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ABSRACT 
 
 

The ultrafast photochemical dynamics of aqueous iron(III) solutions were 
measured utilizing ultrafast pump probe spectroscopy.  Aqueous solutions of iron(III) 
were prepared at low pH (<4.5) and low iron(III) concentration (<5 mM) to allow for 
small aquairon(III) complexes and ferrihydrite to be studied.  Small monomeric and 
dimeric aquairon(III) complexes were studied to elucidate the mechanisms involved in 
the formation of OH• after UV excitation which were previously known to generate OH• 
in vastly different quantities.   Upon excitation of Fe3+, a proton is released from a 
coordinated water molecule to generate FeOH2+ in less than 200 fs.  The newly generated 
FeOH2+ can then undergo numerous recombination pathways to regenerate the 
Fe3+.  Approximately 10% of the excited Fe3+ undergoes photoreduction and subsequent 
release of OH• and Fe2+ within 20 ps.  Exciting FeOH2+, results in homolysis to form 
Fe2+ and OH• with a wavelength dependent yield with a lifetime of 20 
ps.  Fe2(OH)2

4+does not appear to generate significant quantities of OH• however, the 
dimer is photostable in comparison to Fe3+ and FeOH2+.  To further the understanding of 
the primary kinetics of iron(III) in aqueous solutions, ferrihydrite nanoparticles were 
studied.  Ferrihydrite exhibits similar dynamics to hematite in which electrons are excited 
into the conduction band of ferrihydrite.  The electrons can then relax to the bottom of the 
conduction band within 390 fs before undergoing various recombination process.  This 
limits the amount of iron(III) converted into iron(II) in ferrihydrite.  All iron(III) systems 
studied show unique kinetics after excitation that elucidate the mechanisms behind the 
generation of OH•. 
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CHAPTER ONE 

INTRODUCTION 

 Iron(III) is an important source of hydroxyl radicals (OH•) in atmospheric water 

droplets present in the troposphere.1-4  Dissolved iron(III) atoms will coordinate with six 

water molecules to achieve octahedral coordination around the iron center.5  Depending 

on the conditions of the aqueous environment that the iron is dissolved in, a varying 

number of protons can be lost from the coordinated water creating different iron 

hydrolysis complexes.5  The smallest hydrolysis complexes are [Fe(H2O)6]3+ (Fe3+), 

[Fe(OH)(H2O)5]2+ (FeOH2+), [Fe(OH)2(H2O)4]+ (Fe(OH)2
+), and [Fe2(OH)2(H2O)8]4+ 

(Fe2(OH)2
4+).2, 5-7  Fe3+, FeOH2+,  and the dimer (Fe2(OH)2

4+) exhibit vastly different 

quantum yields of OH• upon excitation with UV light.  In the following, all coordinated 

water molecules on these complexes will not be shown unless needed for clarity.   

The main motivation behind this project was to learn about the ultrafast 

photochemical and photophysical processes of iron(III) dissolved in water.  Outside the 

studies on the ultrafast processes that occur in some iron oxides, very little is known 

about the ultrafast processes in aqueous iron complexes or any other aqueous metal 

complexes.  Yet, dissolved metals in natural waters undergo numerous photoprocesses 

including the generation of OH•.  Iron, in particular, is a good system to study due to the 

large number of research articles published on iron(III) hydrolysis. Therefore, Fe3+, 

FeOH2+, Fe2(OH)2
4+ and ferrihydrite nanoparticles are the main species of focus in this 

dissertation to build a ground up approach to understanding the dynamics of aqueous 
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metal complexes.  Fe3+ and FeOH2+ were studied to understand the variation in the OH• 

quantum yield for the two species.  The kinetics of the dimer was studied to try to 

understand the photo-processes of complexes containing multiple iron centers.  

Nanoparticles of ferrihydrite form in solution at higher pH values and give additional 

insights into the changing dynamics of iron(III) as more complex species are studied.  

The ultrafast photochemistry and photophysics of metal cations dissolved in water has 

not been studied previously.  The ultrafast photochemistry of iron(III) complexes 

reported in this dissertation are the first reports of the primary kinetics arising from 

excited small aqueous iron(III) complexes on the femtosecond time scale.  While there is 

a growing number of ultrafast studies on metal complexes, there are no studies on small 

aqueous metal complexes.  The findings in this dissertation represent the first study of 

small aqueous metal complexes on the femtosecond time scale. 

Quantum yields as a function of wavelength have been reported for Fe3+ and 

FeOH2+.1-2, 8-10  The amount of OH• produced by UV light-excitation of various iron 

complexes is a measure of how photoreactive each iron complex is in solution. The 

primary photochemistry behind the generation of OH• is poorly understood for the 

hydrolysis products of iron(III).   The production of OH• is traditionally thought of as 

occurring through the reduction of iron(III) as is described in reaction 1.1.1-2, 11-12 

 Fe OH 2++ hυ → Fe2++OH· 																																																																														(1.1) 

Each iron complex shows vastly different quantum yields with Fe3+ having a quantum 

yield of less than 15 % at all irradiation wavelengths.  Depending on the study, Fe3+ has 

quantum yields as low as 0 % at 280 nm as measured by Lee et al. and as high as 14 % 
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with 340 nm irradiation as measured by David et al.8-9  However, there does not appear to 

be any wavelength dependence on the quantum yield of OH• after excitation of Fe3+.  

FeOH2+, on the other hand, has a wavelength dependent quantum yield that reaches 80% 

at 240 nm and falls as the irradiation wavelength is red shifted according to Lee et al.8  

Benkelburg et al. reported similar findings, with increasing quantum yields when the 

irradiation wavelength is blue shifted however, their findings showed slightly higher 

quantum yields compared to Lee et al. across all wavelength measured. Figure 1.1 

compares the quantum yields for Fe3+ and FeOH2+ as a function of wavelength.  The least 

reactive species in solution is the dimer with a reported quantum yield of 0.7 % at 350 nm 

for the production of OH•.10  The low quantum yield is thought to be the result of the OH 

group being attached to two iron atoms instead of a single iron atom as is the case for 

Fe3+ and FeOH2+.10  The OH• quantum yields for more complex hydrolysis products have 

not been reported, likely because in multiple iron center structures the OH is a bridging 

ligand between the iron centers and is relatively unreactive.13  Of particular interest in 

this dissertation, is the stark difference in the quantum yield of OH• for Fe3+ (Chapter 3) 

and FeOH2+ (Chapter 4) which only vary in structure by one proton.  

 In order to fully understand the photochemical dynamics of aqueous iron(III) 

complexes, the photochemistry of Fe3+ needs to first be understood to build a foundation 

for understanding the photochemistry of more complex iron hydrolysis products.  

Conveniently, speciation of iron(III) can be controlled by tuning the pH and ionic 

strength to maximize the formation of individual complexes in solution (Figure 1.2).  The 

hydrolysis of small iron(III) complexes is well understood for solutions less than 5 mM 
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and under pH 3 and the structure of the small hydrolysis products are shown in figure 

1.3.5-6, 14  At pH 0, nearly all iron in solution is in the form of Fe3+ while FeOH2+ and the 

dimer form in significant concentrations as the pH is increased.  However, raising the 

total concentration of iron(III) in solution and the pH results in the speciation becoming 

less certain and debate exists as to the breakdown of complexes present in solution.15   At 

pH values around 4, large iron(III) nanoparticles form in solution.15 

The hydrolysis of iron(III) is driven by the enormous stabilization energy of 

protons released into the water from coordinated water molecules on the iron atoms.16  

The speciation of small iron(III) hydrolysis products can be broken down according to 

reactions 1.2-1.4 below.5-6  

 Fe3++H2O → FeOH2++H3O+                                 K11                                     (1.2)  

 Fe3++2 H2O → Fe OH 2
++2 H3O+                     	 K12                                    	 (1.3) 

 2 Fe3++2 H2O → Fe2 OH 2
4++2 H3O+            		   K22                                      (1.4) 

Reactions 1.2 has reported equilibrium constants (K11) that range from 8.91 × 10-4 M17 to 

2.9 × 10-3 M6, 14, 18 depending on the ionic strength of the solution, while reaction 1.3 also 

has reported equilibrium constants (K12) in the range of 1 ´ 10-7 to 5 ´ 10-7 M.6, 14, 18-19  

Due to the small equilibrium constant for the formation of Fe(OH)2
+, it will generally be 

left out of consideration for this study.  Fe3+ is the major species in solution at pH values 

below 2 and under low ionic strength conditions.  The formation of the dimer is 

maximized at pH values around 2.5 and high ionic strength conditions.  At pH 2.5, 

FeOH2+ is a major contributing species at both high and low ionic strength, but at high 

ionic strength more dimer will form in solution than at low ionic strength.  
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Changing the pH of the solution, results in more complex species forming, as is 

demonstrated in figure 1.2.  However, the composition of the larger complexes are less 

certain than the small monomeric complexes.  The dimer is commonly represented in the 

literature with two µ-hydroxo bonds, but newer data suggest that the dimer may be 

bridged by a single µ-oxo bond.20 The uncertainty in the bridging structure of the dimer, 

also leads to uncertainty into the nucleation and precipitation of iron(III) oxides as the 

dimer is believed to be a precursor to the formation of larger iron complexes.  An 

iron(III) polymer is thought to form by the linking of numerous iron centers through the 

formation of µ-hydroxo bridges.21  The polymer clusters are thought to form rapidly in 

solution and are in dynamic equilibrium with small particles in solution.22  The 

Amorphous iron(III) polymers are believed to be precursors to the formation of solid iron 

oxides in older studies through the aggregation and oxolation of the polymer 

prenucleation clusters,17, 23-25 but newer studies from Baumgartner et al. and Zhu et al. 

call the formation of an iron polymer into question and instead propose the iron oxide 

ferrihydrite as the precursor to the formation of iron oxide precipitates.15, 20, 22, 26-28  

Ferrihydrite is a semi-crystalline iron oxide with numerous microcrystalline regions 

within one particle, while the polymer is less dense and contains more water in the 

structure.29  Ferrihydrite is formed  through the conversion of the µ-oxo dimer into a 

dihydroxy bridged dimer, in which a rapid reaction forms the ferrihydrite nanoparticle.21  

The two possible nucleation pathways show that the formation of iron(III) oxides are 

unclear and involve different intermediates.  Regardless of the exact chemical 

composition, the precursors are widely reported to be between 2 and 100 nm in size.22, 25, 
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31 Very little is known about what steps are involved in the nucleation of amorphous 

polymer or ferrihydrite, which contributes to the uncertainty in the speciation of the 

iron(III) in solution at higher pH values. 15, 20, 26, 31  

Iron solutions undergo various aging processes depending on what species are 

present in solution and the time frame of study.  Solutions prepared at higher pH values, 

showed more aging through the formation of colloidal dispersions (Figure 1.4)5  Aging of 

the solution results in the formation of larger complexes and nanoparticles.  To try to 

minimize the effect of solution aging, all solutions were prepared and used within a day 

of preparation.  The growth of nanoparticles through aging of the solution could result in 

some variation of the particles sizes measured with dynamic light scattering in chapter 5. 

 Much like the equilibrium of species in solution, the absorption spectra of Fe3+ 

and FeOH2+ are well known but the spectra of the more complex species are not well 

known.6, 14, 32-33  An isosbestic point exists between the ligand-to-metal charge transfer 

bands (LMCT) of Fe3+ and FeOH2+ at 272 nm.14  Existence of this point indicates that the 

solution is comprised of Fe3+ and FeOH2+ only and all other species in solution are not 

present in any significant quantities. As concentration and pH are increased, the 

isosbestic point disappears indicating that higher order species are starting to form in 

solution.32 The spectrum of the dimer has been reported to consist of two distinctly 

narrow LMCT bands located at 240 nm and 335 nm, however calculations by Lopes et al. 

report broad absorption bands centered at 260 nm and 335 nm.14, 33  The dimer is reported 

to produce a shoulder on absorption spectra at 335 nm, while larger species produce a red 

shifted broad band spectrum with no identifiable peaks.14, 33 The lack of identifiable 
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features in the absorption spectra of solutions at pH values 2.5 and higher, make 

speciation of the iron(III) solution difficult to determine spectroscopically.   

 To study the photochemistry of iron(III) hydrolysis products, an ultrafast pump-

probe spectroscopy technique was used and is described in detail in chapter 2 along with 

solution preparation techniques.  Ultrafast transient absorption spectroscopy allows for 

the study of photophysical and photochemical processes on the timescale of 

femtoseconds to nanoseconds.  These processes can be studied by first exciting a 

molecule with a pump laser pulse at a wavelength that excites a LMCT band of a selected 

iron(III) complex.  A second laser pulse is then used to probe the depopulation of the 

ground state, the population of the excited state, or the formation of a photoproduct as a 

function of time.34 The delay between the pump pulse and the probe pulse gives the time 

resolution for all experiments. This project started with the study of Fe3+ and moved into 

more complex species during the course of the project.  This was to build a bottom up 

approach to understanding the photochemistry of aqueous iron(III) complexes.  

Understanding the dynamics of small complexes, such as Fe3+, can then be used to 

interpret the data of more complex iron species.  However, the uncertainty in the 

composition of the larger iron complexes increases the uncertainty in the photochemical 

dynamics measured with transient absorption spectroscopy. 

 Using transient absorption spectroscopy, Fe3+ was first studied at pH 0.0 as it 

comprises 99.6 % of the total iron in solution at this pH, the remaining 0.4 % is FeOH2+. 

As mentioned above, these two species have very different quantum yields for OH•. 

Determining the source of the variation in OH• quantum yields was the primary focus of 
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Chapter 3 in which photoacidity of Fe3+ is the major decay pathway that results in the 

reduction in the quantum yield for OH•.  If FeOH2+ acted as a photoacid, it would 

generate Fe(OH)2
+.  If this were the case, evidence of recombination would be noted in 

the kinetic traces. No recombination is observed upon probing FeOH2+ indicating FeOH2+ 

does not act as a photoacid. The lack of a photoacid deactivation channel allows for more 

of the excited FeOH2+ to undergo photoreduction to generate OH•.  Chapter 4 focuses on 

the ultrafast photochemical dynamics of FeOH2+ and the dimer. The wavelength 

dependence in the quantum yield for FeOH2+ may be the related to greater homolysis of 

the Fe-O bond as different LMCT bands are excited.  The dimer is reported to have a 

very low quantum yield for the production of OH• after excitation, but understanding the 

photochemical dynamics of the dimer provides a foundation for studies on complexes 

with multiple iron centers.10  Each iron species exhibits unique kinetics after excitation. 

Chapter 5 focuses on solutions containing ferrihydrite nanoparticles as a 

continuation of the study of iron(III) hydrolysis products.  The ferrihydrite nanoparticles 

form in solution upon gradually raising the pH to approximately 4.1. The studies on 

ferrihydrite nanoparticles exhibit complex decay dynamics that persist across a broad 

range of visible wavelengths.  The kinetic traces for this system reveal multiple 

exponential decays that are reminiscent of the iron oxide, hematite.35 The decays arises 

from the charge carrier dynamics associated with ferrihydrite and are very similar to 

decay dynamics reported in the literature on hematite.36  Previously, only one study has 

focused on the ultrafast dynamics of ferrihydrite out to 50 ps.37 
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Understanding the photophysics of various aqua iron complexes can help to 

develop a better understanding of the mechanisms involved in the formation of OH•.  The 

photochemical and photophysical pathways of small aqueous metal complexes has been 

not been studied on ultrafast time scales.  From the research presented in this dissertation, 

it is shown that each hydrolysis product studied exhibits vastly different decay dynamics 

allowing each species to be identified by its unique kinetics.  The observed dynamics of 

Fe3+ and FeOH2+ also explain the variation in the quantum yields for OH•.  This is the 

result of the primary kinetics of Fe3+decaying through two pathways.  One that forms 

OH• (photoreduction) and a second pathway that generates FeOH2+ (photohydrolysis). 

After excitation FeOH2+ only undergoes photoreduction.  This project provides a 

foundation for future studies on the photochemistry of aqueous metal complexes. FeOH2+ 

exhibits the simplest photochemistry, however the other complexes studied show 

photochemistry that is much more complex.  The photochemistry evolves with the 

complexity of the iron complexes in solution.  As the iron(III) hydrolysis products 

become more complex, it appears that the photoreactivity of these complexes towards 

water decreases. 
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Figure 1.1. Quantum yields of OH• for Fe3+ and FeOH2+.  This figure is reproduced from 
ref (8). 
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Figure 1.2 The hydrolysis of Iron(III) in solution as the pH is adjusted.  Upon formation 
of larger particles in solution, there is no reversibility of the hydrolysis.  
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Figure 1.3. The small iron(III) complexes that form at low pH. a) [Fe(H2O)6]3+ b) 
[Fe(OH)(H2O)5]2+ c) [Fe(OH)2(H2O)4]+ d) [Fe2(OH)2(H2O)8]4+ 

 

 

 
Figure 1.4. Changes to a pH 2 iron(III) solution over the course of 2 months.  Over the 
course of a week, the solution goes from clear to yellow.  A red brown colloid forms after 
2 months.  

a) b) c) 

d) 
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CHAPTER TWO 

MATERIALS AND METHODS 

2.1 Transient Absorption Spectrometer 

2.1.1 Ultrafast Pump/Probe Experiments 

Laser pulses approximately 100 fs in duration were generated using a 1 kHz 

amplified Ti:sapphire laser system (Coherent Libra HE 3.5 W) with 800 nm fundamental 

light output.  The output beam was split and used to pump separate optical parametric 

amplifiers (OPerA Solo) to generate the pump and probe wavelengths. The pump spot 

size ranged from 200 µm to 275 µm, corresponding to a pump fluence of approximately 

4.33 GW cm-2. The probe beam was focused to a spot size of around 60 µm. All TA 

signals were recorded with magic angle polarization (54.7°) to eliminate reorientation 

effects. The temporal delay between the pump and the probe was generated using a 

computer-controlled delay stage (Newport Inc., Irvine, CA) with maximum travel of   

600 mm and a minimum step size of 2.4 µm. The signal was measured with a 

photomultiplier tube amplified with a lock-in amplifier (Model SR830, Stanford 

Instruments). The lock-in amplifier was synchronized to a chopper wheel set to block two 

out of three pump pulses (333 Hz).  At each time delay, the signal was acquired for 3 

seconds on the lock-in amplifier corresponding to over a 3000 laser pulse average.  Six 

back-to-back scans were averaged for every kinetic trace, unless the signal was very 

small, then ten back-to-back scans were averaged. Sample solutions were recirculated 

through a flow cell at a rate of 4.0 mL/min. The flow cell has an optical path length of 1.0 
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mm, and was made from a 1 mm CaF2 front window and a 2 mm CaF2 back window.  All 

experiments were performed at room temperature (T = 22 ± 1 °C), but without active 

temperature control of the solution recirculating through the flow cell. 

