuss the relevance and impacts of each type of rate-limiting case to reveal new 

understanding for how to control photochemical product formation in these systems. Our approach 

that combines experiments and simulations is broadly applicable to a variety of complex 

photochemical reactions. 

4.3 Experimental Methods 

4.3.1 [FeFe] Hydrogenase Expression, Purification, and Characterization  

CaI was expressed heterologously in E. coli by co-transformation of the cell line BL21 

(DE3) ∆iscR as described previously with maturase and structural gene constructs (pCaFG, 
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pCaAE).23 With a fresh transformation, 5 mL of Terrific Broth (TB) media (EMD Millipore) was 

supplemented with antibiotics (Streptomycin 50 µg/mL, Carbenicillin 200 µg/mL, and Kanamycin 

30 µg/mL), inoculated with several colonies, then cultured overnight at 37 °C and 250 rpm. The 

following morning, the culture was spun down for 5 min at 4,000 rpm, then washed and 

resuspended in fresh TB media (Novagen). From this, two 50 mL flasks of TB media with 

antibiotics were inoculated (1:50) and grown for three to four hours to an OD600 of 0.5. The  

cultures were used to inoculate (1:100) a 10 L Sartorius Stedim Biotech fermenter with TB media 

plus antibiotics. The fermenter culture was grown to an OD600 of 0.6 at 37 °C with 250 rpm 

stirring and 0.9 L/min air bubbling. For induction, 1.5 mM IPTG was added, followed by 4 mM 

ammonium iron (III) citrate, 1 mM cysteine, 0.5% glucose, and 10 mM sodium fumarate. Stirring 

was then adjusted to 75 rpm, the temperature to 30 °C, and air bubbling switched to N2 at 0.3 

L/min.  

The anaerobic induction continued overnight, and the following morning the cells were 

harvested with an in-line centrifuge (Eppendorf) at 3000 rpm under N2. The in-line centrifuge cell 

was transferred to a Coy Laboratories glovebox (3% H2 atmosphere), the cells washed with buffer 

A (50 mM Tris pH 8, 5 mM NaCl, 5% glycerol, 5 mM NaDT), then stored at -80 °C. Purification 

of Strep-tagged CaI was carried out via modifications to a previously described procedure, 

incorporating StrepTag-II chromatography and anion exchange steps. All the buffers were 

stringently degassed for a minimum 12 h under vacuum and transferred to an MBraun anaerobic 

chamber (N2 atmosphere) for the purification. Pellets from the equivalent of 5 L of culture were 

thawed, diluted with lysis buffer containing 20 mg lysozyme, 2 mM DTT, 30 µL Pierce universal 

nuclease, and 1 table EDTA-free protease inhibitor cocktail from Roche Life Sciences, then passed 

through a microfluidizer 12 times. After lysis, a heat shock stock (55 °C, 20 min) was incorporated 
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to help with initial separation of the hydrogenase maturates from CaI. Broken cells were subjected 

to ultracentrifugation at 45 K rpm for 1 h at 4 °C to pellet the insoluble fraction. The cell-free 

lysate was initially purified over DEAE resin (GE Healthcare) in an MBraun box, washed with 

Buffer A, and eluted using a 4 column volume (CV) gradient to buffer B (50 mM Tris pH 8, 1 M 

NaCl, 5% glycerol, 5 mM NaDT). Fractions were collected and analyzed for protein content by 

SDS-PAGE and hydrogenase activity assay (10 mM NaDT, 5 mM methyl viologen) for H2 

evolution measured by GC chromatography (Agilent Technologies). The active fractions were 

combined and concentrated to ~30 mL using 30 kDa MWCO membrane and Amicon concentrator 

cell (50 psi Argon gas). The concentrated fraction was purified over 25 mL Strep-Tactin Superflow 

High Capacity resin (IBA) using buffer C (50 mM Tris pH 8, 200 mM NaCl, 5% glycerol, 5 mM 

NaDT). After washing with buffer C for 2 CVs, pure CaI was eluted by addition of 2.5 mM 

desthiobiotin and stored at 4 °C. Purity was assessed with SDS-PAGE, protein concentration was 

determined using Bradford assay (Bio-Rad), and activity by hydrogenase H2 evolution assays. 

4.3.2 CdS Nanorod Synthesis and Ligand Exchange 

Materials: tributylphosphine (97%, Aldrich), hexamethyldisilathiane (synthesis grade, 

Aldrich), octadecylphosphonic acid (99%, PCI), cadmium oxide (99.99%, Aldrich), 

trioctylphosphine oxide (99%, Aldrich), sulfur (99.998%, Aldrich), tri-n-octylphosphine (97%, 

Strem), hexylphosphonic acid (99%, PCI). The following solvents were obtained from Sigma-

Aldrich: ethanol (200 proof anhydrous >99.5%), hexanes (mixture of isomers, anhydrous, >99%), 

toluene (anhydrous, 99.8%), isopropanol (anhydrous, 99.5%), methanol (anhydrous, 99.8%), 

octylamine (99%),  chloroform (anhydrous, >99%, containing 0.5-1% ethanol as stabilizer), 

acetone (HPLC grade, >99.9%), nonanoic acid (96%). For the ligand exchange procedure: 
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tetramethylammonium hydroxide (>97%, Sigma Life Sciences), 3-mercaptopropronic acid (99%, 

Alfa Aesar). 

The CdS nanorod synthesis procedure was modified from a published method.1,2,24 A stock 

of CdS seeds was produced by injection at 321°C of a 3.0 g tributylphosphine + 0.17 g 

hexamethyldisilathiane sulfur precursor into a Cd-ODPA solution of 0.604 g octadecylphosphonic 

acid + 0.10 g cadmium oxide + 3.3 g molten trioctylphosphine oxide . Seeds were grown for 1 min 

and quenched by lowering the reaction flask temperature to 80°C in an oil bath. A 1:1 solution of 

toluene:methanol was injected into the flask and the particles were transferred under anaerobic 

conditions to an argon-filled glovebox. Purification of the seeds was carried out by three rounds 

of precipitation with methanol for the first two rounds and a 2:1 methanol:isopropanol v/v mixture 

for the third round, redissolving in toluene for the first two rounds and in hexanes for the last 

round. After 24 hours, the solution was centrifuged and the precipitate discarded. The particles 

were precipitated with isopropanol and the final product (for subsequent use for the nanorod 

synthesis) was redispersed in trioctylphosphine. The average seed diameter was determined to be 

34 angstroms using the procedure from Yu et al.25  

The CdS nanorods were produced by injection at 354 °C of the CdS seed solution 

containing 0.08 μmol CdS seeds + 0.12 g elemental sulfur + 1.5 g tri-n-octylphosphine  into a 

solution of Cd-ODPA containing 0.086 g cadmium oxide + 0.08 g hexylphosphonic acid + 3 g 

molten trioctylphosphine oxide + 0.29 g octadecylphosphonic acid. After injection of the seeds, 

the solution temperature dropped to 329° C and was maintained at that temperature for 8 min of 

growth time. The reaction was quenched by reducing the solution temperature to 80 °C with an oil 

bath and injecting a 1:1:1 v/v/v mixture of acetone:methanol:toluene. The reaction solution was 

transferred anaerobically to an argon-filled glovebox and centrifuged. Nanocrystal precipitate 
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(identifiable by its yellow color) was redispersed in 1:1 v/v toluene:octylamine. The nanorods were 

precipitated with methanol, centrifuged, then redispersed in chloroform. Another precipitation step 

was carried out with nonanoic acid and ethanol, centrifuged, and the nanorod precipitate was dried 

under vacuum before being redispersed in hexanes. After 48 hours, the nanorod stock was 

centrifuged and the yellow supernatant containing the nanocrystals separated from the white pellet. 

A size selection was carried out on the nanorods, in which fractions particles were collected by 

dropwise isopropanol addition followed by centrifugation. Fractions with similar UV-vis 

absorption spectra were combined and redispersed in toluene.   

The CdS nanorods were ligand exchanged to 3-mercaptopropionate ligands using an 

adaptation of a published method.11,26 A 62.5 mM 3-mercaptopropionic acid solution was mixed 

in methanol with 1 g of tetramethylammonium hydroxide pentahydrate. 3 mL of the 

mercaptopropionic acid solution was added to 7 nmol in 0.4 mL of the as-purified CdS nanorods 

stock, which became opaque, then optically clear as the ligand exchange occurred. The newly-

exchanged nanorods were precipitated with toluene, centrifuged, the clear supernatant discarded, 

and the particles dried under vacuum and redispersed in 12.5 mM Tris pH 7 buffer. 

4.3.3 Nanocrystal Characterization 

Nanorod dimensions were 23.6 ± 1.9 nm in length and 4.57 ± 0.35 nm in diameter as 

determined from measurement of 200 particles from transmission electron microscopy (TEM) 

images (Figure 4.2a). TEM samples were prepared by drop casting the native ligand nanorods 

from toluene solution onto 300 mesh, Electron Microscopy Sciences carbon-coated copper grids. 

Images were acquired with an FEI Tecnai 12 Spirit which was operating at 100kV, with a side-

mount AMT (2k x 2k) CCD. ImageJ software was used to process the images.27  
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Molar absorptivity of the nanorod stock was determined based on prior work which 

correlated absorbance measurements with inductively coupled plasma optical emission (ICP-OES) 

spectroscopy resulting in ε350 = 1710 M–1 cm–1 per Cd2+.11 The average nanorod dimensions 

determined from TEM images as described above was used to calculate the per nanorod molar 

absorptivity ε350,nanorod = 1.33 × 107 M–1 cm–1. This ε350,nanorod  was used to calculate CdS nanorod 

concentrations from absorbance measurements. A representative absorbance spectrum can be 

found in Figure 4.2b. 

 
Figure 4.2: a) TEM image of the CdS nanorods used in photochemical H2 production assay 

experiments from Figure 3 of the main text. b) Absorbance spectrum of the mercaptopropionate-

capped CdS nanorods. 

4.3.4 Light-Driven H2 Production 

The photochemical H2 production data found in Figure 3 of the main text was obtained as 

follows: Solutions of 40 nM CdS nanorods and 20 nM H2ase were prepared under anaerobic 

conditions in an argon-filled glovebox in a buffer containing 50 mM Tris-HCl, 5 mM NaCl, 5% 

glycerol, at pH 7 with the designated amount of Asc. The CdS nanorod-H2ase samples were 

aliquoted into 1.5 mL serum vials, capped with rubber septa, and illuminated with a 447 nm diode 

laser (Laserglow Technologies, 10 to 148 mW) for 10 min while stirring. H2 production was 

measured by taking a sample of the vial headspace to inject into an Agilent Technologies 7820A 

gas chromatograph (Argon carrier gas, molecular sieve 5A column, TCD detector). The calculation 
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of excitation rates in experimental photochemical H2 production assays of CdS nanorod-H2ase 

samples is shown in Tables 4.1 and 4.2 below. 

Table 4.1: Values used for Rexc calculations. 

Wavelength of continuous wave laser 447 nm 

Path length of assay vial (L) 0.9 cm 

Concentration of CdS nanorods (C) 4 x 10-8 M 

CdS nanorod molar absorptivity at 447 nm (ε) 7.1 x 106 M-1cm-1 

Nanorod absorbance at 447 nm (A = C∙ε∙L) 0.26 

Nanorod sample transmittance at 447 nm (T = 10-A) 0.55 

Fraction of photons absorbed at 447 nm (fabs = 1-T) 0.45 

Energy per mol 447 nm photons (Ep = NA∙h∙c/λ) 2.68 x 105 J 

Area of laser beam spot (A) 12.5 mm2 

Volume of laser beam through assay vial (V = A∙L) 112.5 mm3 

Mol CdS nanorods in laser beam (ncds = C∙V) 4.5 x 10-12 mol 

 

Table 4.2: Calculated Rexc values for experimental photochemical H2 production assay data 

shown in Figure 4.4. 

