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1. Sample preparations 

1.1 Mössbauer sample 

 Stock solutions of 57Fe(H2O)6
2+ were prepared by dissolution of 57Fe metal (93% 57Fe, 

Cambridge Isotope Laboratories) in 3.0 M HClO4 and dilution to desired concentration.  Ozone 

stock solutions were prepared as described previously (referenced in the main text).  Samples for 

Mössbauer spectroscopy were prepared by stopped-flow mixing of equimolar concentrations of 
57Fe(H2O)6

2+ and O3, and freeze-quenching the sample in a rapidly-rotating liquid nitrogen-

cooled home-made brass receptacle.  The sample was quickly packed into a Delrin Mössbauer 

cup embedded in the bottom of the brass receptacle. The sample-filled cup was then immediately 

removed and placed into a liquid nitrogen-filled Dewar.  

 The concentration chosen for the experiment ([Feaq
2+] = [O3] = 0.5 mM) are determined 

by the experimentally achievable concentrations of ozone in aqueous solutions (about 1 mM 

before the mixing with Feaq
2+ in 1:1 ratio).  At this concentrations, the initial yield of 

(H2O)5FeIVO2+ is close to quantitative.  Losses occur during the manipulation and transfer of the 

frozen sample into the Mössbauer cup, as shown in independent experiments.  Samples injected 

from the stopped-flow outlet directly into a trap for (H2O)5FeIVO2+ (such as DMSO) assayed for 

>90% of the calculated (H2O)5FeIVO2+.  Samples prepared in the same way, and then freeze-

quenched and manipulated as those used to obtain the Mössbauer spectra had only about 50% 

(H2O)5FeIVO2+ when quenched with DMSO.  The lifetime of (H2O)5FeIVO2+ does not decrease 

greatly upon lowering of the temperature.  Even at 220 K, all of the (H2O)5FeIVO2+ decays in 

under 2 hours.  Thus the brief contact of the small-sized, initially liquid nitrogen-cold Mössbauer 

sample with room -temperature air causes some decay (~50%) of the sample.   

 

1.2 Ferryl oxygen exchange with solvent water 

 These experiments were performed under catalytic conditions so as to generate sufficient 

amounts of the product for precise GC-MS determination of product ratios.  A solution of 

Fe(H2O)6
2+ (0.4 mM) and DMSO (0.015 - 0.11 M) in H2

18O (97% enrichment) at pH 1 was 

bubbled with 16O3 for a predetermined amount of time so that no more than 30% of DMSO was 

oxidized.  Under these conditions, the direct oxidation of (CH3)2SO by O3 was shown to be more 
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than a hundred times slower than the catalytic oxidation via the (H2O)5FeO2+/Fe(H2O)6
2+ cycle. 

In one experiment, the concentration of Fe(H2O)6
2+ was raised 17-fold (to 7 mM). As required by 

the reaction scheme, the ratio of (CH3)2S(16O)2 to (CH3)2S(16O)(18O) (88:12) was within the 

experimental error identical to that at the lower Fe(H2O)6
2+ concentration (87:13).  This result 

rules out any contribution from the direct sulfoxide/ozone reaction, which would be much more 

pronounced at low Fe(H2O)6
2+ concentrations and it would change the pattern of the 18O label 

distribution.  

To obtain kexc (~103 s-1), the data were fitted to equation  
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where kDMSO = 1.4 × 105 M-1 s-1 (determined independently).   

 

1.3 Stoichiometry of the Fe(H2O)6
2+/H2O2 reaction in the presence of (CH3)(p-tolyl)SO 

The reaction of (CH3)(p-tolyl)SO (TMSO) with the Fenton reagent yielded no products.  We 

explain this by an initial interaction between HO• and the aromatic ring (for example, as in M. K. 

Eberhardt Rev. Heteroatom Chem. 1991, 4, 1), followed by:   
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As expected for this scheme, the reaction stoichiometry, ∆[Fe(H2O)6
2+]/∆[H2O2], was close to, 

but somewhat smaller than the ideal value of 2.0 (see below).   

 Experiment 1.  Initial concentrations: 0.97 mM Fe(H2O)6
2+, 0.11 mM H2O2, and 10 mM 

TMSO. Unreacted Fe(H2O)6
2+, after all the H2O2 disappeared, was 0.79 mM, i. e. 

∆[Fe(H2O)6
2+]/∆[H2O2] = 1.64.   

 Experiment 2. Initial concentrations: [Fe(H2O)6
2+] = [H2O2] = 2.0 mM, [TMSO] = 10 mM.  

Unreacted H2O2: 0.5 mM, i. e. ∆[Fe(H2O)6
2+]/∆[H2O2] = 1.33. The stoichiometric ratio smaller 

than 2 supports the idea of H2O2 competing with Fe(H2O)6
2+ for the intermediate.  This 
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competition is more successful, and the stoichiometric ratio is smaller, at higher relative 

concentrations of H2O2.  