 
2.1.2 Transient Absorption Actinometry 

 Transient absorption actinometry was used to estimate the primary quantum yield 

of transient species formed in the ultrafast transient absorption experiments.  The 

transient absorption actinometry experiment was done with an iron(III) solution in water 

and benzophenone dissolved in acetonitrile as the reference. Both solutions were 

absorbance matched at the pump wavelength of 265 nm.  The probe wavelength was 

changed between the two solutions as to optimize the signal recorded for each compound 

during data collections.  Benzophenone has a quantum yield of 1 for its triplet state,1     

12 ps after excitation and this can be used to calculate the primary quantum yield of the 

transient iron species formed after excitation.  After data collection, the amplitude of the 

signals are compared through the relationship shown in Equation 1. 
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Where +e 3Fe is the molar absorption coefficient of the transient iron species , BPe is the 

molar absorption coefficient for benzophenone, BPf  is the quantum yield of 

benzophenone, +3FeΔA is the change in absorbance for the iron solution, and BPAD is the 

change in absorbance of benzophenone.  Knowing all quantities listed, the quantum yield  
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+f 3Fe  of the iron transient species of the transient iron species can be calculated to 

determine the relative efficiency of the conversion of Fe3+ to FeOH2+. 

 
2.2 Steady State 

2.2.1 pH Measurements 

 The pH was recorded for all experiments on an Orion A121 pH meter (Thermo 

Fisher Scientific, Waltham, MA) from Thermo Scientific. The pH probe used for all 

measurements was a double junction pH electrode (Thermo Fisher Scientific, Waltham, 

MA).  The pH meter was calibrated for each use with pH 4.00, 6.01, and 10.01 buffer 

solutions to ensure accuracy of the measurements. The pH is accurate to ±	0.01 pH units.  

 
2.2.2 UV-Visible Absorption Measurements 

 For all solution, the steady-state UV-visible absorption spectra were collected 

before any ultrafast experiments were performed. Upon initializing the UV-Visible 

spectrometer (Perkin Elmer, Lambda 25, Wellesley, MA), proper calibration of the 

instrument was confirmed by comparing a measured holonium oxide glass spectrum 

versus it’s reference spectrum.  All spectra were background corrected for any 

contribution from the solvent through background subtraction.  The background and 

sample spectra were all collected in a 1 mm quartz cuvette from Starna Cells (Atasadero, 

CA) for solutions prepared for ultrafast experiments.  Steady state irradiation experiments 

were done with matching 1 cm quartz cuvettes (Starna Cells, Atasadero, CA) with a 

sealed screw on top. 
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2.2.3 Steady State Irradiation Experiments 

 Steady state irradiation experiments were performed on the iron solution 

irradiated in a Mercury lamp irradiation chamber (Srinivasan-Griffin Rayonet Type, The 

Southern New England Ultraviolet Co., Middleton, CT) with 6 Hg lamps installed inside.  

Solutions were irradiated in a sealed 1 cm cuvette with a second 1 cm cuvette containing 

the same solution stored in the dark as a control.  UV-visible spectra were collected at 0, 

1, 2, 5, 10, 30, 60 and 120 minutes of irradiation.  Irradiation experiments were done at 

room temperature. For scavenged irradiation experiments, 10% tert-butanol by volume 

was added to the iron(III) solution before irradiation.  Purged irradiation experiments 

were done by bubbling the iron solution for 10 minutes with N2 gas through a septum top 

screw cap on the cuvette. 

 
2.2.4 Dynamic Light Scattering 

 Dynamic light scattering (DLS) experiments were performed on solutions 

containing small iron particles to gather size distribution data.  NaOH and water were 

first filtered through an Anotop 0.02 µm syringe filter (Whatman Plc., Maidstone, UK) 

three times before preparing the solution. The DLS spectrophotometer was a Mӧbiuζ 

(Wyatt Technology, Santa Barbara, CA).  The data collected with the DLS was then fit 

with Dynamics software (Wyatt Technologies, Santa Barbara, CA) to yield particle size 

distributions. 
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2.3 Solution Preparation 

2.3.1 Preparation of Monomeric Iron(III) Complexes 

 Solutions for all low pH iron(III) experiments were prepared with 2.1 ±	0.2 mM 

solutions of Fe(ClO4)3 dissolved in Millipore water.  NaClO4 was added to the iron(III) 

solution to ensure the ionic strength of the solution. The concentration of iron(III) used 

was determined photometrically by dissolving Fe(ClO4)3 in a pH 0.0 solution and using 

the resulting 240 nm absorption peak for Fe3+ to determine the concentration of iron in 

solution.  This was done because Fe(ClO4)3 is a hydrate with an unspecified number of 

water molecules.  For experiments that measured the rate of recombination, solutions of 

iron(III) were prepared at constant ionic strength of 1.01 M.  The amount of NaClO4 

added was based on the pH of the solution, which ranged from pH 0.0 to 2.5.  The 

concentration of iron in solution remained the same for all experiments at 2.1 mM.  

 To achieve the desired pH solution for all experiments, 1 M HClO4 was added 

through dropwise addition.  Care was taken to ensure complete mixing before the 

addition of more HClO4.  Before the addition of HClO4, the solution had a pH of about 

2.6 due to the Lewis acidity of iron.  Very little HClO4 was required to lower the pH from 

2.6 to 1.5; however a significant amount was required to reduce the pH to 0.0.  For pH 

0.0 to pH 0.5 solutions, the HClO4 was added first and then the vial was filled with water 

to prevent dilution of the iron(III).  This was done to ensure the solution remained at 2.1 

mM iron(III) for all pH values.  The use of 2.1 mM iron(III) solutions provides sufficient 

absorption for all transient absorption experiments. 
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2.3.2 Preparation of Dimer Solutions 

To maximize the formation of the iron(III) dimer in solution, the solution 

preparation was changed slightly from the conditions used in section 2.3.1.  The dimer 

solutions were prepared using 3.8 mM Fe(ClO4)3 in a total volume of 20 mL.  The salts 

were dissolved using neat water.  To favor the formation of the dimer, the ionic strength 

was adjusted to 1 M by the addition of NaClO4.  All pH adjustment was performed by the 

dropwise addition of 0.1 M NaOH until the pH was raised to 2.5. 

 
2.3.3 Preparation of Nanoparticle Solutions 

Iron(III) solutions containing nanoparticles were prepared with 2.1 ± 0.2 mM 

Fe(ClO4)3 and 10.5 mM NaClO4 dissolved in Millipore water.  This was done in a single 

dissolution step.  Once all the salts had dissolved, the pH was slowly raised by the 

addition of 5 drops of 0.1 M NaOH before mixing.  The addition of 5 drops of NaOH and 

mixing was repeated until pH 4.1. Careful consideration was taken to ensure that the 

solution was thoroughly mixed after each addition of NaOH.  Failure to do so results in 

an iron(III) precipitate forming at pH values between 4 and 8 in which the pH would 

change very rapidly. This yielded a solution with small nanoparticles suspended in 

solution.  These nanoparticles particles did not appear to give significant light scattering 

for UV-Visible absorption measurements or transient absorption experiments. 
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2.4 Sample Handling 

2.4.1 Materials 

 All reagents were used as purchased.  Fe(ClO4)3 hydrate (low chloride), NaClO4 

(reagent grade, >98%), and 1 M HClO4 were purchased form Sigma Aldrich.  The 

concentrated NaOH was purchased from Fischer Scientific.  All water used for solution 

preparation was deionized water that was run through a Millipore treatment system.  The 

Millipore treatment system includes UV treatment of the deionized water to break down 

any organic materials that may remain in solution. 

 
2.4.2 Flow Cell 

 All transient absorption experiments were performed with a flow cell to keep the 

solutions of iron(III) moving.  The flow of the solution was set at 4 mL/min which is 

sufficient to avoid re-excitation of an iron(III) complexes by subsequent laser pulses and 

optical heating of the solution.  The solution was flowed between 2 CaF2 windows 

separated by a 1 mm Teflon spacer.  The front CaF2 window was 1 mm thick while the 

back window was 2 mm thick.  Both CaF2 windows needed to be replaced after about 6 

days of transient absorption experiments due to etching of the windows from the acidic 

solutions.  The windows and spacers were housed in a stainless steel holder that did not 

provide any temperature control to the solution.  Thus, all experiments were run at room 

temperature in the flow cell.  The solution was kept in a Teflon topped vial and was 

connected to the flow cell with PTFE tubing. 
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2.5 Data Treatment 

 All kinetic traces were fit with a sum of exponentials in the form of 

)/exp( i
i
i τtA -å  convoluted with a Gaussian instrument response function.  The full width 

half maximum of the instrument response function was 200 fs.  All fitting was done with 

IGOR Pro 6.37 (Wavemetrics Inc., Portland OR).  All uncertainties from data fitting were 

reported to twice the standard error.  In negative amplitude kinetic traces, the coherent 

water spike was removed for better fitting of the traces. 

 The coherent water spike is caused by the two photon absorption of a solvent 

water molecule.  Experiments using a UV pump and visible probe, solvated electrons are 

formed and background subtraction was required to remove the long lived signal of the 

solvated electron. Background subtraction was done by tail matching a kinetic trace of 

adenosine 5’-monophosphate (AMP) that is absorbance matched at the pump wavelength 

with the desired sample.2  This results in equal formation of solvated electrons for both 

solutions.  In the AMP kinetic trace, all signal that remains past the first few ps was from 

the solvated electron and could thus be used to scale the signal of neat water to the tail of 

the AMP signal.  Once neat water was scaled, it was then subtracted from the sample 

signal to reveal the kinetics associated with the sample. 
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Figure 2.1.  Schematic of the transient absorption spectrometer.  A 1kHz laser amplifier 
is used to generate an 800 nm fundamental which is split into two and directed towards 
two OPA’s.  The OPA’s are tuned to different wavelengths to generate the pump and 
probe.  The probe is directed down a delay stage to introduce a temporal delay between 
the pump and probe.  The pump is attenuated with a neutral density filter before being 
sent through a chopper wheel.  The chopper wheel removes 2 out of every 3 laser pulses.  
Both beams are spatially overlapped at the sample cell and the probe is directed to the 
PMT to record the signal. 
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Ultrafast Photochemical Dynamics of the Hexaaquairon(III) Ion 

 
Abstract 

 
UV excitation of [Fe(H2O)6]3+ generates hydroxyl radicals in low quantum yield, but the 

events that compete with this photochemistry are obscure. To elucidate the primary 

events, acidic, aqueous iron(III) perchlorate solutions were studied by femtosecond 

pump-probe spectroscopy. We report a new decay channel in which ligand-to-metal 

charge transfer (LMCT) excitation of [Fe(H2O)6]3+ hydrolyzes a coordinated water 

molecule, releasing a proton and forming the iron(III) monohydroxy ion in less than 1 ps. 

This efficient channel, which is observed here for the first time, competes with hydroxyl 

radical generation and represents a novel observation of photoacidity in a metal 

coordination complex.    

 
3.1 Introduction 

 
Photolysis of iron(III) species in cloud, fog, and rain droplets by sunlight is an 

important source of hydroxyl radicals (OH•) that can oxidize organic molecules in the 

troposphere and natural waters 1. Like other high-valent metal ions, iron(III) is 

extensively hydrolyzed in aqueous solution, and the precise speciation depends 

sensitively on pH. At low total iron(III) concentrations (≤ 5 mM) and acidic conditions 

(pH < 3), [Fe3+(H2O)6]3+ and [Fe(OH)(H2O)5]2+ are the dominant iron(III) aqua ions 2-3. 

Hereafter, coordinating water molecules will be omitted, and these ions will be referred 

to as Fe3+ and Fe(OH)2+, respectively. 
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UV excitation of the ligand-to-metal charge transfer (LMCT) absorption bands of 

the mononuclear iron(III) aqua ions produces hydroxyl radicals (OH•), which can be used 

to mineralize organic compounds in waste waters 4-5. The reactions behind OH• 

generation are thought to involve reduction of the iron center and are usually written as, 

Fe3+ + hn → Fe2+ + H+ + •OH       (3.1) 

FeOH2+ + hn → Fe2+ + •OH                (3.2) 

Interestingly, the quantum yields of •OH formation differ markedly for reactions 3.1 and 

3.2 6. The yield for the monohydroxy complex (reaction 3.2) rises almost exponentially 

with decreasing wavelength, increasing from 0.050 ± 0.004 at 380 nm to 0.83 ± 0.04 at 

240 nm 6. In contrast, the quantum yield of generating OH• from Fe3+ (reaction 3.1) is no 

greater than approximately 0.05 at any UV wavelength 3, 6. Although it might be 

anticipated that geminate recombination could suppress the OH• yields, it is not obvious 

what differences could exist for reactions 3.1 and 3.2.  

Here, we describe the ultrafast events initiated by LMCT excitation of the 

iron(III) hexaaqua ion, Fe3+, by femtosecond pump-probe spectroscopy. Although 

iron(III) complexes with alklyl and aromatic carboxylate ligands have been studied in 

aqueous solution by the femtosecond pump-probe technique 7, simple iron(III) aqua ions 

have only been investigated on slower time scales 8-9 by techniques that lack the time 

resolution needed to observe elementary events such as geminate recombination. Our 

results reveal an unexpected channel in which LMCT excitation of Fe3+ releases a proton 

from a coordinated water molecule to the solvent, leaving behind FeOH2+. This photon-

initiated hydrolysis (i.e. photohydrolysis) reaction is an example of a light-driven acid 
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base reaction. The enhanced acidity of an excited state following photoexcitation 

(photoacidity) has been widely studied in organic hydroxyarenes 10-11, but has not been 

recognized in inorganic systems. Inorganic photoacids that demonstrate enhanced acidity 

upon photoexcitation could lead to new applications that use ultrashort light pulses to 

control pH. 

 
3.2 Experimental Section 

 
3.2.1. Samples 

Solutions for femtosecond transient absorption (TA) measurements contained 2.1 

± 0.2 mM iron(III) perchlorate and 0.98 mM sodium perchlorate and were prepared in 20 

mL quantities. Dissolving the iron(III) salt in 20 mL of neat water resulted in a pH of 

approximately 2.6 prior to pH adjustment. The pH values targeted in this study were 

achieved by adding an quantity of 1.0 M perchloric acid to the water used to prepare each 

solution. The solutions were maintained at pH < 3 to suppress the formation of 

polynuclear iron species, including the poorly crystalline iron(III) hydrous oxide phase 

known as ferrihydrite 12-13. These species are generated at rates that increase with 

increasing pH 14. At the pH values used in our experiments, only mononuclear and 

dimeric iron(III) species are present in significant amounts during the time needed to 

perform TA measurements (see below).  

The concentration of total iron was estimated photometrically from the measured 

absorbance of the pH 0.0 solution, using the value of 4230 M-1 cm-1 reported in ref. 15 for 

the molar absorption coefficient (e) of Fe3+ at 240 nm. In our pH 0.0 solution, Fe3+ 
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accounts for 99.8% of total iron, justifying the neglect of absorption by other iron(III) 

species. The pH 0.0 solution had an absorbance of ~0.5 at the pump wavelength of 265 

nm in the 1 mm path length cuvette used for TA measurements. The solutions with the 

highest pH values of 2.0 and 2.5 had slightly lower absorbances due to the increased 

fraction of FeOH2+, which absorbs more weakly at 265 nm compared to Fe3+.  

 
3.2.2. Spectroscopic Methods 

All TA measurements were recorded at single probe wavelengths because the very 

weak signals are difficult to detect with the reduced sensitivity of a broadband 

spectrometer. Briefly, 800 nm laser pulses approximately 100 fs in duration were 

generated using a 1 kHz amplified Ti:sapphire laser system (Coherent Libra HE).  The 

output beam was used to pump optical parametric amplifiers (OPerA Solo) for generating 

pump and probe wavelengths. Pulse durations in the UV were between 150 and 200 fs, 

depending on wavelength. The pump energy was 0.5 µJ and the pump spot size measured 

at the sample was 260 µm. The probe beam was focused to a spot size of 60 µm. All TA 

signals were recorded with magic angle polarizations to eliminate reorientation effects. 

The signal from a photomultiplier tube (PMT) was detected with a lock-in amplifier 

(Model SR830, Stanford Instruments), which was synchronized to a chopper wheel set to 

block two out of three pump pulses (333 Hz).  At each time delay, the signal was 

acquired for 3 seconds on the lock-in amplifier, and six back-to-back scans were 

averaged for each kinetic trace. The kinetic traces were fitted to sums of exponentials 

convoluted with a Gaussian function with a full width half maximum (FWHM) of 200 fs 
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to model the instrumental response function. Global fitting was done using the Igor Pro 

software package (v6.34, Wavemetrics).   

UV-Vis absorption spectra were recorded using a 1 mm path length cuvette and a Perkin 

Elmer Lambda 25 spectrophotometer. Solutions for TA experiments had absorbance 

values at 265 nm of approximately 0.5. Sample solutions were recirculated through a 

flow cell at a rate of 4.0 mL/min. The flow cell with an optical path length of 1.0 mm 

utilized a 1 mm CaF2 front window and a 2 mm CaF2 back window. All experiments were 

performed at room temperature (T = 22 ± 1 °C). In order to minimize photochemical 

degradation, solutions were replaced every 30 minutes. Frequent exchange of the samples 

also helped to reduce etching of the flow cell windows by the acidified solutions. All 

solutions prepared for TA measurements were used within no more than several hours 

after preparation to minimize the formation of polynuclear iron(III) species. 

TA relative actinometry was performed using the benzophenone triplet state as a 

reference following the procedure described in ref. 16. Benzophenone was dissolved in 

acetonitrile to yield a solution with identical steady-state absorbance at the pump 

wavelength as the pH 0.0 iron(III) solution. The benzophenone was pumped at 265 nm 

and probed at 525 nm, while the iron(III) solution was pumped at 265 nm and probed at 

300 nm. Care was taken to ensure that the pump spot size and fluence remained the same 

between measurements. 

 
3.3 Results and Discussion 

UV spectra of all solutions are shown in Figure 3.1a. Absorption at UV 

wavelengths is due to spin-allowed LMCT transitions, which are much stronger than the 
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very weak d-to-d transitions of iron(III) 17-18. Equilibrium constants calculated from data 

in Table 3.2 of ref. 19 at 25 °C using the ionic strength of each solution were used to 

determine the molarities of the various iron(III) species that are present simultaneously in 

solution (Table 3.1). This is necessary because the acid dissociation constants from ref. 

