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Synthesis Procedures: The [Fe4] clusters were prepared using previously reported procedures.!
Isotopically enriched clusters were derived from 3’Fe(OAc), and ’Fe(OTf), « 2 MeCN made from
S7Fe powder and K'*OH and PhI'®O made from '8OH,.

Preparation of NRVS Samples: Solid NRVS sample holders were covered on one side with
Kapton tape and were laid out on to a kimwipe for a clean surface. The well-ground powder of each
sample was suspended into Nujol, transferred into a special designed polyoxymethylene sample
holder which has a Kepfon tape window allowing X-ray to penetrate in. Then the whole cup was
frozen with a cold aluminum block, and further stored in liquid nitrogen.

5’Fe Nuclear Resonant Vibrational Spectroscopy: The experiment was conducted at beamline
31D at the Advanced Photon Source (APS), Argonne National Laboratory, IL, USA. The instrument
equipped with a liquid helium flow cryostat and the sample was cooled with a copper cold finger,
thus samples were maintained at a cryogenic temperature of approximately 20 K. The temperature
for individual spectra were calculated using the ratio of anti-Stokes to Stokes intensity according
to S(-E) = S(E) exp(-E/kT) and were generally in the range of 40 K to 80 K. The monochromators
provide a high energy resolution of ~ 1 meV by employing a cryo-cooled silicon (1,1,1) double
crystal with 1.1 eV bandpass, followed by two separate Si(4,0,0) and Si(10,6,4) channel-cut crystals
in a symmetric geometry.? Single avalanche photodiode (APD) detector was used at both forward
and perpendicular direction. A solid K,MgFe(CN)4 sample was used as energy calibration standard
with a reference point of its Fe-C(v7) vibrational mode reported at 74 meV.>* The resolution
function was collected by recording the delayed nuclear fluorescence at the forward direction
simultaneously when the scattering photons were recorded at the perpendicular direction. The
spectra were recorded between -50 meV and +180 meV, 3 sec/step for each scan with a step size
of 0.25 meV. Each scan required about 50 minutes, and all scans were added and normalized to
the intensity of the incident beam. The program PHEONIX-3.0.3 was employed to process the data
and derive the ¥’Fe PVDOS.3

DFT calculations:

General method: Unless specified, the present broken-symmetry (BS) DFT calculations were
carried out using Gaussian 16 Rev CO1 with its tight optimization threshold.® B3LYP functional
together were employed.”® All the atoms were described by TZVP basis sets.”! For
thermochemistry calculated by DFT, the conductor-like solvation model of THF, developed in the
framework of the polarizable continuum model, was utilized in both optimization and frequency

analysis.!!



S’Fe PVDOS calculation: The crystal structure of each complex was optimized with DFT method.
Optimization threshold was set to tight. Frequency analysis was followed by optimization to
generate normal modes of vibration and their associated frequencies. The ’Fe PVDOS was
generated by using an in-house program that extracts the Cartesian normal mode displacements
obtained by DFT frequency calculations and converts them into ’Fe mode composition factor e?z,,

based on the following equation:'?
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where m; and r?;, are the mass of atom 7 and its mean square motion in mode a. The obtained >’Fe
mode composition factor was further used to reconstruct ’Fe PVDOS spectra to compare with

experimental data according to the following equation:'3
D, (V)= e M(V-7,)  (Eq.2)
a

where the line shape function £(V — V) was generated by using a 10 cm™!' gaussian broadening to

mimic the experimental energy resolution.

