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Abstract: Nitrogenase enzymes catalyze the reduction of
atmospheric dinitrogen to ammonia utilizing a Mo-7Fe-9S-C
active site, the so-called FeMoco cluster. FeMoco and an
analogous small-molecule (Et,N)[(Tp)MoFe;S,Cl;] cubane
have both been proposed to contain unusual spin-coupled
Mo™ sites with an S(Mo) = 1/2 non-Hund configuration at the
Mo atom. Herein, we present Fe and Mo Ljs-edge X-ray
magnetic circular dichroism (XMCD) spectroscopy of the
(Et,N)[(Tp)MoFe;S,Cl;] cubane and Fe L,;-edge XMCD
spectroscopy of the MoFe protein (containing both FeMoco
and the 8Fe-7S P-cluster active sites). As the P-clusters of MoFe
protein have an S =0 total spin, these are effectively XMCD-
silent at low temperature and high magnetic field, allowing for
FeMoco to be selectively probed by Fe L, ;-edge XM CD within
the intact MoFe protein. Further, Mo Li-edge XMCD spec-
troscopy of the cubane model has provided experimental
support for a local S(Mo)=1/2 configuration, demonstrating
the power and selectivity of XMCD.

The nitrogenase family of enzymes enables the reduction of
dinitrogen (N,) to ammonia (NHj;) at ambient temperature
and pressure.!! By far the most widely studied nitrogenases
are the Mo-dependent forms, which consist of two component
proteins, the iron protein and the MoFe protein.”! The latter
contains two unique cofactors, the 8Fe-7S P-cluster™ and the
Mo-7Fe-9S-C FeMoco active site, which are S =0 and S =3/2
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systems in the resting form of the enzyme. FeMoco is the
catalytic site for the conversion of N, into NHj3, and as such
has been the subject of considerable efforts directed towards
understanding its structure and function.” In recent years,
advanced EPR studies have contributed greatly towards our
understanding of nitrogenase function, in large part because
of the unique spin selectivity of this method.” While X-ray
spectroscopic studies have contributed to identification of the
central carbide in FeMoco!® and were also key in establishing
the presence of Mo in the FeMoco resting state,l” such
studies are intrinsically limited by the fact that all absorbers of
a given type are probed simultaneously,**® even when
applied in a high-energy resolution manner.” This is a partic-
ular challenge for the MoFe protein, where the presence of
both the P-clusters and FeMoco greatly limits the ability to
selectively probe the FeMoco active site. We note that
selectivity for specific iron atoms may be achieved in
a spatially resolved anomalous dispersion refinement
(SpReAD) experiment,*™ which combines Fe K-edge X-ray
absorption spectroscopy (XAS) with X-ray diffraction. How-
ever, the requirement for single crystals can also limit the
broad applicability of this approach.

In contrast to Fe, X-ray spectroscopic studies at Mo are far
more informative for nitrogenase because of the presence of
a unique Mo site. In the hard X-ray regime, however, these
studies are limited by the large core hole lifetime broadenings
of the Mo 1s core hole.'”! These challenges have been in part
overcome by high-resolution fluorescence detected X-ray
absorption studies (HERFD XAS) at the Mo K-edge.'!l
These studies were key in establishing that the FeMoco active
site contains a Mo™" atom, the only example known thus far in
biology. Based on density functional theory (DFT) studies,
the Mo electronic structure is proposed to be in a quasi-non-
Hund (TI) configuration (Figure 1).”' Parallel studies on an
(Et,N)[(Tp)MoFe;S,Cl;] cubane show that the molecular
FeMoco analogue also adopts the same electronic config-
uration at Mo, which is thought to arise from spin coupling (or
perhaps spin canting) between the open-shell metal ions
comprising FeMoco and the [Mo"Fe,S,]** cubane.[**"!
However, to date, there is no spectroscopic support for this
unusual electronic configuration.

This raises two important questions. Can we establish
more selective X-ray spectroscopic probes at iron in order to
uniquely probe the FeMoco active site despite the presence of
the P-clusters? And can we experimentally determine the
local spin state at Mo?
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Figure 1. Spin coupling diagram for the Mo-nitrogenase cofactor and
the synthetic [Mo'"'Fe,S,]*" model cubane for half of the FeMoco as
proposed based on computational methods in Ref. [7].

To this end, we report here the first Fe L,;-edge X-ray
magnetic circular dichroism (XMCD) spectroscopic measure-
ments on MoFe protein. In Fe L,;-edge XMCD, one probes
the difference in the 2p to 3d transition intensity using
circularly left (CL) and right (CR) polarized X-rays. In
a simple picture, circularly right polarized photons will excite
primarily spin up electrons, while circularly left polarized
photons will excite primarily spin down electrons. Hence, for
an S=0 spin system, the possible spin up and spin down
transitions will be equal, and no XMCD intensity will result.
Meanwhile, all systems with S>0 will have a difference
between the CL and CR absorption process and result in
XMCD intensity."¥ We have shown in our previous study
based on a set of molecular iron compounds that Fe L, ;-edge
XMCD serves as a spin-sensitive technique even in highly
covalent systems, and thus allows insight regarding iron
electronic spin distribution." XMCD experiments thus
provide a means to selectively probe the S =3/2 FeMoco in
the presence of S=0 P-clusters. We note that while XMCD
intensity can still theoretically arise for § =0 systems through
the Faraday effect, these contributions are expected to be
very minor at low temperatures relative to those arising from
S > 0 systems. This has been demonstrated by measurements
of §=0 iron sulfur model complexes, which show no
appreciable XMCD intensity™ (see also Figure S1 in the
Supporting Information). Furthermore, we have also utilized
the element (and spin) selectivity of XMCD to measure both
the Mo L;-edge and Fe L,;-edge XMCD of a [Mo"'Fe;S,]*"
cubane. These experiments allow us to very selectively probe
the local Mo electronic structure and determine the nature of
the coupling between the Fe and Mo sites.