19 vary with ionic strength as they are defined in terms of concentrations (and not 

activities). At the two lowest pH values, Fe3+ is essentially the only iron(III) species in 

solution. At the two intermediate pH values (1.0 and 1.5), small amounts of FeOH2+ are 

also present as can be seen from the increasing absorption at wavelengths greater than 

300 nm. Excluding the pH 2.5 spectrum, a clear isosbestic point is seen at 272 nm (Figure 

3.1a), indicating that only Fe3+ and FeOH2+ contribute significantly to the absorption 

spectrum 3, 20. At pH 2.0 and 2.5, these two mononuclear ions are joined by small 

amounts of the iron(III) dimer. The absorption spectra of Fe3+ and FeOH2+ in relation to 

the pump and probe wavelengths used in the TA experiments are shown in Figure 3.1b.   

Figure 3.2 compares the TA signals from iron(III) solutions pumped at 265 nm as 

a function of pH. Ground state bleaching is observed at a probe wavelength of 250 nm, 

while excited state absorption is seen with probing at 300 nm. A narrow, spike-like signal 

is seen near time zero due to two photon absorption (one pump + one probe photon) by 

water 21. Although the pump pulse is expected to produce some two-photon ionization of 

water molecules, the resulting hydrated electrons absorb too weakly at both probe 

wavelengths to contribute significantly to the signal. The transients show excellent mirror 

symmetry, but some important deviations are evident at the highest pH values. 
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Three exponentials were required to obtain satisfactory fits (all fitting parameters 

are summarized in Table 3.2). At the two lowest pH values, an offset (A0) is needed in 

addition to the three exponentials to account for the weak residual bleach signal seen at 

250 nm. At higher pH values, the signal at 250 nm may also result in a long-time offset 

after the decay of the exponential terms, but this is not observable in our 3 ns time 

window. In view of the approximate mirror symmetry, the longest decay component (t3) 

was linked for both probe wavelengths at each pH value. The value of t3 decreases as pH 

is decreased, and at pH 0.0, the signal at 300 nm decays to the baseline within our 3 ns 

delay time range. Two faster decay components (t1 and t2 in Table 3.2) are also observed 

in the signals. These decays are not affected by pH, so the fitting parameters were 

globally linked at all pH values and at both probe wavelengths. The fastest lifetime (t1) of 

1.9 ± 0.3 ps accounts for ~30% of the total decay amplitude at both probe wavelengths. 

The intermediate time constant (t2) of 21.8 ± 2.7 ps has the same sign (positive) at both 

probe wavelengths unlike the amplitudes of the shortest and longest time constants, 

which are opposite in sign for the bleach (250 nm) and excited-state absorption (300 nm) 

signals. These differences indicate that at least two species contribute to the signals in 

Figure 3.2.  

To assign the TA signals, the distribution of excited species produced by the 

pump pulse is needed. To this end, molar absorption coefficients at the pump wavelength 

of 265 nm were used to determine the percentage that each species contributes to the total 

population of excited states (values in parentheses in Table 3.1). For species i, present in 

concentration ci, this is given by the ratio ciεi / ciεi
i
∑ , where εi  is the molar absorption 
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coefficient of species i. The following values were used for the molar absorption 

coefficients (e, units of M-1 cm-1) at 265 nm to obtain the results in Table 3.1: Fe3+ 

(2200), FeOH2+ (1,200), Fe(OH)2
+ (3,000), and Fe2(OH)2

4+ (15,000). These values were 

estimated from graphs in ref. 17. There is reasonable consensus in the literature about 

absorption spectra and cross sections for Fe3+ and FeOH2+. For example, the values in ref. 

17 agree quite well with ones published forty five years earlier by Turner and Miles 2. 

However, both the shape of the absorption spectrum and e values of the iron(III) dimer 

are far less certain. Thus, the dimer spectrum of Lopes et al. 17 extends to visible 

wavelengths with strong absorption at 400 nm, while Knight and Sylva describe a 

narrower absorption band located in the UV with less tailing to longer wavelengths 15. 

The latter spectrum is shown in Figure 1b for illustration. Despite this uncertainty, 

changing the value of e for the dimer by a factor of two does not alter the conclusion 

from Table 3.1 that the 265 nm pump pulse excites Fe3+ almost exclusively, except at the 

highest pH values (Table 3.1).   

As Table 3.1 shows, there is significant (> 5%) excitation of species other than 

Fe3+ only at the two highest pH values (2.0 and 2.5). According to eq. 3.1, 

photoexcitation of Fe3+ produces Fe2+ and OH•. However, neither photoproduct absorbs 

significantly at 300 nm, indicating that the signals in Figure 2a must arise either from the 

LMCT excited state or from a different photoproduct. Carey and Langford were able to 

interpret their experiments in which alcohol molecules acted as scavengers of 

photoexcited Fe3+ ions without invoking a long-lived LMCT excited state 22. In view of 
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this result, we rule out a long-lived LMCT state and seek a photoproduct to explain the t2 

decay. 

We assign the species responsible for the pH-dependent decays in Figure 3.2 to 

FeOH2+ formed from photoexcited Fe3+. In general, TA signals consist of contributions 

from all species produced by photoexcitation. These species can include excited states 

and photoproducts. Each species makes a positive or negative contribution, according to 

the sign of its difference absorption cross section, defined as the absorption cross section 

of the transient species at the probe wavelength minus the absorption cross section of the 

ground state of the initially photoexcited species at the same wavelength 23. A positive 

amplitude indicates that the transient species absorbs more strongly than the ground state, 

while a negative amplitude indicates the opposite. FeOH2+ has maximum absorption at 

~300 nm (Figure 3.1b) and e(FeOH2+) > e(Fe3+) at this wavelength (Figure 1b), consistent 

with the sign of the TA signal at 300 nm (DA > 0), while at a probe wavelength of 250 

nm e(FeOH2+) < e(Fe3+), consistent with the observed bleaching (DA < 0). 

The pH-dependent decay component (t3 in Table 3.2) supports this picture and is 

assigned to non-geminate reaction between the nascent FeOH2+ and H+ present in the 

bulk solution, according to reaction 3.3: 

FeOH2+ + H+ → Fe3+ + H2O       (3.3) 

The 350 ps lifetime observed at pH 0.0 progressively lengthens as the solution pH is 

increased. Because bimolecular reactions between charged ions are sensitive to ionic 

strength, TA signals were recorded at the same pH values as in Figure 3.2a, but NaClO4 

was added to achieve a constant ionic strength of 1.0 M for all solutions. The signals are 
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very similar to those in Figure 3.2a, which were recorded at the variable ionic strengths 

shown in Table 1. Fitting a straight line to the reciprocal of the longest lifetime (1/t) 

versus hydronium ion concentration, [H+], yielded a bimolecular rate constant of (3.0 ± 

0.9) ´ 109 M-1 s-1. This rate and the high proton concentration present at pH values below 

1 cause all of the FeOH2+ produced by Fe3+ photolysis to react within our time window, 

explaining why the signal at 300 nm and pH 0 decays completely to the base line. The 

TA signal recorded at a probe wavelength of 250 nm for the pH 0.0 solution recovers to a 

negative offset that is ~10% as large as the maximum bleach amplitude seen near t = 0. 

This permanent bleaching is consistent with a small yield of OH•, the generation of which 

will be discussed later. 

The rate constant for reaction 3.3 does not appear to have been determined 

directly in the past. Coulombic repulsion between a positively charged metal ion, Mn+, 

and H3O+ slows down their mutual reaction as the charge on the ion is increased. Holmes 

et al. 24 noted that the rate of reaction of the hydronium ion with an ion of charge (n+1)+ 

is often 40% as large as the rate with an ion of charge n+ 24. This generalization and the 

rate of 8.0 ´ 109 M-1  s-1 reported by Hemmes et al. 25 for the reaction Fe(OH)2
+ + H+  → 

FeOH2+ + H2O predict a rate of 3.2 ´ 109 M-1 s-1 for the reaction FeOH2+ + H+ → Fe3+ + 

H2O, a value that agrees well with our measurement.  

At the isosbestic wavelength of 272 nm, Fe3+ and FeOH2+ have identical 

absorption cross sections (see Figure 3.1b). Consequently, probing at this wavelength 

eliminates any signal contribution from FeOH2+ when Fe3+ is excited. The TA signal 

recorded from a pH 0 solution with excitation at 250 nm and probing at 272 nm is shown 
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in Figure 3.3. The shorter excitation wavelength compared to the 265 nm pump used in 

Figure 3.2 was necessary to achieve better spectral separation between pump and probe 

pulses, facilitating the rejection of scattered pump light. The signal in Figure 3.3 exhibits 

very weak excited state absorption that decays with a time constant of ~20 ps. This time 

constant matches the t2 component in Table 3.2. Strikingly, both the 2 ps and 350 ps 

decay constants observed at shorter (250 nm) and longer (300 nm) probe wavelengths 

vanish when the probe wavelength is tuned to 272 nm. The complete disappearance of 

the t3 component confirms that absorption by FeOH2+ dominates the long-time signals at 

these two wavelengths.  

Not only the slowest (t3), but also the fastest (t1) component disappears 

completely upon probing at the isosbestic wavelength. We conclude that the fast signal, 

which is present at probe wavelengths of 250 and 300 nm, also arises from FeOH2+ 

formed from Fe3+. According to Table 3.1, only Fe3+ ions are excited at the lowest pH 

values. We propose that the t1 decay reflects rapid, geminate recombination between the 

nascent FeOH2+ ion and the H+ ion ejected by ionization of a ligated water molecule, but 

which has not yet escaped to the bulk solvent. 

Although proton ejection appears to occur with high quantum efficiency based on 

the substantial amplitudes of the t1 and t3 decay components, the negative offset seen at 

the two lowest pH values in the signals in Figure 3.2 (see also Table 3.2) provides clear 

evidence of a second reaction pathway. The residual bleaching seen in the pH 0.0 and 0.5 

signals is assigned to the formation of iron(II) and OH•. Note that neither Fe2+ nor OH• 

absorbs significantly at wavelengths longer than 250 nm, and the molar absorption 
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coefficient of Fe2+ is over 100 times smaller than that of Fe3+ at 254 nm 26-27 Formation of 

these photoproducts from Fe3+ thus results in bleaching (DA < 0). 

We conclude that the intermediate decay time constant (t2) is associated with 

dynamics involving OH• production. At pH 0.0, pump pulses at 265 nm (Figure 3.2) and 

250 nm (Figure 3.3) excite Fe3+ exclusively, indicating that the ~20 ps decay component 

must be due to LMCT excitation of the hexaaqua ion. However, as the pH is raised, the 

percentage of pump photons absorbed by Fe3+ falls below 100%, and the percent 

excitation of FeOH2+ increases (see Table 3.1). Even though fewer Fe3+ ions are excited 

at the higher pH values, the amplitude of the ~20 ps component (A2) grows, increasing by 

more than a factor of 5 as the pH is raised from 0.0 to 2.5 (Table 3.2). This indicates that 

excitation of FeOH2+ must also give rise to the ~20 ps dynamics characteristic of this 

channel. The steady-state quantum yields reported in the literature show that UV 

excitation of FeOH2+ yields the OH• radical with considerably higher quantum yield than 

excitation of Fe3+ 6, explaining the increase in the t2 component at higher pH values. As 

the hydroxyl radical does not absorb at 300 nm, the signal at this probe wavelength is 

tentatively assigned to CT absorption between Fe2+ and a hydroxyl radical that are in 

contact within the solvent cage. As these two species diffuse apart, the relatively strong 

absorption by the Fe2+-OH• complex is replaced by much weaker absorption due to the 

separated Fe2+ and OH• fragments. 

The observation that both FeOH2+ and Fe2+ are generated by UV excitation of 

Fe3+ begs the question of how these species are formed. Given that LMCT excitation by 

its very definition corresponds to reduction of the metal ion in a complex, it is surprising 
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that FeOH2+, an iron(III) species, appears in the transient signals at such early times. 

Indeed, there is no faster decay component in the 300 nm signal than the t1 decay, 

indicating that FeOH2+ formation and release of H+ from Fe3+ occur faster than our time 

resolution (~200 fs). It is well established that the water cation deprotonates in less than 

200 fs, although the precise time scale is uncertain 28. The immediate onset of geminate 

recombination could indicate that proton transfer occurs at the instant of photon 

absorption, although we lack definitive evidence of this. Nevertheless, a prior study 

demonstrating that proton-coupled electron transfer can take place within the time of an 

optical transition supports the conjecture that very rapid proton loss can accompany a 

charge transfer transition 29. 

Although geminate recombination between FeOH2+ and H+ occurs with a time 

constant of ~2 ps, the production of OH•, which is seen selectively with probing at the 

isosbestic wavelength, is associated with dynamics that are an order of magnitude slower. 

This suggests that geminate reaction between OH• and Fe2+ cannot occur faster than the 

20 ps time constant seen in the signal in Figure 3.3. It is known that the electron transfer 

reaction between OH• and a metal cation such as Fe2+ is slow due to the large 

reorganization energy of the hydroxide ion 30. Indeed, the rate constant for the 

bimolecular reaction between Fe2+ and OH• is reported to be 4.3 ´ 108 M-1 s-1 30, a value 

that is approximately an order of magnitude slower than the diffusion limit.  

The slow rate of reaction between Fe2+ and OH• and the rapid geminate acid-base 

reaction observed between FeOH2+ and H+ strongly suggest that FeOH2+ is not formed by 

reaction between the first two species. The evidence suggests to us that there are two 
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parallel decay channels accessible to the initial LMCT state. We propose that 

deactivation can take place either via a photoreduction channel that results in the 

formation of OH•, or via a photohydrolysis channel that produces FeOH2+ from Fe3+ and 

releases a proton. These two channels are depicted in Scheme 3.1 together with some 

characteristic time scales determined from our measurements. We suggest that rapid 

branching to these two channels can occur from the initial LMCT excited state, which is 

written in the Scheme as [FeII-•OH2]3+.  

Photohydrolysis resulting in the ultrafast formation of FeOH2+ could conceivably 

involve a proton-coupled electron transfer mechanism by which LMCT excitation moves 

an electron from oxygen of a coordinated water molecule to the metal center 

accompanied by deprotonation of the water molecule. However, our experimental 

observations provide no evidence of a ground state Fe2+ ion in the photohydrolysis 

channel shown by the dashed box in Scheme 3.1. The immediate appearance of signal 

from FeOH2+ would require back ET to take place fast enough to escape detection in our 

measurements (< 200 fs). As already mentioned, the rate of bimolecular reaction between 

the fully solvated species Fe2+ and OH• is ten times slower than the diffusion limit 30. 

This is too slow for back ET in less than 200 fs, although the nascent Fe2+ and OH• 

contact pair could react more rapidly prior to equilibration with the surroundings.  

To further test our model, transient absorption actinometry was used to determine 

the quantum yield of FeOH2+ generated by excitation of Fe3+. Benzophenone, which 

forms a long-lived triplet state with a quantum yield of unity 31, was dissolved in 

acetonitrile in a concentration that produced the same absorbance as a pH 0.0 iron(III) 
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perchlorate solution. This insures that the pump pulses used to record transients from the 

two solutions in back-to-back measurements (Figure 3.4) produce identical numbers of 

excited states, allowing the signal strengths to be compared quantitatively. Further 

description of this technique can be found in ref. 16. 

The quantum yield of FeOH2+ at delay time t, ϕ
FeOH2+

t( ) , is defined as the ratio of 

FeOH2+ ions present at this time to the number of initially excited Fe3+ ions. It was 

calculated using eq. 4, 

ϕ
FeOH2+

t( ) =
ΔA

Fe3+
t( )

ΔABP ʹt( )
⋅

εBP* −εBP( )
ε
FeOH2+

−ε
Fe3+( )

⋅ϕBP* ʹt( ) ,    (3.4) 

where ΔA
Fe3+

is the signal from the aqueous iron(III) solution at time t. In eq. 3.4, ΔABP  is 

the TA signal from an equal absorbance solution of benzophenone and ϕBP*  is the triplet 

state quantum yield, both measured at delay time ʹt . Values of 7,800 M-1 cm-1 31 and 0 

M-1 cm-1 were used for the molar absorption coefficients of the benzophenone triplet state 

(εBP* ) and ground state (εBP ), respectively, at a probe wavelength of 525 nm. Values of 

1,985 M-1 cm-1 and 128 M-1 cm-1 3 were used for the corresponding quantities for FeOH2+ 

and Fe3+, respectively, at the probe wavelength of 300 nm used to record the iron 

transient shown in Figure 3.4. With these values, the TA signal strengths at 100 ps listed 

in Figure 3.4, and assuming that ϕBP*  equals 1.0 at 100 ps, a value of 0.41 was calculated 

for ϕ
FeOH2+ t =100 ps( ) . In eq. 3.4, it is assumed that only FeOH2+ contributes to the iron 

TA signal. The chosen delay time of 100 ps is long enough that the only remaining signal 

contribution is from the t3 component assigned to FeOH2+. Furthermore, the single 
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exponential decay observed beyond 100 ps is evidence that only a single transient species 

remains at long times.    

The 41% yield of FeOH2+ 100 ps after UV excitation of Fe3+ indicates that the 

monohydroxy iron(III) ion is formed efficiently. Multiplying 0.41 by the ratio of the 

FeOH2+ population at 0 ps to its value at 100 ps provides an estimate of the quantum 

yield immediately after photoexcitation. Using the fit parameters from the first row in 

Table 3.2 to model the population dynamics of the 300 nm signal, and assuming that only 

the exponential terms with lifetimes t1 and t3 are due to FeOH2+, a value of 0.86 is 

obtained. The prediction that 86% of excitations decay via the photohydrolysis channel, 

while just 14% of excited states decay via the photoreduction channel is somewhat crude 

and likely subject to uncertainty of 10% or so. For this reason, these values are rounded 

to 90% and 10% in Scheme 3.1. Accounting for some geminate recombination, an initial 

photoreduction yield of 10% is reasonably consistent with observed OH• quantum yields 

of close to 5%, following UV excitation of Fe3+ 6. 

 
3.4 Conclusion 

 
In summary, we have observed a new photochemical pathway in the photolysis of 

the hexaaqua iron(III) ion in aqueous solution. LMCT excitation of Fe3+ transfers 

electron density from a coordinated water molecule to the metal center, polarizing an OH 

bond of water sufficiently to release a proton. Significantly, the loss of a proton from a 

water molecule occurs without a net change in the oxidation state of iron. The hydrolysis 

of a nearby water molecule upon electronic excitation of a Lewis acid (“Lewis 
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photoacidity”) was recently described for the organic dication methylviologen (MV2+) in 

water 32, and analyzed theoretically 33. Photohydrolysis of both MV2+ and Fe3+ releases a 

proton from a water molecule, but the initial excited state of MV2+ appears to be localized 

on the organic ion, whereas the LMCT excited state of Fe3+ involves the water molecule 

more directly. It will be valuable to investigate how differences in electronic structure, 

including the degree of charge transfer character, affect the mechanism and kinetics of 

proton release from a water molecule. 