Laser Power x 10-3, P 

(W) 

(a)Rexc x 104 

(exc/nanorod/s)  

10.5 0.39 

20 0.74 

35 1.29 

50 1.85 

80 2.96 

110 4.07 

145 5.36 

(a)Rexc=
𝐏∙𝐟𝐚𝐛𝐬

𝐄𝐩∙𝐧𝐂𝐝𝐒
 

4.3.5 Kinetic Monte Carlo Simulations and Fitting Experimental H2 Production Trends 

The kinetic Monte Carlo (kMC) simulation code was written using MATLAB 2020b and 

2024b, and is available upon request. To estimate RHT values from the experimental H2 production 

trends in Figure 4.4, we carried out parameter inference with the assistance of the Python software 

package pyABC, which performs approximate Bayesian computation with sequential Monte Carlo 
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(ABC-SMC).28 A simplified description of ABC-SMC as applied to our estimation of RHT values 

is as follows: 1) for each [Asc], sample RHT values are drawn from a given prior distribution and 

input into our kMC simulation, 2) the distance (here the sum of the squared residuals) between the 

resulting simulated and experimental H2 production versus Rexc trends is calculated, 3) this process 

iterates, sampling from an increasingly smaller distribution of RHT values as determined by which 

simulation results which produce the best agreement with the experimental data. During this 

process, for each of the three [Asc] traces the simulated H2 production traces were normalized 

relative to the maximum Rexc point of the simulated 100 mM Asc trace prior to the distance 

calculation, such that the relative magnitude of H2 production between the three [Asc] traces was 

taken into account in addition to the shape of each trend. The prior distribution of RHT was set as 

a uniform distribution between 0 and 5.5 x 104 s-1, as RHT values larger than this range resulted in 

only linear H2 production with Rexc which did not match the experimental trends. The end result 

of the ABC-SMC algorithm is a probability distribution—termed the posterior distribution—of 

RHT values for each [Asc].  

4.4 Results and Discussion 

4.4.1 Simulations of Light-Driven H2 Production  

To identify the rate-limiting regimes in the photochemical cycle of the nanorod-H2ase 

complexes, we developed simulations based on the kMC method, a numerical technique also 

known as a Markov random walk or stochastic simulation.29 In the simulation of a single nanorod-

H2ase complex (i.e. a nanorod with one or more H2ase bound), the procedure is as follows (Figure 

4.3).  
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Figure 4.3: Sequence of simulated processes in a CdS nanorod-H2ase photochemical system. 

Each simulated photochemical H2 production experiment is set to run for a designated 

length of “illumination time.” The simulation is concluded when the total illumination time 

passed—as determined by the cumulative times of all elapsed excitations—has reached the preset 

illumination duration. Each excitation generates one photoexcited electron and hole; as mentioned 

above, this excited state consists of a conduction band electron and a surface-trapped hole. The 

next process to occur is stochastically determined according to the rates of the relevant processes; 

the rate of each process depends on the user-input rate constants as well as the current nanorod-

H2ase system conditions. For example, ET can only occur if a photoexcited electron is present in 

the nanorod. Specifically, we use the standard kMC “direct method” to determine the outcome of 

the competition between ET, recombination, HT, BET, catalyst turnover (reductive or oxidative 

direction—catred and catox, respectively), and the next photoexcitation.20  

In our simulations, we use the rate constants of ET and intrinsic CdS nanorod excited state 

relaxation pathways obtained previously from CdS nanorod-H2ase transient absorption 

experiments: kET = 2.4 x 107 s-1, kRec = 1.5 x 107 s-1, the rate constant of electron trapping ktr = 1.1 
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x 108 s-1 and average number of Poisson-distributed electron traps per nanorod ⟨Ntr⟩ = 0.59.13 

These parameters contribute to the resulting QEET, which quantifies the probability that the 

electron will transfer to H2ase rather than relax by other means. For an individual nanorod, QEET  

is defined as shown in Eqn (1), 

𝑄𝐸𝐸𝑇(𝑁𝑐𝑎𝑡) =
𝑁𝑐𝑎𝑡𝑘𝐸𝑇

𝑁𝑐𝑎𝑡𝑘𝐸𝑇+𝑘𝑅𝑒𝑐+𝑁𝑡𝑟𝑘𝑡𝑟
.                       (1) 

The primary outcome and role of electron trapping is the same as that of electron-hole 

recombination—an intrinsic nanocrystal excited state decay pathway which directly competes with 

ET. The electron-hole recombination rate also depends on the number of photoexcited holes 

present in the nanorod; under slow HT conditions excess holes will accumulate on the nanorod, as 

will be discussed below. In our model, each excess photoexcited hole in the nanorod 

correspondingly multiplies the rate of electron-hole recombination. Once H2ase(s) begin to 

accumulate electrons, the catalyst turnover rates become relevant; for kcat,red we use a previously 

estimated value of 2.1 x 104 s-1,10 except where discussed otherwise. Rates of H2 oxidation and 

BET will be discussed in the final discussion section below. The rates of catalyst turnover and 

BET encompass several underlying processes such as intraprotein electron transport, proton 

transfer, and transitions between catalytic intermediates at the H2ase active site.30,31 To calculate 

the resulting rate of H2 production from a simulation of a single nanorod-H2ase complex, we divide 

the net amount of H2 produced by the illumination duration. The quantum yield (QY) of H2 

production is similarly determined by dividing the net amount of H2 produced by the total 

excitations elapsed, multiplied by two to account for H2 production as a two-electron process.  

Experimental samples of colloidal nanorod-H2ase complexes consist of a distribution in 

the number of H2ase catalysts bound per nanorod. For the CdS nanorod-H2ase system here, we 

assume a Poisson distribution of Ncat characterized by an average number of H2ase catalysts bound 
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per nanorod (〈Ncat〉), as has been established previously.11–14,16 The QEET for an ensemble sample 

with a distribution of nanorod-H2ase complexes is defined according to Eqn (2), 

𝑄𝐸𝐸𝑇(〈𝑁𝑐𝑎𝑡〉) = ∑ 𝑃(𝑁𝑐𝑎𝑡, 〈𝑁𝑐𝑎𝑡〉) ∙ 𝑄𝐸𝐸𝑇(𝑁𝑐𝑎𝑡)∞
𝑁𝑐𝑎𝑡=0          (2) 

where 〈Ncat〉 is the average Ncat for an ensemble of nanorod-H2ase complexes, and P(Ncat, 〈Ncat〉) 

is the Poisson distribution of Ncat for a given 〈Ncat〉.14,15 The average rate of ET per nanorod-H2ase 

complex (RET) in the ensemble is a product of the ensemble QEET and Rexc, as shown in Eqn (3), 

𝑅𝐸𝑇 = 𝑄𝐸𝐸𝑇(〈𝑁𝑐𝑎𝑡〉) ∙ 𝑅𝑒𝑥𝑐  .                 (3) 

To simulate H2 production of the ensemble, we simulate the time-evolution of individual nanorod-

H2ase complexes as described above for Ncat = 1 through Ncat,max (determined as the Ncat at which 

the probability of occurrence is < 0.001 according to the Poisson distribution for a given ⟨Ncat⟩). 

After each excitation, the net cumulative amount of H2 produced in the ensemble is represented by 

a Poisson-weighted average of the net H2 production from each Ncat subpopulation. For the 

simulations that include H2 oxidation, this ensemble net H2 production value is then used to weight 

the rate constant of H2 oxidation for the next excitation period.  

4.4.2 Slow Hole Transfer Regime in Photochemical H2 Production 

Prior work on photochemical H2 production with CdS nanorods and H2ase showed that 

product formation increased linearly with excitation over the range studied at that time, which was 

carried out at Rexc up to ~103 excitations/nanorod/sec (s-1).11 In this regime, QY remains constant. 

However, as excitation rate increases, we expect that at some point other steps will become slower 

than Rexc; here we explore a regime in which HT becomes the rate-limiting step. To capture this, 

we performed H2 production experiments over a wider range of Rexc—up to 15x higher than in 

previous work by varying the intensity of the continuous wave (CW) light source. 
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Figure 4.4 shows experimentally measured photochemical H2 production by a 2:1 

nanorod:H2ase molar ratio sample as a function of Rexc up to ~5 x 104 s-1 at three concentrations of 

the hole scavenger, Asc.11 The highest Asc concentration shown (100 mM) is the amount used in 

typical H2 production experiments with CdS nanorod-H2ase complexes.11,18. In contrast to the 

linear H2 production trend observed in prior work at Rexc up to ~3 x 103 s-1,11 in this broader 

excitation rate regime we observe a saturation behavior where photochemical H2 production is no 

longer linear with excitation rate for all three [Asc]. In other words, the QY decreases with 

excitation rate and the reaction is no longer in a photon-limited regime. We note that this excitation 

range is still several orders of magnitude below the Rexc at which double excitation and 

multiexciton recombination becomes relevant.19,32–34 The lowest [Asc] deviates from linearity at 

lowest excitation rates, and the saturating amount of H2 produced increases with increasing [Asc] 

as one might expect when HT is the rate-limiting step of product formation. Next, we use kMC 

simulations to guide our understanding of how slow HT impacts photochemical H2 production, 

describe how fitting our experimental data with kMC simulations allows us to characterize HT 

rates, and how 〈Ncat〉 impacts H2 production as a function of illumination intensity under slow HT 

conditions.  
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Figure 4.4: Experimental results and simulations of light-driven H2 production rate of CdS 

nanorod-H2ase at varying concentrations of sacrificial electron donor ascorbate (Asc). The two 

parameters being varied are the excitation rate (inset, purple) and the HT rate, RHT (inset, green). 

Figure 4.5 depicts kMC simulations of photochemical nanorod-H2ase RH2 and QY, 

respectively, as a function of Rexc at varying 〈Ncat〉 values. The range of Rexc from 0 to 5 x 104 s-1 

was chosen to be comparable to the calculated Rexc values for the experimental data from Figure 

4.4. Let us now consider why slow HT conditions cause a decrease in QY with increasing Rexc. To 

examine the regimes of RHT both faster and slower than Rexc, we fixed RHT at 1 x 104 s-1 (Figure 

4.5, vertical dashed line), which is 5x slower than the maximum Rexc simulated; this RHT value 

also resembles our estimated RHT at 100 mM Asc (as discussed below). In the low Rexc regime 

where Rexc < RHT, we observe the photon-limited linear increase in RH2 (Figure 4.5a), where for 

each ET event a corresponding HT occurs prior to the next excitation, keeping QEET and thereby 

QY constant with increasing Rexc (Figure 4.5b). However, as Rexc overtakes RHT, there will be 

instances where HT fails to remove the photoexcited hole from the nanorod prior to the next 

excitation, resulting in a photoexcited electron and two or more photoexcited holes in the nanorod. 

As mentioned in our kMC simulation description section above, each additional hole will multiply 

the probability of electron-hole recombination. This in turn will decrease QEET (Eqns 1 and 2) 
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and consequently QY (Figure 4.5b); this leads to saturation of RH2 at high Rexc (Figure 4.5a) as 

increasingly higher Rexc/RHT ratios increase the steady state population of excess photoexcited 

holes in the nanorod. The onset of this non-photon-limited regime depends on RHT; QY decreases 

at Rexc > RHT for all 〈Ncat〉 (Figure 4.5b). However, the rate of decrease in QY with increasing 

Rexc is influenced by RET, as evidenced by the H2 production trends with varying 〈Ncat〉 (Figure 

4.5a) (recall that increasing 〈Ncat〉 increases RET (Eqn 3)). Increasing RET increases the rate of 

decrease in QY because higher RET/RHT ratios lead to greater buildup of excess photoexcited holes 

in the nanorod.   

 

Figure 4.5: Simulation of a) RH2 and b) QY (both normalized at their maximum values) versus 

excitation rate at a range of 〈Ncat〉, at RHT = 1 x 104 s-1. 
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In principle,  RHT values can be determined directly from the data in Figure 4.4 by finding the Rexc 

value at which the QY begins to decrease (as per Figure 4.5b). However, our data points are 

spaced such that directly reading off this point is somewhat imprecise. We therefore use kMC 

simulations to fit our experimental Rexc and [Asc] dependence of H2 production from Figure 4.4, 

using the parameter inference software package pyABC as described in the Experimental Methods. 

The RHT values that fit the data are on the order of 103 to 104 s-1 and higher [Asc] naturally leads 

to higher RHT. This places us in a regime of RHT/Rexc ~ 0.2 at our maximum experimental Rexc. 

