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Abstract

Understanding photocatalyzed redox interactions between Fe(Il)-(oxyhydr)oxide mineral nanoparticles
and adsorbed chromophoric organic matter is critical for accurately predicting bioavailable iron fluxes in
the euphotic zone of natural aquatic systems, and for improving the effectiveness of nano-iron-based water
purification systems. However, the electron transfer processes that underpin photoreductive dissolution at
particle/organic/solution interfaces occur on ultrafast timescales and thus remain difficult to probe. Here
we report an ultrafast transient absorption spectroscopy (TAS) study of suspensions of hematite
nanoplatelets (HNPs) sensitized by adsorbed rhodamine B (RhB) dye as a function of solution media and
pH. The TAS results indicate a substantially longer fluorescence lifetime of RhB adsorbed on HNPs across
a wide range of pH conditions, consistent with transient photoinduced electron transfer to the oxide with
recombination kinetics controlled by electron migration back to the interface via small polaron hopping.
Normalization of the observed kinetics to the measured surface loading of RhB at different pH values shows
that the recombination rates are insensitive to environmental variables, likely controlled instead by particle

properties that determine small polaron diffusion behavior.



1. Introduction

In the euphotic zone of natural aquatic systems, photoexcitation at complex interfaces between
semiconducting metal oxide nanoparticles, sorbed organics, and aqueous solutions control the
bioavailability of important metals such as Cu,' Fe,” and Mn®. Hematite (a-Fe,O3) nanoparticles are
common, and with a band gap of ~ 2.2 eV are photoactive in the near-UV portion of the solar spectrum
(A<400 nm). Photoexcitation of these particles can convert a fraction of relatively insoluble Fe(Ill) in the
structure to relatively soluble Fe(II). The efficiency of this photoreductive dissolution process is typically
enhanced by common organic acids that sorb to and act as photosensitizers on hematite surfaces.*’ By

driving Fe(II)/Fe(Ill) redox cycling, such processes not only affect iron bioavailability®!' but also

contribute to carbon cycling by transforming sorbed organic matter, either by direct photolysis'*'* or by
reaction with intermediate reactive oxygen species.'*?!
Despite being well studied in laboratory experiments**?’, the mechanism of hematite

photoreductive dissolution remains poorly understood because the efficiencies of the various possible light-
induced reaction channels remain unknown. At hematite surfaces complexed by organics, two channels to
Fe(Il) production are possible. Direct photoexcitation of electron-hole pairs that localize to the interface
can oxidize bound organics (holes) and produce Fe(Il) (electrons). Alternatively, bound organics
themselves can act as the chromophores that transfer electrons to Fe(Ill) in hematite, which then either
back-react with the photoexcited organics or release Fe(II). Many factors complicate the experimental goal
of unraveling the quantum yields of these reaction channels, including their identical dependence on the
concentration of organic surface complexes, and the prospect of parallel organic degradation reactions
mediated by consequential production of reactive oxygen species.*®

Time-resolved experimental studies have steadily emerged that have begun to quantify the
interfacial photocatalyzed electron transfer efficiency from bound organic chromophores to Fe(Ill)-
(oxyhydr)oxide particles, examining the various relaxation channels and the role of environmental

variables. In these materials, electrons donated to the conduction band localize by self-trapping and have



finite mobilities arising from thermally promoted small polaron hopping.?’! Katz et al.,*** used ultrafast
transient absorption spectroscopy (TAS) and time-resolved X-ray absorption spectroscopy (XAS) at the Fe
K-edge to monitor dye photoexcitation and injected electron dynamics, respectively, using various Fe(III)-
(oxyhydr)oxide nanoparticles sensitized by 2°,7’-dichlorofluorescein (DCF) dye at pH 4. Their findings
revealed biphasic decay kinetics, the fast domain of which affirmed the small polaron model by
demonstrating injected electron hopping rates on a sub-nanosecond timescale, followed by a microsecond
regime of residual itinerant electron loss. Near the interface, charge carrier migration can be biased by the
internal electric fields associated with the space charge layer and pH-dependent surface charge.** For
example, because hematite often displays n-type semiconduction, band bending usually entails a depletion
layer that favors electron migration into interiors while holes accumulate at the interface. Effects of pH
conceptually include modifying this field through its control of the surface electrostatic potential; lower pH
makes the conduction band minimum a more electrochemically positive and accessible electron acceptor,
favoring electron trapping at the interface.®® pH effects later explored by Soltis et al.*® using atomistic
simulations, which qualitatively recovered the biphasic decay kinetics, suggested a small but significant pH
effect on the migration dynamics of injected electrons. However, such effects did not manifest in rates of
electron recombination with bound dye molecules as monitored by partner TAS experiments, at least across
the pH range 2.9-5.5.

The present study builds on this knowledge by examining a broader pH range, the effects of solvent
type and particle loading, and by focusing on structurally well-defined hematite nanoplatelets (HNPs) of
uniform size, facet expression, and aspect ratio (90 nm wide by 13 nm thick).?® Similar to previous work,
we employed time-resolved pump-probe TAS techniques to study the photoexcitation dynamics of dye-
sensitized particles.’*** %33 However, in our case, the probe organic species selected was rhodamine B
(RhB), a fluorescein dye well characterized experimentally and theoretically for its transient absorption and
excited-state dynamics behavior.***” Because it is chemically stable and undergoes highly reversible
photoexcitation under suitable conditions,* #4483 RhB enabled us to focus on the dye relaxation lifetime

as a proxy for interfacial electron transfer processes without the interference of simultaneous



photodegradation. Furthermore, the pH-dependent speciation of RhB is well known and compatible with
the pH-dependent electrostatics of hematite surfaces over a wide pH range, enabling more insight into the
role of interfacial electrostatics than in prior work.