Roughly half of the ejected protons avoid geminate recombination and escape to 

the bulk, possibly aided by Coulombic repulsion between the nascent FeOH2+ ion and H+. 

The photoacidity seen here for Fe3+ is likely to be a general characteristic of other 

inorganic aqua ions. A number of issues raised by this study merit further study. It would 

be interesting, for example, to investigate the reasons for the very different geminate 

recombination dynamics seen here compared to the dynamics observed with 

conventional, organic photoacids. Improved understanding of the electronic structure of 

hydrated metal ions would also help to explain the rapid branching suggested in this 

study. Future work could also address how the excitation wavelength affects the 

competition between photoreduction and photohydrolysis and reconcile these findings 

with steady-state quantum yields. Photoacid behavior might also be important not just for 

small metal complexes, but also for larger metal clusters or solid metal oxides. 

Analogous photohydrolysis pathways could exist for water molecules interacting with the 

surface of semiconductors, and play a role in the generation of reactive hydroxyl radicals 

seen in these systems. 
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Figure 3.1. (a) UV-vis spectra of freshly prepared 2.1 mM iron(III) perchlorate solutions 
at the indicated pH values. (b) Absorption spectra of Fe3+ (long dashed curve; data from 
ref. 2), FeOH2+  (solid curve; data from ref. 2), and Fe2(OH)2

4+ (short dashed curve; data 
from ref. (15)). A dark blue line shows the pump wavelength of 265 nm, while dashed 
lines indicate the probe wavelengths used: 250 nm and 300 nm. 
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Table 3.1. Speciation vs. pH of the aqueous iron(III) solutions under study. 

  Species concentrationsa 

pH ionic strength Fe3+ FeOH2+ Fe(OH)2
+ Fe2(OH)2

4+ 

0.0 1.0 100 (100) 0.2 (0.1) 0.0 (0.0) 0.0 (0.0) 

0.5 0.33 99 (100) 0.7 (0.4) 0.0 (0.0) 0.0 (0.0) 

1.0 0.13 97 (98) 2.7 (1.5) 0.0 (0.0) 0.0 (0.2) 

1.5 0.045 90 (93) 9.7 (5.5) 0.1 (0.1) 0.2 (1.5) 

2.0 0.033 70 (74) 27 (16) 0.5 (0.8) 1.2 (9.0) 

2.5 0.013 38 (40) 51 (29) 3.3 (4.8) 3.7 (26) 

aRatio in percent of species molarity to the 2.1 ± 0.2 mM formal concentration of iron(III) 
perchlorate. The percentage of all excited states produced by a 265 nm pump pulse is shown 
in parentheses. All solutions contain 9.8 ´ 10-4 M NaClO4. See the text for full details. 
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Figure 3.2. Transient absorption signals from acidic iron(III) solutions at the indicated pH 
values collected with excitation at 265 nm and probing at (a) 300 nm and (b) 250 nm. All 
traces were scaled to have similar signal amplitudes and offset vertically for clarity. In 
panel b, the positive-going, spike-like signals near time zero were removed. 
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Table 3.2. Global fitting parameters for the transient absorption signals in Figure 2.a  

pH lprobe (nm) τ1 (%A1) τ2 (%A2) τ3 (%A3) %A0 

0 300 1.9 ± 0.3 (33) 21.8 ± 2.7 (9.9) 350 ± 30 (57)  
 250 " (-37)  " (1.6)     " (-58) -7 
0.5 300 " (33)  " (9.7) 610 ± 50 (53)  
 250 " (-31)  " (4.0)     " (-64) -10 
1.0 300 " (31)  " (13) 1,950 ± 120 (56)  
 250 " (-27)  " (6.0)     " (-79) -- 
1.5 300 " (28)  " (17) 5,000 ± 500 (56)  
 250 " (-31)  " (8.0)     " (-78) -- 
2.0 300 " (22)  " (24) 8,400 ± 1,200 (53)  
  250 " (-31)  " (10)     " (-78) -- 
2.5 300 " (4.7)  " (58) 100,000b (37)  
 250 " (-25)  " (33)      " (-107) -- 

aAll transients were fit with the function A0 + Ai exp(−t / τ i )
i=1

3

∑ . The lifetimes, τ i , are reported 

in ps, while amplitudes are tabulated as percent amplitudes, defined as  

%Ai = Ai ⋅100% / Ai
i=0

3

∑ .  A value of " indicates a parameter was linked to the value in the table 

row above, while parameters shown as ‘--’ were not used in the fit. Uncertainties are twice 
the estimated standard deviation. 
bHeld at 100,000 ps. 
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Figure 3.3. Transient absorption from the pH 0.0 solution with excitation at 250 nm and 
probing at the isosbestic wavelength of 272 nm.  The solid curve is a fit to a single 
exponential decay with a time constant of 21 ±	4 ps.  

 
 

[FeOH2]3+ ⟶  [FeII-•OH2]3+           [FeOH]2+, H+ ⟶ [FeOH]2+ + H+ ⟶ [FeOH2]3+  
 
 
      [FeOH2]3+ 
 
  Fe2+,OH• + H+ ⟶ Fe2+ + OH• + H+      

 
         

Scheme 3.1. Photochemical reactions initiated by LMCT excitation of iron(III) aqua ions. 
The LMCT excited state of the hexaaqua iron(III) complex (upper left, only a single 
coordinating water molecule is shown) decays via the two decay channels shown by the 
dashed arrows. Photoreduction of the metal occurs ~10% of the time for excitation at 265 
nm, while the photohydrolysis channel identified in this study (dashed box) has a primary 
quantum yield of ~90%. A comma is used to indicate species that are confined within the 
solvent cage.   
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Figure 3.4.  TA relative actinometry signals recorded in back-to-back measurements and 
used to determine the quantum yield of FeOH2+ formation. Signals from an acetonitrile 
solution of benzophenone (pump 265 nm / probe 525 nm, solid circles) and from a pH 0.0 
solution of iron(III) perchlorate (pump 265 nm / probe 300 nm, open circles) are shown. 
The signal level at 100 ps from a fit to each trace (solid curves) is shown at right. 
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CHAPTER FOUR 

PHOTOPHYSICS AND PHOTOCHEMISTRY OF MONOHYDROXY 

IRON(III) AND DIHYDROXYIRON(III) DIMER 

 
4.1 Introduction 

 
 Chapter 3 investigated the excited state dynamics of Fe3+ to explain the low 

quantum yields of OH• generation (<10%1-5).  This chapter focuses on the excited state 

dynamics of FeOH2+ and Fe2(OH)2
4+.  FeOH2+ exhibits a quantum yield for OH• 

production that is minimal at wavelengths longer than 350 nm, but rises rapidly as 

wavelength is decreased,4-5 attaining a value of 80% at 240 nm (Figure 1.1).1  As 

discussed in Chapter 3, the quantum yield for OH• generation is much smaller for Fe3+ 

and is somewhat independent of excitation wavelength, according to some authors.1, 2  

The large variation in the quantum yields is intriguing as Fe3+ differs from FeOH2+ by a 

single proton.  Raising the pH shifts the equilibrium from the small iron complexes 

towards multiple iron atom complexes.  The dimer, Fe2(OH)2
4+, forms in solution in 

increasing quantities as the pH is raised and as the total iron concentration is increased, 

but upon excitation at 350 nm the quantum yield of OH• is very small at 0.7%.6 This 

chapter reports the photochemical dynamics of FeOH2+ and the dimer prepared in dilute 

acidic aqueous solutions.  This Chapter applies the methods described in Chapter 3 for 

studying photochemical dynamics of Fe3+ to other iron(III) hydrolysis products. 

The compositions of the three solutions used in the ultrafast experiments 

described in this dissertation are shown in table 4.1. The percent composition of each iron 
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complex in solution was calculated using the equilibrium constants reported by 

Stefansson et al. adjusted for the ionic strength of each solution.7  The percent excitation 

of each species in solution is also shown in table 4.1 at the wavelength of the pump pulse 

used in the various ultrafast pump-probe experiments.  Percent excitation was calculated 

as described in the previous chapter using absorption coefficients from Knight et al.15 

FeOH2+ and the dimer form in increasing amounts in solution as the pH is raised above 0, 

according to the equilibrium constants from Stefansson et al.7-12  At pH 0, Fe3+ accounts 

for 99.6 % of the total iron in solution. Raising the pH to 2.5 causes FeOH2+ and the 

dimer to increase in abundance (Table 4.1).7, 13  At pH 2.5 and low ionic strength, 

FeOH2+ is the second most abundant species in the solution after Fe3+.13  Hereafter, the 

solutions denoted as I, II, and III will be referred to as the Fe3+ , FeOH2+ , and dimer 

solutions, respectively. 

There have been many reports of equilibrium constants for the hydrolysis of 

iron(III) in the literature.5, 7, 12, 14-16  The equilibrium constant describing the formation of 

the dimer is sensitive to the ionic strength of the solution and can vary greatly with small 

changes.4, 7  Figure 4.1 shows the UV visible absorption spectra for two different dimer 

solutions prepared at the same nominal pH.  Both dimer solutions were prepared with a 

total volume of 20 mL and then pH adjusted with 0.1 M NaOH to achieve a final pH of 

2.5.  Small differences in the amount of Fe(ClO4)3 and NaClO4 added to the solution 

result in changes in the total dimer concentration, resulting in changes to the large dimer 

absorption bands, located at 240 nm and 335 nm (Figure 4.1).  The dimer has strong 

absorption coefficients of 5000 M-1 cm-1 at 335 nm and ~12000 M-1 cm-1 at 240 nm.14   
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 The dimer is formed by the linking of two FeOH2+ through the hydroxide groups, 

resulting in the formation of two µ-hydroxo bridges between each iron(III).17-19  

However, some literature reports indicate that the dimer contains µ-oxo bridges instead of 

µ-hydroxo bridges.18  Conversions between the two bridge types is controlled through 

acid base reactions.20  According to Zheng et al., the type of bridge present in the dimer 

depends on the environment around the dimer.20  The pKa of the µ-hydroxo bridge is 

thought to be low.20  Due to the pH of the solution being 2.5, it is likely that the bridges 

between the iron atoms are protonated. The dimer is also a precursor to the formation of 

small particles in solution.9, 21-22  Raising the ionic strength of the solution to 1 M 

promotes dimer formation in solution. To increase the formation of FeOH2+, iron 

solutions were prepared at low ionic strength, low total iron concentration, and at pH 

2.5.2, 13  Each solution was excited near the maximum of the LMCT absorption band of 

the species of interest to limit the excitation of other species (Table 4.1).  The ultrafast 

dynamics of these two species is the focus of this chapter. 

 
4.2 Results 

 
4.2.1 Solution Preparation 

4.2.1.1 Preparation of FeOH2+ Solutions.  To prepare solutions that favor 

formation of FeOH2+, the solutions were prepared at low concentrations of iron(III) and 

low ionic strength.  Solutions contained a total iron concentration of 2.1 mM Fe(ClO4)3 

and an ionic strength of 0.02 M. The ionic strength was adjusted by the addition of 0.96 

mM NaClO4 to the solution. The pH was adjusted to 2.5 by the dropwise addition of 1 M 
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HClO4.  All solutions were prepared to have a total volume of 20 mL and were colorless.  

The solution was checked with UV-Visible spectroscopy to ensure the composition of the 

solution was the same between each experiment.  Preparation of the solution under these 

conditions results in approximately 48% of the total iron in solution to be FeOH2+, while 

minimizing the formation of the dimer at 4 % of the total iron in solution (Table 4.1).  For 

transient absorption experiments, all solutions were photoexcited at 300 nm.  300 nm 

excitation allows 85 % of the excited states to arise from FeOH2+, with minimal 

excitation of Fe3+ and the dimer.  The absorption coefficients for each species at the 

maximum absorption is shown in table 4.2. 

 
4.2.1.2 Preparation of Dimer Solutions.  To prepare solutions that favor the 

formation of the dimer in higher concentrations than that of the solutions described 

above, the total iron concentration and ionic strength was raised.  Solutions were 

prepared with an iron(III) concentration of 3.8 mM by the addition of Fe(ClO4)3 into 

Millipore water.  The ionic strength was increased to 1 M by the addition of NaClO4.  

The pH was adjusted to 2.5 by the dropwise addition of 0.1 M NaOH.  The solution was 

made to a total volume of 20 mL.  Slight changes in ionic strength, total iron 

concentration or pH result in large changes in the absorption spectrum due to changes in 

the amount of dimer present in solution.  Preparation of the solution with higher iron(III) 

concentrations and 1 M ionic strength results in solutions that have a faint yellow color 

and are completely transparent.  Excitation of the solution with 350 nm pump light for 

transient absorption experiments resulted in 77% of the excited states arising from the 

dimer (4,400 M-1 cm-1) and the remaining 23 % of the excited states arising from FeOH2+ 
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(560 M-1 cm-1).  The absorption coefficients at lmax for the small iron(III) complexes can 

be found in table 4.1. 

 
4.2.2 UV-Vis Spectra 

 The dimer ligand-to-metal charge transfer (LMCT) band is red shifted from 

FeOH2+ in the ground state absorption spectra.  Figure 4.2a shows the absorption bands 

for Fe3+, FeOH2+ and the dimer reproduced from the literature, while table 4.2 gives the 

absorption coefficients at the lmax for each species.2, 14  Panel b shows the absorption 

spectra of a FeOH2+ solution and a dimer solution prepared for transient absorption 

experiments.  FeOH2+has two LMCT bands that exhibit absorption maxima at 205 nm 

and 297 nm.6, 23-24  The dimer has very strong and narrow absorption bands in the UV 

region which are centered around 240 nm (12,000 M-1 cm-1) and 335 nm                  

(5,000 M-1 cm-1).  This is consistent with the wavelengths of the peaks observed in the 

figure 4.1.14  Theoretical calculations performed by Lopes et al. show the dimer spectra 

having broad absorption bands at 260 nm (15,000 M-1 cm-1) with a shoulder at 335 nm 

(9,000 M-1 cm-1), which are inconsistent with the peaks identified in figure 4.1.25  The 

spectra collected for the dimer solution appears to show much narrow peaks (figure 4.2 b) 

in which the 335 nm LMCT band is clearly resolved while the 240 nm peak is a shoulder.  

The solution that forms greater quantities of FeOH2+ shows a shoulder at 300 nm in 

figure 4.2 b, indicating the presence of FeOH2+ in solution.  The lack of fully resolved 

LMCT bands in each spectrum is the result of contributions from Fe3+ for both FeOH2+ 

and dimer solutions. 
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4.2.3 Steady State Irradiation 

 An FeOH2+ solution, prepared as described in section 4.2.1.1, was placed in a 

mercury lamp irradiation chamber and irradiated with 254 nm light for two hours.. A 1 

cm cuvette was used for all irradiation experiments because it could be sealed with cap, 

facilitating experiments under deaerated conditions. The strong absorbance of the dimer 

solution, prepared as described in section 4.2.1.2, would have make it difficult to observe 

photobleaching, so no steady-state irradiation experiments were performed on the dimer. 

At 254 nm, the dimer solution had an absorbance of 1.5 in a 1 mm path length cuvette.  

The absorbance of this same solution would be approximately 15 at the same wavelength 

in the 1 cm cuvette used in the irradiation experiments. All irradiation experiments were 

performed with a matching control solution that was kept in a dark box during the 

irradiation experiment.  A spectrum of the unirradiated control solution was collected 

immediately after recording the spectrum of the irradiated sample.  Both the unirradiated 

control and the irradiated solution were from the same freshly prepared FeOH2+ solution.  

All solutions were prepared fresh to prevent the effects of solution aging. 

 Over the course of two hours of UV irradiation, the FeOH2+ solutions showed 

significant photobleaching. Purging the solution with N2 resulted in a decrease in the 

amount of photobleaching observed over the course of 2 hours (Figure 4.3 c and d), 

suggesting that dissolved O2 and CO2 gasses may affect the photoreduction of iron(III).  

Most photobleaching occurred within the first 30 minutes of irradiation.  Figure 4.3 a and 

b and Figure 4.4 show that the solution absorbance decays more slowly after 30 minutes. 
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After 2 hours, the absorbance decayed to 50% of the initial value under aerated 

conditions.  

 
4.2.4 FeOH2+ Kinetics 

Transient absorption signals were recorded from the FeOH2+ solution with 300 

nm pump pulses. This excitation wavelength, which is near the maximum of the LMCT 

band of FeOH2+, was chosen to maximize excitation of the monohydroxy complex. No 

signals were observed with probe wavelengths of 340 nm and 420 nm apart from a 

coherent artifact near time zero that arises from two photon absorption of water.  

Shifting the probe wavelength to 265 nm resulted in a weak signal that was 

captured by averaging 10 scans (Figure 4.5). The kinetic trace at this probe wavelength 

starts as a weak positive signal before decaying to a small negative offset (Figure 4.5).  

The maximum amplitude of the positive signal portion is roughly equal to that of the 

negative signal. The decay from FeOH2+ can be fit with a single exponential of 18 ± 1 ps 

and an offset.  The relatively simple signal kinetics contrast with the multiexponential 

signals presented in Chapter 3 for Fe3+. The negative signal offset remains constant to at 

least 2 ns and no signal recovery is observed.  

 
4.2.5 Dimer Kinetics 

 Transient absorption signals were recorded from the dimer solution following 

photoexcitation at 350 nm, a wavelength that excites the LMCT band of the dimer. Using 

450 nm probe pulses, a positive transient absorption signal is observed that decays in 

multiexponential fashion over the range 0 to 2 ns (Figure 4.6).  The trace was fit with 
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three exponentials, yielding a slow component of 150 ± 20 ps, an intermediate lifetime of 

12 ± 1 ps, and a fast lifetime of 0.7 ± 0.1 ps (Table 4.3).  Fitting was done from 300 fs out 

to 2 ns, with data points before 300 fs omitted to exclude the coherent artifact at time 

zero.  The coherent artifact at time zero was attributed to etching of the cell windows 

from the acidic iron solution during the course of the experiment (Figure 4.7).  Figure 4.7 

was collected with a 350 nm pump and a 450 nm probe and is a representative figure of 

the coherent artifact for all probe wavelengths. 