Michaelis-Menten kinetic analysis of RHT as a function of [Asc] suggests that by 100 mM Asc the 

RHT has reached saturation at ~1 x 104 s-1 (Figure 4.6) and higher Asc concentrations would not 

lead to more H2, consistent with prior experimental work.11 

 

Figure 4.6: RHT values obtained from fits of simulations to the experimental H2 production data 

from Figure 3 in the main text, as a function of Asc concentration. The fit to the Michaelis-

Menten equation RHT = Vmax∙[Asc]/(Km + [Asc]) results in a Vmax of 1.0 x 104 s-1 and Km of 1.2 

mM Asc. This Km value agrees with prior work on the [Asc] dependence of photochemical H2 

production in CdS nanorod-H2ase samples; the Km value on the order of ~1 mM is an indication 

of the high amounts of excess [Asc] needed relative to the 40 nM CdS nanorod concentration to 

achieve saturation of RHT.11 The Vmax fit result suggests that by 100 mM Asc, RHT has saturated. 

The fits of the simulations to the data in Figure 4.4 were fairly insensitive to the rate of catalyst 

turnover. Upon increasing kcat,red to essentially infinitely large values, the resulting RHT values 

remained the same within error (Figure 4.7). However, the quality of the fit to the 100 mM Asc 
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data was marginally better at the lower kcat,red; this may suggest we are at the precipice of a regime 

where the H2ase turnover rate could also become rate-limiting. While the impact of kcat,red here is 

minimal, future studies or other systems involving enzymes with slower turnover rates may easily 

achieve a regime in which catalyst turnover is the primary rate-limiting step.  

 

Figure 4.7: Fits of kMC simulations to experimental [Asc] and Rexc dependence data, where the 

value kcat is a) 2.1 x 104 s-1 (this is the same fit as found in Figure 4.4), and b) essentially 

infinitely fast, set to 10100 s-1. 

We examine here what we might expect from a regime in which kcat becomes rate-limiting. 

The analysis shows that low catalyst turnover impacts photochemical H2 production differently 

than a slow HT rate. For this discussion it is useful to define Rcat, the total catalyst turnover rate 

per nanorod, as:  

Rcat =  〈Ncat〉 ∙ kcat      (4) 

After an H2ase accumulates two electrons, if Rcat is sufficiently fast with respect to Rexc, then 

turnover (i.e. H2 production) will occur prior to the next excitation, leaving 〈Ncat〉 and QEET (Eqn 

2) unchanged over the duration of the experiment. With increasing Rexc, there will be instances 

where H2ase turnover fails to happen before the next excitation. As a H2ase accumulates electrons, 

eventually the enzyme is saturated and cannot accept further electrons until turnover occurs. The 

result is a decrease in 〈Ncat〉—and consequently, QEET (Eqn 2) and QY—with increasing Rexc 

(Figure 4.8). It should be noted that 〈Ncat〉 is therefore a parameter whose value may change over 
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the course of an experiment. As a result, it is useful here to define 〈Ncat〉tot, the average number 

of total H2ase bound—both saturated and unsaturated—which remains constant throughout the 

illumination duration. 〈Ncat〉tot then represents the upper limit of 〈Ncat〉, which determines RET 

(Eqn 3). In experiments, 〈Ncat〉tot is a function of the nanorod:H2ase ratio. We assume here that 

H2ase may accumulate up to 5 electrons before becoming saturated, if the active site and all iron-

sulfur clusters in the electron transport chain become reduced (Figure 4.8a, 4.8b). We also 

simulated how the H2 production trends would be affected by an enzyme which could accumulate 

only 2 electrons before becoming saturated (Figure 4.8c, 4.8d). 

 

Figure 4.8: Simulations of H2 production as a function of excitation rate and at varying 〈Ncat〉tot 

under conditions of slow catalyst turnover, depicting the resulting a), c) RH2 and b), d) QY, 

normalized at their maximum values. The trends in a) and b) depict the results when the enzyme 

can accumulate up to 5 electrons before becoming saturated, and the trends in c) and d) depict a 

system in which the enzyme can accumulate only 2 electrons. 

We note that the fitting of the kMC simulation to the experimental data in Figure 4.4 allows 

us to quantify HT rates in this system under catalytic turnover conditions, which have thus far 

proven elusive to measure. Quantifying RHT  provides precise information about the extent to 
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which slow HT impacts the photochemical outputs in this regime; for example, even at low 〈Ncat〉 

= 0.3, slow HT would cause QY to decrease by over 40% within our Rexc range (Figure 4.5b). The 

significant impact of HT on photochemical H2 production in this regime highlights the increase in 

RH2 and QY that would be achieved by even a modest increase in RHT of less than an order of 

magnitude. Obtaining higher RHT values in the experimental system is a nontrivial challenge. 

Significant changes would be necessary, either to improve the affinity of the hole scavenger for 

the nanocrystal surface (note the very low affinity of Asc in Figure 4.6), or to increase the rate 

constant of HT, both of which could increase RHT. Strategies could include changes in hole 

scavenger structure, nanocrystal surface chemistry and electronic structure, solvent pH, ionic 

strength of the solution, etc. For the current system conditions, Figure 4.5 demonstrates that 〈Ncat〉 

is a readily available handle by which the H2 production trend with Rexc can be controlled in the 

slow HT regime, as lower 〈Ncat〉 results in a more gradual decrease in QY. The 〈Ncat〉 dependence 

of the absolute values of RH2 and QY also warrant discussion; these trends, however, are 

complicated by BET and H2 oxidation processes. We address these next.   

4.4.3 Impacts of Back-Electron Transfer and H2 Oxidation  

In this section, we examine how two reverse photochemical pathways manifest in H2 

production trends for the nanorod-H2ase system. The first is BET: the loss of an electron from 

H2ase back to the nanorod or to elsewhere in solution. The second is H2 oxidation—the reverse 

reaction of H2 production—in which H2ase is reduced by H2, followed by BET.  

When H2 oxidation and/or BET pathways are present, QY will no longer equal QEET, as 

not all electrons transferred to the catalyst will contribute to net product formation. We expect that 

the impact of BET will be most apparent at high Ncat due to the multi-electron nature of H2 

production; all the enzymes bound to a single nanorod will compete for the same electrons, 
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increasing the waiting time between ETs for each enzyme. This increased time between ETs 

increases the likelihood of BET occurring prior to the next ET, leading to decreased QY at higher 

Ncat. The impact of BET will also depend on Rexc, because the waiting time between ET events 

decreases with increasing Rexc. Trends of decreased QY with higher catalyst loading have been 

experimentally demonstrated in prior nanorod-H2ase H2 production measurements and in other 

photochemical systems, suggesting that BET can play an important role.11,35 The presence of H2 

oxidation in addition to BET will also decrease QY due to decreasing the net H2 produced, but 

how the magnitude of its impact changes with increasing catalyst loading is less intuitive. It is 

therefore useful to better understand the relevance of BET and H2 oxidation in our system and the 

extent to which each of these two processes impact CdS nanorod-H2ase H2 production, so that we 

may gain insight toward controlling the losses from these non-productive pathways.  

First, we examine the effect of BET on photochemical H2 production. To understand the 

trends in ensemble nanorod-H2ase samples consisting of a distribution of Ncat, it is useful to first 

examine the H2 production trends of individual Ncat values. Note that in experiments such as these 

where Rexc and illumination duration is kept constant, RH2 will exhibit the same normalized trends 

as the QY because under these conditions all samples absorb the same number of photons, and 

both RH2 and QY are based on the net H2 produced. Figure 4.9a shows the results of a kMC 

simulation of the QY of photochemical H2 production with increasing Ncat under varying values 

of the rate constant of BET (kBET) relative to Rexc. We see that when BET is comparatively slow 

(kBET/Rexc < 0.001), QY equals QEET (Eqn 1) for all values of Ncat because all the electrons 

transferred to H2ase are used for catalysis. As BET becomes faster relative to excitation, QY 

decreases below QEET, because no longer do all the electrons transferred to H2ase contribute to 

eventual H2 production. The other key outcome is that the maximum QY shifts to favor lower 
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catalyst loading, eventually peaking at Ncat = 1, best seen in the normalized data (Figure 4.9b). 

This is the outcome predicted from our discussion above; since higher Ncat increases the waiting 

time between ETs for each H2ase, at sufficiently high kBET/Rexc increasing Ncat becomes 

detrimental rather than beneficial to the QY.  

 

Figure 4.9: Simulated QY and QEET versus catalyst loading at a range of kBET/Rexc values. Results 

from simulations of uniform Ncat samples are shown a) unnormalized and b) normalized at 

maximum Ncat for each trace. Results from simulations of ensemble 〈Ncat〉 samples, where Ncat 

follows a Poisson distribution are shown c) unnormalized and d) normalized at maximum 〈Ncat〉 
for each trace. Prior experimental data is reprinted here with permission from Ref [11], copyright 

2012, American Chemical Society. In d), the right hand axis shows the fraction of Ncat = 0 in the 

Poisson distribution as a function of 〈Ncat〉. 

In Figures 4.9c, 4.9d, we plot the catalyst loading trends in ensemble samples consisting 

of a Poisson distribution of Ncat, each sample defined by an 〈Ncat〉; this allows us to compare our 

simulations to previous experimental data of photochemical H2 production as a function of 

H2ase:nanorod molar ratio from Brown et al. (Figure 4.9d).11 We equate the experimental  

H2ase:nanorod molar mixing ratio with 〈Ncat〉. BET from H2ase to the nanorod may occur via two 

pathways: the electron may transfer back to the nanorod conduction band (BET-CB), or it may 
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recombine with a trapped hole on the nanorod surface (BET-tr). It is also conceivable that H2ase 

might lose an electron to other components in solution (BET-soln)—we include this type of 

electron loss pathway in our definition of BET here as well. As none of these BET pathways has 

been previously directly observed nor its rate measured, we explored all three of these possibilities. 

The simulation results in Figure 4.9 show the results of incorporating BET-soln, with which the 

QY peaked at the lowest ⟨Ncat⟩ of all three possible BET pathways at 〈Ncat〉 ~ 2, best seen in the 

normalized traces (Figure 4.9d). When BET-tr or BET-CB were simulated as the BET pathway, 

the QY peak is shifted towards an even higher 〈Ncat〉 > 2  as seen below in Figure 4.10. Regardless 

of which BET pathway is simulated, the ensemble QY does not peak at 〈Ncat〉 < 2 because at these 

low 〈Ncat〉 values the ensemble will contain a significant fraction of nanorods with Ncat = 0, as per 

the Poisson distribution (Figure 4.9d, dashed line). The fraction of Ncat = 0 nanorods will 

contribute zero product formation and consequently lower the ensemble QY at low 〈Ncat〉. As a 

result, none of our simulated QY versus 〈Ncat〉 results with BET resemble the previously reported 

experimental results for H2 production in the CdS nanorod-H2ase system (Figure 4.9d, 4.10).11 In 

the experimental trend, QY peaks at 〈Ncat〉 < 1, and exhibits a much steeper QY drop off with 

increasing 〈Ncat〉 after the peak than the simulated results. This suggests that BET alone may not 

be sufficient to explain the experimentally measured H2 production as a function of 〈Ncat〉.  
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Figure 4.10: Simulated QY versus ⟨Ncat⟩ with BET-CB (unnormalized and (b) normalized at 

peak QY, and BET-tr (c) unnormalized and (d) normalized at peak QY. 