1.4.  Comments on Fe(III) dimer formation.  There are at least two other examples in aqueous 

transition metal chemistry where an aquaoxometal(IV) ion reacts with a metal(II) species to give 

a dimeric metal(III) product.  These examples are CraqO2+ and VaqO2+.  For both metals, the 

dimer is considered a fingerprint for the involvements of the oxometal(IV) species.  We show 

that the same is true for (H2O)5FeIVO2+, as highlighted in the main text and described in more 

detail below.   

The concentration of Fe(H2O)6
2+ in the experiments with both O3 and H2O2 was 0.10 M.  The 

pseudo-first order rate constants for the initial steps in the two reactions can be calculated as 

follows (rate constants are from Pestovsky & Bakac J. Am. Chem. Soc. 2004, 126, 13757): 

 

Fe(H2O)6
2+/O3  

Formation of (H2O)5FeO2+: 

 Fe(H2O)6
2+ + O3  → (H2O)5FeO2+ + O2, kψ = 0.10 M × 8.3 × 105 M-1 s-1 = 8.3 × 104 s-1  

Reaction of Fe(H2O)6
2+ with (H2O)5FeIVO2+ to yield a mixture of monomeric and dimeric Fe(III) 

 kψ = 0.1 M × 4.3 × 104 M-1 s-1 = 4.3 × 103 s-1  

Subsequent hydrolysis of the dimer, regardless of how it is formed, has k = 0.76 s-1.  This step 

was experimentally observed in the Fe(H2O)6
2+/O3 reaction.   

 

Fe(H2O)6
2+/H2O2 

Formation of Fe(III) (all monomeric) 

 2 Fe(H2O)6
2+ + H2O2 ( + 2 H+) → 2 Fe(H2O)6

3+ + 2 H2O 

 kψ = 0.10 M × 58 M-1 s-1 = 5.8 s-1 

The hydrolysis of the dimer (0.76 s-1) is 8 times slower than the Fenton reaction (5.8 s-1).  Had 

the dimer been formed, it would not escape detection in this experiment designed to observe it.  

Thus the failure to see the dimer means that it was not formed.  
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Table S1 Organic products of sulfoxide oxidation by FeIV(D2O)5O2+ and Fe(D2O)6
2+/D2O2

a in 
D2O 
Sulfoxide Products/mM 

 FeIV(D2O)5O2+  b Fe(D2O)6
2+/D2O2

 c 

(CH3)2SO  (CH3)2SO2 Argon atmosphere: 

C2H6 (0.39), CH3SO2H (1.2) 

CH4, (CH3)2SO2 (traces) 

O2 atmosphere: 

CH3SO2H (0.3),C2H6 (0) 

(p-CH3-C6H4)(CH3)SO (p-CH3-C6H4)(CH3)SO2
d None observed 

a In acidic D2O, pD 1-3.  b Generated in situ under catalytic conditions from O3 and Fe(H2O)6
2+ in 

O2-containing solutions.  c [Fe(H2O)6
2+] = [H2O2] = 1.9 mM.  d Identical results were observed at 

pD 1 and pD ~7 (natural pD in the absence of added acid).   
 

2. Comments on Mössbauer spectra 

 We studied six samples containing Z, and obtained essentially the same results. The highest 

fraction of Z was 58%, the remainder belonging to Fe(H2O)6
3+. None of the samples contained 

Fe(H2O)6
2+.  Within the resolution, the Mössbauer spectra of Z were the same for all samples.  

 In the main text we stated that the electronic spin of Z relaxes slowly at 4.2 K. In the 

following we present the arguments: The field dependence of Bint at 4.2 K indicates a zero-field 

splitting (ZFS) parameter, D≈10 cm-1.  In order to determine whether Z has integral or half-

integral electronic spin, we have recorded 8.0 T spectra at 4.2 K and 12 K (Figure S1). In the 

slow fluctuation limit (relaxation rate < 106 s-1) the five spin levels of Z each yield a different 

Mössbauer spectrum, weighted with the appropriate Boltzmann factor.  For D=9.7 cm-1 the 

electronic ground state is ca. 40% populated at 12 K; however, the (first excited) MS=−1 state 

contributes a very broad feature between –2 mm/s and +2 mms with attendant small amplitude, 

and therefore the spectrum associated with the MS = 0 ground state provides the most prominent 

features.  In the fast fluctuation limit (rate > 5 × 108 s-1) the expectation value of the electronic 

spin, <S>, is obtained by averaging over the thermally accessible spin levels, i. e. <S> = <S>th, 
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and only one spectrum would be observed. For this case Bint = −<S>th⋅A/gnβn would decrease 

noticeably (ca. 19% for D = 9.7 cm-1) when the temperature is raised to 12 K.  The solid lines in 

Figure S1(A, blue) and (C, black) are theoretical spectra computed in the fast and slow relaxation 

limit, respectively, using the parameters quoted in the main text (and η = 0; the spectrum of Z is 

insensitive to η) 
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Figure S1. 8.0 T Mössbauer spectra of a sample containing 50% Z recorded at 12 K (B, 48 hours 
collection time) and 4.2 K (D). The red line in (B) is a spectral simulation for FeIII(H2O)6, using 
the same parameters as Knudsen [ref. S1], and drawn to represent 50% of the spectral area. The 
red line in (D) is a simulation for Z representing 50% of the spectral area, using the parameters 
quoted in the caption of Figure 1. Blue trace A shows a simulation of Z at 12 K assuming fast 
spin relaxation, whereas slow relaxation at 12 K for Z was assumed for the simulation of the 
black trace C. The vertical dashed lines mark the position of the outer lines of Z in the 
experimental 12 K spectrum. It can be seen that the fast relaxation simulation does not fit to this 
splitting. 
  

