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Temperature-Dependent Transient Absorption Spectroscopy Elucidates Trapped-Hole Dynamics in CdS and CdSe Nanorods

Charge-carrier traps play a central role in the excited-state dynamics of semiconductor nanocrystals, but their influence is often difficult to measure directly. In CdS and CdSe nanorods of nonuniform width, spatially-separated electrons and trapped holes display recombination dynamics that follow a power-law function in time that is consistent with trapped-hole diffusion-limited recombination. However, power-law relaxation can originate from mechanisms other than diffusion. We report transient absorption spectroscopy measurements on CdS and CdSe nanorods recorded at temperatures ranging from 160 to 294 K. We find that the exponent of the power law is temperature-independent, which rules out several models based on stochastic activated processes and provides insights into the mechanism of diffusion-limited recombination in these structures. The data point to weak electronic coupling between trap states and that surface-localized trapped holes couple strongly to phonons, leading to slow diffusion. Trap-to-trap hole hopping behaves classically near room temperature while quantum aspects of phonon-assisted tunneling become observable at low temperatures.

MAIN TEXT

 

We recently presented evidence that trapped holes on the surfaces of CdS and CdSe nanocrystals are not stationary but instead undergo a diffusive random walk at room temperature. [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF][START_REF] Grennell | Relationships between exciton dissociation and slow recombination within ZnSe/CdS and CdSe/CdS dot-in-rod heterostructures[END_REF][START_REF] Utterback | Trapped-hole diffusion in photoexcited CdSe nanorods[END_REF][START_REF] Cline | On the nature of trapped-hole states in CdS nanocrystals and the mechanism of their diffusion[END_REF][START_REF] Li | Two-dimensional morphology enhances light-driven H 2 generation efficiency in CdS nanoplatelet-Pt heterostructures[END_REF] This evidence came from transient absorption (TA) spectroscopy measurements of recombination dynamics between spatially separated electrons and trapped holes in nonuniform CdS and CdSe nanorods (NRs). At long times, the TA signal associated with this recombination follows a robust and reproducible power law in time with an exponent of -1/2. We interpreted this behavior as the signature of diffusion-limited recombination in one dimension, where a trapped hole undergoes an unbiased random walk along the NR surface, with steps on the order of interatomic distances, until it reaches the electron and recombines. [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF] Subsequent theoretical work used detailed electronic structure calculations to characterize the surface traps in CdS and found that, near room temperature, the trapped holes hop nonadiabatically between localized sulfur orbitals on the surface. [START_REF] Cline | On the nature of trapped-hole states in CdS nanocrystals and the mechanism of their diffusion[END_REF] There are, however, other mechanisms that can lead to power-law excited-state relaxation in nanocrystals. In particular, to model nonexponential relaxation dynamics in nanocrystals, researchers have often invoked stochastic rate theories, where there is a distribution of relaxation rates in the ensemble. Examples include electron trapping with a distribution in activation barrier heights [START_REF] Kern | Heterogeneity of the electron-trapping kinetics in CdSe nanoparticles[END_REF] and charge-carrier detrapping with a distribution in trap depths. [START_REF] Rabouw | Delayed exciton emission and its relation to blinking in CdSe quantum dots[END_REF][START_REF] Rabouw | Temporary charge carrier separation dominates the photoluminescence decay dynamics of colloidal CdSe nanoplatelets[END_REF][START_REF] Kuno | On"/"off" fluorescence intermittency of single semiconductor quantum dots[END_REF] An experimental method is needed to differentiate between these mechanisms and diffusion-limited recombination in nonuniform NRs.