We also examine the role of the solvent in our system, which can influence dye binding and
relaxation behavior. RhB is known to have longer fluorescence lifetimes in alcohol solvents than in water.**
44.46.48 Water molecules readily solvate the carboxyl group of RhB dye molecules, thereby lessening its
interaction with the xanthene ring. Consequently, the efficiency of nonradiative decay is increased, which
shortens the fluorescence lifetime of RhB in water.*® In an alcohol solvent, hydrogen bond contributions
stabilize the positive charge on RhB’s amino group. In addition to the higher viscosity of some alcohol
solvents, this stabilization reduces internal conversion via motion inhibition leading to longer fluorescence
lifetimes.** 312 Given that much is known about RhB fluorescence behavior in alcohols versus water, we
designed our study to compare RhB/HNP photodynamics in both solvents. Because the excited state

lifetime of rhodamine B is independent of concentration below 10~* M in both methanol and water,***

we
choose to perform our work in the micromolar regime. Also, taking a cue from the concentration ratio of
dye to nanoparticles used in the previous time-resolved TAS work by Soltis et al.**, we decided to focus on
HNP loadings in suspension at 0.1 or 0.2 g/L.

Comparison of the measured TA behavior of pure RhB solutions, HNP suspensions, and their binary
mixtures as a function of particle loading and pH revealed clear evidence for electron injection into HNPs;
under select conditions, we find that photoexcitation of RhB is longer-lived when bound to HNP surfaces,
consistent with electron injection into the HNPs that delays the back electron transfer reaction and
corresponding relaxation of the adsorbed dye. The findings help shed new light on factors controlling the
interplay between photoexcitation of chromophoric organics on metal oxide particles, their semiconducting
properties, and the influence of important environmental variables such as pH. The findings are also
relevant to conceptually similar research objectives in developing dye-sensitized photovoltaic devices for

light-to-electrical energy conversion. For example, previous work demonstrated the importance of

quantifying injected electron signals in titanium oxide nanoparticles over microseconds, ultimately to help



understand the interfacial electron transfer mechanisms that govern the device performance in
nanocrystalline electrodes.’® This research direction is thus part of a larger scope of basic science directed

at addressing clean energy and water sustainability challenges.?* **¢

2. Materials and Methods
2.1 Sample Preparation and Data Collection
Chemicals and Hematite Nanoplatelet Synthesis. Rhodamine B dye (Part No. R6626-25G, Lot#
SL.LBR4051V) and methanol (Lot# SHBL2010, >99.9% pure) were purchased from Sigma Aldrich.
Deionized water with a resistivity of 18.2 MQ-cm was used for preparing all water-based dye solutions and
HNPs suspensions. The RhB solutions in methanol and water spontaneously yield a pH of ~ 6.7, whereas
the HNP suspensions yield a pH of 3 via the buffering capacity of the particles themselves. To achieve the
desired pH other than the spontaneous ones, microliter droplets (< 5S0uL) of ~ 1 M HCI were added to RhB
dye to achieve pH values below 6.7 (i.e., pH 4.5). For all other RhB dye solutions, microliter droplets (~1
— 100 pL) of ~2 M NaOH were added to achieve the desired pH above 6.7. Likewise, for hematite
nanoparticle suspensions, microliter droplets (~5 — 100 uL) of ~2 M NaOH were added to reach pH 4.5, 7,
9, and 11 before adding them to RhB dye.

Hematite nanoplates dominated by the (001) facet were synthesized following the previously

outlined procedure in a publication by Huang et al.*

Briefly, following the dissolution of 1.09 g of iron
(IIT) chloride hexahydrate (Fisher Chemical, Lot# 189115A) in 40 mL ethanol (Deconlabs, Lot#
A11011904T.) with 2.8 mL deionized water, 3.2 g of sodium acetate (AMRESCO, ACS Grade, Lot#.
2105C458) was added to the mixture.””® Subsequently, 100 mL of the mixture transferred to a Teflon-
lined stainless-steel autoclave was heated at 180°C for 12 hours.”’® After cooling to room temperature,

precipitation from the mixture was collected and rinsed with water and ethanol. The precipitate was dried

in a desiccator at 40°C for 12 hours.”’3



All experiments were performed with 65 uM and 20 uM RhB dye dissolved in water or methanol.
The effective mass loadings for hematite nanoparticles were kept at 0.1g/L and 0.2 g/L for all suspensions.
Each RhB dye and HNPs suspension was hand-swirled for at least 10 minutes before TAS measurements.
Time-Resolved Transient Absorption Spectroscopy. TAS measurements were performed using the
instrument currently in EMSL at Pacific Northwest National Laboratory (PNNL), which is composed of a
1kHz regeneratively amplified Ti:sapphire laser system (Legend Elite DUO, Coherent, Inc.) with sub-40 fs
pulse width and total power output of ~ 7.6 W at 800 nm, integrated with a commercial transient absorption
spectrometer (TAS system, Newport). In this setup, ~ 2.5 W of the 800 nm output from the Ti:sapphire
laser is used to pump an optical parametric amplifier with difference frequency generation (OPA-DFG
OPerA-Solo, Coherent, Inc.) to generate a pulse with a wavelength between 515-520 nm serving as the
pump pulse of the spectrometer. For all our experiments, the pump beam power immediately before the
sample stage in the spectrometer was held at 0.35 + 0.05 mW. Neutral density filter and chopper regulated
the pump power before hitting the sample. About 1.0 W of the 800 nm output is directed from the
Ti:sapphire laser into the transient absorption spectrometer through an automated beam steering system
(Newport) controlled by the Newport ABS software. A part of the 800 nm beam is fed into a four-pass
Newport retroreflector mounted on a Newport delay stage with 4.3 ns total travel and 1 fs standard step size
and is used for white light generation with a CaF, crystal (350 nm — 700 nm) within the spectrometer. The
white light intensity was adjusted with a variable optical density filter wheel. The time delay between the
pump pulse and probe pulse is determined by moving the position of the retroreflector on the delay stage.
The transient signal (change in optical density, AOD) was calculated based on the difference between the
white light intensity with and without the pump beam by the Time-Resolved Spectrometer software
(Newport, version 2). The suspension samples were placed in quartz cuvettes of 2 mm optical pathlength
(Type 21-Q-2, Starna Cells). The cuvettes were mounted on an X-Z translation stage that constantly moves
in a spiral pattern to avoid localized sample heating. For better data fidelity, we undertook at least triplicate