 The outermost lines of the spectra of Z (at – 4 mm/s and + 4.8 mm/s at 8.0 T) are the most 

intense. Unfortunately, the (slow relaxing) MS=–3/2 state of FeIII(H2O)6
3+ complex contributes at 

12 K a spectrum with lines at the same velocities, as indicated by the simulation in (B, red); these 
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lines are absent in the 4.2 K spectrum of (D) because the MS=–3/2 level is essentially 

depopulated. Assuming fast relaxation the simulation gives a 12 K spectrum of which the outer 

lines have move inward relative to the those of the 4.2 K spectrum. Since no such shift is 

observed in the experimental data we conclude that the relaxation is slow (in slow relaxation the 

line intensities change as a function of temperature while the line positions are independent of 

temperature).  

(We have also recorded 4.0 T spectra at 4.2 K and 12 K, with the goal of separating the 

absorption lines of Z from the MS=–3/2 lines of the ferric hexaaqua complex. However, at lower 

field the MS=±1/2 states of the latter become populated at 12 K, and it is virtually impossible to 

sort out the various spectra under the poor signal/noise conditions dictated by the sample 

preparations.) 

 In the main text we did not mention the asymmetry parameter, η, of the electric field gradient 

tensor.  Since the value of ∆EQ in Z is small, the Mössbauer spectra are insensitive to η, and we 

could therefore not determine this quantity. Moreover, as the spin expectation along z is small, 

Az could not be determined either.  

 

3. DFT calculations  

3.1 Method 

 The density functional calculations were performed using Becke’s three parameter hybrid 

functional (B3LYP) and basis set 6-311G provided by the Gaussian ‘03 (Revision-B.05) 

software package (ref. S2). The hyperfine parameters ∆EQ, Ac, and As-d (Table S2) were 

calculated using the properties keyword of the Gaussian code. The 57Fe isomer shifts δ were 

evaluated from the DFT charge density at the Fe nucleus using the calibration given by Vrajmasu 

et al. [ref. S3]. The SCF procedures and geometry optimizations were terminated upon reaching 

the default convergence criteria.   

3.2 Geometry optimizations and Mulliken populations 

 Geometry optimizations for the S=2 state of (H2O)5FeO2+ in the gas phase were performed 

for the molecular conformations and symmetries defined by the arrangements of the water 

ligands indicated in Table S2.  The Fe=O distances are 1.62 Å for all conformations considered.  

The Fe-Ow distances show a weak dependence on the conformation and are 2.04 − 2.08 Å (Fe-

Ow equatorial) and 2.04 – 2.11 Å (Fe-Ow trans). The lowest energy is found for the equilibrium 



 7 

conformation opop-pp (see Table S3) which is shown in Figure 3 of the main text and [see also 

ref. S4]. The frequency analysis for opop-pp reveals only positive frequencies, indicative of an 

equilibrium conformation, whereas at least one of the normal modes has negative a frequency in 

all other conformations. The Mulliken charges and spin populations (Table S3) are  

 

Table S2. Metric data of the geometry optimized structures in selected conformations of 

FeO(H2O)5
2+  

Model Fe-OH2 – equatorial [Å] 
eq tr 

Point  
Group 

Fe=O 
[Å] 

Fe-OH2 –  
trans [Å] 1 2 3 4 

oooo oo C2v 1.622 2.069 2.038 2.075 
ooop op Cs 1.621 2.053 2.050 2.044 2.098 2.044 
ooop oo Cs 1.622 2.080 2.061 2.019 2.078 2.078 
opop oo C2v 1.622 2.076 2.066 (o) 2.072 (p) 
opop pp C2v 1.620 2.044 2.040 (o) 2.088 (p) 
oppp op Cs 1.621 2.053 2.099 2.043 2.050 2.043 
pppp pp C2v 1.619 2.036 2.106 2.107 
eq (equatorial): a p indicates an equatorial water that is coplanar to the [FeO4] equatorial plane, an o indicates an 
equatorial water that is orthogonal to the [FeO4] equatorial plane;  
tr (trans): the trans water is in the plane defined by O and the oxygen atoms of the equatorial waters in the waters 
that are indicated by the two letters.   
 