The key measurable difference between the trapped-hole diffusion model and the alternative models listed above lies in the temperature dependence of the power-law exponent. In the one-dimensional diffusion-annihilation model, the temperature dependence appears in the magnitude of the diffusion coefficient while the power-law exponent of -1/2 is uniquely determined by the geometry. [START_REF] Redner | A guide to first-passage processes[END_REF] In contrast, models that involve thermally-activated processes give rise to temperature-dependent power-law exponents. [START_REF] Kern | Heterogeneity of the electron-trapping kinetics in CdSe nanoparticles[END_REF][START_REF] Kuno | On"/"off" fluorescence intermittency of single semiconductor quantum dots[END_REF] In this paper we present TA spectroscopy of solutions of CdS and CdSe NRs over a range of temperatures from 160 to 294 K. From these data, we extract the temperature dependence of the power-law exponent and provide an experimental method to definitively distinguish between diffusion-limited recombination and stochastic rate theories. In concert with the diffusion-limited recombination theory, these experiments inform on the mechanism of the diffusion process, providing measurements of both the electronic coupling between hole trap states and the trapped hole-phonon coupling. At high temperatures and weak electronic coupling, the reorganization energy alone quantifies the strength of the hole-phonon coupling.

Prior evidence for trapped-hole diffusion comes from TA spectroscopy of nonuniform nanorods of CdS and CdSe at room temperature. [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF][START_REF] Grennell | Relationships between exciton dissociation and slow recombination within ZnSe/CdS and CdSe/CdS dot-in-rod heterostructures[END_REF][START_REF] Utterback | Trapped-hole diffusion in photoexcited CdSe nanorods[END_REF] Such NRs consist of narrow-diameter cylindrical "rods" and wide-diameter "bulbs" (Figure 1a,b and Figure S1). [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF][START_REF] Utterback | Trapped-hole diffusion in photoexcited CdSe nanorods[END_REF][START_REF] Wu | Beyond band alignment: Hole localization driven formation of three spatially separated long-lived exciton states in CdSe/CdS nanorods[END_REF][START_REF] Wu | Exciton localization and dissociation dynamics in CdS and CdS-Pt quantum confined nanorods: Effect of nonuniform rod diameters[END_REF] The rod and bulb morphological features constitute spatially and spectrally distinct electronic states wherein charge carriers in the rod have higher energy than in the bulb due to differences in radial quantum confinement (Figure 1c). [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF][START_REF] Utterback | Trapped-hole diffusion in photoexcited CdSe nanorods[END_REF][START_REF] Wu | Exciton localization and dissociation dynamics in CdS and CdS-Pt quantum confined nanorods: Effect of nonuniform rod diameters[END_REF] As described previously in room-temperature TA studies, [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF][START_REF] Grennell | Relationships between exciton dissociation and slow recombination within ZnSe/CdS and CdSe/CdS dot-in-rod heterostructures[END_REF][START_REF] Utterback | Trapped-hole diffusion in photoexcited CdSe nanorods[END_REF] trapped holes likely diffuse in nanostructures of uniform morphologies as well, but the spatial dynamics of trapped holes are revealed in these nonuniform NRs when holes rapidly trap on the rod surface and electrons dissociate from them and localize in the bulb so that recombination can only occur if the electron and trapped hole reach each other in some way. To carry out TA spectroscopy measurements at cryogenic temperatures, the NRs were functionalized with 3-mercaptopropanoic acid surface-capping ligands and suspended in a polar glass-forming mixture of 4:1 ethanol:methanol (v/v). Temperature was controlled using a cryostat purged with a nitrogen atmosphere, and experiments were limited to temperatures above the glasstransition temperature of the solution. Figure 2a,b show the TA spectra of CdS and CdSe NRs after excitation of the rod at temperatures ranging from 160 to 294 K. As temperature decreases, the bleach peaks shift to higher energies and become narrower, as is observed in bulk and nanocrystalline semiconductors (Figure S2). [START_REF] Rudin | Temperature-dependent exciton linewidths in semiconductors[END_REF][START_REF] Mack | Temperature dependence of emission line widths from semiconductor nanocrystals reveals vibronic contributions to line broadening processes[END_REF] The TA spectrum of nonuniform nanorods consists of distinct spectral features corresponding to the rod and the bulb states (Figure 2), the amplitudes of which predominantly reflect the population of electrons in each state. [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF][START_REF] Utterback | Trapped-hole diffusion in photoexcited CdSe nanorods[END_REF][START_REF] Wu | Beyond band alignment: Hole localization driven formation of three spatially separated long-lived exciton states in CdSe/CdS nanorods[END_REF][START_REF] Wu | Exciton localization and dissociation dynamics in CdS and CdS-Pt quantum confined nanorods: Effect of nonuniform rod diameters[END_REF][START_REF] Grimaldi | Spectroscopic evidence for the contribution of holes to the bleach of Cd-chalcogenide quantum dots[END_REF] The dynamics of electrons in the rod and bulb states were isolated and analyzed as described previously for room-temperature experiments (see Methods section and Section IV of the Supporting Information (SI)). [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF][START_REF] Utterback | Trapped-hole diffusion in photoexcited CdSe nanorods[END_REF] The data shown in Figure S3 indicate that sub-nanosecond spatial separation occurs at each temperature, leading to a charge-separated state where the electron is localized in the bulb and the hole is trapped