Structure Optimization Details: The spin coupling scheme is one of the major factors dominate
the optimized geometry. Different coupling schemes yield to different PVDOS spectra.
Consequently, the Fe-O/OH stretching energy also varies. As magnetic data suggests, the most
possible coupling scheme is that the apical HS Fe!!! antiparallelly aligned its spin with the bottom
three HS Fe or HS Fe'l. Therefore, we employed this spin coupling scheme for all the complexes.
In regard to DFT functionals, we started our optimization with BP86 functionals as it worked very
well for PVDOS spectra calculation of mononuclear iron complexes,'* while the B3LYP
functionals always overestimate the Fe-L bond lengths. However, the results suggest that BP86
failed to mimic the asymmetric bottom Fes;(u,O) moiety suggested by crystal structure. For
example, for [FeFe™,OFe™]-O, the BP86-optimized geometry shows almost identical Fe-u,O
bond lengths (2.06, 2.06 and 2.07 A, respectively), while the crystal structure reveals unequal Fe-
1,0 bond lengths (1.93, 1.95 and 2.15 A, respectively). However, hybrid functionals, e.g. B3LYP,
fixed this problem, thus successfully mimicking the unequal Fe-u4sO bond lengths. For
[Fel'Fe!l,OFe!]-O, the bottom Fe-p,O bond lengths are 1.95, 1.96 and 2.20 A, respectively. This
suggests that Hartree-Fock exchange may be important to understand the electronic structure of

such tetranuclear iron clusters by correcting the charge/spin delocalization among the Fe;O moiety.



Therefore, we employed B3LYP functionals in our calculations. The coordinates of optimized

geometries are listed in a separated Sl file (Optimized geometries.txt).



Table S1. Comparisons of the selected bond lengths of the [Fe,] clusters from the DFT calculated and XRD determined structures.?

[Fe,0Fe-0 | [Fe;OFe/"|-OH | [FelFeOFe"}-0 | [FelFe:0Fe-OH [ [Fel:FeOFe"}-0 | [Fel:FemOFe -OH [ o o
DFT DFT XRD | DFT | XRD DFT | XRD | DFT | XRD DFT | XRD | DFT
Fel-O(H) 1783 1.886 1796 | 1781 | 1.879 | 1901 | 1817 | 1785 | 1907 | 1925 | 1937 | 1.958
F&;I;)eq 2.1 2.088 209 | 2108 | 2063 | 2097 | 2098 | 2132 | 2084 | 2114 | 2125 | 2.155
Fel-p,0 2.128 2.014 2049 | 2103 | 1.948 | 1980 | 1.965 | 2058 | 1889 | 1929 | 1.837 | 1.866

Fe2—u4O
2.021 2.091 2155 | 2196 | 2148 | 2213 | 2139 | 2167 | 2142 | 2182 | 2109 | 2.136

Fe3-],t40
2.021 2.078 1947 | 1957 | 1971 | 1990 | 205 | 2133 | 2101 | 2173 | 2102 | 2132

Fe4—u4O
2.021 2.007 1927 | 1951 | 2002 | 2008 | 1967 | 1878 | 1952 | 1923 | 2089 | 2.095
F"a“v'go 2.021 2.059 2000 | 2034 | 2040 | 2070 | 2052 | 2059 | 2065 | 2093 | 2100 | 2.121
Zizng) 2.121 2.127 2136 | 2186 | 2118 | 2192 | 2150 | 2187 | 2130 | 2190 | 2142 | 2.194
(Ffng) 2.121 2.120 2068 | 2117 | 2057 | 2112 | 2112 | 2188 | 2124 | 2190 | 2139 | 2.193
f/itgL) 2.121 2.106 2051 | 2114 | 2076 | 2110 | 2093 | 2125 | 2077 | 2114 | 2138 | 2.194
F(f@“g)L 2.121 2117 2085 | 2139 | 2084 | 2138 | 2118 | 2167 | 2110 | 2165 | 2140 | 2.194

2 The bond lengths of XRD determined structures were taken from [!]. Fel represents the apical iron center of these complexes and Fe2, Fe3, and Fe4 represent the
base iron centers of these complexes.

5No XRD data are available for this complex.

¢ the complex studied by >’Fe NRVS in this work.



Table S2. The DFT calculated spin population of the iron centers of the [Fe4] clusters.?