 To probe recovery of the ground state, the probe wavelength was shifted to 320 

nm (Figure 4.8).  The resulting kinetic trace has an initial sharp negative transient 

response that rises rapidly to a positive signal.  This positive signal then decays back to a 

negative signal after about 100 ps. This weak negative transient signal returns to the 

baseline by 1 ns.  The 320 nm signal was measured at three pump powers: 0.3 mW, 0.5 

mW and 0.7 mW.  The same kinetics were observed at all pump powers. Decreasing the 

probe wavelength by a further 10 nm, to 310 nm (figure 4.9), resulted in significant 

changes of the signal at times less than 1 ps.  The sharp negative transient signal observed 

with the 320 nm probe wavelength becomes a positive transient signal at 310 nm.  This 

positive transient signal decays to just below the baseline before rising again back to a 

positive transient signal that matches what is observed at 320 nm.  The positive signal, as 

was observed at 320 nm, decays to a weak negative signal at 100 ps.  Just like the signal 

at 320 nm, the weak negative signal decays to the baseline by 1 ns. 

 Shifting the probe wavelength again to 300 nm (Figure 4.10) resulted in vastly 

different dynamics from those at 320 nm and 310 nm.  The transients collected at 300 nm 
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and 320 nm were collected twice in independent experiments performed on different 

days.  The same kinetics were observed in each experimental trial. The 300 nm kinetic 

traces exhibit a positive transient signal until 100 ps.  The fast decay is 0.9 ± 0.1 ps with a 

second slower decay of 51 ± 4 ps. At 100 ps, the signal changes sign and becomes 

negative out to 1 ns and matches what was observed in the 320 and 310 nm signals past 

100 ps.  However, at 300 nm, this decay appears to have a larger amplitude than is 

observed in both 320 and 310 nm probe wavelengths.  This long decay has a lifetime of 

2000 ± 3000 ps.  The large uncertainty is likely due to the small amplitude of the signal 

that is present at times greater than 100 ps coupled with the limited time record for this 

slow decay.  The dynamics measured by a 300 nm probe are very different from the 450 

nm probe data discussed earlier.  Both data sets have similar fast lifetimes, however the 

300 nm data has significantly slower intermediate and slow decay components along with 

a negative transient signal at long time delays.  All fitting parameters can be found in 

Table 4.3 for the 300 nm and 450 nm probe. 

 
4.3 Discussion 

 
 
4.3.1 Steady-State Irradiation Experiments 

 In the steady-state irradiation experiments, all species that absorb the Hg lamp 

light will be excited and can undergo independent photochemical reactions. Because 

there are multiple Fe(III) species present simultaneously, and because all of them absorb 

significantly at 254 nm, it is difficult to pinpoint the photochemical reactions behind 

photobleaching. Nevertheless, the observed photobleaching indicates that one or more of 
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the species present in solution are photolabile. It is proposed that photolability is the 

result of the photoreduction of iron(III) to iron(II) with the accompanying production of 

OH•. Among the Fe(III) species believed present in our solution conditions, FeOH2+ is 

expected to have the greatest OH• quantum yield with a reported value of 69% at 254 

nm.1 The formation of OH• is accompanied by reduction of Fe(III) to Fe(II), 

 FeOH2+ hν
Fe2++OH·        (4.1) 

Other Fe(III) species in solution can similarly be reduced to Fe(II) with the generation of 

OH•. Neither Fe2+ nor OH• absorb strongly in the UV or visible region.26, 27  Fe2+ has 

forbidden d-to-d transitions and absorbs extremely weakly.27  The absorption of OH• in 

aqueous solution has an absorption maximum at 230 nm with an extinction coefficient of 

575 M-1 cm-1 while OH• has negligible absorption at wavelengths longer than 300 nm.26  

If the reverse of reaction 4.1 is suppressed through competition with an OH• 

radical scavenger, photobleaching will be observed. Even though no radical scavengers 

were explicitly added to the solution, the hydroxyl radical can react with organic and 

inorganic impurities that might be present along with several of the inorganic anions 

known to be present in these solution conditions. Any of these adventitious radical 

scavengers can interfere with the back reaction between OH• and Fe2+. Hydroxyl radical 

scavenging reactions that could be important for the conditions in this study are listed in 

equations 4.2-4.3,28 

 OH·+Cl-→ClOH-        (4.2) 

 OH·+CO&→CO3
· -+H+       (4.3) 
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OH• can react with anions such as Cl-. Trace amounts of chloride ions are present in the 

reagents used to prepare the iron(III) solutions.  CO2 is present in the aerated solutions as 

the result of CO2 dissolving into the water from the atmosphere.  Under standard 

atmospheric conditions, the concentration of H2CO3 dissolved in pure water is 0.012 mM. 

The slower rate of photobleaching in the solution purged with N2 gas (Figure 4.3 c) is 

consistent with reduced scavenging capacity from decreased levels of dissolved CO2.  

 
4.3.2 Dynamics of FeOH2+ 

 The dynamics observed following excitation of the FeOH2+ solution at 300 nm 

(Figure 4.5) are very similar to those seen for the Fe3+ solution at pH 0 (Figure 3.3). In 

the latter case, pump and probe wavelengths were 250 nm and 272 nm, respectively. 

Probing at 272 nm, which is the isosbestic wavelength of Fe3+ and FeOH2+, allowed the 

minor photoreduction pathway of Fe3+ to be observed, 

 Fe3+→Fe2++OH·+H+        (4.4) 

For FeOH2+, the generation of OH• can proceed by direct homolysis of the Fe-OH bond 

without the need to oxidize a coordinated water molecule as is shown in reaction 4.1. 

In both reactions 4.1 and 4.5, Fe2+ and OH• are initially present at close separation 

in the solvent cage. The positive transient absorption signal (300 nm pump / 265 nm 

probe) recorded from the FeOH2+ solution (Figure 4.5) is thus assigned to a contact pair 

that is formed faster than the experimental time resolution (Scheme 4.1). It is the 

separation of these two species by diffusion that is proposed to occur on the time scale of 

approximately 20 ps. Note that the best-fit lifetime of 18 ps observed for the FeOH2+ 

solution is very similar to the 21 ± 4 ps lifetime observed when Fe3+ is excited at 250 nm. 
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The weak signal seen in Figure 4.5 is the result of the inefficient production of OH• 

radical with 300 nm excitation.  The quantum yields of OH• formation is estimated to be 

15 % at 300 nm.1 The use of a shorter pump wavelength would enhance the yield of OH• 

from FeOH2+, but it would also enhance excitation of Fe3+ at the expense of FeOH2+ due 

to the greater cross section of the latter. 

 Significantly, the negative offset seen in the signal persists out to 3 ns and no rise 

is observed that would indicate the regeneration of FeOH2+ by recombination of the 

products of reaction 4.5. It is known that Fe2+ and OH• react with a bimolecular rate 

constant of 3 ´ 108 M-1 s-1.28  This value is an order of magnitude below the diffusion-

limited rate. Although it is conceivable that geminate recombination between Fe2+ and 

OH• could take place more rapidly prior to the establishment of their full coordination 

spheres, the results presented here argue against such a possibility. 

It is important to ask what events compete with the photoreduction channel that 

generates OH• (Scheme 4.1). Decreasing the excitation wavelength used to drive a 

photolysis reaction frequently results in a higher quantum yield because the excess 

photon energy imparts greater kinetic energy to the fragments, causing them to 

thermalize at a greater distance. The greater initial separation then suppresses geminate 

recombination and favors escape to the bulk. However, there is no evidence that a rapid 

geminate recombination reaction takes place between Fe2+ and OH•. We propose that the 

primary quantum yield for OH• is not 100%, but is instead equal to the value of 15% that 

is observed in scavenging experiments such as the ones in ref. 1. If this is correct, then an 

additional channel leads to rapid deactivation of the approximately 85% of excited 
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FeOH2+ complexes. Rapid internal conversion back to the ground state of the ion would 

be expected to result in a high degree of vibrational excitation, but no signatures of 

vibrational cooling are seen in the signals.  

Further experiments are needed to elucidate the events that compete with OH• 

generation. The absence of rapid geminate recombination nevertheless suggests strongly 

that the wavelength-dependent quantum yield observed for FeOH2+ has another cause. 

We propose that decreasing the wavelength excites transitions that lead to greater OH• 

production. Improved understanding of the electronic structure of Fe(III) aqua ions will 

be required for further progress. The ability to use other pump wavelengths would also 

allow for a better understanding of the kinetics associated with excitation of different 

LMCT bands. However, it is difficult to selectively excite FeOH2+ at wavelengths away 

from the maximum of its LMCT absorption band near 300 nm. 

 
4.3.3 Dynamics of the Dimer in Solution 

The dimer is composed of two iron(III) centers that are linked to one another 

through two µ-hydroxy bridges.7, 9, 16-17, 22  The rest of the coordination sphere on each 

iron atom is occupied by water molecules.  There has been considerable debate in the 

literature about the nature of the bridges connecting the iron centers. A few sources report 

µ-oxo bridges,18, 21, 29  while other reports claim that µ-hydroxo bridges are present. 

Quantum chemical calculations have been unable to resolve this question. Lopes et al. 

calculated Fe-O bond distances of 2.05 Å and 1.75 Å for µ-hydroxo vs. µ-oxo bridges, 

and suggested that the former value is more consistent with experiment.25  On the other 

hand, a recent computational study by Yang et al. suggests that a mixture of dimeric 
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structures will be present in solution as they have similar energies.18  A recent 

experimental study suggested that a µ-oxo structure is favored.18   

Clearly, it is difficult to assign the excited-state dynamics in view of considerable 

uncertainty about the basic structure of this species. The complex dynamics observed in 

Figures 4.6 and 4.8 to 4.10 could be the result of distinct decay pathways for the various 

dimers that are simultaneously present in solution. Even in the face of this complexity, it 

is possible to reach some important conclusions about the dimer from the experiments 

reported here. In particular, the transient signals recover either fully or very nearly to the 

baseline within the 3 ns observation window. This behavior is similar to what is seen for 

the larger iron clusters to be discussed in Chapter 5. The signal recovery also contrasts 

with the persistent negative offset seen in Figure 4.5 for FeOH2+.  Although it was not 

possible to perform steady-state irradiation experiments on the dimer solution, it appears 

that the dimer is considerably more photostable than the mononuclear iron(III) 

complexes. 

The absence of an offset rules out the formation of a photoproduct in a significant 

yield. It was reported many years ago by Langford and Carey that excitation of the dimer 

at 350 nm produces OH• with a quantum yield of just 0.7%.6 Lopes et al. later 

rationalized this result on the basis of their computational results.25 They assigned the 

absorption band at 335 nm to LMCT from the bridged OH group to the iron center, 

whereas they assigned the 240 nm absorption band to the LMCT of water bound to the 

iron centers.25 Lopes et al. predicted that this bridge would not be a significant source of 

OH• because the OH group is bound between the two iron centers.25  If an OH• were to 
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be formed after excitation, it would be bonded to two partially reduced iron atoms 

through delocalization of the electron.25  Delocalization of an electron from an iron d 

orbital in the dimer would result in class II Intervalence Charge Transfer (IVCT).30 

Localization of the electron onto a single iron atom would result in class III IVCT. 

However, coordination of the OH• between the two iron atoms would lead to a rapid back 

reaction in which very little free OH• would be generated.25 The different classes of 

IVCT result in differently shaped absorption bands and would require sensitive 

broadband measurements at red and NIR wavelengths to determine if FeII/FeIII dimers can 

be detected after excitation.30 

The kinetic traces collected with a 350 nm pump reveal interesting and complex 

dynamics for the dimer that pronounced differences when probed over a small range of 

wavelengths.  The kinetic trace measured at 300 nm (Figure 4.10) for the dimer suggest a 

possible photoproduct may be FeOH2+ because of the strong positive transient signal 

present before 100 ps.  FeOH2+ has an absorption maximum at 295 nm, while the dimer 

has an absorption minimum at 305 nm.  But the generation of FeOH2+ does not explain 

the transient signal observed at 450 nm.   IVCT can be ruled out as causing the positive 

transient signals at 300 and 450 nm.  It is a lower energy charge transfer in iron(II/III) 

systems while the positive transient signals are located at a probe wavelength of 300 and 

450 nm.31  Measurements of IVCT on various other FeII/FeIII complexes have IVCT 

bands located between 540 nm and 1030 nm.32   The strong absorption of the IVCT band 

at 620 nm in Prussian Blue (Fe4[Fe(CN)6]3) is responsible for its characteristic deep blue 

color.  The dynamics of the dimer appear similar to those reported on ferrihydrite 
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(Chapter 5) and are very different from the small iron(III) complexes.  Similar dynamics 

between the dimer and ferrihydrite may indicate that both structures exhibit a common 

deactivation mechanism that is not yet understood and is characteristic to complexes 

containing more than one iron atom. 

 
4.4 Conclusions 

 
 FeOH2+ and the dimer have vastly different kinetics from the kinetics of Fe3+ 

reported in chapter 3 and very different kinetics from one another.  Upon excitation of 

FeOH2+, Fe2+ and OH• are generated and form a contact pair that decays with an 18 ps 

lifetime.  The 18 ps photoreduction of FeOH2+ matches well with the photoreduction 

pathway described in chapter 3.  There is no evidence of a back reaction out to 3 ns.  

Utilizing a 300 nm pump allowed for selective excitation of FeOH2+ in solution with 

minimal excitation of any other species that are present in the solution.  However, 

FeOH2+ has a wavelength dependent quantum yield for the production of OH• with the 

quantum yield increasing as the excitation wavelength is blue shifted.  300 nm irradiation 

has been reported with a steady state quantum yield of 15 %.  If selective excitation could 

be achieved with a 240 nm excitation source, the quantum yield for OH• increases to 80 

% and would result in a much stronger signal in transient absorption experiments.  Since 

neither Fe2+ or OH• absorb significantly in the UV and visible regions, no positive 

transient signals were collected arising from Fe2+ or OH•.  Fe2+ has forbidden d-to-d 

transitions that do not allow for photoproduct absorption to be observed, instead a ground 

state bleach indicates the formation of Fe2+. 
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The µ-hydroxo dimer has complex kinetics in comparison to FeOH2+ with 

multiple deactivation pathways possibly present after excitation. There is no evidence of 

OH• production upon excitation of the dimer which is consistent with the literature in 

stating that negligible OH• was produced under steady state conditions.6  If OH• were 

produced, an offset would be noted in the kinetic traces collected on the dimer due to the 

reduction of an iron in the dimer.  However, none of the traces show an offset and instead 

slow decays are noted at long time delays at all probe wavelengths. A majority of the 

excited dimer recovers within 3 ns after excitation, indicating a greatly reduced 

photolability compared to the mononuclear Fe(III) complexes. Enhanced photostability 

will be shown in the next Chapter for larger iron oxide clusters and it is remarkable that 

this behavior can be identified already in the dimer containing just two iron centers. 

Further calculations would be helpful to understand the excited states and structure of the 

dimer and develop a better understanding of the primary kinetics after excitation.  
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Figure 4.1.  UV-Visible absorption spectra of two separate dimer solutions prepared for 
transient absorption experiments.  The blue absorption curve represents a solution 
prepared with 0.0468 g of Fe(ClO4)3 and 2.439 g of NaClO4.  This results in a spectrum 
with shoulders on the absorption curve that is indicative of the formation of dimer in 
solution.  The green absorption curve represents a dimer solution prepared with 0.0468 g 
of Fe(ClO4)3 and 2.446 g of NaClO4. 
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Figure 4.2.  Panel a) Predicted absorption spectra for the first 3 iron(III) hydrolysis 
products in aqueous solutions as reproduced from reference (15).  The spectra of the 
dimer (blue curve) is not well known.  Panel b) Absorption spectra of a solution 
optimizing the formation of FeOH2+ (green curve) and the dimer (blue curve) for 
transient absorption experiments. 
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Figure 4.3.  FeOH2+ solutions irradiated with 254 nm light for periods up to two hours in 
a mercury lamp chamber.  Panels a) and b) are for aerated solutions.  Panel a) was 
irradiated while panel b) was an unirradiated control.  Panel c) and d) are solutions that 
were bubbled with N2 gas for 5 min before irradiation experiments were performed.  
Panel c) shows the irradiated solution while panel d) is the unirradiated control solution. 
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Figure 4.4.  The rates of photodegradation of the FeOH2+ solution as a function of 
normalized absorbance averaged across multiple wavelengths as described in the text.  
The solution open to the atmosphere degrades about 50% over 2 hours while the N2 
purged solution degrades about 25 % in the same time period. 
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Figure 4.5.  The dynamics of FeOH2+ were studied using a 300 nm pump to selectively 
excite FeOH2+ and a 265 nm probe.  This gave a kinetic trace that decays with a lifetime 
of 18 ± 1 ps to a negative offset. 
 
 

 
Figure 4.6.  A kinetic trace collected with a 350 nm pump and 450 nm probe on the dimer 
solution.  The trace was fitted with three exponentials to give lifetimes of 0.7 ± 0.1 ps, 12 
± 1 ps, and 150 ± 20 ps and a small offset was included. 
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Figure 4.7.  Transient absorption kinetic traces of water showing the coherent artifact 
caused by etching on the cell window that is centered around time 0 collected with a 350 
nm pump and 450 nm probe.  This artifact was not seen with fresh windows. 
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Figure 4.8.  A 350 nm pump/ 320 nm probe experiment on the dynamics of the dimer.  
The early dynamics show a ground state bleach that transitions to an excited state arising 
from the formation of FeOH2+ in solution.  The signal then becomes negative again 
before returning to the baseline.  Adjusting the pump power did not change the dynamics 
and only the lowest pump power showed decreased amplitudes. 
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Figure 4.9. A 350 nm pump/310 nm probe experiment of the dimer.  At delay times less 
than 100 ps a majority of the decay is an excited state that arises from FeOH2+ before 
becoming a ground state bleach at time scales longer than 100 ps before returning to the 
baseline at 2 ns. 
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Figure 4.10.  Reducing the probe wavelength to 300 nm with a 350 nm pump resulted in 
a clear photoproduct decay before 100 ps after excitation of the dimer.  After 100 ps, the 
signal becomes a ground state bleach that decays to the baseline.  The data was fit with 
three exponentials.  The fast 900 ± 100 fs and a slower 51 ± 4 ps decay arise from the 
excited state absorption while the slow 2000 ± 3000 ps decay arises from the ground state 
bleach. 
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Table 4.1.  Percent speciation of the solutions prepared for femtosecond pump-probe 
measurements.a 

Solution Ib IIb IIIc 
pH 0.0 2.5 2.5 

Ionic strength / 
M 0.03 0.03 1.0 

lpump / nm 300 300 350 
Fe3+ 99.6 (97) 41.0 (9) 49.0 (0) 

FeOH2+ 0.4 (3) 47.7 (84) 27.2 (23) 
Fe(OH)2

+ 0 (0) 2.7 (0) 0.6 (1) 
Fe2(OH)2

4+ 0 (0) 4.3 (7) 11.6 (74) 
 
aThe percent excitation at the pump wavelength (lpump) is shown in parentheses.  
bSolutions contain 2.1 mM iron(III). 
cSolution contains 3.4 mM iron(III)  
 
 
Table 4.2.  Molar absorption coefficients of various iron(III) species at lmax.a 

Species lmax (nm) e (M-1 cm-1) 
Fe3+ 240 4230 

FeOH2+ 205 4640 
 297 2030 

Fe(OH)2
+ 297 1800 

Fe2(OH)2
4+ 240 12000 

 335 5000 
 

aData from reference 14. 
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Table 4.3. Experimental fitting parameters from fits to transient signals recorded for the 
dimer solution at the indicated probe wavelengthsa 

 300 nm 450 nm 
a0 47 % 40 % 

t0 (ps) 0.9 ± 0.1 0.7 ± 0.1 
a1 70 % 39 % 

t1 (ps) 51 ± 4 12 ± 1 
a2 -17 % 21 % 

t2 (ps) 2000 ± 3000 150 ± 20 
 

aPump wavelength was 350 nm. The uncertainties shown are twice the standard deviation 
estimated by the fitting program.  
 