Table S3. Relative energies of geometry optimized structures in selected conformations 

(H2O)5FeO2+ and associated Mulliken charges and spin populations for Fe and O  

Model Mulliken Charge Mulliken Spin 
eq tr 

Point 
Group 

SCF Energy 
[cm-1] Fe O Fe O 

oooo oo C2v 1126 1.71 -0.30 3.25 0.57 
ooop op Cs 69 1.70 -0.30 3.24 0.58 
ooop oo Cs 1539 1.71 -0.30 3.26 0.57 
opop oo C2v 2986 1.71 -0.29 3.27 0.57 
opop pp C2v 0 1.70 -0.29 3.24 0.59 
oppp op Cs 4674 1.70 -0.27 3.25 0.61 
pppp pp C2v 7174 1.70 -0.26 3.25 0.63 
 

Table S4. Mössbauer parameters calculated in geometry optimized structures of selected 

conformations of (H2O)5FeO2+  

Model As-d [kG] 
eq tr 

Point  
Group 

δ 
[mm/s] 

∆Eq 
[mm/s] 

η Ac 
[kG] Z X Y 

oooo oo C2v 0.43 -0.44 0.27 -189 -98 47 49 
ooop op Cs 0.43 -0.76 0.03 -191 -97 48 49 
ooop oo Cs 0.44 -0.66 0.27 -190 -96 48 49 
opop oo C2v 0.46 -1.01 0.11 -194 -97 47 49 
opop pp a C2v 0.45 -1.10 0.04 -194 -97 47 50 
oppp op Cs 0.44 -1.49 0.02 -198 -98 48 50 
pppp pp C2v 0.52 -1.96 0.02 -202 -99 49 50 
a Corresponds to the geometry of Figure 3.  



 8 

considerably smaller than the formal values for these quantities and are, like the distances, little 

affected by the conformation of the water molecules: charge: +1.7 vs. +4 for Fe and −0.3 vs. −2 

for O; spin: 3.2 vs. 4 for Fe and 0.6 vs. 0 for O. The situation is similar for the 

crystallographically characterized (ref. S5) S = 1 FeIVO(TMC) complex (charge: +1.5 vs. +4 for 

Fe and −0.4 vs. −2 for O; spin: +1.34 vs. 2 for Fe and 0.8 vs. 0 for O; refs. S6, S7).  

3.3 Mössbauer parameters 

 Table S4 presents the calculated 57Fe Mössbauer parameters: isomer shift (δ), quadrupole 

splitting (∆EQ), asymmetry parameter of the electric field gradient (η), Fermi contact term (Ac), 

and the three principal components of the spin dipolar coupling tensor (As-d). The best agreement 

with experimental δ (0.38 mm/s) and ∆EQ (−0.33 mm/s) is found for the conformation oooo-oo 

(δ=0.43 mm/s and ∆EQ=−0.44 mm/s). Since error margins in the calculated values for δ and ∆EQ 

of 0.08 mm/s and 0.7 mm/s, respectively, are not uncommon, the conformations in the first five 

lines of Table S4, including the conformation with the lowest gas-phase energy, are all 

acceptable from a Mössbauer perspective. The magnetic hyperfine interactions appear to be 

rather insensitive on conformation (see below). The hyperfine interactions are discussed in more 

detail in the next section. Efforts to calculate the influence of the water lattice on the Mössbauer 

parameters and the relative energies of the conformations are in progress.    

3.4 Electronic structure of ground and excited states 

 The MS=2 component of the electronic S=2 ground state can be represented as 

( )αααα − 22 yxyzxzxy  (z is along the Fe-O axis; the Ow are located along the x and y axes), with 

the understanding that the DFT orbitals with predominant metal dxz and dyz character are strongly 

covalently admixed with the px and py orbitals of the oxo ligand, “xz” ≈ (dxz + px)/v2, while the 

xy orbital is rather ionic (see Figure S2). The excited electronic states for the lowest energy 

conformation were explored by time-dependent (TD) DFT and by calculating SCF DFT 

solutions for electronic configurations with various spin and orbital occupancies. The energy of 

the lowest S=2 spin-allowed d-d transition, ( ) ( )αα
→− 222 zyx , is calculated to be 15,000 cm-1 

and corresponds to the configuration ( )αααα 2zyzxzxy .   The level of the lowest S = 1 state, 

ααβα yzxzxyxy , lies 6,000 cm-1 above the S=2 ground state and follows from the latter by 
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making the spin-flip transition ( ) βα
→− xyyx 22 .  The excitation energy was obtained for the 

unrelaxed S=2 geometry by taking the difference of the total energies for the SCF DFT solutions 

for the two states; the excitation energy for the geometry optimized S=1 state is reduced to 4400 

cm-1, due to relaxation of the equatorial FeOw bonds by ~ −0.1 Å. The unrelaxed, “vertical” 

excitation energies have been listed in Table S5 because these are the relevant values for 

estimating the ZFS of the S=2 ground manifold.  The low-lying S=1 state resembles the ground 

state of oxo-ferryl complexes in which the iron is coordinated by four N-donor ligands. These 

ligands raise the energy of the x2-y2 orbital (and thus of the S=2 state) to the extent that the S=1 

state becomes the ground state. In the penta aqua complex the two spin states retain the order 

predicted by Hund’s rule because the waters are weaker ligands than the N-donors in the S=1 

oxo-ferryl species. Geometry optimization for FeIV=O complexes with four aqua ligands, in a 

trigonal bipyramidal and square pyramidal conformation, yielded unacceptable quadrupole 

splittings (∆EQ ≈ + 2.5 mm/s).      