on the surface of the rod (Figure 2c,d inset). To investigate the recombination dynamics of spatially separated electrons and trapped holes in CdS and CdSe NRs as a function of temperature, we monitor the decay of the TA bleach signal corresponding to the bulb electron population in the time window after charge separation at temperatures ranging from 160 to 294 K. Bulb decays for CdS NRs at five different temperatures are shown in Figure 2c, while the equivalent data for CdSe NRs at three different temperatures are shown in Figure 2d. At 294 K, both materials exhibit power-law decays at long times, consistent with previous observations. [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF][START_REF] Utterback | Trapped-hole diffusion in photoexcited CdSe nanorods[END_REF] As the temperature is lowered, the bulb electron relaxation gets slower but the power-law decay persists at every temperature. This is in contrast to the recombination kinetics in uniform NRs, which exhibit exponential tails at all temperatures in the range 160 to 294 K (Figure S4) due to direct recombination of spatially overlapping electrons and trapped holes. [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF][START_REF] Utterback | Trapped-hole diffusion in photoexcited CdSe nanorods[END_REF] As we noted above, the temperature dependence of the exponent in a power-law decay can provide definitive insights into the mechanism of electron-hole recombination that leads to the power law. The tails of each decay in Figures 2c and2d were fit to a power-law function of the form 𝑆(𝑡) ~ 𝑡 !" (see Methods). The fit results are plotted in Figure 3. For every temperature studied, the power-law exponent is within experimental error of -1/2 for both CdS and CdSe NRs. The persistence of the power-law exponent of -1/2 over a broad range of temperatures in both CdS and CdSe NRs strongly supports the assignment of power-law recombination kinetics to diffusion-limited recombination between the bulb electron and a trapped hole. In this model, the trapped hole starts near the bulb and undergoes an unbiased random walk along the length of the rod until it encounters the stationary electron in the bulb and recombines with it. [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF] Diffusion purely around the circumference of the rod does not contribute to decay of the bulb electron, so recombination is a one-dimensional process. [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF] While temperature can change the diffusion coefficient, a power-law exponent of -1/2 is a universal feature of diffusion-annihilation in one dimension and is independent of temperature. [START_REF] Redner | A guide to first-passage processes[END_REF] The temperature independence of the power-law exponent allows us to rule out models in which there is a distribution in rate constants for recombination in an ensemble of particles. Powerlaw kinetics can arise in an ensemble of particles when their first-order rate constants reflect a thermally-activated process and there is an exponential distribution in the activation energies, 𝑃(𝐸 # ) = 𝑒 !$ ! /& /𝜖, where 𝐸 # is the activation energy and 𝜖 represents the mean barrier height, which is independent of temperature. In this case, the decay of the ensemble excited-state population goes as 𝑆(𝑡) ~ 𝑡 !" at long times, where the power-law exponent 𝛼 = 𝑘 ' 𝑇/𝜖 depends on temperature (𝑇) as well as the material properties of the sample that determine 𝜖, such as composition, size, and ligands. [START_REF] Kern | Heterogeneity of the electron-trapping kinetics in CdSe nanoparticles[END_REF][START_REF] Kuno | On"/"off" fluorescence intermittency of single semiconductor quantum dots[END_REF] There are several plausible scenarios in which the observed power-law decay of the bulb electron population could be due to such activated mechanisms. Electrons could trap from the bulb state while the trapped hole remains stationary on the rod, [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF][START_REF] Reid | Role of surface morphology on exciton recombination in single quantum dot-in-rods revealed by optical and atomic structure correlation[END_REF][START_REF] Utterback | Quantum efficiency of charge transfer competing against nonexponential processes: The case of electron transfer from CdS nanorods to hydrogenase[END_REF] in which case the power-law decay of the electron population would reflect a distribution in electron trapping rates, [START_REF] Marchioro | Tunneling in the delayed luminescence of colloidal CdSe, Cu + -doped CdSe, and CuInS 2 semiconductor nanocrystals and relationship to blinking[END_REF][START_REF] Whitham | Photoluminescence blinking and reversible electron trapping in copper-doped CdSe nanocrystals[END_REF][START_REF] Tsui | Extremely slow spontaneous electron trapping in photodoped n-type CdSe nanocrystals[END_REF] which could originate from a distribution in trapping activation barriers. [START_REF] Kern | Heterogeneity of the electron-trapping kinetics in CdSe nanoparticles[END_REF] Additionally, recombination could occur by thermal excitation of the electron from the bulb back to the rod where it would overlap directly with the trapped hole. In this case, a distribution of rate constants would reflect a distribution in relative rod and bulb radii. Finally, recombination could be limited by detrapping of the hole: a stationary trapped hole could eventually return to the valence band with a distribution of hole detrapping times that originates from a distribution in trap depths, [START_REF] Rabouw | Delayed exciton emission and its relation to blinking in CdSe quantum dots[END_REF][START_REF] Rabouw | Temporary charge carrier separation dominates the photoluminescence decay dynamics of colloidal CdSe nanoplatelets[END_REF][START_REF] Kuno | On"/"off" fluorescence intermittency of single semiconductor quantum dots[END_REF] and from there it would rapidly transfer to the bulb where it would recombine with the electron.