 

 
 

Scheme 4.1. Excited state dynamics of FeOH2+ in solution after excitation with UV light.  
A OH• is released with a lifetime of 18 ps into the bulk solvent.  No recombination of 
Fe2+ and OH• is observed within our 3 ns data collection. 
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CHAPTER FIVE 

PHOTOPHYSICS OF FERRIHYDRITE NANOPARTICLES 

5.1 Introduction 

 Iron(III) oxides are important for many reasons; some of which include the 

abundance of iron within the natural environment such as in effluent surface waters and 

the use of hematite (a-Fe2O3) as a photoanode for solar energy production.1-4 Ferrihydrite 

(Fe2O3 • 0.5 H2O) is also formed in effluent waters and transforms into hematite over 

time.  The hydrolysis of iron (III) is covered in chapter 1, where the final hydrolysis 

products are the nucleation of various iron oxides as precipitates in solution.  Hematite is 

of particular interest when it comes to water splitting photoanodes due to its abundance as 

an oxide.5-10  It has a band gap of 2.2 eV in the bulk phase, which is sufficient to capture 

40% of solar radiation incident on the surface of the earth. While hematite has a valence 

band energy that allows for the oxidation of water, its conduction band lies 0.2 V below 

the reduction potential of hydrogen.5-6, 11-12  Figure 5.1 compares the band gap energy of 

hematite to that of other semiconductors and demonstrates where the band edges are 

located in relation to the oxidation of water and reduction of hydrogen.13-14  The 

conduction band is too low for the reduction of hydrogen however this can be overcome 

with either an applied bias or by coupling hematite with another material that allows for 

efficient reduction of hydrogen.15-18  Hematite, however, suffers from some major 

drawbacks as a water oxidation catalyst, mainly poor electron and hole mobility and 
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carrier lifetimes.5, 8, 10, 19-20  Poor mobilities of photogenerated charge carriers are also a 

common problem in other iron oxide systems, namely goethite.21  Poor charge carrier 

mobilities results in most of the photogenerated charges recombining on short time 

scales, leaving hematite with a maximum theoretical photocurrent efficiency of 16%, due 

to how few charge carriers reach the semiconductor liquid interface.20 The study of small 

nanoparticles is a continuation of the small iron(III) complexes studied in the previous 

two chapters.  The original goal of this chapter was to understand the dynamics of 

amorphous iron polymers to further the understanding of the photochemistry of aqueous 

iron(III) complexes.  However, upon preparation of the solutions for this set of 

experiments, it appears the nanoparticles formed in solution are ferrihydrite. 

 Ferrihydrite is a hydrated iron oxide with the chemical formula of 

2Fe2O3•0.5H2O.  It a quasicrystalline material with many different crystal regions within 

the particles which has made it difficult to characterize.21  For this reason, there are two 

dominant forms of ferrihydrite referenced in the literature.  2-line ferrihydrite exhibits 

two broad XRD peaks while 6-line ferrihydrite shows 6 broad XRD peaks.21  The broad 

peaks noted in XRD are indicative of its disordered crystal structure.  Michel et al. 

showed that the crystal regions in ferrihydrite are 2-6 nm.21  Ferrihydrite is composed of 

FeO4 tetrahedra and FeO6 octahedra.21  The octahedra are the dominant repeating 

structure within ferrihydrite.21  Ferrihydrite is a hydrated iron oxide where hematite (a-

Fe2O3) does not contain any water within its crystal structure. 

 There have been numerous ultrafast studies of iron oxide systems, however the 

only phase that has been extensively studied is that of hematite.8, 15, 20,22-32 Ferrihydrite 
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transforms into hematite through removal of the waters in its crystal structure.21  There 

are no reports on the ultrafast dynamics of small particles that form in aqueous solutions 

of iron(III).  The kinetics observed with the small particles in solution can be compared to 

the well-studied dynamics of hematite.  Durrant et al. and Joly et al. have published a a 

series of journal articles on hematite and modified hematite systems that are 

representative of this area of study.15, 20, 23, 25-28  Probing hematite below the band gap 

(>510 nm), results in excited state absorption from electrons in the conduction band.8  

Probing hematite at energies significantly above the band gap gives a negative transient 

signal from hole recovery dynamics.8  Nadtochenko et al. report that electron and hole 

dynamics do not vary significantly from hematite to ferrihydrite nanoparticles that are 

encapsulated in a protein shell.30 Their studies give a good baseline for comparison with 

the nanoparticles that are studied in this chapter, under the hypothesis that the 

nanoparticles formed in solution (Section 5.3.1) and the dynamics measured with the 

transient absorption arise from ferrihydrite (Section 5.3.2).   

Studies by Joly et al. on hematite thin films were done with visible pump 

wavelengths to elucidate the kinetics of charge carrier dynamics within hematite’s crystal 

lattice.23 They report three predominant lifetimes in thin films of hematite and small 

crystals of hematite when probed below the band gap.  Both the thin film and small 

crystals of the hematite have similar kinetics, showing that the kinetics observed are 

related to the band structure of hematite and not the shape and crystallinity of the 

hematite being studied.23 In the thin film, hematite has three main decays, the fastest of 

which is a 360 fs decay that is assigned to relaxation of hot electrons to the band edge 
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(intraband carrier relaxation).  Excitation of the nanoparticle above the bandgap promotes 

electrons with excess energy above the conduction band edge.8  These electrons then 

relax back to the conduction band edge within hundreds of femtoseconds.8, 15, 20, 23, 24 An 

analogous process occurs with the photogenerated holes.  Holes present deep in the 

valence band rise to the valence band edge on the time scale of hundreds of 

femtoseconds.8, 20, 23 Both the electron and hole relaxation processes to the band edge are 

shown in figure 5.2 with curved arrows. 

A majority of the electrons recombined with the newly generated holes in the 

valence band with approximately a 5 ps lifetime.8, 30-32 Changing the pump power has not 

been shown to affect the recombination lifetimes indicating that the generation of a larger 

number of charge carriers does not affect the rate of interband carrier recombination, 

possibly due to recombination being trap mediated.8, 30 This direct recombination occurs 

between electrons on the conduction band edge and holes on the valence band edge.  The 

direct interband recombination is shown with a solid black arrow on figure 5.2.  The 

rapid recombination of charge carriers limits the overall efficiency of hematite for solar 

energy capture because the charge carrier lifetime is set by the amount of time an electron 

remains in the conduction band.33 

The longest decay lifetime observed in ultrafast experiments is the result of 

electron becoming trapped in defect states which are prevalent in hematite.  Electrons can 

remain in trap states for hundreds of ps to ms depending on the depth of the trap state.8, 20, 

23  A trap state is an electronic state in which charge carriers can no longer freely move. 

All these process are summarized in figure 5.2 showing the approximate lifetimes that 
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have been reported in multiple studies. 8, 20, 23   There are many types of trap states present 

within hematite which give rise to a broad range of lifetimes when electrons become 

trapped.  The main types of trap states in hematite include surface defect states, Fe d-to-d 

midgap states and intraband trap states.20  Surface traps are important to the oxidation of 

water as the surface traps sequester holes on the surface of hematite.20  Water oxidation 

on the surface of hematite is a slow process (1 s-1).20  Intraband trap states can either trap 

electrons or holes preventing recombination of the charge carriers.20  

The study of these small iron particles gives insight into the changing 

photophysics from small aqueous iron(III) complexes that are photoreactive into iron 

oxides that tend to have poor charge carrier separation as the result of poor charge 

mobilities. The original aim of this study was to understand the photochemical dynamics 

of amorphous iron(III) clusters in solution to develop an understanding on the evolution 

of the photoreactivity from small iron(III) complexes to iron oxides.  However, instead of 

the development of stable amorphous iron clusters in solution, stable ferrihydrite 

nanoparticles formed in solution.   The small complexes are known to produce OH•, 

whereas ferrihydrite does not appear to produce free OH• in solution.  However, the 

reactivity of ferrihydrite towards halogenated acetic acids is believe to occur through 

hydrogen abstraction off of surface bound OH• by the acetic acid derivatives.34 Where the 

surface bound OH• is generated from the excitation of ferrihydrite with water adsorbed to 

the surface.34  The identification of ferrihydrite nanoparticles allows for a better 

understanding of what iron complexes are involved in the nucleation of small particles in 
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solutions prepared at <5 mM iron(III) and mildly acidic conditions.  It also gives further 

evidence that different hydrolysis products of iron(III) exhibit unique ultrafast kinetics.  

 
5.2 Results 

 
 An in-depth study of the small particles in solution was done utilizing both time-

resolved spectroscopy techniques and steady-state spectroscopic techniques.  Dynamic 

light scattering (DLS) was used to measure the size distribution of the particles in 

solutions ranging from pH 3.39 to pH 5.12.  Absorption spectra were collected using UV-

Visible spectroscopy to characterize speciation of iron in solution and to check the 

absorbance of the solutions for time resolved experiments.  Transient absorption 

spectroscopy was used to study the excited state dynamics in the visible region on a 

picosecond time scale. 

 
5.2.1 pH Adjustment 

 Preparation of nanoparticles in solution is highly dependent on the rate at which 

the base is added to solution.  If the base is added at a fast rate the solution will 

precipitate the iron out at pH values around 3.1.  However, if the base is added at a very 

slow rate, precipitation will occur above pH 10.5. The precipitate that formed in solution 

is a bright red solid that is highly hydrated and can be centrifuged into a gelatinous solid, 

and rapidly dries out to approximately 10% of the hydrated volume.  Base addition for 

the solution of small particles was performed by adding 5 drops of 0.1 M NaOH to a 50 

mL volume and mixing the solution thoroughly. This process was repeated until the 

desired pH ~4.15 was achieved. Raising the pH in this manner, allowed preparation of 
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the solution to yield very similar results each time.  Failure to raise the pH in this manner 

resulted in solutions that were not stable during transient absorption experiments and the 

solution would also have a slightly different steady state absorption along with different 

pH values. 

 
5.2.2 Dynamic Light Scattering Experiments 

 DLS experiments were performed on solutions that ranged in pH from 3.39 to pH 

5.12 to check the size distributions of the small particles that develop in solution.  There 

was a distinct variation in the size distributions of the particles at various pH values.  

However, each pH solution demonstrated two distinct sizes in the histograms.  The data 

collection software was set to have a 100 nm radius cutoff to reduce the interference from 

dust particles during the experiment.  All solutions were collected for 10 to 15 scans on 

the same solution due to the variability of particle sizes noted between scans. The Stokes-

Einstein equation is used to calculate the particle size through Equation 5.1 shown below.  

' ( = *+
3π./ 

The hydrodynamic radius of the particle is given by d(H), k is Boltzmann’s constant, T is 

the absolute temperature, h is the viscosity of the solution, and D is the translational 

diffusion coefficient which is measured with a 532 nm laser. The results of multiple back 

to back scans were used to generate a standard deviation of the particle sizes at each pH.  

The DLS histograms collected show a much larger intensity for large particles in solution 

when small particles are also present in solution.  The bias arises from the intensity of the 

scattered light, in which scattering from small particles is obscured by scattering from the 
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large particles in solution.35  The difference in scattering results in a much larger intensity 

for the large particles, even though the large particles may be fewer in number than small 

particles.35  The size measured by DLS is the hydrodynamic radius of a particle and 

includes the solvation shells formed by the solvent.  

 At pH 3.39, the DLS provided two size distribution with the small particle having 

an average size of 2.4 ± 1.5 nm and a larger particle size of  67.3 ± 13.8 nm.  The small 

particle only appeared as a separate size distribution in 4 out the 15 DLS scans, an 

example of which is shown in figure 5.3.  The remaining six scans showed a tail on the 

small size of the distribution that varied from distinct bands that are not fully separated 

from the large particle distribution (figure 5.4) to an unresolved tail as is shown in figure 

5.5.  This variability indicates that larger particles are not present in a large quantity, 

making reliable size measurements difficult.   

 As the pH is raised to 4.45, the size distributions in solution shift to larger particle 

sizes.  The small particle shifts to 7.3 ± 4.8 nm, while the larger particle shifts to 78.8 ± 

14.4 nm. This increase in particle size is indicative of a slower base addition rate which 

favors the formation of larger particles in solution.  Of the 10 DLS scans collected, 8 

scans had clearly resolved distributions for the small particles in solution which is shown 

in figure 5.6.  This indicates that small particles are more prevalent in solution, but are 

still not the main species in solution as they do not account for more than 10% of the 

intensity in the DLS histograms.  The larger particles make up a majority of the intensity 

in each DLS scan. 
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 At pH 5.12 the smaller particle appears to decrease in size to 4.2 ± 2.8 nm.  The 

large particle continues the trend from the lower pH values by getting bigger with a size 

distribution centered around 79.1 ± 14.4 nm.  However, 9 of the 15 DLS scans only show 

the distribution for the small particle, an example of which is shown in figure 5.7.  The 

rest of the DLS scans show a small limited distribution for the larger particles as is 

evident in figure 5.8.  The small particles get larger between pH 3.39 and 4.45 before 

decreasing in size at pH 5.12.  The larger particles increase in size from 67 nm to 79 nm 

as the pH is raised.  All panicle sizes measured lay within one standard deviation of one 

another, and thus it does not appear that pH significantly affects particle sizes in solution. 

 
5.2.3 Steady State UV-Visible Spectra 

 As the pH of the solution is raised, the solution undergoes a drastic color change 

as is shown in the series of photographs presented in figure 5.9.  In the first panel (a), the 

solution is very pale yellow which is what the color the solution takes upon dissolving the 

iron(III) perchlorate in water.  From the corresponding UV-Visible spectra in figure 5.10, 

there are distinct absorption bands present at 205 nm and 300 nm, which indicate the 

presence of FeOH2+ in solution.36-37 As the pH is raised (figure 5.9, panels b and c) the 

solution starts to turn orange and the corresponding spectrum shows the 300 nm band of 

FeOH2+ starts to blue shift.  This indicates the speciation of the solution is changing.  At 

the same time as the blue shifting of the 300 nm absorption band, a red tail begins to form 

past 500 nm.  

 After the formation of the red tail in the spectra, the color of the solution does not 

visually change much.  This can be seen in figure 5.9 panels d and e.  However, the UV-
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visible spectra no longer shows distinct absorption bands, instead the absorbance of the 

solution continuously increases from 550 nm to 190 nm.  When the pH is further 

increased, the solution develops a visible precipitate as is shown in figure 5.9 panel f.  

This solution results in a scattering spectrum as is seen in figure 5.10.   The desired 

solution is prepared when the absorbance spectra no longer shows distinct absorption 

bands.  This indicates the formation of large iron structures that no longer contain defined 

ligand to metal charge transfer (LMCT) bands and is similar to the broad absorption 

spectrum of hematite.8    

 
5.2.4 Steady-State Irradiation 

 Freshly prepared solutions containing nanoparticles were irradiated using 240 nm 

light generated in a Hg irradiation chamber under aerated, nitrogen purged and tert-

butanol scavenged conditions.  Irradiation experiments were performed under aerated 

conditions to check the stability of the solution before transient absorption experiments 

were done.  Additional irradiation experiments were also performed to see if any 

photoproducts, such as Fe2+ were produced upon irradiation as is observed in some of the 

small monomeric complexes.38 Since the hydrolysis of these small particles is present 

alongside the aquairon(III) complexes in solution, it is not unreasonable to see 

photobleaching in the solution arising from the small complexes. 

 The first irradiation experiment on the amorphous solution were done under 

aerated conditions.  Spectra of the solution were collected over a 2-hour period at 

lengthening time intervals.  A second identical solution served as the control and was 

placed in a second cuvette.  This control solution was kept in the dark and spectra were 
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collected at the same time intervals as the irradiated sample.  An unirradiated control was 

run to determine if aging of the nanoparticles occurred in solution.  The spectra of the 

aerated irradiated nanoparticles are shown in figure 5.11 with the unirradiated control 

right below. In figure 5.11 a, a slight decay is noted over the course of 2 hours that 

amounts to less than 10% (Figure 5.12) of the initial absorbance at all wavelengths.  

However, this is not noted in figure 5.11 b which is a second trial of the same irradiation 

experiment.  Similar observations are made in the unirradiated control experiments in 

figure 5.11, where panel c shows slight degradation over the 2-hour period while panel d 

does not show any degradation of the solution over the same amount of time.  The 

presence of photobleaching in one irradiated trial and not the other trial, indicates that 

there is some variation in the composition of the solution.  But, it also means that the 

solutions do not undergo any significant photobleaching since what degradation is 

observed occurs in both the irradiated solution and the unirradiated control.  Fe3+ and 

FeOH2+ undergo significant photobleaching when irradiated for 2 hours.  Rates of 

photodegradation are shown in Figure 5.12 comparing the rate of photobleaching for the 

small particles in solution to pH 1.5 and 2.5 iron(III) solutions.  The absorption at 0 

minutes was normalized to allow for clear comparisons between all solutions.   

 To see if any short-lived radicals were produced by irradiation of the 

nanoparticles, 10% by volume tert-butanol was added as a hydroxyl radical scavenger.  

Addition of a radical scavenger was done due to previous reports of the monomeric iron 

species for generating hydroxyl radicals upon excitation of the iron(III) atom.38-40 

Addition of a radical scavenger increased the photobleaching from about 5 % in the 
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aerated solution to about 15 % in the scavenged solution (Figures 5.12 and 5.13). The 

degradation is most notable in the region between 250 nm and 400 nm.  The amount of 

photobleaching observed increases with the amount of time that the solution was 

irradiated between scans.  Negligible degradation is noted in the first 5 minutes of 

irradiation but the degradation becomes apparent between 5 minutes and 1 hour of 

irradiation.  The most obvious decay is noted between 1 hour and 2 hours of irradiation.  