Fel Fe2 Fe3 Fed
[Fe5;OFe!]-O -4.03 +4.12 +4.12 +4.12
[Fe';OFe]-OH -4.17 +4.13 +4.23 +4.11
[Fel'Fe,0OFe"]-O ® -4.01 +3.81 +4.15 +4.15
[Fe''Fe'l, OFe']-OH ® -4.18 +3.80 +4.17 +4.17
[Fe',Fe"OFe!]-O b -4.02 +3.80 +3.80 +4.12
[Fell,Fe"OFe"]-OH b -4.18 +3.79 +3.80 +4.16
[Fe;OFe!]-OH -4.19 +3.77 +3.77 +3.77

2 Fel represents the apical iron center of these complexes and Fe2, Fe3, and Fe4 represent the base iron
centers of these complexes.

> The complexes studied by 3’Fe NRVS in this work.
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Figure S1. Normal modes of vibration of a OFe(X3)(YZ3) type molecule in a C3, symmetry derived from
DFT calculations. For each mode, the corresponding irreducible representation under Cs, symmetry is
indicated.
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Figure S2. ’Fe PVDOS experimental and DFT calculated spectra from [Fe'Fe,OFe™]-O. Top: the
experimental spectra of [Fe'lFe','°*OFe™]-160 (black) and [Fe,FeM8OFe™]-180 (red). Bottom: The DFT
calculated spectra of [FeFe™,'00F¢!]-1°0 (black), [Fe"Fe'™,80OFe™]-130 (red), and [Fe"Fe™,OFe]-130
(purple). The frequencies of v(Fe™-O) and v(Fe™-u,0) in these complexes are indicated in the figure.
v(Felll-180) is not affected by the isotope ('°O or '#0) of p,0.
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Figure S3. *’Fe PVDOS experimental and DFT calculated spectra from [Fe'Fe,OFe]-OH. Top: the
experimental spectra of [Fe'Fe™,'°0F¢!]-1°OH (black) and [FeFe'™,'80Fe™]-8*0H (red). Bottom: The
DFT calculated spectra of [FeFe™,'0F¢]-1°OH (black), [Fe''Fe™,'80Fe™]-180H (red), and
[FellFell,1OFe!]-180H (purple). The frequencies of v(Fe'-OH) and v(Fe''-u,0) in these complexes are
indicated in the figure. v(Fe''-'80OH) is only slightly affected by the isotope ('°O or '*0) of p,0.
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Figure S4. *’Fe PVDOS experimental and DFT calculated spectra from [Fe',Fe'!OFe!']-O. Top: the
experimental spectra of [Fe!l,Fel'®*OF¢!']-10 (black) and [Fe!l,Fe™80OFe]-130 (red). Bottom: The DFT
calculated spectra of [Fe',Fe""0OF¢e!]-160 (black), [Fe',Fe!8OFe]-130 (red), and [Fe',Fe''OFe!']-120
(purple). The frequencies of v(Fe™-O) and v(Fe™-u,0) in these complexes are indicated in the figure.
v(Fe-130) is not affected by the isotope (1°O or 30) of p,0.
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Figure S5. ’Fe PVDOS experimental and DFT calculated spectra from [Fe!l,;Fe'OFe!']-OH. Top: the
experimental spectra of [Fe',Fe!""®OFe!']-1°OH (black) and [Fe!,Fe#8OF¢']-80H (red). Bottom: The
DFT calculated spectra of [Fe,Fel"'OFe!"]-1°OH (black), [Fe',Fe'3QFe']-1*OH (red), and
[Fe,Fel6QFe]-180H (purple). The frequencies of v(Fe-OH) and v(Fe-p,0) in these complexes are
indicated in the figure. v(Fe™-180H) is only slightly affected by the isotope (1°O or *O) of 0.
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Figure S6. Bond length vs. vibrational frequency plot. All black empty circles are data points reproduced
based on a study by Tolman and coworkers [?*], the red filled diamonds and circles are experimentally
determined and DFT calculated Fe-O/OH stretching frequencies obtained in the current study on the [Fe,]
clusters and a previous study on mononuclear Fe(IIT) complexes ['4], which show a good consistency with

all other data.
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