Each of these mechanisms can be ruled out by the lack of temperature independence of the experimentally measured power-law exponent of the bulb electron decay (Figure 3). If the powerlaw tails observed in CdS and CdSe NRs in Figure 2 were due to an activated mechanism, 𝛼 would be proportional to temperature and would have changed by nearly a factor of two over the temperature range studied. Moreover, even though the distributed activated models could give rise to a power-law decay, one would expect 𝛼 to be highly sensitive to sample preparation, because sample-to-sample variation is likely to cause significant changes in the value of 𝜖 in the distributions of, for example, the relative sizes of the rods and bulbs, electron trapping barriers or the hole trap depths. Not only is the power-law exponent temperature independent, it has proven to be robust and insensitive to many sample-dependent quantities. It has been measured in over twenty CdS NR samples to date, ZnSe/CdS and CdSe/CdS dot-in-rod heterostructures, and CdSe NRs. [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF][START_REF] Grennell | Relationships between exciton dissociation and slow recombination within ZnSe/CdS and CdSe/CdS dot-in-rod heterostructures[END_REF][START_REF] Utterback | Trapped-hole diffusion in photoexcited CdSe nanorods[END_REF] The same exponent appears also for both native phosphonic acid ligands and mercaptocarboxylate ligands. [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF] Thus, the temperature dependence data and the reproducibility of 𝛼 favor a model in which the fundamental microscopic behavior is robust to sample variation and composition, depending only on a universal property of these systems, such as the dimensionality. Separately, we note that the notion of recombination via hole detrapping in our samples is inconsistent with the low photoluminescence quantum yields typically observed in CdS and CdSe nanocrystals, [START_REF] Jones | On the use of time-resolved photoluminescence as a probe of nanocrystal photoexcitation dynamics[END_REF][START_REF] Chestnoy | Luminescence and photophysics of CdS semiconductor clusters -the nature of the emitting electronic state[END_REF][START_REF] Baker | Tuning the emission of CdSe quantum dots by controlled trap enhancement[END_REF] which imply that electrons predominantly recombine with trapped holes rather than valence-band holes. [START_REF] Wu | Ultrafast charge separation and long-lived charge separated state in photocatalytic CdS-Pt nanorod heterostructures[END_REF] It is worth noting that the present work does not indicate that the above activated processes do not occur on some timescale, just that they do not dominate the mechanism behind the power-law decay of charge-separated electrons and trapped holes in CdS and CdSe NRs.