We therefore turn to consider the additional impact of H2 oxidation on the catalyst loading 

trend in H2 production. The photochemical H2 production experiments are done in a closed system 

where H2 is allowed to accumulate; as such, sufficiently high H2 production may eventually lead 

to H2 oxidation by H2ase due to its favorable binding affinity for H2 as evidenced by its reported 

Michelis-Menten constant Km = 1.7 mM.36 Based on previously reported H2 oxidation rates of this 

H2ase using redox dyes as the electron acceptor (19,500 s-1), we estimated the rate of H2 oxidation 

under the experimental conditions for the previously reported H2ase:nanorod molar ratio 

dependence shown in Figure 4.9d.11,30 The below calculations were done for data from Brown et 

al. 2012 from Figures 3 and 4c of that work:11 

Partial pressure of H2 in assay vial headspace: 

𝐻2 𝑖𝑛 ℎ𝑒𝑎𝑑𝑠𝑝𝑎𝑐𝑒 = 𝑛 = 470 𝑛𝑚𝑜𝑙 (from the 1:0.67 nanorod:CaI molar ratio sample, Fig 3 

Brown et al. JACS 2012) 
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𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 ℎ𝑒𝑎𝑑𝑠𝑝𝑎𝑐𝑒 = 𝑉 = 1 𝑚𝐿  

𝑃𝑖 =
𝑛

𝑉
𝑅𝑇 = (

470𝑥10−9𝑚𝑜𝑙

0.001 𝐿
) ∙ (0.0821

𝐿 ∙ 𝑎𝑡𝑚

𝑚𝑜𝑙 ∙ 𝐾
) ∙ 295 𝐾 = 0.0114 𝑎𝑡𝑚 

𝑷𝒊 = 𝟎. 𝟎𝟏𝟏𝟒 𝒂𝒕𝒎 

Concentration of dissolved H2 in assay solution: 

𝐶𝐻2 = 𝑘𝑃𝑖 = (
1

1282

𝑚𝑜𝑙

𝐿 ∙ 𝑎𝑡𝑚
) ∙ 0.0114 𝑎𝑡𝑚 = 𝟖. 𝟗 𝝁𝑴 𝑯𝟐 

Estimated turnover frequency (TOF) of H2 oxidation by CaI:30,36 

𝑻𝑶𝑭𝑯𝟐 𝒐𝒙𝒊𝒅𝒂𝒕𝒊𝒐𝒏 =
𝑘𝑐𝑎𝑡 ∙ [𝐻2]

𝐾𝑚 + [𝐻2]
=

19,500𝑠−1 ∙ 8.9 𝜇𝑀 𝐻2

(1700 + 8.9) 𝜇𝑀 𝐻2
 

𝑻𝑶𝑭𝑯𝟐 𝒐𝒙𝒊𝒅𝒂𝒕𝒊𝒐𝒏 = 𝟏𝟎𝟎 𝒔−𝟏 

Compared to observed net TOF of H2 production (from Fig 4c Brown et al. JACS 2012): 

𝑻𝑶𝑭𝑯𝟐 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏,𝒏𝒆𝒕 = 𝟏𝟐𝟎 𝒔−𝟏 

Estimated TOF of H2 production by CaI:11 

The net (i.e. experimentally measured) rate of H2 production is the rate of H2 produced minus the 

rate of H2 oxidized: 

𝑻𝑶𝑭𝑯𝟐 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏,𝒏𝒆𝒕 = 𝑻𝑶𝑭𝑯𝟐 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏 − 𝑻𝑶𝑭𝑯𝟐 𝒐𝒙𝒊𝒅𝒂𝒕𝒊𝒐𝒏 

𝑻𝑶𝑭𝑯𝟐 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏 = 𝑻𝑶𝑭𝑯𝟐 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏,𝒏𝒆𝒕 +  𝑻𝑶𝑭𝑯𝟐 𝒐𝒙𝒊𝒅𝒂𝒕𝒊𝒐𝒏 

𝑻𝑶𝑭𝑯𝟐 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏 = 𝟏𝟐𝟎 𝒔−𝟏 + 𝟏𝟎𝟎 𝒔−𝟏 

𝑻𝑶𝑭𝑯𝟐 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏 = 𝟐𝟐𝟎 𝒔−𝟏 

We found that under these conditions, the concentration of H2 in solution ([H2]) would be 

~9 µM, at which H2 oxidation could feasibly occur at rates comparable to photochemical H2 

production. To understand the impact of the presence of H2 oxidation, we simulated photochemical 

H2 production as a function of illumination time for different values of 〈Ncat〉 with and without H2 

oxidation, as shown in Figures 4.11a and 4.11b. In Figure 4.11a with no H2 oxidation, we see a 

constant linear accumulation of H2 with the number of photons absorbed per nanorod (which is 
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equivalent to the illumination time). Here, the simulation assumes sufficient excess of all necessary 

components, such as the hole scavenger; prior work in which H2 production was measured over 

longer duration demonstrated this to be a reasonable assumption.11  

 
Figure 4.11: Simulated catalytic product formation versus photons absorbed at varying 〈Ncat〉 a) 

without H2 oxidation and b) with H2 oxidation present. c) The illumination time needed to reach 

H2 production/oxidation equilibrium versus 〈Ncat〉.d) Comparison of experimental QY trend as a 

function of H2ase:nanorod mixing ratio with simulations which include BET (the same kBET/Rexc 

= 10 trace as shown in Figure 4.9d) or H2 oxidation at varying illumination times from short 

times (red) to long times after H2 has saturated at all 〈Ncat〉 (yellow). Prior experimental data is 

reprinted here with permission from Ref [11], copyright 2012, American Chemical Society. 

In Figure 4.11b, we introduce the H2 oxidation reaction into the simulation. We start with 

a relatively slow relative rate constant kcat,ox such that kcat,ox/Rexc = 0.001, as this relative rate allows 

us to observe the impact of H2 oxidation at reasonable simulation runtimes. As we will soon see, 

while the value of kcat,ox does impact how quickly (in terms of illumination time) H2 oxidation 

takes effect, it does not impact the resulting trends with respect to 〈Ncat〉.  

As mentioned above, we calculated that prior experimental samples accumulated [H2] on 

the order of µM: this is three orders of magnitude smaller than the Km of 1.7 mM. Following 
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Michaelis-Menten kinetics, in a regime where [H2] is much lower than Km, the rate of H2 oxidation 

will be directly proportional to [H2].
37 The rate of H2 oxidation per nanorod (RH2,ox) will therefore 

be governed by kcat,ox, [H2], and 〈Ncat〉 as shown by Eqn (5): 

𝑅𝐻2,𝑜𝑥 ∝ 𝑘𝑐𝑎𝑡,𝑜𝑥 ∙ [𝐻2] ∙ 〈𝑁𝑐𝑎𝑡〉.                (5) 

As H2 accumulates, the H2 oxidation rate increases, slowing RH2; eventually H2 accumulation 

saturates as the system reaches an equilibrium between forward and back-reactions, after which 

point no further net H2 is produced. As a result, although the initial RH2 increases with increasing 

〈Ncat〉, after a certain illumination time has passed a crossover begins where higher 〈Ncat〉 values 

lead to less total H2 accumulated because these samples reached the equilibrium earlier in the 

experiment (with fewer photons absorbed) and at lower H2 concentrations. This trend with 〈Ncat〉 

results from the fact that 〈Ncat〉 impacts the rates of H2 production and H2 oxidation differently; 

photochemical H2 production is limited by QEET (Eqn 2), which begins to saturate at high 〈Ncat〉 

(Figure 4.9c), while the rate of H2 oxidation increases linearly with respect to 〈Ncat〉 (Eqn 5).   

The number of excitations required to reach equilibrium can vary widely; Figure 4.11c 

demonstrates how 〈Ncat〉 in particular can significantly impact the time to equilibrium. This trend 

with respect to 〈Ncat〉 is the same regardless of the H2 production and oxidation rates or the Rexc; 

in other words, a 〈Ncat〉 = 5 sample will always reach equilibrium 20x faster than a sample at 〈Ncat〉 

= 0.33. The reaction rates involved will change the absolute times but not these times to 

equilibrium relative to 〈Ncat〉. Samples with higher 〈Ncat〉—and therefore higher QEET and faster 

initial RH2—will more quickly accumulate sufficient H2 for the back-reaction rate to compete 

against the forward reaction and reach equilibrium. The fact that 〈Ncat〉 can have such a drastic 

effect on the time to equilibrium demonstrates that even relatively low H2 oxidation rates such as 

those simulated here could impact the H2 versus 〈Ncat〉 trend. Another outcome of the varying 
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times to equilibrium is that the 〈Ncat〉 at which QY peaks will continue to change with illumination 

time until equilibrium has been reached for all 〈Ncat〉 (Figure 4.11d, red – yellow). As with the 

time to equilibrium trend with 〈Ncat〉, the same normalized QY versus 〈Ncat〉 trends occur 

regardless of the H2 oxidation rate; the value of kcat,ox changes only the illumination duration at 

which that trend occurs. As Figure 4.11d demonstrates, the introduction of H2 oxidation in the 

simulation brings the simulation results into closer quantitative agreement with the experimental 

data in a manner that the simulations with BET alone did not; with H2 oxidation, the QY peaks at 

〈Ncat〉 < 1 and more closely resembles the slope of the post-peak QY drop-off in the experimental 

trend.  

Having examined the effect of BET and H2 oxidation on the CdS nanorod-H2ase system, 

we can propose experimental handles by which their impact on photochemical H2 production may 

be controlled. As seen in the simulation results in Figure 4.9, the effect of BET on H2 production 

depends strongly on the relative photoexcitation rate. At kBET/Rexc < 0.001, the impact of BET 

(regardless of the choice of BET pathway) on the QY is negligible. This illustrates the benefit of 

the light-driven system, as Rexc is a parameter which can theoretically be increased as high as 

desired, barring issues with sample stability. The limiting factor at very high Rexc would likely 

come down to the RHT, as was discussed above. The impact of H2 oxidation, meanwhile, is most 

effectively controlled by limiting the amount of H2 that accumulates in solution. With continuous 

headspace flow, the rate of H2 oxidation can be rendered insignificant. Alternatively, at low 〈Ncat〉 

the time to H2 equilibrium may be sufficiently long relative to the experiment duration that the 

impact of H2 oxidation is negligible. As a result, it is feasible that through a combination of high 

excitation rates, careful selection of 〈Ncat〉, and continuous collection of the H2 product as it 
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accumulates, the detrimental effects of BET and H2 oxidation processes in CdS nanorod-H2ase 

photochemical H2 production may be effectively eliminated. 

4.5 Summary and Conclusions 

Many interdependent and competing parameters influence the rate and QY of nanocrystal-

driven photochemical reactions; we explored these complex and interdependent kinetic 

relationships using a combination of kMC simulations and experimental measurements. We 

examined the trends of photochemical H2 production of colloidal CdS nanorod-H2ase complexes 

under conditions of slow HT, and the presence of BET and H2 oxidation. Fitting simulations to 

experimental H2 production data demonstrated that HT rates are on the order of 104 nanorod-1s-1 

with Asc as the hole scavenger. The saturation of H2 production we observe at high excitation rates 

is due to HT that is ~5x slower than excitation; these results demonstrate that future work on 

improving HT rates could enable significant expansion of the photon-limited regime. If BET or 

H2 oxidation are present, QY no longer trends with QEET, and QY peaks at lower catalyst loading. 

As such, the optimal 〈Ncat〉 for the highest QY depends on the prevalence of BET and H2 oxidation. 

The peak and trend of the QY versus 〈Ncat〉 is heavily influenced by the distribution of nanorod-

H2ase complexes in the ensemble sample. Accounting for H2 oxidation in the simulation generates 

an even more sharply peaked trend of QY versus catalyst loading which more closely resembles 

experimental results than with BET alone. The impact of BET and H2 oxidation on QY can be 

lessened by use of a high photoexcitation rate, low 〈Ncat〉, and continuous H2 collection during 

illumination. Overall, these trends provide a framework for identifying and controlling the limiting 

reactions under varying experimental conditions in semiconductor nanocrystal-enzyme 

photochemistry. More broadly, we provide a scaffold for understanding the role of elusive steps 

in complex photochemical reactions. 
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Chapter 5 

Photocharging of Colloidal CdS Nanocrystals* 

*Adapted with permission from Shulenberger, K. E., Keller, H. R., Pellows, L. M. Brown, N. L., 

Dukovic, G. Photocharging of Colloidal CdS Nanocrystals. J. Phys. Chem. C, 2021, 125 (41), 

22650-22659. (Copyright © 2021 American Chemical Society) 

 

5.1 Abstract  

Generation of reduced semiconductor nanocrystals is of interest for a variety of 

optoelectronic applications. In comparison to other nanocrystalline materials, little work has been 

reported on reduction of CdS nanocrystals, which are particularly interesting for solar 

photochemistry applications. Most nanocrystal reduction strategies require electron donors that 

reduce ground state or photoexcited nanocrystals. In this work, we report the discovery of 

photocharging of CdS nanocrystals under continuous wave illumination with no added reductants. 

The long-lived reduced states form under illumination, saturate at high concentrations, and recover 

over timescales of minutes when illumination stops. This process occurs in CdS nanocrystals of 

different sizes, morphologies, organic surface capping ligands, and in multiple solvents, but not in 

CdSe nanocrystals. We propose a charging mechanism in which the photoexcited holes oxidize 

surface-capping ligands, which then dissociate from the nanocrystal surface. We contrast this 
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ligand-mediated process with solvent-mediated photoreduction that occurs in CdS nanocrystals 

with polar ligands, which requires hole scavengers. 

