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ABSTRACT  
Photochemical oxidation of dissolved organic matter is a crucial component of carbon 

cycling in surface waters. Photo-oxidation of iron(III)-carboxylate complexes is of particular 

interest because complexation with iron(III) can sensitize this functional group to photo-

decarboxylation. The photo-oxidation mechanism of ferrioxalate has been extensively 

characterized, but it is unclear whether the mechanism or timing is similar for other, more complex 

carboxylates. In this study, we use time-resolved infrared spectroscopy to demonstrate that Fe(III)-

citrate, an aliphatic carboxylate, and Fe(III)-salicylate, an aromatic carboxylate, follow the same 

photo-oxidation kinetics as ferrioxalate. Hence the data suggest a common mechanism for 

decarboxylation for iron hydroxy carbonates. Differences in the CO2 yield within 50 ps are 

qualitatively similar to the long-time-scale quantum yield for Fe(II) production. 

INTRODUCTION 
Photochemical oxidation of dissolved organic matter (DOM) in surface waters and 

atmospheric aerosols is a major pathway for the conversion of organic molecules or moieties to 

carbon dioxide (CO2). 1,2 Photochemical fluxes of CO2 can be a significant portion of total 

emissions from some environments, 3,4  but light-driven mineralization pathways remain poorly 

understood. 5 The sensitivity of DOM to photo-oxidation depends on many environmental 

conditions, such as pH and the presence of metal ions. 6-9 In particular, iron (Fe) forms complexes 

with DOM carboxylate moieties, 10,11 which can enhance DOM photoreactivity. 7,12 Many Fe(III)-

organic compounds strongly absorb light in the UV-visible range, and photoexcitation can lead 



 2 

ligand-to-metal charge transfer that reduces Fe(III) to Fe(II) and oxidizes the organic ligand. 1,13 

Photolysis of Fe-carboxylate complexes can lead to decarboxylation, in which the COOH group 

is released as CO2. 14  Decarboxylation reactions have been estimated to account for the majority 

of CO2 emissions from photo-oxidized DOM, 15 potentially making Fe a critical component in 

DOM photo-oxidation in natural systems. 

Photo-oxidation of ferrioxalate, [Fe(III)(C2O4)3]3-, has been well studied12–15 because it is 

used as a chemical actinometer to quantify the flux of light. Furthermore, oxalic acid is the smallest 

aliphatic dicarboxylic acid that is commonly found in natural systems. 16 An unambiguous 

description of the initial mechanism of ferrioxalate photolysis has recently been obtained by us17 

and another group18 using time-resolved infrared (IR) spectroscopy complemented by molecular 

simulation. In contrast to time-resolved optical13,19 or X-ray methods 20 previously used to study 

ferrioxalate photolysis, time-resolved IR spectroscopy reveals shifts, losses or gains in vibrational 

modes associated with molecular species that participate in a light-initiated reaction. In brief, these 

studies discovered that intramolecular electron transfer from oxalate to Fe(III) takes place on a 

sub-picosecond timescale and is followed by lysis of the unstable oxalate radical anion to form a 

vibrationally excited CO2 molecule and a CO2
- radical anion. 17,18 The oxalate radical anion is not 

stable enough to be considered a relevant transient species, ending a longstanding debate. Due to 

the lack of other relevant studies, however, it is unknown whether the ferrioxalate photolysis 

mechanism is a broadly applicable model for other Fe(III)-carboxylate complexes.  

In this study, we used time-resolved IR spectroscopy to examine the photo-decarboxylation 

mechanisms of Fe(III)-citrate and Fe(III)-salicylate. Citrate is an aliphatic α-hydroxy carboxylate 

that, like oxalate, is commonly found in natural environments (Figure 1), 16 but its higher 

molecular weight may make it a better proxy for aliphatic DOM molecules. Salicylate is also 

common in natural systems16 but unlike oxalate and citrate is a β-hydroxy carboxylate with an 

aromatic ring (Figure 1). The differences in structure between these three molecules cause 

significant differences in quantum yield, as measured by the production of Fe(II) (oxalate > citrate 

≫ salicylate).10,21 However, it remains unclear whether the structural differences affect the reaction 

mechanism or kinetics of photo-decarboxylation. Here, we show that photo-decarboxylation of 

Fe(III)-citrate and Fe(III)-salicylate follow the same pathway and timing as ferrioxalate, which 

suggests that this mechanism may be broadly applicable to environmentally relevant carboxylates 

bound to Fe(III).  
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Figure 1 Examples of the molecular structures of ferrioxalate, Fe-citrate, and Fe-salicylate expected to 

form in solution under the analysis conditions. Iron citrate, in particular, may adopt multiple complex 

stoichiometries and structures in aqueous solutions 21.  

