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Abstract: To probe how H-bonding effects the redox potential changes in Fe-S proteins, we produced
and studied a series of gaseous cubane-type analogue complexes, [Fe4S4(SEt)3(SCnH2n+1)]2- and
[Fe4S4(SEt)3(SCnH2nOH)]2- (n ) 4, 6, 11; Et ) C2H5). Intrinsic redox potentials for the [Fe4S4]2+/3+ redox
couple involved in these complexes were measured by photoelectron spectroscopy. The oxidation energies
from [Fe4S4(SEt)3(SCnH2nOH)]2- to [Fe4S4(SEt)3(SCnH2nOH)]- were determined directly from the photo-
electron spectra to be ∼130 meV higher than those for the corresponding [Fe4S4(SEt)3(SCnH2n+1)]2- systems,
because of the OH‚‚‚S hydrogen bond in the former. Preliminary Monte Carlo and density functional
calculations showed that the H-bonding takes place between the -OH group and the S on the terminal
ligand in [Fe4S4(SEt)3(SC6H12OH)]2-. The current data provide a direct experimental measure of a net
H-bonding effect on the redox potential of [Fe4S4] clusters without the perturbation of other environmental
effects.

Introduction

The [4Fe-4S] cluster is perhaps nature’s most favorite agent
for electron transfer and storage,1 such as in ferredoxins (Fds),2

high potential proteins (HiPIPs),3 and the integral machineries
of hydrogenases and nitrogenases.4,5 In most cases, the iron and
sulfide ligands are arranged in a slightly distorted cube with
each iron additionally connected to a cysteinyl sulfur of the
polypeptide chain. X-ray crystal structural data show that the
[4Fe-4S] sites in different proteins exhibit similar Fe-S bond
distances and bond angles for the bridging and terminal sulfur
atoms.2,6-13 However, the accessible oxidation states and the

redox potentials of these [4Fe-4S] sites are enormously
diverse.14,15With the structural similarity of the [4Fe-4S] core,
major environmental factors have been suggested to contribute
to the variations of the reduction potentials of Fe-S proteins,
including H-bonding to the sulfide and terminal cysteine ligands,
and electrostatic interactions with the Fe-S cluster from solvent
and protein side-chain/backbone.15-29 Among these factors, the
H-bond between the amide N-H and the cysteine and bridging
(S*) sulfide ligands of the cubane cluster may play important
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roles. For instance, eight NH‚‚‚S (S* and Cys S) H-bonds were
identified inPaFd, while five such H-bonds were found in the
case ofCVHiPIP. The larger number of H-bonds in Fd than in
HiPIP presumably favors a lower oxidation level in Fd’s.7,16

However, due to the extreme complexity of the protein
environment, it is difficult to build a simple correlation between
the cluster-protein H-bonding and the redox potential.15

Numerous efforts had been made to investigate the protein
environment of the Fe-S cluster,15-29 but the net H-bonding
effect on the redox potential of Fe-S protein remains uncer-
tain.30

Gas-phase photodetachment photoelectron spectroscopy is a
powerful experimental technique to study the electronic structure
and chemical bonding of isolated molecules without perturbation
of the solvents, the crystal field, or the protein environment,
yielding intrinsic properties of the Fe-S clusters and providing
the basis for elucidating the complex cluster-protein inter-
actions. Photodetachment, involving removal of an electron from
an anion (ABn- f AB(n-1) + e-), is an oxidation process. The
measured adiabatic electron detachment energy (ADE) reflects
the energy difference between the oxidized and reduced species
in the gas phase, providing the intrinsic redox potential.31 We
have developed an experimental technique, which couples an
electrospray ionization source with a magnetic-bottle photo-
electron spectrometer.32 Electrospray is a versatile technique,
allowing ionic species in solution samples to be transported into
the gas phase. Our recent work has shown that photoelectron
spectroscopy plus electrospray is an ideal technique for inves-
tigating multiply charged anions in the gas-phase,33 as well as
anionic metal-complexes commonly present in solution.31,34,35

Using this technique, we have reported systematic photoelectron
spectroscopic and theoretical studies on a series of [1Fe] to
[4Fe-4S] complex anions as the analogues of the active centers
of different Fe-S proteins.36-40