5.2 Introduction 

The generation, storage, and manipulation of photoexcited charge carriers in 

semiconductor nanocrystals (NCs) have inspired a range of potential optoelectronic applications.1–

9 From transistors to photovoltaics and solar fuel generation, the understanding of not only bound 

electron-hole pairs (excitons), but also of isolated charge carriers is crucial for photon energy 

conversion in NCs. In particular, there has been long-standing interest in adding individual charges 

to NCs, which have historically been resistant to doping.10–12  In recent years, charged states have 

been studied and characterized in a range of NC systems including ZnO,13–21 CdSe,22–28 

CdSe/CdS,29–31 PbS,32 PbSe,32–34 TiO2,
35 In2O3,

36 InN,37,38 HgTe,39 HgS,40 and Si.41  

CdS NCs, in particular, have been of interest for applications in solar photochemistry, 

where photoexcited electrons transfer to catalysts (e.g., metal particles, molecules, enzymes) and 

holes are removed by electron donors.42–46 Generation of long-lived reduced states in CdS NCs 

would enable high-efficiency electron transfer by drastically reducing the rates of competing 

pathways.47–49 To date, there has been relatively little work on reducing CdS NCs, though chemical 

and photochemical methods have been developed to add excess electrons to analogous CdSe 

NCs.22–24,27,28 The addition of electrons to CdSe NCs most often requires a chemical reductant, 

whether to directly reduce a ground state NC,24,25,28 or to remove a photoexcited hole via electron 

transfer to the valence band.22,23,27  Additionally, hot-hole mediated photocharging has been 

observed in CdSe/CdS core/shell quantum dots (QDs) through ligand oxidation and dissociation30 

and spontaneous photocharging has been observed by dissociation of methyl ligands from surface-

modified CdSe QDs.50  Photoreduction of CdS QDs has been observed using Li[Et3BH] as the 
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reductant22,51 and, to the best of our knowledge, has not been seen without the assistance of external 

reductants.  

 In this manuscript, we describe photoreduction of CdS NCs capped with oleate and 

octadecylphosphonate (ODPA) ligands with no added electron donors, during illumination with a 

continuous wave (CW) 405 nm laser. The extent of charging is significant, with the majority of 

the NCs in the sample charged at saturation, but the accumulation of charged particles is reversible.  

The charged states are long-lived (minutes). The charging and recovery kinetics, as well as the 

extent of charging, depend on laser power, sample history, NC morphology, the surface-capping 

ligands, and the solvent. We observe no evidence of photocharging in similarly sized CdSe NCs. 

We propose a mechanism in which photoexcited holes transfer to surface-capping ligands, which 

then dissociate, leaving a long-lived negatively charged NC. In contrast, CdS NCs capped with 3-

mercaptopropionate (MPA) show the characteristic charging signatures only when a solution 

electron donor is present, indicating that the ligand-dissociation mechanism is not dominant. We 

end with the discussion about the impact of the photocharging process described here on 

photophysics and photochemistry of CdS NCs. 

5.3 Experimental Methods 

5.3.1 Nanocrystal Sample Preparation  

All NCs were synthesized via hot-injection procedures under inert argon atmosphere on a 

Schlenk line and transferred to an argon-filled glovebox for purification via precipitation by polar 

solvents such as methanol, ethanol, isopropanol, and acetone. Because alcohols have been shown 

to act as hole scavengers for CdS NCs,52–55 albeit at high concentrations, care was taken to 

minimize alcohol content by drying the samples under vacuum after purification. Surface-capping 

ligand exchange procedures and sample preparation for spectroscopy experiments were also 
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carried out under air-free conditions in the same glovebox. Details of each synthesis and a 

summary of sample information can be found below. 

5.3.2 Materials  

Selenium (Se, 99.99%), sulfur (S, 99.998%), cadmium oxide (CdO, 99.99%), 

trioctylphosphine oxide (TOPO, 99%), oleic acid (90%), hexadecane (99%), ethanol (200 proof 

anhydrous >99.5%), toluene (anhydrous, 99.8%), methanol (anhydrous, 99.8%), isopropanol 

(anhydrous, 99.5%), hexane (mixture of isomers, anhydrous, >99%), chloroform (anhydrous, 

>99%, containing 0.5-1% ethanol as stabilizer), octylamine (99%), oleylamine (technical grade, 

70%), acetone (HPLC grade, >99.9%), 1-octadecene (ODE, technical grade, 90%), 

tetrahydrofuran (inhibitor free HPLC grade, >99.9%), hexamethyldisilathiane (synthesis grade), 

and tributyl phosphine (97%) were obtained from Sigma-Aldrich. Tri-n-octylphosphine (TOP, 

97%) was obtained from Strem. Octadecylphosphonic acid (ODPA) and n-hexylphosphonic acid 

(HPA) was obtained from PCI Synthesis. Tetramethylammonium hydroxide (TMAH, >97%) was 

obtained from Sigma Life Sciences. 3-mercaptopropronic acid (MPA, 99%) was obtained from 

Alfa Aesar. 

5.3.3 Nanocrystal Syntheses 

The table below summarizes the properties of each of the samples utilized in this study. 

Quantum dot (QD) samples were characterized based on the position of the first exciton peak, 

using established calibration curves to determine particle diameter.56 The nanorod sample was 

characterized by its absorption spectrum and transmission electron microscopy images. Details on 

the material synthesis and purification for each sample are described in Table 5.1 below. 
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Table 5.1: Summary of nanocrystal sample information. 

Sample Name Composition Morphology Ligand First Exciton 

Peak (nm) 

Dimensions56 

(nm)  

S1-CdS-OA CdS QD Oleate 443 5.0 

S2-CdS-OA CdS QD Oleate 444 5.0 

S3-CdS-OA CdS QD Oleate 393 3.2 

S4-CdSNR-

ODPA 

CdS Nanorod ODPA 449 3.9 x 14 

S5-CdSe-OA CdSe QD Oleate 550 3.0 

S6-CdSe-OA CdSe QD Oleate 490 2.3 

S7-CdSe-ODPA CdSe QD ODPA 566 3.4 

S2-CdS-MPA CdS QD MPA 444 5.0 

CdS-oleate QD synthesis  

5.0 nm diameter CdS QDs capped with oleate ligands were synthesized using a multi-

injection method reported previously.57 Briefly, all synthesis procedures were performed under 

inert argon atmosphere either on a Schlenk line or in a glovebox. Two batches of 5.0 nm diameter 

CdS QDs were produced and used in experiments, designated as S1-CdS-OA and S2-CdS-OA: S1 

(depicted in Figures 5.2, 5.6, and 5.8) used ODE while S2 (Figures 5.12 and 5.13) used 

hexadecane as the main solvent in the precursors and reaction mixture. Hexadecane was 

substituted for ODE in S2 to test whether the possible presence of residual poly-ODE58 does not 

change the observed photocharging effect (it does not). The sulfur precursor was prepared by 

dissolving sulfur (0.029 g) in ODE (7.1 g) or hexadecane (7.0 g) to generate a 0.1 M solution 

overnight. The 0.1 M Cd-oleate precursor was prepared in a 3-neck round-bottom flask fitted with 

a reflux condenser. The flask was prepared with CdO (0.128 g), oleic acid (2.82 g) and ODE (5.40 

g) or hexadecane (5.27 g) and evacuated at 90°C (S1) or 80°C (S2) for 30 minutes. Under argon, 
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the precursor solution was then heated to 250°C (S1) or 240°C (S2). After the precursor solution 

turned clear, it was cooled to 60°C to prepare for injections. The main reaction mixture was 

prepared in a second flask with reflux condenser, to which 2.37 g ODE or 2.31 g hexadecane was 

added and evacuated at 90°C (S1) or 80°C (S2) for 30 minutes. Under argon, 4 mL of Cd-oleate 

precursor solution was transferred to the main reaction flask, and the mixture was heated to 260°C 

(S1) or 240°C (S2) and 2 mL of the sulfur precursor was injected. The reaction mixture temperature 

was maintained close to 220°C for the remaining injections. Three minutes after the first sulfur 

injection, 0.5 mL of Cd-oleate precursor was injected, all subsequent injections were performed at 

one-minute intervals. The remaining injection procedure for each synthesis was as follows. S1: 

Eight additional 0.5 mL injections were carried out, alternating sulfur and Cd-oleate, ending with 

a Cd-oleate injection. The mixture was then given one final minute of growth time before being 

quenched via cooling in a mineral oil bath and transferred to an argon-filled scintillation vial to be 

pumped into an argon-atmosphere glovebox for purification steps. S2: Ten additional 0.5 mL 

injections were carried out, alternating sulfur and Cd-oleate, ending with a Cd-oleate injection. 

The mixture was then given two final minutes of growth time before being quenched via cooling 

in a mineral oil bath and transferred to an argon-filled scintillation vial to be pumped into an argon-

atmosphere glovebox for purification steps.  

S1-CdS-OA purification: The initial crude nanocrystal mixture was precipitated with a 3:1 

v/v ratio of methanol:isopropanol by volume and centrifuged. The clear supernatant was discarded, 

leaving a liquid pellet. Three more washing steps (3:1 v/v isopropanol: methanol, 1:1 v/v 

isopropanol:methanol, and 3:1 v/v acetone:methanol) were conducted to remove residual ODE 

until a solid pellet formed. The pellet was redispersed in toluene, and precipitated a final time with 
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a 5:1 acetone:methanol mixture, centrifuged, the supernatant discarded, and the pellet dried under 

vacuum and redispersed in toluene.  

S2-CdS-OA purification: The initial crude nanocrystal mixture was precipitated with a 1:1 

v/v ratio of methanol:isopropanol and centrifuged. Clear supernatant was discarded, the 

nanocrystal pellet was redispersed in hexanes, and this washing process was repeated multiple 

times until no more brown, grease-like waste material was observed. Prior to the final precipitation 

step, the nanocrystal stock was divided into multiple aliquots. The nanocrystal pellet in each 

aliquot was dried under vacuum and stored under inert argon conditions until the day of its use in 

photocharging experiments when it was redispersed in the final solvent (hexanes, toluene, 

tetrahydrofuran, or chloroform). 

3.2 nm diameter CdS QDs capped with oleate ligands (S3-CdS-OA; Figure 5.13a) were 

synthesized using a single-injection method adapted from a previously published procedure.59 All 

procedures were performed under inert argon atmosphere either on a Schlenk line or in a glovebox. 

The sulfur precursor was prepared by dissolving sulfur (0.0016 g) in ODE (1.58 g) to generate a 

0.02 M solution overnight. The 0.02 M Cd-oleate precursor was prepared in a 3-neck round-bottom 

flask fitted with a reflux condenser. The flask was prepared with CdO (0.0128 g), Oleic Acid 

(0.200 g) and ODE (3.84 g) and evacuated at 90°C for 30 minutes. Under argon, the reaction 

mixture was then heated to 300°C until it turned clear. The mixture was cooled to 260°C, injected 

with the Cd-oleate precursor, and thereafter the temperature was maintained at 250°C for 3 minutes 

of growth. The nanocrystal growth was then quenched via cooling the flask in a mineral oil bath 

and transferred to an argon-filled scintillation vial for pumping into an argon-atmosphere glovebox 

for purification. The nanocrystals were precipitated with methanol, centrifuged, and the clear 

supernatant was discarded. The nanocrystal pellet was redispersed in toluene, and these 
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precipitation/centrifugation steps were repeated using a chloroform/methanol precipitation 

mixture until the nanocrystal solution was optically clear in toluene. The final CdS-OA-S3 stock 

solution was redispersed in <1 mL toluene. 

CdS-ODPA nanorod synthesis 

CdS nanorods capped with ODPA ligands (S4-CdSNR-ODPA; Figure 5.12d, e, f, Figure 

5.1b were synthesized via an adaptation of previously reported procedures.60 The synthesis and 

purification were carried out under an inert argon atmosphere using a Schlenk line or glovebox. 

The sulfur precursor containing 0.058 g sulfur and 0.89 g TOP was prepared under inert argon 

atmosphere one day in advance of the synthesis. The reaction mixture containing 0.06 g CdO, 

0.280 g ODPA, and 3.01 g TOPO was prepared in a 25 mL 3-neck round-bottom flask fitted with 

a reflux condenser. The reaction mixture was heated to 150°C and evacuated for one hour. Under 

argon, the solution was heated to 300°C and 1.5 mL TOP was transferred to the reaction mixture. 