MATERIALS AND METHODS 
Sample synthesis and characterization 

Stock solutions consisted of 0.1 M iron(III) chloride (Sigma-Aldrich, ACS reagent, 98.0-102% 

Fe(III) by redox titration), oxalic acid dihydrate (Sigma-Aldrich, ACS reagent, >99% purity), 

sodium citrate monobasic (Sigma-Aldrich, purum, anhydrous, ≥99.0% by base titration), and 

sodium salicylate (Sigma-Aldrich, Reagent Plus, >99.5% purity) in either H2O (MilliQ purification 

system) or D2O (Cambridge Isotope Laboratory or Aldrich). Stock solutions were mixed in the 

appropriate proportions to generation sample solutions of 100 mM ferrioxalate, iron(III) citrate, or 

iron(III) salicylate in H2O or D2O. Reference Fourier transform infrared (FTIR) spectrum of a 20-

mM Fe-citrate solution was acquired using a Nicolet instrument with a diamond attenuated total 

reflectance (ATR) crystal.  

Time-resolved infrared spectroscopy 

Data acquisition.   

Time-resolved (TR) infrared (IR) pump-probe spectroscopy was performed at the Center for 

Nanoscale Materials at Argonne National Laboratory. An amplified femtosecond Ti/sapphire laser 

system at 2 kHz generated pump pulses at 800nm that were frequency tripled to produce 266 nm 

and an optical parametric generator with difference frequency mixing of signal and idler produced 

mid-IR probe pulses. The interval between pump and probe pulses was controlled between -1.5 ps 

and 3 ns by a mechanical delay line. The time resolution was 100 fs. 22 TR-IR spectroscopy was 

performed on solutions of all three compounds in H2O with the probe wavelength centered at 6900 



 4 

nm (1449.3 cm-1) to study CO2 generation. TR-IR spectroscopy was performed on a solution of 

citrate in D2O with the probe wavelength centered at 5996 nm (1667.8 cm-1) to study carboxyl 

group changes.  

Data analysis   

Replicate transient absorption scans were averaged using Surface Explorer software and 

further processed using code written in IgorPro software. The pre-pump pulse background 

spectrum was subtracted from spectra at all time points, and spectra were extracted as unaveraged 

line scans. Time-dependent data were averaged over ~20 cm-1 of spectral bandwidth. These 

averaged traces still contained significant non-random noise apparently attributable to changes in 

detector gain between pixel elements. These effects were substantially corrected for by subtracting 

a control time-dependent trace at a wavenumber where no spectral changes were detected from the 

trace at a wavelength of a time-varying molecular vibration. For example, the CO2 signal was 

revealed by subtracting a trace centered at 2302 cm-1 from the trace centered at 2339 cm-1, the 

location of the CO2 asymmetric stretch.  

The time-dependent data for the 3 compounds were qualitatively compared by applying a 

multiplicative factor the minimized the sum of the squares of the intensity difference at each point. 

The time-dependent data were quantitative analyzed by fitting two models. The first assumes that 

CO2 generation rate is determined by the decay of a photoexcited iron complex and is given by a 

first-order chemical kinetics expression (Eqn. 1)  

Eqn. 1.  ICO2=ICO2
0 +CCO2

max (1-et𝑘𝑘1𝑠𝑠𝑠𝑠) 

where CCO2
max  is the maximum signal observed at 2339 cm-1 after ~50 ps, 𝑘𝑘1𝑠𝑠𝑠𝑠 is the rate constant 

and I0 and C are constants. The second model assumes that photolysis occurs concurrently with 

photoexcitation and the increase of the CO2 signal at 2339 cm-1 is determined by relaxation from 

two vibrationally excited states, and is given by a bi-exponential decay (Eqn. 2).  