The unirradiated control for both solutions does not show any changes in the absorbance 

spectra (figure 5.13) over the course of 2 hours. 

 To see if dissolved gasses had any effect on the irradiation of the ferrihydrite 

particles in solution, the solution was purged with N2 for 5 minutes before the experiment 

was run.  Purging of the solution was done to remove most dissolved gasses that may be 

present in the water.  The control was an identical solution stored in the dark and the 

spectra were collected at the same time intervals.  The spectra of the irradiated solution 

and the corresponding unirradiated control spectra are shown in figure 5.14.  In the 

irradiated solution, a noticeable degradation is seen at wavelengths below 500 nm.  This 

degradation does not change shape over the course of 2 hours (Figure 5.12).  Multiplying 

the spectrum collected after 2 hours of irradiation by 1.07 results in an identical spectrum 

to that collected before being irradiated (0 min).  The unirradiated control solution does 

not change over the course of 2 hours, indicating the change observed in the irradiated 

sample arises from photobleaching and not aging as the control solution was not exposed 

to UV light. 
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5.2.5 Transient Absorption Spectroscopy 

 The ultrafast photochemistry of ferrihydrite has not been well studied 

previously.30 To characterize the ultrafast excited state dynamics of the ferrihydrite 

nanoparticles, kinetic traces were collected at several pump and probe wavelengths. The 

pump wavelengths were 265 nm and 350 nm, with a 350 nm pump exciting the 

ferrihydrite nanoparticles in solution almost exclusively.  A 265 nm pump would excite 

any small iron species in solution43 (Figure 5.19), so the resulting signal could have 

contributions from all iron complexes present in solution. However, both 350 nm pump 

and 265 nm pump with a 450 nm probe produce similar kinetic traces indicating the 

dynamics of the ferrihydrite dominates the signal with a 265 nm pump.  Probe 

wavelengths included 450 nm, 500 nm, 600 nm and 650 nm. These probe wavelengths 

yielded positive transient absorption signals.  Changing the pump power from 0.3 mW to 

0.7 mW at 350 nm was done to see if there was any impact on the observed kinetics when 

probed at 600 nm. 

 Using a 350 nm pump, clean kinetic traces were collected with minimal 

interference from the kinetics that arise from the small iron complexes in solution.  The 

probe wavelengths of 450 nm, 500 nm, 600 nm and 650 nm (figures 5.15, 5.16, 5.17, and 

5.18 respectively) gave rise to an excited state absorption that maintained similar 

dynamics at each probe wavelength.  The pump power for each probe wavelength was 

maintained at 0.5 mW unless otherwise noted.  All transient absorption signals exhibited 

decays that could be fit with 3 exponentials and no offset.  The results of this fitting 

analysis are shown in table 5.1.  The first lifetime (t1) was extremely fast and had an 
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average lifetime of 390 fs from global fitting analysis of all probe wavelengths. Global 

fitting indicated that this component amounts to 62% of the decay amplitude at all probe 

wavelengths. The intermediate t2 decay determined from signals collected with 0.5 mW 

pump power had a decay lifetime of about 12.8 ps at all probe wavelengths.  The t2 decay 

was about 29% of the total decay amplitude measured.  

 The long-lived (t3) component varied between wavelengths and could not be 

globally fit. The amplitude of the long-lived component was about 9% of the total decay 

amplitude at all probe wavelengths and can be found in table 5.1.  Depending on the 

probe wavelength, the decay lifetime ranged from 240 ps to 1400 ps.  This component 

did not show any systematic wavelength dependence, with the fastest lifetime occurring 

at a probe wavelength of 500 nm and the longest lifetime occurring at 600 nm.  At 450 

nm, this lifetime is 440 ps but drops to 240 ps at 500 nm.  It then increases to 1400 ps at 

600 nm and drops to 520 ps at 650 nm.  There appears to be no correlation between probe 

wavelength and the lifetime of this component.   

 Effects of varying the pump power on the observed dynamics were also explored 

using a 600 nm probe.  The 350 nm pump power was adjusted to 0.3 mW, 0.5 mW, and 

0.7 mW to probe power dependent dynamics.  The 600 nm probe data collected at 0.5 

mW was globally fit with all other probe wavelengths collected at 0.5 mW.  Varying the 

pump power did not affect the fastest t1 decay or greatly affect the amplitude of any 

decay component.  t1 remains constant at 390 fs for each pump power.  t2 shows 

dynamics that change with the pump power as can be seen in figure 5.17.  The parameters 

of fitting this data is shown in table 5.2.  As the pump power is raised from 0.3 mW to 0.7 
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mW, t2 decreased.  The longest lifetime is observed with a 0.3 mW pump power for a 

lifetime of 15 ± 1 ps which decreases to 12.8 ± 0.7 ps at 0.5 mW.  When the power is 

raised further to 0.7 mW, the lifetime decreased to 8.9 ± 0.8 ps. A similar observation 

was noted in t3, in which the lifetime decreases with increasing pump power. The 

lifetime is the longest with a 0.3 mW pump power at 1600 ps and decreases to 1400 ps at 

0.5 mW.  At 0.7 mW, the lifetime is 1100 ps. 

 Exciting the ferrihydrite nanoparticles at 265 nm will invariably excite the 

remaining monomeric complexes in solution but using visible probe wavelength should 

minimize the observed dynamics of these species.  The 265 nm data give similar 

dynamics to those collected with a 350 nm pump, indicating the same dynamics are being 

measured.  A comparison of the two probe wavelengths is shown in figure 5.19.  The data 

collected with a 265 nm pump appears to have slightly longer lifetimes than those 

collected at 350 nm.  When the data is normalized at time 0, it is apparent that t1 is 

significantly longer.  Fitting the 265 nm data resulted in a lifetime of 1.1 ± 0.2 ps for t1 in 

comparison to the 390 fs decay found with global fitting of the 350 nm pump data.  t2 is 

also longer at 29 ± 5 ps. Well defined steady state absorption spectra for iron(III) are only 

understood for the small complexes and can be seen in figure 3.1 b.  At 265 nm, Fe3+, 

FeOH2+, and the dimer have significant absorption coefficients and likely are present in 

solution in moderate quantities.  One or all of these species can influence the dynamics 

observed with the 265 nm pump and 450 nm probe.  This could result in the dynamics of 

the particles being convoluted with the small iron monomers and polymers that are 

present in solution 
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5.3 Discussion 

5.3.1 Nucleation and Growth of Ferrihydrite 

 The hydrolysis of iron(III) is complex and the final product of the hydrolysis is 

the formation of solid iron(III) oxides.41 It is unsettled in the literature if the precursor to 

solid iron oxide formation is the initial formation of µ-hydroxo bridged polymers or the 

formation of ferrihydrite nanoparticles.42-44  Based on the steady state experiments 

discussed in this section, the small particles in solution appear to be ferrihydrite 

nanoparticles. There are a couple different theories as to the pathways in which crystals 

develop in solution.  In the nucleation pathway for ferrihydrite nanoparticles proposed by 

Zhu et al., Fe3+ and the µ-oxo dimer are the only species present in solution with the 

ferrihydrite.43 Over time, the composition of the solution changes with the concentration 

of the µ-oxo dimer decreasing while the concentration of Fe3+ and ferrihydrite increase. 

The conversion of a µ-oxo bridged dimer into a µ-dihydroxo bridged dimer is the rate 

determining step in the formation of ferrihydrite in solution.45 The study by Zhu et al. 

used nitrate as a counter anion while the experiments presented in this dissertation use 

perchlorate anion.43  The difference in counter anions could influence nucleation 

pathways.  Scheck et al. proposed a different nucleation pathway for the formation of 

iron(III) oxides.46 Ferrihydrite is formed through the conversion of the hydroxo bridges 

present in the iron(III) polymers into oxo bridges. The iron(III) polymers that develop in 

solution along are initially 1-2 nm in size.46  The counter anion in the studies by Scheck 

et al. were chloride, which strongly binds to iron(III) atoms in solution which may 

change the observed nucleation pathway.42, 44  According to Zhu et al., weak binding 
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change the observed nucleation pathway.42, 44  According to Zhu et al., weak binding 

anions, such as perchlorate, favor the formation of ferrihydrite in solution while anions 

with higher binding affinities favor the formation of other iron oxides.42   

 Traditional ferrihydrite synthesis involves the addition of 6 M NaOH to 1 M 

iron(III) solution with rapid mixing.45  The final pH of the solution was adjusted to 7.45  

This results in the precipitation of ferrihydrite nanoparticles.  XRD analysis of these 

particles show that 2-line ferrihydrite forms under this preparation.45  The solutions used 

for this study were prepared with 3.4 mM iron(III) and the pH adjustment was done with 

0.1 M NaOH.  The nanoparticles formed in solution for this study are formed under more 

dilute conditions than traditional ferrihydrite synthesis, however the use of NaOH for 

raising the pH may dictate the nucleation pathway for the nanoparticles in solution.  

Much of the literature reporting polymeric iron(III) complexes in solution was prepared 

with the addition of bicarbonate into solution.  Bicarbonate is a weak base and may result 

in the formation of a polymer instead of ferrihydrite.45-48 

 DLS indicates that the small ferrihydrite nanoparticles in solution are larger with a 

7 nm hydrodynamic diameter, which matches the 1-2 nm hard particles sizes for the 

polymers prenucleation clusters reported by Scheck et al.50 The smaller particles are 

likely present in greater quantities than the larger particles due to the skewing of the % 

intensity.  This is due to large particles causing more light scattering from the laser beam 

during the DLS measurements. The small particle being present in greater quantities than 

the large particles is also supported by the steady state UV-visible spectra.  Significant 

scattering from the solution is not noted in the spectra; if larger particles were present 
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more scattering would be noted.  DLS also measures the hydrodynamic radius of the 

particles which may overestimate the size of the nanoparticles in solution by including 

waters oriented around the outside of the nanoparticles. However, the size distributions 

measured with the DLS correspond to the size range reported by Scheck et al. for the 

aggregates that formed in solution from the prenucleation clusters, which are reported to 

range in size from 10-200 nm.50  

 The steady state UV-visible spectra (Figure 5.10) shows significant absorption 

occurs at wavelengths shorter than 450 nm. The indirect band gap of ferrihydrite results 

in absorption occurring below 410 nm.51 If hematite were the iron oxide that formed in 

solution there would be significant absorption out to 560 nm. Sorenson et al. published an 

absorption spectrum of a hematite thin film that shows absorption of the film occurs out 

to 600 nm and has a slight shoulder centered at 550 nm.8  Neither of these features are 

observed in the spectra for ferrihydrite in figure 5.10.  The difference in the onset of 

absorption from the ferrihydrite in solution and that reported in the literature may arise 

from differences in the crystallinity of the ferrihydrite.  The absorption spectra of 

ferrihydrite, instead shows a broad smooth absorption that increases from 450 nm to 200 

nm. 

 According the Scheck et al., the amorphous polymers exhibit an absorption band 

at 485 nm.50  This absorption band is attributed to the formation of an extended oxo-

bridged iron species, the amorphous iron polymer.  An absorption band is not noted at 

485 nm in figure 5.10.  Instead, the solutions prepared in this study exhibit a smooth 

continuous absorption that increases with shorter wavelengths.  The absence of the 485 
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nm absorption band indicates that an extended oxo-bridged species may not be present in 

solution. 

 
5.3.2 Ultrafast Kinetics of Ferrihydrite 

 Both hematite and ferrihydrite have a similar ratio of iron to oxygen of two iron 

atoms for every three oxygen atoms, but ferrihydrite incorporates a substantial amount of 

water into its structure.30 Due to the differences in structure, ferrihydrite and hematite 

exhibit different absorption spectra arising from different band gap energies.  Ferrihydrite 

has a direct band gap of 3.05 eV which results in the band edge occurring at about 410 

nm.51 Hematite on the other hand, has band gap of 2.0-2.2 eV, which results in the band 

edge occurring around 560 nm.5  Using a 350 nm pump, electrons can be excited well 

above the direct band gap in ferrihydrite, leading to the formation of hot electrons in the 

conduction band. 

 There have been numerous ultrafast studies on hematite8, 23-24, 30-32, 52-54 and only 

one study on ferrihydrite encased in a protein shell.30 The photophysics of hematite are 

not fully settled in the literature with variation noted in some decay lifetimes and 

assignments between different authors.  According to Joly et al., they report an offset all 

probe wavelengths on single crystal hematite however this is not observed with any other 

hematite systems.55 Sorenson et al. found a >670 ps decay instead at all wavelengths 

when hematite was probed below the band gap.8  This is consistent with slow decays 

reported in other studies which range from hundreds of ps to ns. 30-31, 53, 56 The presence of 

a slow decay was noted at all probe wavelengths in the ferrihydrite particles and ranged 
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from 240 ps to 1400 ps (Table 5.1).  The long lived decay has been attributed to trapped 

electrons in hematite.23  

 There is a consensus on the presence of an ultrafast decay upon probing hematite 

below the band gap. Most studies report a 200-400 fs lifetime at probe wavelengths 

below the band gap. 8, 23-24, 30 However, this is assigned to a couple of different processes.  

This rapid decay is usually attributed to the relaxation of hot electrons to the band edge. 8, 

30, 54 Yet Huang et al. propose the ultrafast decay arises from electron trapping and 

cooling.53 Nadtochenko et al. performed a series of experiments on hematite, maghemite, 

and ferrihydrite in which similar kinetics were observed for each system.30 All three 

oxides exhibited ultrafast decays of 200 to 300 fs that accounted for 63 % of the total 

decay amplitude in their measurements.30 In the case of the ferrihydrite particles studied 

in this chapter, it is possible the initial fast decay arises from relaxation of electrons to the 

band edge within 390 fs of excitation (Table 5.1 and 5.2).  Pumping the ferrihydrite 

particles at 350 nm, would excite the electrons with approximately 0.48 eV of excess 

energy above the band gap.51 The excess pump energy could then create a substantial 

population of hot electrons that could rapidly decay back to the band edge in the 

ferrihydrite nanoparticles. 

 All the kinetic traces for ferrihydrite nanoparticles (Figures 5.15-5.19) were 

collected with magic angle polarization of the pump and probe while Joly et al. used 

parallel polarization for the pump and probe on hematite.23 However, according to Joly et 

al. the polarization of the pump and probe had no impact on the observed kinetics. Other 

studies did not report the polarization used in their experiments.8, 24, 30-31  Changing the 



108 
 
pump power resulted in large changes in the slowest decay in the ferrihydrite 

nanoparticles when probed at 600 nm (Table 5.2).  Increased pump power resulted in a 

faster decay.  Changing the pump power from 0.3 mW to 0.7 mW increased the charge 

carrier density from ~2 ´ 1018 carriers/cm3 to ~7 ´ 1018 carriers/cm3 indicating the decay 

has a dependence on the charge carrier concentration in the ferrihydrite nanoparticles.  

This is at odds with previous studies on hematite in which no pump power dependence is 

noted. 8, 23, 52, 55 The only previously reported study on ferrihydrite does not extend to time 

scales beyond 50 ps and thus does not report any pump power dependence for a slow 

decay.30 Along with the pump power dependence in the ferrihydrite nanoparticles, there 

is a wavelength dependence in the slow decay (Table 5.1).  The longest lifetime is 

observed at 600 nm with a 1400 ps lifetime while a 500 nm probe exhibits a 240 ps 

lifetime in the ferrihydrite nanoparticles.  In hematite, lifetimes extending for hundreds of 

picoseconds are assigned to trapped electrons.  It is possible the wavelength dependence 

in ferrihydrite nanoparticles arise from trapping electrons in different depth trap states. 

Deeper traps render the electron relatively immobile in TiO2 resulting in slower 

recombination processes.33  

 The dynamics of hematite do not vary significantly upon changing the 

morphology of hematite. 23, 31, 52 According to Fitzmorris et al., the ultrafast dynamics 

associated with hematite do not vary with nanostructuring of hematite particles.31 Upon 

preparation of nanorice, nanocube, and spheroidal nanoparticles that ranged in size from 

150 nm to 350 nm in at least one dimension, the observed kinetics do not vary 

significantly.31 The nanocubes exhibit slightly lengthened decays compared to the other 
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shapes studied but the increased lifetime was not significant because it was within the 

signal to noise ratio of the experiment.31 Ultrafast studies on lab grown hematite film and 

a crystalline hematite sample did not exhibit major differences in the observed decay 

lifetimes.23 The kinetics of single crystal hematite and epitaxially grown thin films of 

hematite revealed slightly longer lifetimes in the film than the single crystal hematite.23 

This was attributed to more trap states existing in the single crystal hematite.23 DLS scans 

of the ferrihydrite nanoparticles that developed in solution indicated that there are two 

sizes (~10 nm and ~80 nm) of particles suspended in solution.  According to the studies 

on hematite, there should be minimal differences in the observed kinetics of particles of 

different shapes or crystallinity and thus it is possible the size of the ferrihydrite 

nanoparticles do not affect the observed dynamics. 

 As previously mentioned, almost all ultrafast studies of hematite report a near 

pulse width limited ultrafast decay that is generally about 300 fs when using probe 

energies below the bandgap.  Joly et al. also observed vastly different charge carrier 

dynamics when probing above and below the band gap.23  Probe wavelengths below the 

band gap show a pulse width limited initial decay, while probe wavelengths above the 

band gap show a 3 ps initial decay.  The ultrafast decay is reported by numerous sources 

with probing below the band gap energy. 8, 24, 30-31, 52-53 Ferrihydrite nanoparticles in 

solution exhibit a similar ultrafast decay upon probing at a variety of wavelengths below 

the band gap (Tables 5.1 and 5.2).  Nadtochenko et al. report a similar ultrafast decay 

upon probing ferrihydrite encased in a protein shell.30 The initial 3 ps decay found with 

probe wavelengths above the band gap is assigned to the recombination of electrons with 



110 
 
holes in the valence band for hematite. Sorenson et al. also found a slightly longer decay 

at 5.7 ps for charge recombination in hematite.8  It is possible the variation in the ~4 ps 

component arises from different excitation densities. No fast 3 ps component is observed 

in the ferrihydrite nanoparticles, instead global fitting of the kinetic traces gave rise to a 

12.8 ps decay at all wavelengths probed below the band gap with a 0.5 mW pump power.  

This could indicate charge recombination is slower in ferrihydrite.  Increasing the pump 

power to 0.7 mW results in the lifetime shortening to 8.5 ps as is shown in table 5.2 for 

the ferrihydrite nanoparticles.   The pump power dependence may indicate that the charge 

carrier recombination occurs through direct recombination instead of recombination 

being trap mediated.  Trap mediated charge recombination does not show pump power 

dependence. 