In the current work, we want to address how a single H-bond
influences the redox potential of a [4Fe-4S] cubane complex.
We report a photoelectron spectroscopic study on a series of
gaseous doubly charged cubane complexes, [Fe4S4(SEt)3-
(SCnH2n+1)]2- and [Fe4S4(SEt)3(SCnH2nOH)]2- (n ) 4, 6, 11;
Et ) C2H5). These complexes can be viewed as the analogue
of the active site of [4Fe-4S] proteins. The-SCnH2nOH-
coordinated complexes were expected to form an intramolecular
H-bond between the hydroxyl group and the cubane sulfur, while
the -SCnH2n+1-coordinated complexes were used as non-H-
bonding references. Theoretical calculations were used to
understand the H-bonding conformation of [Fe4S4(SEt)3-

(SCnH2nOH)]2-. The measured oxidation energies for
[Fe4S4(SEt)3(SCnH2nOH)]2- are 130 meV higher than those of
the corresponding [Fe4S4(SEt)3(SCnH2n+1)]2-, revealing that a
single OH‚‚‚S hydrogen bond can change the redox potential
of a [4Fe-4S] cubane by as much as 130 mV.

Materials and Methods

Photoelectron Spectroscopy.The experiment was carried out using
an experimental apparatus equipped with a magnetic-bottle photoelec-
tron analyzer and an electrospray source. Details of the experimental
method have been given elsewhere.32 Briefly, the sample solutions were
prepared by dissolving (Bu4N)2[Fe4S4(SEt)4] and CnH2n+1SH or HSCnH2n-
OH (n ) 4, 6, 11) in O2-free acetonitrile at 4:1 molar ratios. The
[Fe4S4(SEt)3(SCnH2n+1)]2- and [Fe4S4(SEt)3(SCnH2nOH)]2- (n ) 4, 6,
11) complexes were produced by terminal ligand substitution reactions41

and were introduced into the gas phase by electrospray. Anions
generated from the electrospray source were guided into a quadruple
ion-trap, where ions were accumulated for 0.1 s before being pulsed
into the extraction zone of a time-of-flight mass spectrometer. The ion
trap was kept at room temperature. Therefore, the internal temperatures
of the anions were also expected to be around room temperature.

During the photoelectron spectroscopy experiment, the anions of
interest were mass-selected and decelerated before being intercepted
by a probe laser beam in the photodetachment zone of the magnetic-
bottle photoelectron analyzer. In the current study, we employed three
detachment photon energies, 355 nm (3.496 eV), and 266 nm (4.661
eV) from a Nd:YAG laser, and 193 nm (6.424 eV) from an excimer
laser. Photoelectrons were collected at nearly 100% efficiency by the
magnetic bottle and analyzed in a 4-m long electron flight tube.
Photoelectron time-of-flight spectra were collected and then converted
to kinetic energy spectra, calibrated by the known spectra of I- and
O-. The electron binding energy spectra presented here were obtained
by subtracting the kinetic energy spectra from the detachment photon
energies (EB) hν - KE). The electron kinetic energy resolution (∆KE/
KE) was about 2%, that is,∼10 meV for 0.5 eV electrons, as measured
from the spectrum of I- at 355 nm.

Theoretical Methods.Monte Carlo (MC) simulations followed by
the molecular mechanic (MM) minimization method was employed
for searching the conformations of [Fe4S4(SCH3)3(SR)]2- (R ) -C6H13

and-C6H12OH) using the HyperChem molecular modeling package.42

We used the simpler-SCH3 ligand in all of the calculations, instead
of the more complex-SEt ligand, which does not significantly change
the structures and electronic properties of the complexes. The MM+
force field and parameters were utilized for MC and MM calculations.
The MC simulations and MM calculations only involve the SC6H13,
SC6H12OH, and H-bonded S of the-SCH3 and sulfide ligands of
[Fe4S4(SCH3)3(SR)]2-, in which the geometries are constrained at the
possible H-bonded structures and the cubane core is constrained to the
DFT optimized structure of [Fe4S4(SCH3)4]2-. The MC simulations were
run 20 000 steps around each possible conformation structure at 1000
K.