3.5 Zero-field splitting 

 The ZFS parameter D was evaluated by treating the spin-orbit coupling, ∑ ⋅ζ
i

ii sl , between 

the ground state and the excited states with 2nd order perturbation theory.  Interactions with both 

S=2 and S=1 excited states contribute to D: D=D2+D1.  Table S5 lists the excitations contributing 

to D together with their energies.  

 
  Table S5. Excitations relevant for estimating D in (H2O)5FeO2+  

 i excitation ∆i (cm-1) 
S=2 

1 xz→z2 15,000 
1 yz→z2 15,000 

S=1 
2 x2-y2→xy 6,000 
3 xy→x2-y2 20,000 
4 xz→xy - 
4 yz→xy - 
5 xz→x2-y2 - 
5 yz→x2-y2 - 
6 x2-y2→xz 20,000 
6 x2-y2→yz 20,000 
7 xy→xz 20,000 
7 xy→yz 20,000 

8 xz→yz - 
8 yz→xz - 
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Table S6. Covalency factors used for estimating D in (H2O)5FeO2+ 

Γ γΓ 
xy 0.95 

x2-y2 0.90 
xz 0.50 
yz 0.50 
z2 0.50 

 

The expressions used for the S=2 and S=1 contributions to D are given in eqs S1a and S1b.   
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 (S1b) 

The ∆i are excitation energies and γΓ are covalent reduction factors which measure the 3d 

character of molecular orbitals (0≤γ≤1, γ≈1 for 3d-like orbitals; γ≈0 for ligand type orbitals). The 

excitations listed with the same numeral in the first column of Table S5 have been combined into 

single terms in eq S1. Attempts to obtain DFT solutions for the xz→Γ and yz→Γ excitations 

resulted in states in which the evacuated xz and yz orbitals were replenished by an electron from 

the px and py orbitals of oxygen, respectively, effectively yielding oxo-to-iron charge transfer 

states at energies >8,000 cm-1.  Since the matrix elements for charge transfer states involve 

ligand orbitals with vanishing covalency factors, we have set the terms for i=4, 5, and 8 in the 

expression for D equal to zero (indicated with a “-” in Table S5).  Similar electronic 

reorganizations occur for the S=2 excitations xz, yz→z2 but have been ignored in the estimate for 

D2, suggesting an even smaller value for D2 than estimated below based on Tables S5 and S6. 

Noting that the Mulliken population of the 3d shell in (H2O)5FeO2+ (5.9) is halfway the values 

for (H2O)5FeIIIO1+ (5.6) and (H2O)5FeIIO0 (6.0), we have adopted the ζ value 400 cm-1 that is 

typical for the more reduced forms of iron instead of using the free FeIV ion value ζ=510 cm-1 



 11 

[ref. S8]. The covalently reduced ζ value together with the excitation energies and covalency 

factors listed in Tables S5 and S6 yield D2=0.5 cm-1 and D1=9.3 cm-1 and a total ZFS parameter 

D=9.8 cm-1 that is in good agreement with experiment. Significantly, the major contribution to D 

is due to the first term in eq 1b (7.6 cm-1).  It is well established that excited states with spin 

different from the ground state may contribute to the ZFS of the ground state (ZFS arising from 

spin-orbit coupling with intermediate-spin excited states are found in a number of high-spin 

complexes, notably FeIII porphyrins [ref. S9], in FeII rubredoxins [ref. S10], and in S=1 oxoferryl 

species [ref. S11]). The (H2O)5FeO2+ complex studied here is unique in that it is an integer spin 

system of which the ZFS of the ground state is almost exclusively due to spin state mixing.  

 The excitation energies and thus ZFS are almost independent of the conformation. The main 

effect of rotating the water molecules is on the energies of the xz and yz orbitals (see Figure S2). 

These orbitals entertain π interactions with the lone pairs of the waters, which are stereospecific 

and give rise to a splitting of the xz and yz orbital energies in C2 symmetry (the splitting is 520 

cm-1 in the case of the opop-pp (see Figure S2)). The resulting rhombicity parameter (E≠0 in 

spin Hamiltonian in eq 4), however, is small and will not be further analyzed here. 

 The values for the ZFS and hyperfine parameters for species Z and the S=2, FeIV=O 

intermediate of TauD are remarkably similar. Using the optimized structure reported by Krebs et 

al. [ref. S12] our calculations yield an excitation spectrum similar to that in (H2O)5FeIVO2+, 

suggesting that the ZFS in the two species arise from the same interaction. 

 

3.6 Analysis of the hyperfine interactions 

3.6.1 Isomer shift 

 As mentioned in section 3.3 the calculated isomer shift for the calculated equilibrium 

structure for (H2O)5FeIVO2+ is slightly (0.45 mm/s) higher than the observed value (0.38 mm/s). 

It should be noted, however, that these calculations were performed in gas phase. The actual 

system is in an environment of water molecules that are in contact with the iron coordinated 

water molecules. We performed a number of calculations in which the water environment was 

taken into account, either by placing a second layer of water molecules around iron or by 

immersing the complex in a dielectric medium using the PCM option of Gaussian. Both types of 

calculation yield lower values for δ and a better agreement with experiment when suitable 

conditions are applied (i.e., number of waters in the secondary shell or choice of dielectric 
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constant. We have no information about the precise nature of the water matrix under the 

cryogenic conditions of our spectroscopic measurements.). The mechanism for the decrease in δ 

can be described as follows. The polarizable medium enhances the dipole moments of the 

coordinated water molecules by weakening the O-H bonds (hydrogen bonding between the H 

atoms of the coordinated water molecules and the oxygen atoms of the secondary waters has the 

same effect). As a result the Fe-Ow bonds decrease in length and give rise to a decrease in the 

isomer shift of iron [ref. S3].  