TAS measurements of RhB dye with or without HNPs for each pH and/or solvent.



UV-Vis Experiments. UV-Vis measurements were carried out to quantify the amount of rhodamine B
(RhB) sorbed onto HNPs in suspension. First, we recorded the UV-Vis spectrum of either 65 uM and 20
uM RhB dye only in either water or methanol. We then added a predetermined amount of HNPs to 10 mL
of RhB solutions to achieve a final loading of either 0.1 g/L or 0.2g/L of HNPs and a concentration of 65
uM or 20 uM RhB. The RhB dye and HNPs suspensions were hand-swirled for at least 10 minutes before
taking a UV-Vis spectrum. To eliminate the background absorption of the HNPs from the estimation, we
took UV-Vis spectra of 0.1 g/L and 0.2 g/ HNPs suspended in either water or methanol after 10 minutes
of agitation. All measurements were performed at least in duplicates for each combination of dye
concentration, HNPs loadings, and pH studied.

2.2 Data Analysis

Transient Absorption Spectroscopy. Singular value decomposition-based global analyses were
conducted for the TAS data using Glotaran Software package. Glotaran is a Java-based graphical user
interface to the R package TIMP.”® It enables fitting superposition models to multidimensional data
obtained from time-resolved spectroscopy. Glotaran allows the decomposed data to track the distribution
of the rate constants as dependent on wavelength. Singular value decomposition®® estimates the number of
independent events in the TAS data. We employed a three-component decay model for TA data
decomposition for RhB only solutions and RhB with hematite nanoparticle suspensions.

Stretched Biexponential Fitting for Transient Absorption Kinetics. The Glotaran global fits returned
three different excited-state relaxation time values as discussed above. Many systems, including ultrafast
electron transfer phenomena, exhibit a stretched exponential behavior, which describes the recorded
kinetics as a sum of exponential decay processes with varied relaxation time constants. As a result, we

could safely describe the transient absorption peak centered around ~448 nm as a triexponential decay

t t t

process, AOD(t) = Ale_{a} + Aze_{g} + A3e_{g}.60 Here, 1: is the first excited state relaxation time
related to RhB’s dimerization, 1 is the fluorescence lifetime, 13 is the third excited state relaxation lifetime,

AOD is the change in optical density or transient absorption signal, t is the delay position, A;, A, and A;



t

are amplitude factors. 13 values are larger than the delay position(t) and t2 (vide infra). Thus, A3e_{T3} can
be treated as constant, since TL approaches zero. To separate the pH-dependence of RhB’s fluorescence
3

from the influence of RhB sorption extent on its excited-state relaxation time, we adopted the stretched
exponential methodology and paid attention to both dimerization lifetime - 1, and fluorescence lifetime - 12
to adequately describe the change in decay patterns recorded at 448 nm after RhB’s sorption onto HNPs.**
60-62 The stretched exponential enables us to account for RhB’s pH-dependent fluorescence lifetime to
retrieve solely the change in fluorescence lifetime driven by RhB’s sorption onto HNPs. Transient

absorption kinetic curves for RhB+HNPs observed at 448 nm were fitted to the stretched biexponential

_()" ()
equation expressed as AOD(t) = A;e {Tl} + Aje {Tz} + AOD,, in Igor Pro (version 8.02 64-bit) with

fixed time constants - [11, T2] to retrieve the stretching factors - [a, B] associated with 71 and 12, respectively
to assess RhB’s fluorescence when sorbed onto HNPs.

UV-Vis. To determine the amount of RhB sorbed onto the HNPs, the baseline for the RhB and HNPs
suspension (RhB+HNPs) spectra were first corrected for absorption by HNPs only. Next, the peak height
of RhB+ HNPs suspension was subtracted from the peak height of RhB only to obtain the change in
absorbance. The peak absorbance change is converted to concentration using Beer’s Law. To calculate the

micromoles of RhB sorbed per meter square of hematite nanoparticles, the following equation was

o Ci—CelV !
utilized:Cy = %, where C; (ﬂ;nf
S

) represents the amount of dye sorbed onto the HNPs, C; (%oz) is the
initial concentration of RhB right before any sorption occurs, C, (%01) is the concentration of RhB in

2
suspension with HNPs at equilibrium, V (L) is the volume of the suspension, A(m?) represents the specific

surface area of the HNPs, and M, (g) is the mass of HNPs.*** Using a density of 5.28 g/cm? based on the

hematite unit cell and surface area of 20880 nm? per HNP, A was calculated as 37.56 m%/g.



3. Results and Discussion

3.1 Sorption of Rhodamine B onto Hematite Nanoparticles

We collected UV-Vis measurements of RhB mixtures before and after adding HNPs to estimate the amount
of RhB dye sorbed onto HNPs at different RhB concentrations, HNP loadings, and at our various pH values
in methanol and water. In the absence of pH titration, initial HNP suspensions naturally equilibrated to pH
~3 in both water and methanol due to the natural buffering capacity of the nanoplatelets. Thus, unless
otherwise noted, the selected experimental pH values of 4.5, 7, 9, and 11 discussed below were achieved
using pH titration (see Methods).