The broken-symmetry (BS) DFT method,43,44 specifically with the
Becke’s three-parameter hybrid exchange functional,45-47 the B3LYP
correlation functional,48 and the 6-31G**/6-311G** basis sets,49-51 were
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utilized for the geometry optimizations and electronic structure calcula-
tions. The calculated energies were refined at the B3LYP/6-31-
(++)SG**//B3LYP/6-31G** level, where sp-type diffuse functions
were added to the 6-31G** basis set of the sulfur and oxygen atoms.49-54

The ADE of [Fe4S4(SCH3)3(SR)]2- was calculated as the total energy
difference between the ground states of [Fe4S4(SCH3)3(SR)]2- and
[Fe4S4(SCH3)3(SR)]-; the VDE was calculated as the energy difference
between the ground state of [Fe4S4(SCH3)3(SR)]2- and the energy of
[Fe4S4(SCH3)3(SR)]- at the geometry of [Fe4S4(SCH3)3(SR)]2-. Because
the spin projection corrections for BS DFT energies of the reduced
and oxidized sites of HiPIP analogues tend to cancel each other when
computing the oxidation energies or relative energies,55 spin-coupling
effects on BS-DFT calculations were neglected in this work. All
calculations were performed using the NWChem program package.56

Results and Discussion

Photoelectron Spectra and Electron Binding Energies.
Photoelectron spectra of all six cubane complexes were taken
at three photon energies: 355, 266, and 193 nm. We observed
that the terminal ligand substitution has little effect on the overall
spectral patterns, which are almost identical to those of
[Fe4S4(SEt)4]2-.40 Only the spectra of [Fe4S4(SEt)3(SC6H12OH)]2-

are shown here (Figure 1). A well-defined threshold featureX
was observed in the photoelectron spectra of all of the cubane
complexes. A second bandA, well separated from theX band,
was overlapped with high binding energy features. The higher
binding energy part of the spectra appeared to be broad and
almost continuous. In the lower photon energy spectra, high
binding energy features disappeared as a direct consequence of
the repulsive coulomb barrier universally present in multiply
charged anions.33

Despite the overall similarities of the spectral patterns among
the six cubane complexes, their electron binding energies were
observed to depend on the type of substituents. To display the
spectral shift, we show in Figure 2 the 355 nm spectra of all
six cubane complexes. The spectra in red show that the electron
binding energies of [Fe4S4(SEt)3(SCnH2n+1)]2- increases steadily
with the chain length of the substituted ligand fromn ) 4 to
11. The same trend was observed for the [Fe4S4(SEt)3-
(SCnH2nOH)]2- series (in black). However, the binding energies
of the-SCnH2nOH-substituted complexes were observed to be
systematically higher than those of the-SCnH2n+1-substituted
complexes with the same chain length. The ADE and VDE
(vertical detachment energy) of the threshold peak are given in
Table 1, where the oxidation reorganization energies (λoxd) are
also given.31,57

Terminal Ligand Effect on the ADEs. The terminal ligand
effects on the electron binding energies have been well

documented in our prior studies. In a series of [Fe4S4L4]2-

cubane complexes, we have shown that the [4Fe-4S] core is a
robust unit and its overall electronic structure does not change
too much upon the terminal ligand substitution.40 Yet its intrinsic
redox potential, as measured by the ADE of the [Fe4S4L4]2-

complexes from photoelectron spectroscopy, is strongly de-
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Figure 1. Photoelectron spectra of [Fe4S4(SEt)3(SC6H12OH)]2- at (a) 355
nm (3.496 eV), (b) 266 nm (4.661 eV), and (c) 193 nm (6.424 eV).