 The isomer shifts for (H2O)5FeIVO2+ (0.38 mm/s) is considerably larger than the shift for 

FeIV(O)(TMC)(MeCN)2+ (0.17 mm/s). The isomer shifts for the two complexes are correctly 

reproduced by DFT calculations [ref. S7]. The difference in the δ values reflects the difference in 

electron donation by the equatorial ligands (waters are weaker donors than the nitrogen bases in 

TMC). A similar effect of electron donation on δ occurs when the Fe-ligand distances are 

changed (δ increases when the distance increases) [ref. S3]. The trend is consistent with 

Mössbauer studies of noble gas matrix isolated iron atoms and ions, which concern the limit of 

infinite Fe-ligand distance (i.e., free ions) and yield δ values that are considerably higher than 

those for atoms with the same formal oxidation/spin state in coordination complexes. 

3.6.2 Magnetic hyperfine interactions 

 The magnetic hyperfine tensor of Z has a contact (Ac), spin-dipolar (As-d) and an orbital (AL) 

contribution.  DFT calculations often give, for reasons not understood, poor results for Ac [refs. 

S13 and S14]; for instance, Neese [ref. S14] has used a multiplication factor of 1.8 to match the 

calculated and experimental Ac values. However, the spin-dipolar contribution is often well 

represented by DFT calculations. For the geometry optimized model of Z we obtained As- 

d(x)/gnβn = +4.7 T, As-d(y)/gnβn = +5.0 T, and As-d(z)/gnβn = –9.7 T. Correcting the experimental 

values Ax/gnβn = Ay/gnβn = –20.2 T by the calculated values for the spin-dipolar term, we obtain 

for the contact term Ac/gnβn ˜  –25 T (calculated  Ac/gnβn ˜  –19 T). This value is quite large 

compared to Ac reported for the high-spin Fe(IV) site of the Fe(IV)Fe(III) cluster of 

ribonucleotide reductase intermediate X, Ac/gnβn ˜  –18.4 kG, probably the best available 

reference compound  
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Figure S2. Contour plots of the 3d-type orbitals in the 5A1 ground state determinant 

( ) ...yxyzxzxy 22 αααα −  for the C2v opop-pp conformation, obtained by DFT. The excitation 

energies for the S=2 conserving d-d transitions Γα→(z2)α have been indicated.  The energies for 
Γ = x2-y2, xz, and yz were obtained by (TD)DFT; the excitation energy for xy was taken as the 
difference of the total energies for the DFT solutions for the initial and final determinant states of 
the transition. 
 

(The Fe(IV) site of X is thought to be coordinated by one nitrogen (his) and four oxygen ligands 

[ref S15]). The measured A values of Ζ contain a small negative contribution from the orbital 

term AL, leading to a slightly smaller value for Ac (AL is estimated to be ≈ –0.5 T by considering 

spin-orbit mixing of the S=2 ground state with S=2 states near 15,000 cm-1 obtained by the 

excitations of the xz, yz electrons into z2). The “experimental” value for Ac (–25 T) in Z would 

thus be greater than the computed value (−19 T) by a factor of only 1.3 (which is smaller than the 
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factor of 1.8 in other oxoferryl species). It should be noted that the contact term of Fe(H2O)6
3+ is 

also exceptionally large, namely Ac=–23.5 T, the value used for simulating the spectra of Figure 

1 (Ac≈–21 T in most high-spin FeIII complexes). The Ac values in Z and Fe(H2O)6
3+ are large 

because the electron donation by the ligands into the empty β (minority) spin orbitals is here 

unusually small (N.B. Contributions to the contact field arising from electron density donated by 

the ligands into the minority spin orbitals compensate in part the internal field from the electrons 

in the majority spin orbitals thereby reducing the contact field). The difference (−6 T) between 

the experimental (−25 T) and computed (−19 T) values for Ac in Z is about equal to the 

difference (−7.5 T) between the experimental (−23.5 T) and computed (−16 T) values for Ac in 

Fe(H2O)6
3+. The near equality of these differences signals that the discrepancies between theory 

and experiment are due to limitations of our computations and not to misrepresentation of the 

underlying structures. 

 Ac for Z (−25 T) is larger than for FeIV(O)(TMC)(MeCN)2+ (−16 T). The two unpaired 

electrons in the latter species occupy the xz and yz orbitals that are strongly admixed with the 

O(px) and O(py) orbitals (Figure S2) and give therefore a small contact field at the iron nucleus. 