We next examine the temperature dependence of the trapped-hole hopping rate to gain insights into the nature of the trapped-hole diffusion mechanism. For a trapped hole that begins at a distance 𝑧 ( from the bulb and diffuses with diffusion coefficient 𝐷, the onset of the 𝑡 !)/* powerlaw tail of the survival probability occurs on a timescale of approximately 𝜏 = 𝑧 ( * /4𝐷 (see Section VI of the SI). [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF][START_REF] Redner | A guide to first-passage processes[END_REF] The diffusion coefficient, in turn, is related to the step length of the random walk, 𝑎, and the hole-hopping rate, 𝜅, by 𝐷 = 𝑎 * 𝜅. [START_REF] Cline | On the nature of trapped-hole states in CdS nanocrystals and the mechanism of their diffusion[END_REF][START_REF] Redner | A guide to first-passage processes[END_REF] For diffusion along the length of the nanorod, 𝑎 is the lattice constant for the wurtzite c-axis and 𝜅 is the total hopping rate that is composed of chalcogenide-to-chalcogenide hole hopping steps that are both parallel with and diagonal to the wurtzite c-axis. [START_REF] Cline | On the nature of trapped-hole states in CdS nanocrystals and the mechanism of their diffusion[END_REF] The extent of lattice contraction over the measured temperature range is negligible (~0.1%), [START_REF] Madelung | Semiconductors-Basic Data[END_REF] making 𝑎 approximately constant with respect to temperature. We also assume that the initial distribution of trapped-hole positions does not change substantially with temperature. In this case, the temperature dependence of the observable 𝜏 is inversely proportional to the temperature dependence of the hole-hopping rate:
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# 𝜅(𝑇). The data in Figure 2 allow us to extract the lower and upper bounds of 𝜏, which yield bounds on the holehopping rates in CdS and CdSe nanorods. The procedure for extracting the bounds of 𝜏 is described in Section VI of the SI (Figure S5). Figure 4 shows the resulting range, displayed as an Arrhenius plot of 𝜏 !) . At higher temperatures (227-294 K), the hole-hopping rate exhibits Arrhenius behavior (Figure 4). This result is consistent with previous theoretical calculations, which suggested that the trapped hole undergoes a series of incoherent, thermally-activated hops between trap sites on the nanocrystal surface. [START_REF] Cline | On the nature of trapped-hole states in CdS nanocrystals and the mechanism of their diffusion[END_REF] In this mechanism, the rate of hole transfer between degenerate trap states at high temperatures is given by classical Marcus theory, 𝜅 =
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exp(-𝜆/ 4𝑘 ' 𝑇), where 𝜆 is the reorganization energy and |𝐽| * is the electronic coupling between the initial and final states. [START_REF] Marcus | Electron transfers in chemistry and biology[END_REF] In this experiment we are only sensitive to trapped-hole motion along the length of the nanorod, 10 so 𝜆 and |𝐽| * here are specifically associated with chalcogenide-to-chalcogenide hole hopping steps with a component along the wurtzite c-axis. [START_REF] Cline | On the nature of trapped-hole states in CdS nanocrystals and the mechanism of their diffusion[END_REF] The data for the upper and lower bounds of 𝜏 !) (𝑇) in Figure 4 were fit to the expression for classical Marcus theory over the range of 227 to 294 K to find the upper and lower bounds of 𝜆 and |𝐽| * . The values of 𝜆 come directly from the slope of the Arrhenius plot, giving 1.2-1.9 eV and 1.0-1.4 eV for CdS and CdSe NRs, respectively. We obtain estimates for |𝐽| * from the intercept of Figure 4 using the wurtzite c-axis lattice constants of CdS and CdSe 39 for 𝑎 and the previous estimates for 𝑧 ( , which are on the order of 1 nm for both CdS and CdSe NRs. [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF][START_REF] Utterback | Trapped-hole diffusion in photoexcited CdSe nanorods[END_REF] This gives estimates for =|𝐽| * of 20-300 meV and 20-100 meV for CdS and CdSe NRs, respectively. These values for |𝐽| * and 𝜆 in turn give estimates for 𝐷 at room temperature of 10 -9 -10 -7 cm 2 s -1 and 10 -8 -10 -7 cm 2 s -1 for CdS and CdSe NRs, respectively, and estimates for 𝜅 at room temperature of 10 6 -10 7 s -1 and 10 7 -10 8 s -1 for CdS and CdSe NRs, respectively. Overall, these results are consistent with theoretical predictions for weak electronic coupling between hole trap sites on nearest and next-nearest neighboring surface sulfur atoms along the length of the CdS NR. [START_REF] Cline | On the nature of trapped-hole states in CdS nanocrystals and the mechanism of their diffusion[END_REF] The large values of 𝜆 found here are similar to calculations for diffusive carrier hopping in some polar semiconductors. [START_REF] Deskins | Electron transport via polaron hopping in bulk TiO 2 : A density functional theory characterization[END_REF] The small 𝐽/𝜆 ratio indicates that the trapped holes form nonadiabatic small polarons that are highly localized on surface chalcogenide atoms and coupled strongly to phonons, [START_REF] Cline | On the nature of trapped-hole states in CdS nanocrystals and the mechanism of their diffusion[END_REF][START_REF] Alexandrov | Polarons & Bipolarons[END_REF] which leads to slow diffusion compared to band-edge carrier diffusion for these materials in the bulk.