Figure 2. Photoelectron spectra of [Fe4S4(SEt)3(SCnH2n+1)]2- (red curves)
and [Fe4S4(SEt)3(SCnH2nOH)]2- (black curves) (n ) 4, 6, 11) at 355 nm.
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pendent on the electron-donating or -withdrawing ability of the
terminal ligands. Strong electron donor ligands, such as-SR,
raise the energy of the highest occupied molecular orbital
(HOMO) of [Fe4S4L4]2-, yielding a lower ADE, whereas strong
electron-withdrawing ligands, such as the halogens, lower the
energy of the HOMO of [Fe4S4L4]2- and give relatively high
ADE. The electron-withdrawing ability of the-SCnH2n+1

ligands increases with the alkyl chain, as can be seen from the
increasing electron affinities of SCnH2n+1 (1.867, 1.953, 2.00,
2.03, 2.09 eV forn ) 1-5, respectively).58,59This explains the
ADE increases in the [Fe4S4(SEt)3(SCnH2n+1)]2- series, because
the ability of -SCnH2n+1 to stabilize the negative charge
becomes greater with increasing alkyl chain length.59

Intramolecular H-Bonding: [Fe 4S4(SEt)3(SCnH2n+1)]2-

versus [Fe4S4(SEt)3(SCnH2nOH)]2-. Because of the induction
effect of the-OH group, an increase in ADE for [Fe4S4(SEt)3-
(SCnH2nOH)]2- relative to [Fe4S4(SEt)3(SCnH2n+1)]2- was ex-
pected. Because the induction effect decreases rapidly with the
chain length, it was also expected that the magnitude of the
ADE increase of [Fe4S4(SEt)3(SCnH2nOH)]2- relative to
[Fe4S4(SEt)3(SCnH2n+1)]2- should also decrease with increasing
chain length. However, this was not the case, as can be seen
from Table 1, where we listed the ADE increase of [Fe4S4(SEt)3-
(SCnH2nOH)]2- relative to [Fe4S4(SEt)3(SCnH2n+1)]2- as∆ADE.
Surprisingly, the∆ADE is identical (∼130 meV) within our
experimental uncertainty, regardless of the substituent chain
lengths. Therefore, the induction effect of the hydroxyl group
is not sufficient to explain our experimental observation.

The only explanation consistent with our experimental results
is that somehow the-OH group is directly interacting with
the cubane core. The hydroxyl group is a well-known H-bonding
donor. Ab initio quantum calculations have shown that the Fe-
ligated sulfurs are good H-bond acceptors.60 It is reasonable to
believe that in [Fe4S4(SEt)3(SCnH2nOH)]2- the -SCnH2nOH
ligand may fold back to the cubane and form a strong
intramolecular H-bond between the-OH and S either from the
terminal ligand or the bridging inorganic sulfur within the
cubane core. The alkyl chain is relatively flexible, and the strong

H-bonding can compensate for any energy cost for the folding.
Electronically this OH‚‚‚S H-bond is expected to stabilize the
negative charges on the cubane, thus increasing the oxidation
energy of the cubane complexes. Because the H-bonding
strength for all three [Fe4S4(SEt)3(SCnH2nOH)]2- (n ) 4, 6, 11)
complexes should be the same, the increment of the ADE
relative to the respective [Fe4S4(SEt)3(SCnH2n+1)]2- complexes,
in which there is no H-bonding, is also expected to be the same,
in exact agreement with our experimental observation. Here,
the [Fe4S4(SEt)3(SCnH2n+1)]2- species serve as non-H-bonding
references; thus the∆ADE we measured corresponds to the net
H-bonding effect on the oxidation energy.

Preliminary Theoretical Results and Confirmation of the
Intramolecular H-Bonding. To confirm the intramolecular
H-bonding in the-SCnH2nOH-substituted cubane complexes,
we carried out preliminary theoretical calculations using
[Fe4S4(SCH3)3(SC6H12OH)]2- as a model. Two of the most
important conformational structures of this complex, one with
and one without a H-bond, were isolated by MC simulations,
followed by MM and DFT optimizations. The results are
compared with the optimized conformation of [Fe4S4(SCH3)3-
(SC6H13)]2- in Figure 3. For [Fe4S4(SCH3)3(SC6H13)]2-, the
long-chain thiol ligand-SC6H13 assumes a quasi-linear con-
formation and points away from the cubane core (Figure 3c).
For [Fe4S4(SCH3)3(SC6H12OH)]2-, both the H-bonding (Figure
3a) and the non-H-bonding (Figure 3b) conformations are energy
minima, but the former is more stable by 3.1 kcal/mol. The
most favorable H-bonding location is the diagonal terminal
ligand sulfur.61 The distance between oxygen and sulfur of
OH‚‚‚S is 3.3 Å, which is compatible to the NH‚‚‚S H-bonds
in Fds and HiPIP (∼3.5 Å N-S distance).19 The H-bonding
interaction between the-OH group and the-SEt ligand
stabilizes the high-lying occupied molecular orbitals on the
[2Fe-2S] layer by its side, resulting in a shorter Fe-Fe distance
by 0.05 Å (Feoxd-Feoxd in Figure 3a).