The molecular structure of RhB consists of three benzene rings, two N-ethyl groups, one phenoxy,
and one carboxyl group (Scheme 1). RhB can speciate as cation, zwitterion, or lactone forms.** ¢ In
water, the cation form exists below pH 7, whereas the zwitterion exists above pH 7.57% The lactone, a
neutral molecule, exists mainly in non-polar and aprotic solvents.®”® Since our work here involves only
polar and protic solvents; we have only the cation and zwitterion forms in play (Scheme 1). The carboxyl
group possesses two electronegative oxygen atoms doubly bonded to a carbon atom, thus contributing to a
lower electronegativity within the RhB molecule. Therefore, it is expected that the carboxyl group will most
likely coordinate with iron hydroxy cations to form the iron oxide-RhB surface complex. Indeed a DFT
calculation confirmed that stable monodentate Fe-RhB surface complexes on hematite are formed via the -
COOH groups.” Given that water strongly solvates the -COOH of RhB, it has the potential to more strongly
influence its binding to the HNPs than methanol.** *'*> Nonetheless, we did not observe any significant
differences between the amount of RhB sorbed onto HNPs in water versus methanol at a given pH and an
initial RhB concentration (Tables S1-S2).

The pH-dependent speciation and chemical behavior in our system in water and methanol are taken
to be approximately similar. For example, the equilibrium pH when RhB solutions and HNP suspensions
are combined yields pH ~3 in both solvents (Table S1). UV-Vis-based estimation shows that the amount of

RhB sorbed by HNPs in methanol increases in the order pH 4.5 <pH 11 <pH 7 ~ pH 9 (Fig. 1, Table 1).



HNPs sorbed more dye at an initial concentration of 65 uM than at 20 pM in both methanol and water
(Tables S1-S2), consistent with the higher chemical potential of RhB in 65 pM solutions.

The observed sorption behavior of RhB on the HNPs at various pH values is generally consistent
with the pH-dependent speciation of RhB as well as the expected surface charging behavior of hematite. In
water, the point of zero net charge of the dominant (001) face of our hematite nanoparticles should be
between pH 8 — 9 in the case of perfect single crystals, but can be as low as 6 on powders, reflecting its
strong dependence on surface defects and preparation method.””® The pKa of RhB dye is ~ 6.41, so at pH
4.2, its aromatic carboxylic group is fully protonated as -COOH.% %777 Therefore, at pH 4.5, because the
RhB cation dominates the solution speciation and HNPs are net positively charged, the observed RhB
sorption suggests that hydrogen bonding can outcompete electrostatic repulsion. At and above pH 7, RhB
speciation is dominated by its zwitterion form, and the HNP’s are slightly positively charged to charge
neutral. Hence the zwitterion form of RhB can bind electrostatically via its negatively charged carboxyl
group, as well as by hydrogen bonding. At pH 9, where the HNPs are effectively neutral to slightly
negatively charged, binding with the zwitterion form of RhB can occur by hydrogen bonding and mild
electrostatic attraction. Finally, at pH 11, where the HNPs are net negatively charged, in addition to
hydrogen bonding, electrostatic attraction with the RhB zwitterion can be facilitated by its positively
charged group, thus in this case likely involving a different molecular orientation of RhB on the HNP
surface. Hence, over our experimental pH range generally, RhB adsorption capacity is expectedly highest
at pH 7 and 9 and lowest at pH 4 and 11. Indeed, our UV-Vis-based estimation of the concentration of dye
sorbed by HNPs at varying pH values reflects these predictions (see Table 1, Fig. 1D, and Table S2).
Because of the qualitative similarities in the pH-dependent behavior in both water and methanol, we assume
that the presented basis for RhB sorption is largely the same in both solvents.

3.2 Transient Absorption of Rhodamine B in Methanol and Water
Transient absorption curves of 65 pM RhB in methanol were recorded at pH values ranging from 4.5 to 11
(Figs. 2-5, grey-scale curves only). Additional TAS experiments were conducted for 20 uM and 65 uM of

RhB dissolved in either water or methanol at pH 11 and the unadjusted or natural pH value of ~ 6.7 (see SI,



Figs. S1-S8, grey-scale curves only). From ~380 nm — 470 nm, transient absorption peaks with maximum
positive AOD around ~ 445 nm - 450 nm were observed for the RhB dye. Ground-state bleaching and
stimulated emission peaks are centered at ~ 510 nm and ~ 560 nm, respectively (Figs 2-5, Figs. S1-S8).

Based on Glotaran global analysis, we retrieved three excited state relaxation time(s) for 65 uM
and 20 uM dye concentrations at varying pH values (Table 2). The first relaxation time spans from ~3 ps
- 100 ps, the second relaxation time spans from ~ 0.6 ns - 2.3 ns below pH 9 but up to ~ 6 ns at pH 11, and
the third relaxation time spans from ~ 5 ns — 0.1 ps. Previous work has shown that the dimerization of RhB
dye takes place within 100 picoseconds in water, showing good correspondence with our fastest measured
relaxation time.”® Vazquez et al. reported that the fluorescence decay of RhB occurs at ~1 ns based on
quantum chemical simulation.* Indeed, several studies of RhB fluorescence (Si — So) have affirmed the
lifetime to be on the order of a few nanoseconds, in good correspondence with our second measured
relaxation time.*>***’ Finally, Vazquez et al. indicated that RhB’s intersystem crossing (S; — T») and reverse
(T1 — S1) occur within micro-and hundreds of seconds.* Intersystem crossing studies of RhB in ethanol
also reported a lifetime of 6 ps.”” Based on these findings; we can deduce that the first excited state
relaxation time (74 ) from the global analysis describes the dimerization of RhB. The second excited state
relaxation time (73 ) is from the fluorescence process. The third relaxation time (t3) likely relates to
intersystem crossing.***+ 787