At low temperatures, a fundamentally different regime of hole hopping emerges. In the range of 160 to 227 K, high-temperature classical Marcus theory breaks down and the holehopping rate depends more weakly on temperature (Figure 4). This behavior, together with the large estimated values of 𝜆 at higher temperatures, suggests that phonon-assisted tunneling plays an important role in trapped-hole diffusion at low temperature, and that hole hopping would be better described in the semiclassical Marcus-Jortner formulation. [START_REF] Jortner | Temperature-dependent activation-energy for electron-transfer between biological molecules[END_REF] These results are consistent with studies of trapping and detrapping in CdS and CdSe nanocrystals by low-temperature photoluminescence spectroscopy, which also suggest strong trapped carrier-phonon coupling. [START_REF] Mooney | A microscopic picture of surface charge trapping in semiconductor nanocrystals[END_REF] However, quantitative modeling of trapped hole-phonon coupling using the present data is not trivial because the trapped hole may couple to a broad spectrum of bath modes made up of multiple lattice phonons and ligand vibrations. [START_REF] Beecher | Transition from molecular vibrations to phonons in atomically precise cadmium selenide quantum dots[END_REF] Theoretical calculations are needed to map out the lattice and ligand modes that couple to trapped-hole hopping on the surfaces of CdS and CdSe nanocrystals. Our findings highlight that high-temperature Marcus theory limit may not be sufficient to understand low-temperature excited-state processes in nanocrystals.

In conclusion, this work addressed the fundamental understanding of excited-state dynamics of trapped photoexcited holes in CdS and CdSe nanocrystals. The data strongly support a model of trapped-hole diffusion, while several alternative mechanisms for power-law recombination dynamics that rely on thermally-activated decay pathways are ruled out. The temperature-dependent TA data provide quantitative insights about trapped-hole diffusion, showing that electronic coupling between neighboring trap states is weak while trapped holes couple strongly to phonons, making diffusion a slow process. Moreover, the data indicate that trapto-trap hole hopping behaves classically at room temperature but point to a semiclassical description at low temperatures. The notion that surface-trapped holes are mobile in these nanocrystals and are governed by a semiclassical picture may provide a novel framework for the design of systems that seek to utilize trapped charge carriers for optoelectronic applications.