Oxidation energies for [Fe4S4(SCH3)3(SC6H13)]2- and the two
conformations of [Fe4S4(SCH3)3(SC6H12OH)]2- were also cal-
culated (Table 2). Note that the calculated ADEs are low relative
to the experimental ADEs, whereas the calculated VDEs are in
much better agreement with the experimental VDEs.62 In
comparison to [Fe4S4(SCH3)4]2-, the slightly weaker electron
donor ligand,-SC6H13, only induces a very small increase
(∼0.01 eV) in the oxidation energy (ADE), consistent with the

(58) Rienstra-Kiracofe, J. C.; Tschumper, G. S.; Schaefer, H. F., III; Nandi, S.;
Ellison, G. B.Chem. ReV. 2002, 102, 231-282.

(59) Janousek, B. K.; Reed, K. J.; Brauman, J. I.J. Am. Chem. Soc. 1980, 102,
3125-3129.

(60) Koerner, J. B.; Ichiye, T.J. Phys. Chem. B2000, 104, 2424-2431.

(61) The MD simulations suggested that the thiolate H-bond is more favorable
over the sulfide H-bond. DFT calculations show that H-bonding to the
sulfide only brings a stabilization of 1.7 kcal/mol relative to the non-H-
bonded conformation. We plan to publish more details in a future theoretical
paper.

(62) The large errors in ADEs were due to the fact that the ADE calculations
involved the total energies at the optimized structures of both the dianions
and the final state singly charged anions, whereas the VDEs only involved
the energy difference between the dianions and the singly charged anions
both at the optimized structure of the initial dianions.

Table 1. Experimental Adiabatic Detachment Energies (ADE),
Vertical Detachment Energies (VDE),a and Oxidation
Reorganization Energies (λoxd) for [Fe4S4(SEt)3(SCnH2n+1)]2- and
[Fe4S4(SEt)3(SCnH2nOH)]2- (n ) 4, 6, 11) (All Energies Are in eV)

[Fe4S4(SEt)3(SR)]2- ADE VDE ∆ADEb λoxd
c

[Fe4S4(SEt)3(SC4H9)]2- 0.31 0.53 0.13 0.22
[Fe4S4(SEt)3(SC4H8OH)]2- 0.44 0.66 0.22
[Fe4S4(SEt)3(SC6H13)]2- 0.34 0.57 0.12 0.23
[Fe4S4(SEt)3(SC6H12OH)]2- 0.46 0.68 0.22
[Fe4S4(SEt)3(SC11H23)]2- 0.41 0.63 0.13 0.22
[Fe4S4(SEt)3(SC11H22OH)]2- 0.54 0.76 0.22

a Due to the lack of vibrational resolution, the ADEs were measured by
drawing a straight line along the leading edge of the threshold band and
then adding a constant to the intersection with the binding energy axis to
take into account the instrumental resolution at the given energy range.
This procedure, although approximate, did give consistent data for spectra
taken at different photon energies. The VDE was measured straightforwardly
from the peak maximum. The estimated uncertainty for the ADEs and VDEs
was (0.06 eV.b The ∆ADE represents the ADE difference between
[Fe4S4(SEt)3(SCnH2nOH)]2- and [Fe4S4(SEt)3(SCnH2n+1)]2-. c These values
were defined as (VDE- ADE). See ref 31.