Also consistent with the previously reported observations for both zwitterion and cation forms of
RhB,* * *we observe that the fluorescence decay of RhB dye occurs faster in water than in methanol
(Table 2). For example, at pH 11, where the zwitterion dominates, the stronger solvation of the COO™ group
by water reduces its strength of interaction with the xanthene ring leading to an increase in nonradiative
decay and a decrease in the fluorescence lifetime.*> ** %% However, unbuffered RhB solutions at 20 and
65 uM concentration show a slow acidic drift from pH 6.7 to pH 6.5 and down to pH 6 within ~30 and 120
minutes, respectively, both in water and methanol when left unperturbed with no laser introduction. Here,
within the first hour of solution preparation, we observed that the fluorescence occurs faster in methanol

than in water for 20 uM RhB, whereas for 65uM RhB’s fluorescence lifetimes are roughly the same in both



water and methanol. This appears to contradict what was reported by Magde et al.*® for near-neutral
solutions of > 2 uM RhB in both water and organic alcohols, but they did not state if their solutions were
buffered or not. Zhang et al.* acknowledged that an acid-base equilibrium exists for RhB solutions in protic
solvents. Therefore, they prepared their rhodamine B dye solutions with water or alcohol that contained 1
mM NaOH to keep the pH constant (~ pH 11) for their fluorescence studies. In our case, we speculate that
the reverse fluorescence lifetime trend for unbuffered RhB solutions in water versus methanol for 20 pM
RhB arises from the changing equilibrium concentrations of the different forms of RhB dye at its natural
state because no buffer was added to stabilize the dye solutions (see Table S3).

Our 1, values obtained from Glotaran analysis show that pH influences the fluorescence process of
RhB. In methanol 1, ranks as follows: pH 11 > pH 4.5 > pH 7 ~ pH 9. The cation molecular form is
dominant at pH 4.5, and the zwitterion molecular form is dominant at the remaining pH values. If we
account for the dye’s molecular state and set aside the pH 4.5 value, the remaining values suggest an
increase in 1, with increasing pH to 11. Previous work in the literature investigated the fluorescence
lifetime(s) of the zwitterion and cation forms of RhB in water and alcohol solvents.**** Although they did
not explicitly discuss respective fluorescence lifetimes, their data suggest that the zwitterion fluorescence
is longer. Nonetheless, the differences in fluorescence lifetime(s) reported for the two forms in water,
ethanol, and other organic solvents are not statistically significant. Only Magde et al. mentioned that they
obtained the cation form by adding chloroacetic acid to the RhB solution. Still, it remains unclear in those
studies if the zwitterion or cation form was dominant in their experiments since they did not report pH
values of the RhB dye solutions.*® 3
3.3 Transient Absorption of the RhB/Hematite system.
Given knowledge of the photoexcitation processes occurring in pure RhB solutions, we then examined how
these processes change when mixed with HNP suspensions. Our main hypothesis is that photoexcitation of

adsorbed RhB can, under certain conditions, couple to the electronic structure of hematite by electron



transfer into its conduction band from RhB in its excited state. This is conceptually supported by the clear
overlap between the optical absorption of RhB and HNPs (Fig. 1A and 1C).

Pure Hematite Nanoparticle Suspensions. To do this first required control TAS measurements on pure
HNP suspensions. For these measurements, to facilitate comparison to previous work®® 88! we focused on
water as the solvent, without pH buffering, and HNPs loading of 1 g/L. Fitting the decay data for the HNPs
suspensions in water to a biexponential curve at 600 nm yielded averaged excited-state relaxation time
values of 98 + 30 ps and 1018 + 501 ps (see SI, Text S2). These values are reasonably close to the inter-
band charge carrier recombination time(s) (>100 ps) reported in prior studies on hematite in air and water.>®
80-83 Specifically, TAS studies of hematite nanofilms in air yielded two excited-state relaxation time values
of 5.7 ps and > 670 ps after fitting kinetic curves recorded at 579 nm (2.14 eV).* Recombination of relaxed
electrons (i.e., fully relaxed hot electrons in the lower conduction band of hematite) with holes accounts for
the longer lifetime values retrieved.”® ** %5 Based on the similar timescales with RhB fluorescence, one
would expect electrons transferred from photoexcited RhB adsorbed on the surface to prospectively
intermeddle with the direct band gap photoexcitation of hematite by filling photogenerated holes in the
valence bands. Indeed, previous studies have shown that while some electrons transferred from
photoexcited dichlorofluorescein dye into iron oxide return within ~ 3 ns, a significant residual proportion
of the injected electrons remain for at least 1 ps.*??% % Thus, we can expect electron transfer from
photoexcited RhB into hematite to interfere mainly with the fluorescence and, to a certain degree, the
intersystem crossing of the RhB molecule. Indeed, as discussed below, our TAS results regarding relaxation
lifetime values for RhB in suspension with HNPs reflect these expectations, especially for pH values at or
below the pH range for surface charge neutrality on hematite.