METHODS

Complete synthetic and experimental details appear in the Supporting Information. From measurements of the TEM images (Figure S1), we estimate that the CdS NRs studied have average rod diameters of 4.8 ± 0.4 nm, bulb diameters of 5.8 ± 0.8 nm, and lengths of 32 ± 3 nm, while for the CdSe NRs the average rod diameters are 8.1 ± 0.8 nm, the bulbs are 9.6 ± 1.2 nm, and the lengths are 39 ± 4 nm. All TA experiments were performed on nanocrystals that were functionalized with 3-mercaptopropanoic acid (3-MPA) and suspended in a glass-forming solvent mixture of 4:1 ethanol:methanol (v/v) at an optical density of ~1 at the lowest-energy absorption peak (Figure S6). The concentration of CdS and CdSe NRs used for TA experiments was about 100 nM. The sample was held in a 1 cm cryogenic cuvette equipped with a screw cap. Samples were prepared under Ar in a glovebox then immediately moved to the cryostat, which was promptly purged with nitrogen. The pump beam was passed through a depolarizer and the power was controlled with neutral density filters. The pump beam had a beam waist of ~240 µm, pulse duration of ~150 fs, and pulse energy of 20 nJ/pulse for 400 nm excitation of the CdS NRs and 6 nJ/pulse for 600 nm excitation of the CdSe NRs. The pump powers in all cases were chosen such that the TA decay trace shapes were independent of pump power at both 294 K and 160 K so that the signal originated primarily from nanocrystals excited by a single photon. [START_REF] Klimov | Spectral and dynamical properties of multilexcitons in semiconductor nanocrystals[END_REF] The rod and bulb decay traces were obtained by spectral averaging over the appropriate regions that isolate their signals, [START_REF] Utterback | Observation of trapped-hole diffusion on the surfaces of CdS nanorods[END_REF][START_REF] Utterback | Trapped-hole diffusion in photoexcited CdSe nanorods[END_REF] accounting for the spectral shift with changing temperature. For CdS nanorods, time traces of the rod signal at 294, 260, 227, 194 and 160 were obtained by averaging signal over the spectral windows 435-437, 434-436, 434-436, 434-436 and 433-435 nm, respectively, and the time traces of the bulb signal were obtained by averaging over 464-484, 467-476, 470-490, 478-488 and 480-490 nm, respectively. For CdSe nanorods, time traces of the rod signal at 294, 227 and 160 K were obtained by averaging signal over the spectral windows 628-629, 622-624 and 620-621 nm, respectively, and the time traces of the bulb signal were obtained by averaging signal over 665-675, 675-690 and 690-700 nm, respectively. To obtain the power-law exponents given in Figure 3, the power-law tails of the decay traces in Figure 2c,d were fit between the onset of the power law and the end of the experimental time window (400 µs). The onset of the power-law tails were determined by iteratively fitting the end of the decay to a powerlaw function and checking the reduced chi-squared values, progressively moving the onset to earlier times in each iteration until the reduced chi-squared values increased by 5% above the minimum value found. TA traces were smoothed using a Savitzky-Golay filter because this method preserves higher order moments of the signal. [START_REF] Press | Numerical Recipes: The Art of Scientific Computing[END_REF] Fitting was performed on raw data and the data was smoothed for presentation only.

Figure 1 .

 1 Figure 1. Morphology and energy-level diagram for nonuniform nanorods. (a) Selected transmission electron microscope image of a nonuniform CdS nanorod. (b) Schematic diagram of a nonuniform nanorod, depicting the rod and bulb components. (c) Energy-level diagram as a function of position along the nanorod, according to (b).

Figure 2 .

 2 Figure 2. Temperature dependence of excited-state dynamics in CdS and CdSe nanorods. (a,b) Normalized TA spectra at different temperatures between 160 and 294 K of (a) CdS NRs averaged over 100-300 ns and (b) CdSe NRs averaged over 1-3 ns. CdS NRs were excited with 400 nm pulses and CdSe NRs were excited with 600 nm pulses. The parts of the bleach assigned to bulb and rod transitions are marked with arrows. (c,d) TA time traces of bulb bleach signal of (c) CdS NRs and (d) CdSe NRs normalized at 100 ps. Power-law tails were fit with an adjustable powerlaw exponent (black dashed lines). Data are smoothed for presentation. The insets of (c,d) depict the charge-separated state being probed after excitation of the rod.

Figure 3 .

 3 Figure 3. The extracted exponent of the power-law decay, -𝛼, in nonuniform CdS and CdSe NRs is independent of temperature.

Figure 4 .

 4 Figure 4. Arrhenius plot of hole-hopping rate in (a) CdS and (b) CdSe NRs. Data is plotted as the natural log of 𝜏 !) against 𝑇 -) , where 𝜏 is in units of nanoseconds. Data in the range 227-294 K is fitted with the expression for classical Marcus theory (black dashed line).
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