The mixture was cooled to 290°C before injection of the sulfur precursor. After the first five 

minutes of growth, the reaction mixture was brought to 300°C for the remaining growth time of 

approximately 20 minutes. The reaction was finally quenched by cooling the flask in a mineral oil 

bath. At 60°C, a 1:1 v/v methanol:toluene solution was added to the reaction mixture and the entire 

solution was transferred via syringe to an argon-filled scintillation vial and brought into an argon-

filled glovebox for subsequent purification steps. The mixture was centrifuged, and supernatant 

discarded while the nanocrystal pellet was redispersed in a 5:2 volume ratio of toluene to 

octylamine. The nanocrystals were precipitated with methanol, centrifuged, and this 

redispersal/precipitation step was repeated one additional time. The final CdS nanorod pellet was 

dried under vacuum before being redispersed in anhydrous toluene (~2.5 mL). The average rod 
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dimensions of 14 +/- 2.2 nm length and 3.9 +/- 0.5 nm width were determined using transmission 

electron microscopy (Figure 5.1) to measure particles. 

CdSe-oleate QD synthesis 

3.0 and 2.3 nm diameter CdSe QDs capped with oleate ligands (S5-CdSe-OA, S6-CdSe-

OA; Figure 5.13b, c) were synthesized via adaptation of a previously reported procedure.61 The 

syntheses and purification were performed under inert argon atmosphere on a Schlenk line or 

glovebox. The 3.0 nm CdSe QDs (designated S6-CdSe-OA) were synthesized using ODE as the 

main solvent, while the 2.3 nm CdSe QD (designated S7-CdSe-OA) synthesis used hexadecane to 

avoid the formation of poly-ODE as recommended by a recent study.58 For both syntheses, the 

0.07 M Se precursor was prepared two days in advance of the synthesis, with typical amounts 

0.030 g Se, 0.230 g TOP, and 2.696 g hexadecane. The reaction mixture was prepared in a 3-neck 

round-bottom flask fitted with a reflux condenser, with 0.014 g CdO, 0.55 g oleic acid, and 7.73 g 

hexadecane. The reaction mixture was evacuated for 40 minutes at 110°C. Under argon, the 

mixture was heated to 225°C (S6) or 200°C (S7) and 1 mL of Se precursor was injected. After 2.5 

minutes (S6) or 10 seconds (S7) of growth, the reaction mixture was quenched by cooling in a 

mineral oil bath. The crude nanocrystal solution was transferred to an argon-filled scintillation vial 

containing a 1:2 v/v ratio of hexanes:ethanol by volume and pumped into the glovebox. Additional 

ethanol and methanol was added to precipitate the nanocrystals, which were then centrifuged. The 

supernatant was discarded, and the nanocrystal pellet was dried under vacuum before final 

redispersal in toluene (<1 mL). 

CdSe-ODPA QD synthesis 

3.4 nm CdSe QDs capped with ODPA ligands (S7-CdSe-ODPA; Figure 5.16) were 

synthesized using an adaptation of a previously reported procedure.60 The synthesis and 
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purification were carried out under inert argon atmosphere on a Schlenk line or glovebox. The 1.7 

M Se precursor was prepared two days in advance of the synthesis with 0.058 g selenium and 0.36 

g TOP. The reaction mixture was prepared in a 3-neck round-bottom flask fitted with a reflux 

condenser, with 0.06 g CdO, 0.28 g ODPA, and 3.0 g TOPO. The reaction mixture was evacuated 

at 150°C for one hour. Under argon, the mixture was heated to 300°C and 1.5 mL TOP was 

injected. The mixture was then heated to 310°C and the Se precursor was injected. After 30 seconds 

of growth, the reaction was quenched by cooling the flask in a mineral oil bath. At 60°C, a 1:1 v/v 

methanol:toluene by volume solution was injected to the crude nanocrystal solution and transferred 

to an argon-filled scintillation vial to be pumped into the glovebox for purification. The mixture 

was centrifuged, and supernatant discarded while the nanocrystal pellet was redispersed in a 1:1 

v/v ratio of hexane to octylamine. The nanocrystals were precipitated with methanol, centrifuged, 

and this redispersal/precipitation step was repeated one additional time. The final CdSe pellet was 

dried under vacuum before being redispersed in anhydrous toluene (<1 mL). 

Ligand exchange to MPA (S2-CdS-MPA, Figure 5.17, 5.18). One S2-CdS-OA aliquot was 

designated for exchange of the native oleate for MPA ligands using a variation on previously 

reported method.52,62 A 71 mM MPA stock solution was prepared with 15.0 g methanol, 0.143 g 

MPA, and 0.448 g tetramethylammonium hydroxide to adjust the pH to 11. The dried pellet of S2 

CdS QD was redispersed in a minimal volume of toluene (<1 mL) and 300 uL of the MPA stock 

solution was added, causing the nanocrystals to precipitate briefly before quickly turning optically 

clear as the ligand exchange occurred. The newly-exchanged nanocrystal solution was divided into 

multiple aliquots, each of which was precipitated with toluene and centrifuged. The supernatants 

were discarded and each S2 CdS QD-MPA pellet was dried under vacuum and stored under argon 
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until its use in photocharging experiments when it was redispersed in the final solvent (formamide, 

ethanol, methanol, or 41 mM pH 6.8 MES-HEPES-TAPS buffer). 

5.3.4 Nanocrystal Characterization  

Transmission electron micrograph images of CdS QD (Figure 5.1a) and nanorod (Figure 

5.1b) samples were obtained on a Tecnai ST20 at 200 kV with a LaB6 electron gun and 2k x 2k 

BM-Orius CCD camera mounted underneath. Dilute NC samples were dropped onto an Electron 

Microscopy Sciences 300 mesh carbon-coated copper grid for the CdS nanorods (S4-CdSNR-

ODPA, Table S1), and a Ted Pella Inc. 400 mesh ultrathin carbon film on lacey carbon support 

film copper grid for the CdS QDs (S1-CdS-OA, Table S1). ImageJ software63 was used to process 

the images. 

 

Figure 5.1: Transmission electron micrograph of a) the 5.0 nm CdS QDs (S1-CdS-OA) used to 

collect data in Figures 1, 2, and 3 and b) the CdS nanorods (S4-CdSNR-ODPA) used to collect 

data in Figure 5.12d-f. 

5.3.5 Spectroscopy Experiments  

All spectroscopy experiments were conducted in 1 cm UV-enhanced quartz cuvettes 

(Spectrocell) retrofitted with Kontes valves to ensure samples remained air-free. Samples were 

prepared in a glovebox under argon atmosphere with O2 and water concentrations of less than 10 

and 5 ppm, respectively. Photoexcitation of samples was performed using a collimated 405 nm 

tunable power CW diode laser (Laserglow Technologies, LRD-0405-PFR) with a 1 mm beam 

diameter. For the experiments presented in main text Figures 5.2, 5.6, 5.8 and 5.13, the excitation 
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power was 2.3 W/cm2. In Figures 5.12 and 5.17, the CdS-oleate and CdS-MPA samples were 

excited at 1.9 W/cm2, and the CdSNR-ODPA sample was excited at 1.4 W/cm2. 

UV-vis Absorption: Absorption data were collected using a Cary 60 UV-Vis 

Spectrophotometer (Agilent) in either spectral or kinetic mode. Experiments were conducted with 

the photocharging laser at 90° incidence angle during measurement. Samples were stirred 

continuously during absorption measurements with a magnetic Teflon stir bar. 

Steady-State Photoluminescence: Steady-state photoluminescence (PL) spectra were 

collected using a Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon) excited at 350 nm (3 nm 

slit width). PL was detected at a 90° angle with respect to excitation from 365-680 nm (3 nm slit 

width). Illumination for photocharging was performed outside the fluorimeter using the same 405 

nm CW excitation source as the absorption measurements and samples were immediately 

transferred to the fluorimeter (<10 seconds) for the measurement. Samples were stirred with a 

magnetic Teflon stir bar during illumination. 

Time Correlated Single Photon Counting: Time resolved PL data was collected using a 

DeltaFlex Modular Fluorescence Lifetime System (Horiba Scientific). The sample was excited by 

a NanoLED (Horiba, 402 nm) operated with a repetition rate of 1 MHz. Data was collected over 

the first 200 ns at a peak wavelength of 452 ± 16 nm for a total integration time of 5 minutes. 

Similar to the steady-state PL experiments above, sample excitation for photocharging was 

performed outside the instrument and samples were transferred immediately to perform 

measurements. 

Both steady-state and time-resolved PL experiments were conducted on sample S1-CdS-

OA (Table S1). Since our PL instruments do not allow for concurrent illumination with the 405 

nm CW laser during measurement, QD samples with slow post-charging recovery were required 
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to avoid sample changes during the PL data collection. This was achieved by using “aged” (stored 

under Argon for 6 days after dilution) samples for the PL measurements, which show slower 

absorption recovery kinetics than the same samples when freshly diluted, as discussed in Section 

3.2. Although the recovery kinetics of this six-day aged sample were slowed, there was no 

corresponding change in the absorption spectrum between days 1 and 6. 

Transient Absorption: The transient absorption data was collected using an instrument 

described previously.64 Briefly, both the pump and probe beam were derived from a 1 kHz 

Ti:sapphire oscillator with ~150 fs temporal width output at 800 nm (Solstice-ACE, Spectra 

Physics). The output was split with part being directed into an optical parametric amplifier 

(TOPAS-C, Light Conversion) which was tuned to 342 nm. The probe beam was generated by 

focusing the rest of the 800nm oscillator output into a sapphire plate. Transient absorption data 

were collected using a Helios transient absorption instrument (Ultrafast Systems, LLC). Samples 

were sealed in a 2 mm quartz cuvette fitted with a Kontes valve to remain air-free. Samples were 

stirred with a magnetic Teflon stir bar throughout data collection. 

5.4 Results and Discussion 

5.4.1 Photocharging in CdS NCs  

We start our discussion by presenting the evidence for photocharging in CdS QDs. Figure 

5.2a presents the steady state absorption spectrum of a representative sample of colloidal oleate-

capped CdS QDs with 5.0 nm diameters. A transmission electron micrograph of these QDs is 

shown in Figure 5.1. The sample was prepared and studied under rigorous air-free conditions, as 

detailed in the Experimental Methods section. Upon illumination with a 405 nm CW laser, the 

absorption spectrum undergoes significant changes, most notably a decrease in intensity around 

the band-edge excitonic feature (Figure 5.2a). There is also a red-shift of the band-gap exciton 
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peak and an increase in intensity around 400 nm. The spectral changes due to illumination are 

detailed and assigned in the next paragraph. Similar changes were previously seen for CdS QDs 

when Li[Et3BH] was used as a reductant.51 After illumination is halted, we observe a slow recovery 

of the original band-edge absorbance over ~10 minutes (Figure 5.2b). In addition to the transient, 

light-induced spectral changes that are reversed during the recovery period, there is a ~4% 

reduction in absorption at all wavelengths in the recovered sample compared to the original 

sample, which we attribute to precipitation of a small fraction of QDs upon illumination (Figure 

5.3). This loss is only observed in this sample after the first cycle of charging and recovery and 

not subsequent ones.  
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Figure 5.2: a) Absorption spectra of a solution of 5.0 nm oleate-capped CdS QDs in toluene before 

illumination and after ~30 minutes of illumination. The inset represents the proposed states for the 

charged and neutral state, in which the arrows represent photon absorption in the QD. b) Top: Absorption 

spectra of 5.0 nm oleate-capped CdS QDs during a >15 minute period after the laser is turned off. The 

inset shows the absorbance at the band-edge (443 nm) of each spectrum, and the corresponding time at 

which the spectrum was taken. The dashed line corresponds to when illumination was halted. Bottom: 

The corresponding ΔA (absorption minus absorption of the fully recovered sample) spectrum for each 

steady state spectrum from the panel above. c) Kinetic traces of the band-edge absorption (443 nm) 

through three illumination and recovery cycles. Time periods of sample illumination are highlighted in 

yellow. 



96 

 

 

Figure 5.3: Absorption spectra of the QD sample shown in Figure 1 before illumination and >15 

minutes after illumination was halted and the absorbance had fully recovered. 