RhB/Hematite at Acidic Conditions. We added HNPs in their naturally acidic suspensions to RhB dye
solutions forming RhB/HNP mixtures in either water or methanol and, after sorption equilibrium was
attained, performed TAS measurements in these acidic suspensions (equilibrated pH of ~3 in both methanol
and water) (Table S1, Table S3). HNPs loadings were set to 0.1 g/L and 0.2 g/L for 65 uM and 20 uM

initial concentrations, respectively, for both solvents. Figures S1-S4 show transient absorption and kinetics



curves recorded at 448 nm for RhB and RhB+HNPs at the natural pH. The transient absorption spectra
display peaks at a few chosen delay positions (Top parts, Figs. S1-S4).

The fluorescence lifetime, 12, increases by at least 50% after equilibration with the HNPs, but only
in methanol and not in water (Table S4). In contrast, in water, 12 decreases by ~30% and 60% for 20 uM
and 65 uM RhB after HNPs are added. Because we can attribute delayed fluorescence to electron transfer
from sorbed RhB to hematite, the finding suggests that the stronger interaction between water and the
carboxyl group of RhB that accelerates its fluorescence relative to that in methanol becomes enhanced in
the presence of HNPs. This acceleration is consistent with the notion that HNP surfaces provide water and
hydroxylated functional groups that can solvate the carboxyl group of RhB, yielding a similar effect as that
of bulk water molecules, thereby decreasing its propensity for interfacial electron transfer. In methanol,
however, because the OH bond of CH;OH donates to RhB’s amino nitrogen atom to stabilize the amino
substituent’s positive charge, this weakens the solvation of the phenyl-COOH. A consequence is the
likelihood of a more intimate association of RhB with HNP surfaces and promotion of the interfacial
electron transfer process. Hence, for the purposes of evaluating the effect of pH on the interfacial electron
transfer process in more detail, we choose to focus exclusively on experiments performed in methanol.
RhB/Hematite at Alkaline Conditions. To compare with the acidic system behavior, we focus here on pH
11 conditions in methanol, where the zwitterion dominates, and the net surface charge of the HNP’s can be
safely assumed to be negative. Figures S5-S8 display transient absorption and kinetics curves recorded at
448 nm for RhB and RhB+HNPs at pH 11. The transient absorption spectra reveal peaks for a few delay
positions (Top parts, Figs. S5-S8). Here we observe consistent decreases (= 9%) in 12 -the fluorescence
lifetime at pH 11 when RhB and RhB+HNPs samples are compared (Table S4). Importantly, this effect is
relatively constant when the solvent is changed to water, or when RhB concentration or HNP loading is
changed (see SI). The effect is similar to that observed at acidic conditions in water, in that introduction of
the HNPs appears to accelerate the fluorescence through the presentation of hydrated/hydroxylated surface
functional groups that can solvate the carboxyl group of RhB. However, in this case, we must also consider

the prospect of a change in net surface charge impacting RhB binding and surface complexation,



particularly because we observe that more RhB sorbs at alkaline rather than acidic conditions (Table 1).
The change in net surface charge from positive to negative would tend to favor reorientation of the RhB
zwitterion to bind preferentially through its positively charged amino groups rather than its carboxyl group.
Because our data do not provide a basis for ruling either effect out, future work on this open question would
be useful.

RhB/Hematite at pH 4.5 to 11. We performed TAS studies of 65 pM RhB dye in 0.1 g/L HNP suspensions
in methanol over a range of titrated pH values to explore the pH effect more systematically. Figures 2-5
display representative TA spectra and kinetics data for RhB and RhB+HNPs samples at pH 4.5, 7, 9, and
11. The spectra show peaks at specific delay positions (Top parts of Figs. 2-5). The raw TA kinetics data at
448 nm is well described by biexponential decay equations involving 1; and T, (see data analysis), which
depict that RhB+HNPs suspensions relax slower than otherwise identical pure RhB solutions (Figs. 2-4),
except at pH 11 (Fig. 5), which may be due to the stated different binding mode of RhB on net negatively
charged surfaces. At the same time, 71 values barely change when RhB and RhB+HNPs are compared (Table
3, Fig 6A), suggesting no effect of sorption on the transient dimerization process. We thus focus on the
observed systematic increase in the fluorescence lifetime across pH 4.5, 7, and 9 (Table 3, Fig. 6B), where
1,-values rise by ~68%, 99%, and 101%, respectively (Fig. 6B). The observed systematic increase in the
fluorescence relaxation lifetime with increasing pH could suggest a relationship between the efficiency of
the interfacial electron transfer and the molecular details of RhB binding to the HNP surfaces and/or the
residence time of injected electrons, both of which could, in turn, be controlled by the net surface charge
on the particles. At pH 4.5, the surface charge is positive, a condition that has been shown to trap injected
electrons in the near-surface region of iron oxide particles,** *® facilitating their back-reaction to acceptors
at the surface, in this case photoexcited RhB molecules. At the more net neutral surface charge conditions
at pH 7 and 9, injected electrons explore interior sites.** *® Because their escape back to the surface follows

a random walk less biased by the net surface charge, the back-reaction electron transfer rate can be slower,



and the consequence would be a longer RhB fluorescence lifetime. The corresponding delay consistent with
what we observe in our T, results would be on the order of a few nanoseconds.