The contributions to the contact field of the xz and yz electrons in Z are as small as in 

FeIV(O)(TMC)(MeCN)2+ because the Fe-O interactions in the two species are of comparable 

strength. Z, however, contains two more unpaired electrons, one in xy (a non-bonding orbital) 

and another one in x2-y2 (an orbital that interacts weakly with four water ligands), that generate a 

stronger contact field than the xz and yz electrons. As a consequence, the spin density on iron per 

unpaired electron in Z (0.80) is larger than in the TMC complex (0.67), resulting a larger value 

for Ac for Z. 

   

3.6.3 Quadrupole splitting 

 Both the observed (–0.33 mm/s) and calculated (–1.09 mm/s) ∆EQ values are rather peculiar, 

given that we assign these parameters to a ( )αααα − 22 yxyzxzxy  configuration,  

which in the case of a free S=2 FeIV ion would yield: eQVzz = eQ[Vzz(x2-y2)+Vzz(xz)+Vzz(yz)+ 

Vzz(xy)] ≈ (1−1/2−1/2+1) 4 mm/s ≈ +4 mm/s.  The difference can be understood by considering 

the Mulliken 3d orbital populations listed in Table S7. The calculated occupation numbers are 

considerably higher than the formal ones (0 and 1). The population (1.4) of the xz (yz) orbital for 
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the S=2 state is composed of one α-spin electron and a fractional population of 0.4 electrons 

originating from a covalently delocalized O(px)β electron, together resulting in a net spin 

population of 0.6. Accordingly, the electron and spin populations of the O(px) orbital are 1.6 and 

0.4, respectively.  Furthermore, the “vacant” (z2)α and (z2)β orbitals are partially filled by a total 

of 0.9 electrons due to delocalization of the O(pz)α and O(pz)β electrons. The delocalization of 

(pz)α exceeds that of the (pz)β electron, owing to the exchange polarization of the 3d shell, 

leading to non-vanishing spin densities in z2 and O(pz). The oxygen ligand donates a total of 1.8 

electrons to the 3d shell. The 3d electron count for (H2O)5FeIVO2+ (5.9) is close to those for 

Fe(H2O)6
3+ (5.6) and Fe(H2O)6

2+ (6.0), and is quite similar to that of the  FeIV(O)(TMC)(MeCN) 

complex (see Table S7).  The electronic charge donation to iron yields an important contribution 

to the 57Fe quadrupole splitting: eQVzz ≈ (−0.9+1.1−1/2×1.4−1/2×1.4+1) 4 mm/s = −0.8 mm/s 

(Table S7). Using the spin populations in Table S7, the z component of the spin-dipolar tensor is 

estimated to be As-d,z ≈ (0.3−0.9+1/2×0.6+1/2×0.6−1.0) 9.0 T = −9.0 T (P/7 ≈ 9.0 T). This value is 

close to the result of the full calculation (−9.7 T, Table S4). As-d depends only weakly on 

rotations of the water molecules (cf. Table S4), which does not come as a surprise, given that the 

spin densities are primarily shaped by the iron-oxo bond.  The ∆EQ values, however, show a 

somewhat stronger dependence on these rotations.  In addition to the population analysis for the 

S=2 state Table S7 presents also the results for the lowest S=1 state. Despite the lowering of the 

total spin S, the spin population of the oxygen is slightly larger than for the S=2 ground state, 

due to an increased delocalization of the px and py electrons. The populations for the S=1 ground 

state ααβα yzxzxyxy  of the FeIV(O)(TMC)(MeCN) complex are given in parentheses and show 

that the oxygen is somewhat more negative in the presence of an equatorial N-donor ligand. 

 Table S8 compares the quadrupole splitting of Z with the splitting for the complex 

FeIV(O)(TMC)(MeCN)5
2+ in which the equatorial water ligands are replaced by the four nitrogen 

bases of TMC. The electronic configurations of the S=2 and S=1 states yield equal values for 

∆EQ in the case the iron is a free ion (N.B. xy and x2-y2 have identical electric field gradient 

tensors). However, both experiment and computation show that the ∆EQ values are quite 

different for the two complexes; ∆EQ is negative in Z and positive in the TMC complex. This 

result can be explained as follows. TMC is a stronger σ donor than water, resulting a larger 

population of the x2-y2 orbital in the TMC complex (x2-y2 is the orbital with lobes directed 
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towards the equatorial ligands, cf. Figure S2). Mulliken population analysis shows that the sum 

of the populations of the x2-y2 and xy orbitals is 2.6 in the TMC complex and 2.1 in Z. The 

enhanced population of the equatorial 3d orbitals in the TMC complex (0.5) gives rise to a 

contribution of +2 mm/s to ∆EQ and shifts the quadrupole splitting back into positive territory. 

 

Table S7. Decomposition of DFT Mulliken charges and spin populations for S=2 ground state 

and lowest S=1 excited state of iron in (H2O)5FeIVO2+ 

S=2 S=1 b  

Population spin Population spin 

z2 0.9 0.3 0.8 0.0 
x2-y2 1.1 0.9 0.3 0.0 

xz 1.4 0.6 1.5 0.5 
yz 1.4 0.6 1.5 0.5 
xy 1.0 1.0 2.0 0.0 

Total 5.9 3.2 6.0 1.0 (1.3)c  
(1.3)b 

Fe 

Charge a +1.7  +1.6 (+1.5)c  
z 1.2 –0.2 1.4 0.0 
y 1.6 0.4 1.5 0.5 
x 1.6 0.4 1.5 0.5 

Total 4.3 0.6 4.3 1.0 (0.8)c 

O 

Charge a –0.3  –0.3 (–0.4)c  
a Total Mulliken charge, including all electronic and nuclear charges. 
b Results obtained at the equilibrium geometry for the S=2 ground state. 
c Numbers in parentheses are for Fe(O)TMC complex; refs. S6, S7. 
 