Eqn. 2.  ICO2=I∤00  + I∤10 (1-et𝑘𝑘10) + I∤20 (1-et𝑘𝑘20) 

where 𝑘𝑘10 and 𝑘𝑘20 are the vibrational decay rate constants for the 1→0 and2→0 transitions, 

respectively, and the I0’s are constants. In agreement with prior work on ferrioxalate, the bi-

exponential decay model gave improved fits to the data.  
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RESULTS AND DISCUSSION 
Photoexcitation of Fe citrate in H2O promptly generated CO2, as shown by the appearance 

of a new vibrational signal with a maximum at 2339 cm-1 (Figure 2A). A signal with identical 

lineshape was observed for the photolysis of ferrioxalate in prior work17,18 and repeated in this 

experiment, and observed in frozen irradiated ferrioxalate samples. 14 Also in agreement with the 

ferrioxalate data, additional vibrational energy bands are seen at lower energies (2316 cm-1 and 

2293 cm-1), can be attributed to vibrationally excited states of CO2. 17 These hot CO2 molecules 

transition to the vibrational ground state within ~40 ps. Photoexcitation of a control iron-free 

citrate solution in H2O generated a broad and featureless enhanced-absorption band centered 

around 2100 cm-1 that decayed within 20 ps.  

Photoexcitation of Fe-citrate in D2O caused a prompt and irreversible loss of spectral 

intensity in the region from 1660–1610 cm-1 that overlaps a broader absorbance feature observed 

in ground-state FTIR data (Figure 2B). This region includes vibrational bands associated with 

asymmetric stretches of carboxylate groups complexed to Fe(III). 14 The different electron-

withdrawing strengths of alpha versus beta hydroxy groups in citrate likely contribute to the width 

of the FTIR absorbance in this region. The transient signal at 3 ns can be fitted by a single Gaussian 

peak centered at 1611 cm-1 with a width of ~70 cm-1. The loss in optical density at this frequency 

is thus consistent with loss via decarboxylation. The early transient spectra include an additional 

negative-going band, centered at 1646 cm-1 with a width ~40 cm-1, that decays within ~10 ps 

(Figure 2C). This feature may represent the photoexcitation of carboxylic acid moieties without 

charge transfer to iron.  

We searched for infrared signatures of additional products of photooxidation. Ferrioxalate 

photolysis generates both CO2 and the CO2 radical anion, which was previously detected from an 

absorption band at approximately 1660-1670 cm-1. 23,24 Fe-citrate photolysis generates CO2 and is 

expected to produce the larger organic radical, C5H7O5
+, but it was not possible to obtain an 

infrared signature of this product within the available user facility time. Abrahamson et al 

described IR spectral changes observed in the UV irradiation of freeze-dried Fe-citrate. 14 Shifts in 

the vibrational frequencies of the asymmetric and symmetric carboxylic stretch are associated with 

the altered bonding to iron(II) and not to a new functional group. They report the appearance of a 

new band at 1710 cm-1, attributed to a ketone group. In this study, however, no vibrational bands 

within 1800–1550 cm-1 are either gained or lost within the timeframe of 3 ns. Further work that 
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expands both the spectral and temporal ranges will be required to identify and characterize the 

organic radical product(s) of Fe-citrate photolysis.   

 

 
Figure 2 Time-resolved infrared observation of Fe citrate photooxidation. A) Difference vibrational 

spectrum of Fe citrate in H2O at 8 ps following photoexcitation. The major peak at 2339 cm-1 is at the 

location of the asymmetric stretch of CO2 in the vibrational ground state. The shoulders at 2316 cm-1 and 

2293 cm-1 are interpreted as the asymmetric stretch for CO2 in vibrational excited states. 17 B) Difference 

vibrational spectrum in D2O at three time points with 2-Gaussian fits to data at 0.5 ps and 10 ns. Also plotted 

is the ground-state FTIR spectrum of 20 mM Fe-citrate. C) Kinetic traces tracking the rate of ground-state 

CO2 production (monitored at 2363 cm-1), the loss of the vibrationally excited state of CO2 (monitored at 

2328.6 cm-1) and decarboxylation (monitored at 1626 cm-1 with an additional, reversible transient loss 

evident at 1650 cm-1). Also shown is a control trace for iron-free citrate in H2O.  

 
Photoexcitation of Fe salicylate also generated CO2. Comparison of the time-resolved 

infrared data for the three complexes shows identical products (Figure 3A) and highly similar 

dynamics (Figure 3B). The intensity of the CO2 signal, however, varies in the order Fe-salicylate 

< Fe-citrate < ferrioxalate. In this study, it was not possible to calibrate the IR signal intensity to 

measure the amount of CO2 produced per excitation. Nevertheless, because each sample contained 

the same concentration of iron, and because the photoexcitation fluence was maintained at an 

approximately constant value, the data show that the quantum yield for prompt CO2 production is 

different between samples. The trend in CO2 yields qualitatively follows the same trend in quantum 

yields (Φ) for these complexes as measured by the generation of Fe(II).10,21 For example, at an 

excitation wavelength of 365 nm, for Fe salicylate, Φ = 0.02; 25 for Fe-citrate, Φ = 0.25; 1 and for 