However, because pH also controls RhB speciation and its surface loading on the HNPs (e.g., Table
1), it was necessary to attempt to normalize our T, values to the measured surface RhB concentration at
each pH to determine if the apparent correlation between pH and 1, remains intact. Our global fitting process
could not independently account for the pH dependence of RhB fluorescence lifetimes for the RhB+HNP
suspensions. Therefore, the fluorescence lifetimes presented so far for the RhB+HNPs suspensions in Table
3 and Figure 6B are convoluted with the possible influence of pH-specific RhB sorption extent. To separate
these effects, we had to adopt an exponential decay fitting strategy that will allow us to consider the pH-
dependent fluorescence lifetimes of RhB-only in our fitting basis. Thus, we employed a stretched
biexponential method (see Materials and Methods) to fit the TA kinetics data seen at 448 nm for pH 4.5, 7,
and 9. Given that the third relaxation lifetime of photoexcited RhB dye, t; is greater than 1., and 13
increases over 100% at pH 7 and 9 but barely changes at pH 4.5 after HNP inclusion (Fig. 6C), it is safe for

us to treat the kinetics measured at 448 nm as biexponential decay because ts/delay position(t) approaches

t t t t

zero [TA signal « e_{a} + e_{g} + e_{g}, where e_{fs} — e79]. The stretched biexponential

[TA signal « e_{%}a + e_{%}ﬁ + constant] allows us to directly account for the pH dependency of RhB-
only solutions enabling us to delineate the influence of RhB’s sorption onto HNPs. Here, we used the 1
and 12 values obtained from the Glotaran analysis for RhB-only solutions at the respective pH values (Table
3) as fixed time constants to retrieve B, the stretching factor associated with the fluorescence lifetime (see
data analysis, Figs. 7A-C). Thus, the value of «a, the stretching factor associated with the dimerization
lifetime, is set to unity (o = 1) for the three pH values because t: remains the same after the inclusion of
HNPs (Fig. 6A). Also, a range of 0 to 1 is set for B as required by the stretched exponential method.*
Figure 7D reveals that the resulting B values for pH 4.5-9 are statistically equivalent, indicating that
most of the observed pH dependence in the fluorescence lifetimes shown in Figure 6B arises from its effect

on the surface concentration of RhB. In principle, this analysis also removes effects arising from the



molecular state of RhB, either cation or zwitterion, to the extent that this speciation controls its loading on
the surface (i.e., it does not remove any difference in electron transfer propensity that may intrinsically
depend on RhB speciation). It also corrects for the surface charge effect, again only to the extent that it
affects RhB surface loading and not the surface charge effect on injected electron residence times. Having
normalized the loading effects out of the pH-dependent t,-values, we obtain a result that is generally
consistent with prior precedent — the residence time of electrons injected into the HNPs by photoexcitation
of adsorbed RhB tends to stay constant, even as the net surface charge transitions from positive to
circumneutral. This finding suggests that other pH-dependent effects on the RhnB/HNP photoexcitation
system are either negligible or mutually offsetting.
Significance with respect to previous time-resolved experiments. Previous TAS and time-resolved XAS
studies of Fe(Ill)-(oxyhydr)oxide nanoparticles provided important initial observations of how surface
charge, suspension pH, aggregation state, particle size, the energy of the pump beam, and electron mobility
influence photo-initiated interfacial electron transfer from bound chlorofluorescein dyes.**?* 3 % The
seminal study by Katz et al. using time-resolved XAS at the Fe K-edge enabled the concentration and
lifetime of electrons injected into hematite, maghemite, and ferrihydrite nanoparticles to be directly
monitored, providing clear evidence of biphasic relaxation kinetics that was later supported by atomistic
Monte Carlo simulations of collective small polaron electron hopping dynamics in representative
ferrihydrite particles by Soltis et al.*® Those simulations further supported the notion of a small but
significant effect of environmental variables such as pH on the electron migration dynamics back to excited
dye molecules at particle surfaces. However, because this effect did not manifest in partner TAS
measurements of dye relaxation lifetimes, it was concluded that other mechanisms dominate. In particular,
the possible overriding importance of deep trap states, such as those associated with defect sites in the
material, were highlighted.

Our TAS study, which focused on structurally and chemically well-defined hematite nanoplatelets,
and that has examined the widest range of pH to date using a distinct dye RhB, arrived at a similar

conclusion. After correcting for the pH-dependent amount of RhB surface loading on the HNPs, we observe



no statistically significant pH-dependent effect on the rate of electron recombination with sorbed dye
molecules. Injected electron dynamics appear to behave largely independent of chemical conditions that
dictate the characteristics of the electrical double layer at the particle/organic/solution interface. Although
our work does not directly monitor injected electron mobilities, the work by Katz et al.**** showing biphasic
decay is deemed relevant to the present case. Hence properties of the Fe(IlI)-(oxyhydr)oxide nanoparticles
that control the energy landscape for electron trapping/de-trapping and small polaron mobilities appear to
overwhelm surface-specific electrostatic effects. Further complementation of our work by time-resolved

XAS studies at the Fe K-edge will be used to examine particle-specific injected electron dynamics directly.

4. Conclusions

TAS studies of hematite nanoplates sensitized by RhB dye were carried out to examine the effects of
environmental factors on the efficiency of photoinduced interfacial electron transfer and relaxation
dynamics that control transient Fe(Il)/Fe(IlI) ratios in these particles and, ultimately their photoreductive
dissolution rate. Our approach took advantage of well-known distinct excited-state relaxation times for RhB
dye assigned to dimerization, fluorescence (S; — So), and intersystem crossing (S; — T) processes** > 477
to link nanosecond fluorescence lifetimes to the propensity of interfacial electron transfer and electron
mobilities in HNPs. TAS results for both 65 uM and 20 uM RhB dye showed increases on the order of
50% in fluorescence lifetime when in contact with 0.1 g/L or 0.2 g/L HNPs in methanol across a pH range
from mildly acidic to mildly alkaline. The increase in fluorescence lifetime of the RhB+HNPs system is
consistent with transfer of electrons generated from the photoexcitation of the sorbed RhB dye to the
conduction band of hematite, where trapping as small polarons of limited mobilities delays on nanosecond
timescales their return to the interface for recombination with sorbed dye molecules in the excited state.
When corrected for the pH-dependent surface loading of RhB, the delay takes on a pH-independent
behavior that suggests that particle-specific factors that control electron mobilities outweigh environmental

variables that control the electrostatic potential distribution at the particle/organic/solution interfaces. In

combination with previous time-resolved work, the findings suggest that in the euphotic zone of natural



aquatic systems where Fe(Ill)-(oxyhydr)oxide nanoparticles coated with organic matter are common, that
photoreductive dissolution rates may depend primarily on the physicochemical characteristics of the
mineral particles, the photon flux, and the photoexcitation properties of chromophores in the sorbed organic

matter, and less on the composition of the surrounding aqueous solution.