Table 2. B3LYP/6-31(++)SG** Adiabatic Detachment Energies
(ADE) and Vertical Detachment Energies (VDE) (in eV) for
[Fe4S4(SCH3)3(SR)]2- (R ) -CH3, - C6H13, and -C6H12OH)

ADE VDE

[Fe4S4(SCH3)3(SR)]2- calcd exptl calcd exptl

[Fe4S4(SCH3)4]2- 0.16 0.29 0.46 0.52
[Fe4S4(SCH3)3(SC6H13)]2- 0.17 0.34 0.55 0.56
[Fe4S4(SCH3)3(SC6H12OH)]2- (non-H-bond) 0.22 0.59
[Fe4S4(SCH3)3(SC6H12OH)]2- (H-bond) 0.31 0.46 0.67 0.68
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experimental results, which showed an ADE increase of about
0.05 eV. For the non-H-bonding conformation of the-SC6H12-
OH-substituted cubane, an ADE of 0.22 eV was obtained from
our calculations, which was 0.05 eV higher than the-SC6H13-
substituted cubane. This 0.05 eV increase can be viewed to be
due to the induction effect of the-OH group. Most importantly,
the ADE of the H-bonding conformation of [Fe4S4(SCH3)3-
(SC6H12OH)]2- was calculated to be 0.31 eV, which is 0.14
eV higher than that of [Fe4S4(SCH3)3(SC6H13)]2-, in excellent
agreement with the experimental measurement. The VDEs of
the respective cubane complexes were also calculated, and they
agree in general much better with the experimental data,
probably due to favorable cancellation of errors because no
geometry changes were involved when the VDEs were calcu-
lated.

The current results should be relevant to the influence of
redox potentials due to H-bonding in the protein environment.
The amide group, ubiquitous in proteins, is a H-bonding donor
similar to the hydroxyl group, so one NH‚‚‚S hydrogen bond
should contribute similarly to the redox potentials of Fe-S
proteins. InCVHIPIP, the main-chain amide group between
residue Ala78 and Ser79 is in close proximity to the [4F-4S]
cubane core and forms a H-bond with the S atom of Cys77,
which is one of the four cluster ligands. When Ser79 is replaced
with proline, so that there is no amide H-bonding to Cys77, the
reduction potential of the S79P variant is lowered by 104 mV.26

Despite the vastly different environment between the protein
and the model complexes, the effect due to a single amide
H-bond change to the terminal S in the cubane inCVHiPIP has
a magnitude similar to that of the H-bond effect in the current
analogue complexes.

Conclusions

We investigated the effect of a single H-bond on the redox
potentials of a series of analogue cubane complexes, [Fe4S4(SEt)3-
(SCnH2nOH)]2- (n ) 4, 6, 11), using photoelectron spectroscopy
and theoretical calculations. Photoelectron spectra showed the
ADEs of [Fe4S4(SEt)3(SCnH2nOH)]2- (n ) 4, 6, 11) are higher
than those of the corresponding [Fe4S4(SEt)3(SCnH2n+1)]2-

systems by a similar amount (∼130 meV) due to the intra-
molecular H-bond between the OH group in SCnH2nOH and
the S coordinated to the cubane. Monte Carlo simulations and
DFT calculations revealed the stability of this OH‚‚‚S bonding
conformation and showed that the most favored H-bonding site
is between the hydroxyl group and the diagonal terminal ligand
sulfur. The current study provides a direct experimental
measurement of the net effect of a H-bond on the oxidation
potential of analogue complexes with a [Fe4S4]2+ cubane core,
without perturbation of other environmental effects: one OH‚‚‚
S hydrogen bond to the terminal ligand S raises the oxidation
potential by∼130 mV.
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Figure 3. B3LYP/6-31G** optimized structures of (a) the H-bonding conformation of [Fe4S4(SCH3)3(SC6H12OH)]2-, (b) the non-H-bonding conformation
of [Fe4S4(SCH3)3(SC6H12OH)]2-, and (c) [Fe4S4(SCH3)3(SC6H13)]2-. The Fe-Fe distances within the cubane are also given (Feoxd refers the top Fe2S2 layer,
and Fered refers to the bottom Fe2S2 layer). All bond lengths shown are given in angstroms.
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