Fe-oxalate, Φ = 1.25. 26 Although a different excitation wavelength used in the present study (266 

nm), a similar ranking is expected.  
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It has been proposed that quantum yield of Fe-citrate photolysis, and the variation in CO2 

yields more generally, can be explained by a 3-step kinetic reaction scheme. 25 In this model, a 

transient photoexcited Fe-carboxylato complex either decays back to the ground state or lyses to 

produce Fe(II) and an organic radical that promptly decomposes to produce CO2. In this model, 

the change in the CO2 signal would be described by a first-order kinetic rate law.  

However, prior studies demonstrated17,18, using TR-IR and ab initio modeling, that 

photoexcited Fe-oxalate complexes decompose within 1 ps and the change in the CO2 signal is 

associated with vibrational cooling of a hot molecular photoproduct. When scaled to account for 

the different CO2 signal strengths, kinetics traces for all three complexes overlap up to 1 ns, 

suggesting similar photoexcitation dynamics in each case (Figure 3C). The rates of CO2 

generation were further quantified by fits to the first 60 ps of each time-dependent trace. A bi-

exponential model gave better agreement with the data than a first-order kinetic model (Table 1), 

supporting a common model of prompt CO2 generation and vibrational cooling.  

 

 

 
 
Figure 3 Comparison of the photooxidation of ferrioxalate, Fe salicylate and Fe citrate. A) Difference 

vibrational spectrum of the three complexes in H2O at 10 ps following photoexcitation showing a new 

spectral feature associated with the production of CO2. B) Time-dependence of the CO2 signals for the 3 

compunds monitored at 2351.8 cm-1 with fits of the bi-exponential model described in the text C) Time-

dependence of the CO2 signals for the 3 compounds scaled and plotted on a logarithmic time axis up to 1 

ns. Data were shifted by 1 ps for plotting on the log axis.  
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 Bi-exponential First order 

Compound 𝜒𝜒2 k10 (ps-1) k20 (ps-1) 𝜒𝜒2 k1st (ps-1) 

Fe oxalate 1.1 1.2 ± 0.2 8.4 ± 0.3 1.5 0.2 ± 0.05 

Fe citrate 1.5 2.1 ± 0.3 8.4 ± 0.3 2.2 0.3 ± 0.06 

Fe salicylate 0.6 2.3 ± 0.3 10.7 ± 0.9 1.2 0.2 ± 0.06 

TABLE 1: Comparison of the 𝜒𝜒2 goodness-of-fit values and rate constants fitted to the time-

resolved traces of Figure 3B using the bi-exponential model (eqn. 2) or the first order kinetics 

model (eqn. 1).  

 

CONCLUSIONS 
 
Our results demonstrate a common photo-decarboxylation mechanism for Fe-carboxylate 

complexes across a range of molecular weights and structures. Specifically, we find that 

decarboxylation is initiated within a picosecond following photoexcitation, that photoexcitation 

creates populations of ground-state and hot CO2 molecules, and that the generation and cooling of 

CO2 proceeds to completion within 40 ps. The identical rates are surprising given the different 

molecular structures of these three ligands. For example, the aromatic ring of salicylate might be 

expected to stabilize the organic radical in the second step of photo-decarboxylation, delaying CO2 

generation. In fact, however, no such difference is evident in the acquired data. This finding thus 

suggests that diverse natural hydroxy carboxylate molecules bound to Fe may also have similar 

kinetics of photo-decarboxylation.  

Differences in the CO2 yield within 50 ps are qualitatively similar to the long-time-scale 

quantum yield for Fe(II) production, indicating the importance of this initial step for the overall 

reaction. The present data suggest that a fraction of Fe-citrate photoexcitation events do not lead 

to ligand-to-metal charge transfer, and better understanding the competition between these 

different processes may enable decarboxylation yields to be predicted. Of course, overall photo-

decarboxylation kinetics observed for different types of natural organic matter15 are influenced by 

the subsequent aqueous chemical reactions of the organic radical molecule(s) that are generated 

by decarboxylation. Time-resolved infrared studies capable of studying such processes beyond the 

3-ns window used here are anticipated to greatly inform our understanding of such processes. 
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Future work may also include testing other environmentally relevant reducible metals capable of 

ligation by carboxylate moieties, such as copper. 27  
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