Supplementary Information
SI contains text, figures, and tables describing TAS and UV-Vis experimental results obtained for
rhodamine B and hematite nanoparticles at pH 11 and unadjusted pH values.
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Figures and Tables

Scheme 1. Chemical structures of (Left) Cation form and (Right) Zwitterion form of rhodamine B.

[RhB] [HNP] [RhB] sorbed by Sorbed RhB
Solvent [uM] pH [g/L] HNPs [uM] [umol/m?]
Methanol 65 4.5 0.1 3.19+1.96 0.85+0.52
Methanol 65 7 0.1 1215+ 4.57 3.2411.22
Methanol 65 9 0.1 13.31+£7.49 3.54+1.99
Methanol 65 11 0.1 7.14 +3.15 1.9040.84

Table 1. Table showing the amount of rhodamine B sorbed onto hematite nanoparticles at pH
4.5, pH 7, and pH 9 when 0.1 g/L hematite nanoparticles are suspended in 65 yM dissolved in
methanol. Error values shown here are based on one standard deviation.
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Figure 1. Representative UV-Vis absorption curves recorded at different pH values for (A) 65uM
rhodamine B in methanol (B) 65 uM rhodamine B and 0.1 g/L HNPs suspension in methanol
with baseline corrected for HNPs absorbance, and (C) 0.1 g/L HNPs suspended in methanol.
The curves in (B) are baseline corrected for HNPs absorption. (D) Averaged amount of
rhodamine B sorbed onto HNPs plotted against pH for 65 uM rhodamine B and 0.1 g/L HNPs
suspension in methanol. Error bars represent one standard deviation.



[Rhodamine B] [HNP]

Solvent [uM] PH  [gl] 7 ps] 7, [ps] 3 [ps]
Methanol 65 4.5 0.0 10£10 1535 + 58 10095 + 737
Methanol 20 ~6.7 0.0 <63 644 £ 124 4900 £ 223
Water 20 ~6.7 0.0 <6 2300 + 92 97100 £ 4410
Methanol 65 ~6.7 0.0 <18 1808 70 92973 £ 34600
Water 65 ~6.7 0.0 <115 1920+ 75 2620 £ 44
Methanol 65 7 0.0 13+ 11 685 £ 46 10372 + 514
Methanol 65 9 0.0 44+71 583 + 20 5446 + 139
Methanol 20 11 0.0 33 6444 + 745 5442 + 386
Water 20 11 0.0 21+16 4994 + 2362 20154 + 8364
Methanol 65 11 0.0 65 5337 + 1901 14057 + 5108
Water 65 11 0.0 12+ 20 1388 + 132 5621 + 554

Table 2. Average excited state relaxation time values for RhB suspensions at balanced (pH 4.5, pH
7, pH 9, pH 11) and unbalanced (pH 6.7) pH values in methanol and water. Error values are
propagated uncertainties from the fit results for T, and 3 .Error values represent one standard
deviation for 7 .
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Figure 2. (Top) TAS absorption spectra for 65 yM Rhodamine B with and
without 0.1 g/L hematite nanoparticles suspended in methanol at pH 4.5 and at
specified delay positions. (Bottom) Transient absorption kinetics curves for 65
MM Rhodamine B with and without 0.1 g/L hematite nanoparticles in suspension
in methanol medium at pH 4.5 and at 448 nm wavelength.
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Figure 3. (Top) TAS absorption spectra
g/L hematite nanoparticles suspended

and at 448 nm wavelength.

for 65 uM Rhodamine B with and without 0.1
in methanol at pH 7 and at specified delay
positions. (Bottom) Transient absorption kinetics curves for 65 pyM Rhodamine B with
and without 0.1 g/L hematite nanoparticles in suspension in methanol medium at pH 7
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Figure 4. (Top) TAS absorption spectra for 65 yM Rhodamine B with and without 0.1
g/L hematite nanoparticles suspended in methanol at pH 9 and at specified delay
positions. (Bottom) Transient absorption kinetics for 65 yM Rhodamine B with and
without 0.1 g/L hematite nanoparticles in suspension in methanol medium at pH 9

and at 448 nm wavelength.
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[Rhodamine B] [HNP]

Solvent [LM] pH  [g/L] 74 [ps] 7, [ps] 73 [ps]
Methanol 65 45 0.0 10 + 10 1535 + 58 10095 # 737
Methanol 65 45 0.1 7+5 2582 + 244 11648 + 9464
Methanol 65 7 0.0 13 + 11 685 + 46 10372 + 514
Methanol 65 7 0.1 25+1.6 1363 + 70 68597 + 8116
Methanol 65 9 0.0 44+71 583 + 20 5446 + 139
Methanol 65 9 0.1 9+7 1171 + 42 49445 + 4883
Methanol 65 11 0.0 6+5 5337 + 1901 14057 + 5108
Methanol 65 11 0.1 1.3+0.6 4863 + 1190 3433 + 1023

Table 3. Average excited state relaxation time values for RhB and RhB+HNPs suspensions at
varying pH values. Error values are propagated uncertainties from the fit results for T, and 3 .Error
values represent one standard deviation for 7, .
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