To examine the spectral changes due to illumination and recovery, we determine the 

change in absorbance due to illumination, abbreviated as ΔA, by subtracting the fully recovered 

spectrum from each spectrum during recovery (Figure 5.2b, bottom). This ΔA signal is not to be 

confused with the ΔA spectra obtained in transient absorption (TA) measurements, although, as 

we describe below, they happen to overlap in our case. The ΔA spectra in Figure 5.2b, bottom, 

show well-known spectral features of Cd-chalcogenide NCs with one electron in the conduction 

band. The most prominent is a strong band-edge bleach of two exciton states due to state filling of 

the 1Se electron state (peaks at 423 and 441 nm). The induced absorption on the red edge (463 nm) 

is due to the trion binding energy, which shifts the 1S state slightly lower in energy. The presence 

of an excess electron in the 1Se state also shifts higher energy states (such as the 1P state seen at 

400 nm), resulting in absorbance changes at higher energy.49,65,66 Similarly shaped ΔA spectra 

have been previously observed for photochemically reduced CdSe QDs.22,23,50,67 As a clear 

indication that illumination leads to formation of reduced CdS QDs with electrons at the lowest-

energy conduction band state, the ΔA spectra in Figure 5.2b, bottom, overlap the TA spectrum of 

the same NCs at 3 ns after excitation (Figure 5.4). At a pump-probe delay of 3 ns, hot carriers 

have relaxed to the band-edge and all multicarrier states have recombined, leaving a single exciton 
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at the band-edge.68–70 Since TA spectra of core-only CdS QDs report only on the presence of 

photoexcited electrons,71–73 the correspondence between the ΔA spectra from the steady state 

absorbance data and the TA spectrum confirms that the changes in the steady state absorption 

spectra of CdS QDs upon illumination (Figure 5.2a) are due to one-electron reduced QDs. 

Furthermore, when the ΔA spectra are normalized at the band-edge bleach peak, the spectral shape 

appears unchanged throughout recovery (Figure 5.5), suggesting there is only one (singly-

charged) type of photogenerated state, rather than a range of (multiply-charged) states.  

 

Figure 5.4: Comparison of the steady state difference spectrum between the fully charged 

(saturated) and fully recovered with a transient absorption spectrum taken 3 ns after excitation of 

the same 5.0 nm CdS QD sample (S1-CdS-OA). 

 

Figure 5.5: The same ΔA data as plotted in Figure 5.2b, but normalized at the bleach maximum 

at 448 nm. Magenta represents the fully charged spectrum, and blue the fully recovered. The last 

few spectra are omitted for clarity due to low signal to noise ratio of ΔA for nearly fully 

recovered QDs. The normalized spectra show that the spectral shape remains the same 

throughout recovery. 
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The photoreduction that we observe in CdS QDs is reversible over multiple cycles without 

the use of chemical electron scavengers. In Figure 5.2c, we show the kinetics of photocharging 

and recovery measured by monitoring the absorption at the lowest-energy absorption peak (443 

nm). During laser illumination, this absorption rapidly decreases as the sample builds up negatively 

charged particles and, within a few minutes, saturates. After illumination is halted, the absorption 

recovers over the course of a few minutes, indicating that the reduced QDs are long-lived.      

 

Figure 5.6: a) Kinetics of the band-edge absorbance of 5.0 nm QDs under air-free conditions 

(left) and exposed to air (right) through one illumination cycle. The highlighted regions 

correspond to the times the sample was illuminated. The arrows in the kinetic trace mark times at 

which steady state absorbance spectra were collected. b) Top: The absorbance spectrum from the 

air-exposed sample at the approximate times marked on the kinetic trace before, during, and after 

illumination. Bottom: The difference between the blue and red traces. These data show that the 

absorption spectra of the QDs do not reversibly change with illumination under air. 

 

The observation of photocharging in CdS QDs requires rigorous air-free conditions. Previous 

reports have shown that oxygen is an effective quenching agent for negatively charged CdSe NC 
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systems.22,24,25,67 Figures 5.6a and 5.6b show that upon exposure to air, the same CdS QDs show 

none of the photoinduced absorbance changes—neither the characteristic ΔA nor the reversibility 

of the band edge absorbance loss—that were observed under air-free conditions (Figure 5.2a-c). 

We conclude that the O2 in the air rapidly scavenges the electrons from photocharged CdS QDs, 

leading to no accumulation of the charged state.  

We determine the maximum fraction of charged QDs from UV-vis absorption spectra using 

previously established methods22,25,26,74 where 

< 𝑛 >𝑚𝑎𝑥=
2(𝐴0−𝐴𝑆)

𝐴0
.     (1) 

Here <n>max represents the fraction of charged particles at saturation, A0 is the absorbance at the 

band-edge (443 nm for the sample in Figure 5.2) of a solution of uncharged QDs, and AS is the 

absorbance at the band-edge when photocharging saturates. For the sample shown in Figure 5.2, 

<n>max is 0.75; at saturation, the majority of QDs have an excess band-edge electron. The quantum 

yield (QY) of charging, defined as charging rate divided by photon absorption rate, is <0.1%. The 

vast majority of photon absorption events do not lead to charging. However, as long as the charging 

rate is faster than recovery rate, there is an accumulation of charged NCs. Both the value of <n>max 

and the rate of charging increase with laser power (Figure 5.7), suggesting that the saturation point 

represents an equilibrium point defined by the rates of charging and recovery.74   
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Figure 5.7: a) Power dependence of photocharging kinetics for 5.0 nm CdS QDs (S1-CdS-OA). 

The starting kinetics have been shifted to start at the same relative absorbance to eliminate the 

minor effects due to sample precipitation. The decrease in absorbance at saturation increases 

with the laser power. b) Maximum fraction of charged QDs as a function of laser power. These 

data suggest that the charged QDs are in equilibrium with uncharged QDs, which depends on the 

rates of charging and recovery, which, in turn, depend on excitation rate. c) Normalized power 

dependence of photocharging kinetics shown in a. d) The initial rate of photocharging as a 

function of laser power. Rates were calculated by fitting the first minute of illumination with an 

exponential.. 

 Photocharging of CdS QDs changes their PL properties in a manner consistent with 

previous studies of Cd-chalcogenide NCs with excess band-edge electrons.22,25,67 Figure 5.8a 

compares the PL spectra of 5.0 nm CdS QDs before illumination with the 405 nm laser, after 30 

min of illumination, and after letting the sample recover in the dark for approximately two hours. 

The samples were aged before illumination to slow the recovery kinetics sufficiently to minimize 

sample changes during the PL experiment, as described in the Methods section. We observe a 

drastic quenching of the PL after illumination. Normalizing the spectra (Figure 5.8a, inset) shows 
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that after illumination the band-edge emission redshifts from 454 nm to 458 nm. This corresponds 

to a shift of 24 meV, which is in the range of trion binding energies in similar Cd-chalcogenide 

NC systems.75–78 The peak shift reflects the formation of a trion upon excitation of the already-

reduced CdS QD by the fluorimeter light source. After recovery, the band-edge PL returns to the 

original spectral position. Notably, while the absorption spectrum returns to its pre-illumination 

shape and intensity after the recovery period (Figure 5.9), the recovery of the PL intensity is 

incomplete and the trap-state emission (>500 nm) is enhanced relative to the exciton emission 

(Figure 5.8a).   

 

Figure 5.8: a) Steady-state PL spectra and b) PL decays at 452 ± 16 nm for 5.0 nm oleate-

capped CdS QDs before illumination, immediately after illumination while the band-edge bleach 

feature of the photocharged state remained, and after full recovery of the absorbance spectrum. 

The Inset to panel a shows the PL spectra normalized at the band-edge peak. 
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Figure 5.9: Absorption spectrum of the oleate-capped CdS QD sample in Figure 5.2 (S1-CdS-

OA) before illumination, immediately after 30 minutes illumination, and after 2 hours recovery. 

The absorbance after recovery is almost identical to that before illumination, showing no major 

spectral changes after a cycle of charging and recovery. The small increase in the first exciton 

peak intensity for the sample after recovery compared to the sample before illumination is 

attributed to exposure to room lights before illumination (the recovery was carried out in the 

dark). 

We also examine the kinetics of band-edge PL emission (452 ± 16 nm) decay of CdS QDs 

before illumination, immediately after 30 minutes of illumination with the 405 nm CW laser, and 

after the same two-hour recovery period (Figure 5.8b). Before illumination, the decay contains a 

fast (~200 ps) and a slow (~ 8 ns) decay component. Due to the illumination with a 405 nm pulsed 

laser during data collection, some photocharging may have already occurred during the 

measurement in the “before illumination” sample. After 30 minutes of illumination with the 405 

nm CW laser, there is enhancement of the fast component and near elimination of the slow 

component in the PL decay (Figures 5.8b and 5.10, Table 5.2). Such changes to the PL decay are 

characteristic of charged states, such as trions, which can undergo rapid, non-radiative Auger 

recombination, and have been previously observed in charged CdSe NCs.22,25,67 After two hours 

in the dark, the PL decay recovers to the pre-illumination kinetic form, as can be seen by 

normalizing the decays (Figure 5.11), but with reduced intensity. As in the PL spectra above, the 

process of charging and recovery leads to reduction in the PL intensity without changing the 
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absorption spectra (Figure 5.9). This incomplete PL recovery suggests changes at the particle 

surface. Previous reports have documented that loss of PL intensity and relative increase in 

intensity of trap emission correlate with diminished surface passivation in Cd-chalcogenide 

NCs.70,79–82  

 
Figure 5.10: PL decays from Figure 5.8b overlaid with biexponential fits (PL Counts = A1 e

(-t/τ1 

)+A2 e
(-t/τ2 ) The fit parameters are included in Table 5.2 below. 

 

Figure 5.11: The same PL decays as depicted in Figures 5.8 and 5.10, normalized to the 

maximum number of counts. The dotted decay represents the instrument response as measured 

from scattered laser light. 
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Table 5.2: Parameters for the biexponential fit to the PL lifetimes. The values for τ1 are 

instrument response limited. 

  A1 τ1 (ps) A2 τ2 (ns) 

Before Illumination 212±8 242±17 44±3 7.9±0.9 

Immediately After 

Illumination 

324±5 174±5 9±2 3.9±1.1 

After 2 hrs Recovery 138±6 188±14 19±2 7.1±1.1 

 

5.4.2 Photocharging with different surface-capping ligands, solvents, and NCs  

The data presented thus far show that 5.0 nm CdS QDs passivated with oleate ligands in 

toluene undergo reversible photocharging, specifically photoreduction with 405 nm illumination, 

and this process leads to NC surface changes as detected by PL. To advance towards a mechanism 

for this photocharging process, we explore the conditions under which it occurs. We observe 

photoreduction in CdS NCs with two non-polar ligands, each in two solvents: 5.0 nm CdS QD 

samples with oleate surface capping-ligands (Figure 5.12a-c) and 3.9 by 14 nm CdS nanorods 

with ODPA ligands (Figure 5.12d-f), both in toluene and hexanes. We also observe photocharging 

in tetrahydrofuran and chloroform for both NCs, but particle degradation in these solvents rendered 

quantitative analysis unreliable. In both toluene and hexane solvents, ODPA-capped nanorods 

show lower <n>max values (0.24 and 0.06, respectively) than oleate-capped QDs (0.62 and 0.35, 

respectively) (Figure 5.12c, 5.12f), despite a 3.1 times higher per-particle excitation rate in the 

ODPA-capped nanorods. Earlier experiments demonstrated that higher excitation rates result in a 

more significant degree of photocharging (Figure 5.7), and therefore the degree of charging 

disparity due to ligand (oleate vs. ODPA) is likely even more significant than what we observe in 



105 

 

Figure 5.12. Meanwhile, both CdS NC samples have a larger <n>max in toluene than in hexanes 

(Figure 5.12c, 5.12f).  The changes in PL spectra and intensity upon charging and recovery 

discussed above already suggest that the NC surface plays an important role in the charging 

mechanism. The dependence of <n>max on surface-capping ligand as well as solvent suggests that 

both ligand and ligand solubility are relevant parameters.83  

 

Figure 5.12: Absorbance spectra of CdS NCs in toluene (a,d) and hexanes (b,e), and ΔA spectra 

(c,f) for: a-c) oleate-capped QDs and d-f) ODPA-capped nanorods. Illuminated and 

unilluminated samples are depicted, with arrows in the kinetic data insets indicating when each 

spectrum was taken.photocharging. Notably, the 405 nm excitation source is resonant with the 

3.2 nm CdS QD bandgap.  Therefore, hot carriers are not necessary for the generation of the 

photocharged state. This is in contrast to previous reports of photocharging by ligand 

dissociation in CdSe/CdS core/shell QDs which required Auger-generated hot carriers to 

facilitate hole removal.30 Furthermore, based on the CW illumination power and sample 

absorption cross section, we do not generate a significant fraction of multiexciton states (<0.01), 

and, therefore, Auger-generated hot holes are unlikely to be responsible for the observed 

photocharging. It remains to be seen whether hot carriers enhance the rate and extent of 

photocharging, which would manifest in a wavelength dependence of the value of <n>max. 