  All kinetics probed below the band gap arise from electron dynamics in 

hematite.8  By studying the correlation between hematite and the kinetics of ferrihydrite 

nanoparticles,  it is possible to make tentative assignments on the observed kinetics for 

ferrihydrite.  The ultrafast 390 fs decay likely arises from the relaxation of hot electrons 

to the band edge while the slower 12.8 ps decay is attributed to recombination of 

electrons with holes in the valence band of ferrihydrite nanoparticles.  The slowest decay 

may arise from trapped electrons in ferrihydrite.  This slow decay has not been reported 

in ferrihydrite as experiments on ferrihydrite by Nadtochenko et al. lacked sufficient 

temporal delay to measure decays that were hundreds of picoseconds.30 
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5.3.3 Photoreduction of Ferrihydrite 

 Ultrafast transient absorption experiments did not show any long live 

photoreduction of the ferrihydrite nanoparticles, so steady state techniques were 

employed to investigate if any photoreduction does occur. Subjecting the ferrihydrite 

particles to 2 hours of 254 nm irradiation did not show significant photobleaching.  This 

is consistent with reports by Vermilyea et al., in which the production of OH• was 

significantly less in ferrihydrite than amorphous iron oxyhydroxide colloids upon 

irradiation.56  The lower production of OH• corresponds with ferrihydrite not undergoing 

a significant amount of photoreduction.56  In Chapter 4, the dimer showed decreased 

photoreactivity  with all transient absorption kinetic traces showing complete or nearly 

complete signal recovery within the 3 ns window.  Photoreduction of the iron atoms is 

short lived in iron complexes with multiple iron atoms.  The dimer shows nearly 

complete recovery of the transient signal within 3 ns, the same trend is noted in 

ferrihydrite with nearly complete signal recovery within 3 ns.  The lack of photoreduction 

in multiple iron systems is in contrast to the monomeric iron(III) complexes which 

undergo significant photoreduction of the iron center. 

 Aerated solutions showed the least amount of photobleaching at less than a 10 % 

change in the absorbance (Figure 5.12).  More photobleaching in the steady state 

absorption is noted across all wavelengths is observed with nitrogen purging (10 %) and 

the addition of a tert-butanol scavenger (15 %).  This is substantially different from 

solutions at pH 1.5 and 2.5 (Figure 5.12) in which the solutions show decays of 30 % and 

50 % respectively.  Some of the photobleaching observed in the irradiation experiments 
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on ferrihydrite nanoparticles is likely due to the presence of the small iron complexes in 

solution and are also excited by the 254 nm light.  The small complexes are generally 

more photoreactive as is discussed in chapters 3 and 4.38 Ferrihydrite does not show 

significant photobleaching upon irradiation of aerated solutions which is may be due to 

high charge recombination rates.  There are no studies on the efficiency of ferrihydrite 

regarding water oxidation, however for hematite, water oxidation on the surface has been 

measured and was found to be an inefficient process due to many major drawbacks 

including charge recombination.58 Hematite suffers from poor charge carrier mobilities 

and short lifetimes which results in 98 % of photogenerated holes decaying by 6 µs.53  

 Ferrihydrite appears to suffer from a similar drawback, in which inefficient 

separation of photogenerated charge carriers is achieved at long time delays.  Upon 

excitation, a large number of charge carriers are promoted to the conduction band.  Due 

to the lack of an offset in all kinetic traces, it appears nearly all charge carriers recombine 

within a few nanoseconds.  Significant recombination occurs due to the lack of a 

scavenger for either electrons or holes generated within the particle and thus limits the 

number of iron(III) atoms that are reduced upon excitation.   

 
5.4 Conclusions 

 Upon gradually raising the pH of a solution containing 2.1 mM iron(III), 

ferrihydrite nanoparticles nucleate in solution.   Ultrafast transient absorption 

spectroscopy was utilized to measure the dynamics of the ferrihydrite nanoparticles. 

Ferrihydrite exhibits similar ultrafast decays to hematite, however ferrihydrite exhibits 
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slower dynamics.  The kinetics measured show a complex decay that may arise from 

various electron deactivation processes in the conduction band of ferrihydrite.  The fast 

390 fs lifetime is possibly due to relaxation of hot electrons to the band edge of 

ferrihydrite. The relaxed hot electrons may then undergo either interband recombination 

with holes in the valence band or become trapped in defect states of ferrihydrite.   

Interband recombination of charge carriers appears to occur on the time scale of 12.8 ps 

in ferrihydrite, which would be slightly longer than the ~5 ps reported by most studies for 

hematite. 8, 23, 30 The lifetime of 12.8 ps corresponds well with the value of 14.3 ps 

reported by Nadtochenko et al. on ferrihydrite contained inside a ferritin protein shell.30  

The slow decay on the order of hundreds of picoseconds possibly arises from 

electrons trapped in midgap Fe d-to-d states that may arise from defects that may be 

present in the ferrihydrite crystal structure.  This is the first observation of a slow decay 

in ferrihydrite as the previous ultrafast study on ferrihydrite only extended to a 50 ps 

delay.30 The experiments in this chapter were able to extend the time frame of study to 2 

ns for ferrihydrite nanoparticles.  Ferrihydrite also exhibits a decreasing lifetime with 

increasing pump power, which is not observed in hematite morphologies reported in the 

literature.  Instead, previous studies on hematite did not report any pump power 

dependence in any ultrafast measurements.  The lifetime varying from 240 ps to 1400 ps 

depending on the probe wavelength, possibly arises from electrons becoming trapped in 

different depth trap states.  All electron dynamics for ferrihydrite are summarized in 

figure 5.20.   



114 
 
 In light of the ultrafast studies and steady state irradiation studies, ferrihydrite 

does not undergo significant photoreduction.  All kinetic traces exhibit a decay that 

returns to zero within 3 ns indicating that nearly all excited electrons recombine with 

holes within this time frame.  Steady state experiments show less than 10 % 

photobleaching over the course of 2 hours in UV light (Figure 5.12).  Some of the 

observed photobleaching can be attributed to the small complexes present in solution that 

were the focus in chapters 3 and 4.  The small iron(III) complexes in solution are more 

photoreactive than ferrihydrite.  The low photoreactivity of ferrihydrite is attributed to the 

lack of sufficient electron and hole acceptors in solution and short charge carrier 

lifetimes.  This study on ferrihydrite gives more insight into how the primary kinetics of 

iron complexes change from small complexes into iron oxides.  Ferrihydrite has 

recombination lifetimes that may be too fast for water oxidation on its surface and cannot 

be nanostructured due to its quasicrystalline nanostructure. Hematite, however, shows 

continued potential as a photoanode for water oxidation. 
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Figure 5.1.  Band gaps energies of various semiconductors showing the relationship 
between the band gap energies and the potentials required for water oxidation and 
hydrogen reduction. This figure is adapted from references (13) and (14). 
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Figure 5.2.  Band structure of hematite showing the charge deactivation pathways after 
excitation of the of hematite. The potentials are listed using a reversible hydrogen 
electrode as a reference. The relaxation lifetimes are from references (8) and (22). 
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Figure 5.3.  Histogram of the DLS signal from a pH 3.39 solution showing two clearly 
resolved size distributions.  The smaller distribution is centered around 4.5 nm.  The 
larger size distribution is centered around 70 nm. 
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Figure 5.4.   The size distribution for a pH 3.39 solution showing the large particle and 
small particle size distributions that are not fully separated from one another.  Due to the 
intensity of the large particle distribution it was necessary to adjust the scaling of the % 
Intensity for the small particle distribution to be clearly visible due to its low intensity.  
DLS has bias towards large particles resulting in large particles making up a majority of 
the intensity. 
 
 
 



119 
 

 

Figure 5.5. DLS histogram showing no separation between the large and small particle in 
solution.  Instead, the large size distribution is observed to have a tail out to 5 nm.  The 
observed tailing is presumed to arise from a smaller particle being present in solution. 
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Figure 5.6.  DLS histograms showing resolved particle size distributions for a pH 4.49 
solution.  The small particle is centered around 10 nm and the large particle is centered 
around 80 nm. 
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Figure 5.7.  DLS histogram showing a distribution of only the small particle at pH 5.12.  
No size distribution was measured for a large particle.  The distribution is centered 
around 4.5 nm. 
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Figure 5.8.  DLS histogram for a pH 5.12 solution in which distributions were measured 
for both large and small particles in solution.  The small distribution is centered around 5 
nm while the large distribution is centered around 100 nm. 
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Figure 5.9.  A series of photographs showing the evolution of the solution as the pH is 
raised from pH 2.67 to pH 8.52.  This corresponds with a shift in color from a light 
yellow to a dark orange. At the highest pH, it is apparent that the precipitation of iron has 
occurred by the formation of a bright red solid.  a) pH 2.67 b) pH 2.82 c) pH 2.97 d) pH 
3.36 e) pH 4.51 f) pH 8.52 
 
 
 

f) 

c) b) a) 

e) d) 
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Figure 5.10.  UV-visible spectra of the iron solution as the pH is gradually raised to 
achieve the formation of small iron particles for this study.   
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Figure 5.11.  Irradiated solution of ferrihydrite as is prepared for all other experiments.  
The lack of photobleaching indicates no significant reduction of the ferrihydrite occurs. 
a) Irradiated trial #1: no degradation of the solution is noted across all wavelengths. b) 
Irradiated trial #2:  A small change in absorbance is noted indicating some 
photobleaching has occurred. c) Unirradiated control solution for trial #1 d) Unirradiated 
control solution for trial #2. 
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Figure 5.12. Rates of photobleaching of a pH 1.5, pH 2.5 solution and ferrihydrite 
particles.  Under all conditions studied, ferrihydrite exhibits the least photodegradation.  
Solutions at pH 1.5 and 2.5 contain the more photoactive small complexes. 
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Figure 5.13.  Polynuclear iron solution with 10% tert-butanol to act as a radical 
scavenger.  Degradation is noted in both irradiated samples indicating the formation of 
radicals in solution. a) Irradiated trial #1 b) Irradiated trial #2 c) Unirradiated control 
solution of trial #1 and d) Unirradiated control solution of trial #2. 
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Figure 5.14.  N2-purged iron solutions. a)  Irradiated solution shows some degradation b) 
Unirradiated control solution  
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Figure 5.15.  A solution of ferrihydrite pumped at 350 nm and probed at 450 nm showing 
complex decay kinetics.  The green curve is the global fit of the normalized data while 
the black circles are the data points. 
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Figure 5.16. A solution of ferrihydrite pumped at 350 nm and probed at 500 nm showing 
complex decay kinetics.  The green curve is the global fit of the normalized data while 
the black circles are the data points. 
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Figure 5.17. A solution of ferrihydrite pumped at 350 nm and  probed at 600 nm showing 
complex decay kinetics.  The dark blue line and circles is the fit and data for a 0.3 mW 
pump power.  The magenta line and circles is data collected with a 0.5 mW pump power.  
The green circles and line represent data collected with the highest pump power of 0.7 
mW.  The circles are the experimental data and the lines are the fits of the data.  The data 
was globally fit for t1 with all 350 nm pump traces. 
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Figure 5.18. A solution of ferrihydrite pumped at 350 nm and probed at 650 nm showing 
complex decay kinetics.  The green curve is the global fit of the normalized data while 
the black circles are the data points. 
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Figure 5.19.  Both kinetic traces were collected with a 450 nm probe but different pump 
wavelengths.  The blue curve utilized a 350 nm pump while the green curve used a 265 
nm pump.  A 350 nm pump excited larger iron species selectively, while a 265 nm pump 
would excite any small complexes present in solution. 
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Figure 5.20.  Schematic showing the observed transitions in ferrihydrite.  
Electrons are excited into the conduction band using UV or visible light (hn).  
Often electrons are excited well above the bottom of the conduction band, 
creating hot electrons that relax to the band edge within 400 fs.  The electrons can 
then recombine with holes within 13 ps or fall into trap states.  Electrons can 
remain in trapped states for hundreds of ps. 
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Table 5.1. Global fitting parameters for 350 nm pump experiments collected with a 0.5 
mW pump on Ferrihydritea 

 450 nm 500 nm 600 nm 650 nm 
A1 0.73 ± 0.1 “ “ “ 

t1 (ps) 0.39 ± 0.01 “ “ “ 
A2 0.334 ± 0.007 “ “ “ 

t2 (ps) 12.8 ± 0.7 “ “ “ 
A3 0.109 ± 0.006 0.098 ± 0.007 0.110 ± 0.005 0.137 ± 0.006 

t3 (ps) 440 ± 80 240 ± 30 1400 ± 300 520 ± 80 
aGlobally linked parameters are represented with “. 
 
 
Table 5.2. Global fitting parameters for a 350 nm pump/ 600 nm probe with pump power 
dependencea 

 0.3 mW 0.5 mW 0.7 mW 
A1 “ 0.73 ± 0.01 “ 

t1 (ps) “ 0.39 ± 0.01 “ 
A2 0.36 ± 0.01 0.334 ± 0.007 0.31 ± 0.01 

t2 (ps) 15 ± 1 12.8 ± 0.7 8.9 ± 0.8 
A3 0.122 ± 0.007 0.110 ± 0.005 0.098 ± 0.007 

t3 (ps) 1600 ± 300 1400 ± 300 1100 ± 300 
aGlobally linked parameters are represented with “.  
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CHAPTER SIX 

SUMMARY AND OUTLOOK 

 The primary kinetics of iron(III) complexes present in solutions at low pH and 

low iron(III) concentrations were elucidated using ultrafast transient absorption 

spectroscopy.  The photochemistry involved in the generation of OH• were previously 

unknown and were the motivation behind the ultrafast studies of aqueous iron(III) 

complexes. It has long been known that different small aquairon(III) complexes exhibited 

different quantum yields for the production of OH• after excitation with UV light. 

Removal of one proton from a coordinated water molecule on Fe3+ results in a large 

increase in the generation of OH• upon excitation at wavelengths shorter than 300 nm.  

Dimerization of the iron(III) atoms results in negligible quantum yields for OH•.  Small 

changes in the complexation of the iron atoms results in very different photoreactivities.  

The variation in the production of OH• arises from vastly different primary kinetics after 

excitation. 

Chapter 3 reported the photochemistry of Fe3+, which is nearly 100 % of the total 

iron in solution at pH 0.  Upon excitation with UV light, Fe3+ undergoes photohydrolysis 

and releases a proton in less than 1 ps.  Thus, Fe3+ acts as an ultrafast photoacid in 

solution.  This results in the formation of FeOH2+ which undergoes geminate 

recombination within 2 ps or it can undergo recombination with H+ in the bulk solution at 

a rate of 3.0 ´ 109 M-1 s-1.  This is the first observation of photohydrolysis in aqueous 

metal complexes.  Using transient absorption actinometry, the primary quantum yield of 
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FeOH2+ was found to be about 90 %.  The other 10 % of excited Fe3+ decays through 

photoreduction of the iron center, whereby an OH• is released from the Fe3+resulting in 

the reduction of the iron after excitation.  Photoreduction was found to occur with a 20 ps 

lifetime. 

 FeOH2+ also undergoes photoreduction upon excitation with 300 nm light.  

Excitation causes FeOH2+ to form a contact pair consisting of Fe2+ and OH•.  The contact 

pair then break apart into Fe2+ and OH•, with a 20 ps lifetime as is observed with Fe3+.  

The simple kinetics observed with FeOH2+ helps to explain the previously reported 

wavelength dependent quantum yield for OH•, in which a higher quantum yield of OH• is 

measured with shorter wavelength excitation.  Shorter wavelength excitation leads to an 

increase in the separation of Fe2+ and OH•  due to the changing nature of the excitation.  

Shorter wavelength excitation excited the Fe-OH2 LMCT while longer wavelength 

excitation targets the Fe-OH LMCT; excitation of a different LMCT band may cause the 

OH• quantum yield to increase through a yet unknown mechanism.  The dynamics of 

FeOH2+ are reported in chapter 4 along with the kinetics associated with excitation of the 

dimer.  The dimer exhibits the most complex dynamics of any of the small iron 

complexes that form in low pH solutions.  The dynamics of the dimer are difficult to 

elucidate due to the considerable uncertainty in the structure.  However, it is apparent that 

the dimer does not appear to be very photoreactive as all kinetics nearly recovered to the 

baseline, indicating no long-lived photoproduct formed in solution.  Both µ-oxo and µ-

hydroxo bridged dimers have been reported to exists in aqueous solutions.  The observed 

dynamics are likely influenced by the type of bridge present in the structure and thus the 
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dynamics cannot be determined until the structure of the dimer in solution is better 

understood. 

Increasing the pH of the solution to 4.1, results in the formation of ferrihydrite 

nanoparticles.  Excitation of the ferrihydrite generates a population of hot electrons that 

relax to the band edge within 400 fs.  The electrons can then undergo interband 

recombination within 13 ps.  A subset of the excited electrons relax into trap states where 

they persist for hundreds of picoseconds.  The decay lifetimes of electrons in the trap 

states shows a pump power dependence in which the lifetimes become shorter with 

increasing pump power.  Nearly all photogenerated electrons and holes recombine within 

a few nanoseconds.  As a result, the ferrihydrite nanoparticle shows very little 

photoreduction. 

Further studies will be needed to round out the story of the dynamics of iron(III) 

in solution.  Additional imaging and spectroscopy would be helpful in confirming the 

identity of the ferrihydrite nanoparticles studied in chapter 5.  There is also a need for 

computational studies on the ultrafast dynamics observed in aqueous iron(III) complexes.  

Computational studies would be helpful in identifying the transition states and what 

transitions states are responsible for the observed branching leading to the formation of 

different photoproducts, as is observed with Fe3+ and the dimer. This dissertation 

provides a foundation for the study of the ultrafast dynamics of aqueous metal 

complexes.  Metals like copper may exhibit similar ultrafast dynamics to that of iron. 

 All the small aqueous iron(III) complexes are known to generate OH• with 

varying quantum yields.  The small complexes show direct production of OH• after 
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excitation.  But curiously, Fe3+ also acts as an ultrafast photoacid after excitation which is 

the primary decay mechanism for Fe3+.  FeOH2+ produces OH• through photolysis of 

FeOH2+ with no other decay mechanisms noted immediately after excitation.  As the 

iron(III) complexes become more complex, the complexes no longer exhibit the same 

photoreactivity with water.  Excitation of the dimer exhibits similar dynamics to that of 

ferrihydrite indicating that there may be a common deactivation pathway between the two 

structures. Understanding the dynamics of the dimer may give a better understanding of 

electron and hole dynamics in larger structures. Ferrihydrite shows no photoreactivity 

towards water, instead nearly all electrons and holes recombine within a few 

nanoseconds.  This dissertation provides a better understanding of the photochemistry of 

iron(III) immediately after excitation and can provide a foundation for future studies on 

other aqueous metal systems as it is the first report of the ultrafast dynamics on small 

aqueous metal complexes. 
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