 
 
Table S8. Comparative analysis of quadrupole splittings in oxoferryl complexes with weak and 
strong equatoral ligands 

∆EQ (mm/s)   

Spin 

 

Configuration 
Free Ion DFTb Estimate 

c 

Exp. 

(H2O)5FeIVO2+,a Z 2 (xy xz yz x2-y2) +4 −1.10 −0.80 −0.33 d 

FeIV(O)(TMC)(MeCN)5
2+ 1 (xy2 xz yz) +4 +1.25 +1.44 +1.23 e 

a Equilibrium conformation opop pp. 
b Obtained using properties keyword of G03. 
c Estimated from Mulliken populations as described in text. 
d This work. 
e Ref. S5. 
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4 Analysis of K-edge energy  

 In non-relativistic quantum mechanics the ionization energy of the one-electron ion Fe25+ is 

given by E0(Fe25+)= Z2E0(H)=9193.6 eV, where Z=+26 is the nuclear charge of iron and 

E0(H)=13.6 eV is the ionization energy of the hydrogen atom. Figure S3 shows that the K-edge 

energies observed for the listed iron complexes (~7,100 eV) are almost equal to the sign-reversed 

1s orbital energies calculated with DFT for these species (~7,000 eV). [The 1s orbital energy is 

negative; the sign reversal yields a positive quantity.] The observed/DFT values (~7,000 eV) are 

considerably smaller than the estimated value (~9,000 eV). A relativistic cause for the 

discrepancy can be excluded because the calculated 1s energies were obtained with a classical 

DFT program. The reduction in E(1s) is due to electronic shielding of the nuclear potential in 

which the 1s electrons move. The effective nuclear charge, Zeff, corresponding to the observed 

K-edge energy, is ~+23. Ligands affect the shielding and lead to changes in E(1s) and the K-edge 

energy, E0. The E0 range of Figure S3 corresponds to a variation in the effective nuclear charge, 

∆Zeff, of 0.01. The relationship between E0 and E(1s) is approximately linear (see Figure S3). 

The slope is not, as one might have expected, equal to one; this, however, does not diminish the 

utility of the plot in Figure S3 as a means for prediction edge energies from DFT.  

 Figure S3 shows that there is no correlation between K-edge energy and formal oxidation 

state (notice that the rightmost and leftmost points represent high-spin FeIII complexes.). Also 

indicated in the figure (in parentheses) are the Mulliken charges, Q(Fe), of iron. Q(Fe) shows no 

recognizable relationship with formal oxidation state but correlates well with the K-edge energy: 

the complexes at the left hand side of Figure S3 have Q(Fe)≈+1.5, the one in the middle has 

Q(Fe)=+1.7, and the complex at the right hand side has Q(Fe)=+2.0. This trend is expected 

because a higher value for Q(Fe) implies a lower number of electrons on iron, less shielding of 

the iron nucleus, a lowering of 1s orbital level, and a higher ionization (K-edge) energy. 

Although overall this relationship is borne out by the data, the finer details of the K-edge 

energies for the three complexes on the right hand side of the figure cannot be understood on the 

basis of the Mulliken charge for iron alone.  

 The K-edge energy observed for Z is equal to the edge energy predicted on the basis of the 

calculated E(1s) energy for (H2O)5FeIVO2+ (the point for this complex lies on the red line in 
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Figure S3). Thus, the K-edge value for Z supports the identification of this complex with 

(H2O)5FeIVO2+. The K-edge energies of the complexes in Figure S3 correlate with the donor 

strength of the ligands. Obviously, such a relationship should exist, given the existence of a 

correlation between K-edge and Q(Fe). Indeed, the irons in the three complexes at the left hand 

side of Figure S3 have one strong donor ligand (O or OOR) and four or five medium donor 

ligands (TPA, N4Py, MeCN), the complex in the middle, (H2O)5FeIVO2+ (Z), has one strong 

donor ligand (O) and five weak donor ligands (H2O), and the complex on the right, FeIII(H2O)6
3+, 

has only weak donor ligands (H2O). Thus, the K-edge data for Z confirm the weakening of the 

equatorial ligands in passing from N-donor complexes, like FeIV(O)(TMC)(MeCN)2+, to Z that 

we inferred in section 3.6 from a comparative analysis of Mössbauer data.  

 

  

Figure S3. Experimental K-edge energies, E0, versus the sign reversed 1s orbital energies, E(1s), 
calculated with DFT (B3LYP/6-311G) for the aqueous species Z and FeIII(H2O)6, two FeIV-oxo 
complexes, and an FeIII-peroxo complex [ref. S5, S7]. The Mulliken charges of the irons are 
given in parentheses. The linear regression analysis is given in red.  
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