In addition to changing PL properties, the CdS QD samples exhibit changes in the kinetics 

of charging and recovery that have no corresponding changes in the shape of the QD absorption 

spectrum, even after multiple days and illumination cycles.  The CdS QD samples that we have 
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studied commonly show a permanent increase in the rate of charging kinetics after the first 

illumination cycle (Figure 5.14a), as well as a continuous deceleration of recovery kinetics over 

multiple repeated photocharging cycles even after charging kinetics have stopped varying (Figure 

5.14b). Additionally, sample age affects charging: days after initial preparation, QD samples often 

show slower photocharging kinetics than freshly diluted particles (Figure 5.15). We emphasize 

that neither kinetic hysteresis nor sample age have a correlated change in the shape of the 

absorption spectrum, pointing to a root cause of photocharging in which the NC surface plays a 

major role regardless of ligand or solvent type.  

In contrast to the significant degree of photocharging observed for CdS NCs of different 

sizes, morphologies, and surface-capping ligands, CdSe QDs do not show changes in absorption 

spectra upon illumination. Neither 3.0 nm (Figure 5.13b) nor 2.3 nm diameter (Figure 5.13c) 

oleate-capped, nor 3.4 nm ODPA-capped CdSe QDs (Figure 5.16) show any evidence of the 

characteristic ΔA under 405 nm CW illumination. We therefore conclude that the photoreduction 

we observe is specific to CdS, and hot carriers (of 810 meV and 530 meV excess energy in 3.0 and 

2.3 nm CdSe QDs, respectively) are not sufficient to mediate the photocharging in CdSe QDs with 

either oleate or ODPA surface passivation.  
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Figure 5.13: Absorption spectra of an unilluminated and illuminated sample (above) and the ΔA 

spectrum (below) for a sample of oleate-capped a) 3.2 nm CdS QDs, b) 3.0 nm CdSe QDs, and 

c) 2.3 nm CdSe QDs. Insets show kinetics of the band-edge absorption through illumination 

cycles (yellow). The approximate times when absorption spectra were recorded are marked with 

corresponding color-coded arrows in each inset. 
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Figure 5.14: a) Kinetics of band-edge absorbance from photocharging over multiple successive 

illumination cycles of 5.0 nm oleate-capped CdS QDs (S1-CdS-OA). b) Normalized kinetics of 

recovery of band-edge absorbance from photocharging for the same successive illumination 

cycles as 14a. The data presented in this figure is the same kinetic data as Figure 2c, with each 

illumination cycle shifted in time to allow more direct comparison. 

 

Figure 5.15: a) Photocharging kinetics of 5.0 nm oleate-capped CdS (S1-CdS-OA) on the day of 

sample preparation (day 1), and the subsequent day (day 2). b) The same charging kinetics as in 

a, x-shifted to show the drastic change in recovery kinetics. c) Absorption spectra of the 

unilluminated sample on day 1 and day 2, and the illuminated sample on day 1. 
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Figure 5.16: a) Absorbance spectrum of a 3.4 nm CdSe QD capped with ODPA ligands (S7-

CdSe-ODPA) during illumination after kinetic changes had saturated and after recovery. The 

absorbance at the band-edge peak (566 nm) over one illumination and recovery cycle is inset. b) 

The change in absorbance between the unilluminated and illuminated spectra shown in a. 

5.4.3 Proposed mechanism of photocharging in CdS NCs  

In order to generate a long-lived negatively charged CdS NC from a photoexcited state, a 

hole must be removed from the NC. The incomplete recovery of the original PL spectra and 

intensity after the recovery of the absorption spectrum (Figure 5.8) and the varying kinetics of 

charging and recovery over multiple cycles (Figure 5.14) suggest that the hole removal changes 

the particle surface. The dependence of <n>max on the ligand, nanocrystal morphology, and solvent 

(Figure 5.12) suggests that these parameters impact the probability of hole removal. A mechanism 

of hole removal by oleate ligand oxidation has been proposed previously for CdSe/CdS core-shell 

NCs30 and dissociation of methyl ligands has led to a photoreduction of CdSe QDs.50 We 

hypothesize that such a ligand-dissociation mechanism is responsible for the photocharging 

observed here (Scheme 5.1). The mechanism involves photoexcited hole transfer to the surface-
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capping ligand and subsequent ligand dissociation. Each reduction event requires transfer of one 

hole, and therefore oxidation of one ligand molecule. 

Scheme 5.1: Proposed mechanism of ligand-mediated photocharging in which a photoexcited 

hole is transferred from the QD to a surface-capping ligand, which dissociates from the QD. 

 

The evidence supporting the mechanism in Scheme 5.1 is as follows: (a) Previous work 

has shown that oleic acid can readily accept holes of roughly the same electrochemical potential 

as the CdS valence band84–86 and oleate surface-capping ligands have been oxidized by 

photoexcited CdSe/CdS QDs.30 (b) The PL changes reported in Figure 5.8 are consistent with a 

process in which ligand dissociation from the surface reveals an underpassivated surface atom, 

generating an additional surface trap, enhancing trap emission, and reducing the PL quantum 

yield.70,79–82 While each reduction leads to oxidation of only one ligand, leaving macroscopic 

properties like colloidal stability relatively unperturbed, over the course of charging and recovery 

cycles, the changes in ligation are not entirely reversed, leading to variations in charging and 

recovery kinetics over time (Figure 5.14). (c) The long-lived nature of the charged state is 

consistent with a dissociative mechanism in which recovery relies on a diffusive process that 

brings a hole back to the QD. (d) NCs capped with ODPA photocharge to a lesser degree than 

oleate-capped QDs in both solvents. This may be because ODPA binds more strongly to the NC 

surface87 so it is less likely to oxidize and dissociate. (e) Since bulk CdSe has a more negative 

valence band potential than CdS by ~0.4 V,85,86 photoexcited holes in CdSe QDs lack the requisite 

driving force for transfer to oleate or ODPA, resulting in no photocharging (Figure 5.13, Figure 
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5.16). This is consistent with the observation that photoexcitation of oleate-capped CdSe QDs 

functionalized with methyl ligands led to dissociation of the methyl but not oleate ligands.50  

5.4.4 Photocharging of CdS QDs with MPA ligand  

In our exploration of conditions that lead to photocharging in CdS NCs, we found a 

scenario in which this process does not occur without added reductants. In Figure 5.17, we 

compare the photocharging behavior of 5.0 nm CdS QDs with a polar surface-capping ligand 3-

mercaptopropionate (MPA) in two solvents, formamide and ethanol. In the formamide, no 

evidence of photocharging is observed (Figure 5.17a). However, when the same QDs are in a 

solvent that is a known hole scavenger, such as ethanol (Figure 5.17b),14,16,19,55 as well as methanol 

and hole scavenging buffers (Figure 5.18), photocharging is observed. The photocharging 

mechanism here is different than the ligand-dissociation mechanism described above. Instead, the 

hole scavengers in solution are oxidized to generate the charged state, similar to prior work where 

chemical hole scavengers were used to accumulate electrons in ZnO16–18,21,88 and CdSe NCs.22,23,27 

Experiments show that Cd-S bonds with the MPA ligands are stronger than the Cd-O bonds with 

oleate and ODPA,87 making the MPA harder to dissociate. This may explain why we do not 

observe photocharging with MPA ligands without an added hole scavenger. It is also possible that 

the likelihood of MPA dissociation varies with solvent, contributing to variation in the extent of 

photocharging. It is worth noting that the spectral signatures of the photocharging of MPA-capped 

CdS QDs with added hole scavengers are identical to those for photocharging of ODPA- and 

oleate-capped CdS NCs with no added electron donors.  



112 

 

 

Figure 5.17:  Photocharging results for 5.0 nm MPA-capped CdS QDs in a) formamide and b) 

ethanol. Absorption spectra of an unilluminated and illuminated sample (above) and the ΔA 

spectrum (below). Insets show kinetics of the band-edge absorption through illumination cycles 

(yellow). The approximate times of steady-state absorption spectra are marked with 

corresponding arrows in each inset. 

 

Figure 5.18: Results of photocharging experiments on 5.0 nm CdS QDs capped with MPA 

ligands (S2-CdS-MPA) in four polar solvents tested (formamide, methanol, ethanol, and 41 mM 

pH 6.8 MES-HEPES-TAPS buffer). The steady-state absorption spectrum of unilluminated and 

illuminated QDs is plotted above the difference between the two spectra. The illuminated spectra 

were taken after light-induced changes had saturated. Each sample is 164 nM and was excited by 

a 405 nm CW diode laser at 1.9 W/cm2. 
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5.4.5 Implications of photocharging in CdS NCs  

The results described in this manuscript indicate that care must be taken in studying the 

optical properties of CdS NCs. Conditions common in various spectroscopy experiments can 

readily generate photoreduced particles. Although the QY of generation of charged particles is 

<0.1%, they can accumulate to comprise a significant fraction of the sample, even if the sample is 

stirred. Furthermore, depending on sample age and concentration, even room lights can be 

sufficient to generate a moderate fraction of charged QDs (Figure 5.19). While exposure to air 

does quench the process, it also does irreversible damage to the NC surface, potentially altering 

the photophysical properties of interest.89,90 Therefore, the possibility of photocharging should be 

taken into account when studying CdS NC photophysics.  

 

Figure 5.19: a) Charging of 5.0 nm oleate-capped CdS QDs (S1-CdS-OA) using room lights as 

the sole illumination source. The sample was placed in the dark while stirring until fully 

recovered then left on the bench under room lights for four hours. There was no laser exposure 

between the blue and red scans. b) The change in absorbance between the red and blue spectra. 
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These caveats notwithstanding, the long-lived nature, ease of generation, and considerable 

stability even after repeated excitation cycles of photocharging in CdS NCs provide a potential 

avenue for high efficiency of electron transfer. CdS NCs have been widely used for solar 

photochemistry applications, where photoexcited electrons are used as reducing agents.42–46 

Electron transfer (i.e., reduction) processes are limited by competition with electron-hole 

recombination.49,91 However, in the charged states the recombination pathway is eliminated by the 

removal of the hole from the NC. This dramatically increases the electron lifetime, potentially 

enabling near-unity electron transfer efficiencies. It is possible that some of the remarkable 

photochemical results achieved with CdS NCs92–94 could be attributed to previously undetected 

long-lived charged states. In addition, it is interesting to compare photocharging in CdS NCs with 

well-known photoreduction of ZnO NCs, which have a valence band that is ~1 eV deeper and 

therefore far more oxidizing, sufficiently so to oxidize alkylamine ligands.95 The shallower valence 

band of CdS NC holes presumably makes photocharging particularly sensitive to variation in 

ligand and solvent conditions. With further inquiry and sufficient level of understanding, this 

sensitivity may translate into improved control of photocharging. Overall, the discovery of 

photocharging in CdS NCs without added electron donors provides some reasons for experimental 

caution and simultaneously opens up possibilities for future uses of colloidal NC systems for 

optoelectronic applications. 
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5.5 Conclusions 

 We demonstrated light-driven generation of reduced colloidal oleate and ODPA-capped 

CdS NCs under air-free conditions, which does not require external electron donors and is readily 

reversible. Post-illumination return to the neutral NC state occurs on the order of several minutes, 

suggesting that recovery is a diffusion-limited process. Photocharging induces lasting alterations 

to the NC surface, as seen through the changing PL quantum yield and the rates of photocharging 

and recovery despite an unchanging NC absorption spectrum. In addition, the dependence of the 

extent of photocharging on NC surface ligand and solvent implies that ligand properties play an 

important role in the photoreduction mechanism. In light of these observations, we hypothesize 

that photocharging of CdS QDs is caused by transfer of the photoexcited hole to the surface-

capping ligand, followed by ligand dissociation from the QD. The lack of observed photocharging 

in CdSe QDs suggests that excited CdSe holes have insufficient driving force for transfer to the 

ligands. We also observe conditions under which CdS QDs do not exhibit photocharging with no 

added electron donors; when MPA surface-capping ligands are used, CdS QD photoreduction 

occurs only in the presence of hole-scavenging solvents. The photoreduction described here 

generates additional considerations in studies of CdS NC photophysics, and also provides new 

avenues of exploring optoelectronic properties and applications of these materials. 
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