Figure 2 (top) depicts the normalized Fe L,;-edge XAS
spectra of lyophilized MoFe protein in its S = 3/2 resting state
(as confirmed by EPR spectroscopy, see the Supporting
Information), compared to the [Mo™Fe;S,]*" cubane. The
first moment of the MoFe protein Fe L;-edge occurs about
0.4 eV to lower energy than that of the cubane. This is
consistent with the fact that the MoFe protein (containing the
all ferrous P-cluster and the 4Fe™:3Fe" FeMoco site) is
generally more reduced than the cubane. Specifically, 27 % of
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Figure 2. Top: Normalized Fe L, ;-edge XAS spectra of MoFe protein
and the [Mo"'Fe;S,]*" model cubane. Bottom: Corresponding normal-
ized Fe L,;-edge XMCD spectra obtained at 4 K and £ 6 T magnetic
field. [Mo"'Fe,S,]*" data, adapted from Ref. [14]. The MoFe protein Fe
L,3-edge XMCD spectrum was smoothed using the Savitzky—Golay
algorithm (2nd order polynomial with 9 points window) in order to
obtain better peak definition.

iron in MoFe is in the ferric form, while the cubane contains
67 % ferric iron. Interestingly, the Fe L,;-edge XMCD data
(Figure 2, bottom) shows a smaller difference in the first
moment of the Fe L; feature, with MoFe only about 0.2 eV
lower in energy than the cubane. This is consistent with the
fact that the S=0 P-clusters will be XMCD-silent at low
temperature and high magnetic field,!'” thus reducing the
ferrous contribution to the XMCD signal. In both the protein
and the cubane data, the Fe L;-edge XMCD has a negative
sign, indicating that the iron sites comprise the majority spin
contribution to the S =3/2 spin state in both FeMoco and the
cubane model.'"*!°! This observation was first made by
Cramer and co-workers in Ref. [17], and has been subse-
quently observed in our studies on iron-sulfur and iron—
heterometallic systems.!"!

From Figure 2, it can also be seen that the MoFe protein
Fe L,;-edge XMCD data are noisy, highlighting the chal-
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lenges of measuring a dilute metalloprotein. Moving to the
Mo L;-edge XMCD, the relative concentration of the
absorber is decreased by a factor of about 15, making the
experiments prohibitively challenging. Mo L;-edge XMCD
measurements are further complicated by the large number of
sulfur atoms in the protein (72 in total).'” Here it is important
to note that the S K-emission lines are not resolvable from the
Mo L-emission lines within the resolution of the present
setup. In the present study, we were able to measure the Mo
L;-edge XAS of the MoFe protein consistent with the
previously published Mo Ls;-edge XAS data of FeMoco
(Figure S4 in the Supporting Information). However, because
of the issues noted above, we were not able to obtain
a satisfactory Mo XMCD signal-to-noise ratio for the MoFe
protein. We were, however, able to measure Mo L;-edge XAS
and XMCD spectra for the [Mo™Fe,S,]*" cubane, which was
previously shown to be a good electronic structural analogue
of half of the FeMoco."'>!! Figure 3 shows the Mo L;-edge
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Figure 3. Top: Normalized Mo L;-edge XAS spectra of Mo" (ttcn)Cl,
(black) and [Mo"'Fe;S,J** (red) complexes and FeMoco (blue, adapted
with permission from Ref. [19]. Bottom: Normalized Mo L;-edge

XMCD spectra of Mo"(ttcn)Cl; (black) and [Mo"'Fe;S,]** (red) com-
plexes obtained at 4 K and &6 T magnetic field.
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XAS and XMCD spectra of [Mo™Fe;S,]** and Mo™(ttcn)Cl,
and the previously published Mo L;-edge XAS of isolated
FeMoco."”) We note that the synthesis of Mo"(ttcn)Cl; has
not been previously reported, and full details of the synthesis
and characterization are provided in the Supporting Infor-
mation. All three samples exhibit very similar Mo L;-edge
spectra with similar L;-edge maxima, consistent with a Mo™
oxidation state assignment.”) Mo"!(ttcn)Cl, serves as a mono-
nuclear high-spin Mo" reference, with an S = 3/2 spin state as
confirmed by SQUID (Figure S2 in the Supporting Informa-
tion). Structural, oxidation state, and spin state information of
the compounds used in this study are provided in Table S1.
The Mo Ls-edge XMCD of Mo™(ttcn)Cl; exhibits two
negative features separated in energy by approximately
2.4 eV. In contrast, the Mo L;-edge XMCD spectrum of the
[Mo™Fe;S,]*" cubane is distinctly different from that of the
high-spin reference model, showing a lower-energy positive
feature and a negative peak at higher energies. Here it is
remarkable to note that despite the very similar Mo L;-edges,
the XMCD spectra are distinct and provide clear experimen-
tal evidence for a difference in the local electronic structure of
the Mo in the cubane relative to the monomer.

In order to more quantitatively understand these differ-
ences, we have performed ligand field multiplet simulations of
the Mo L;-edge XMCD spectra. An O, local site symmetry
was initially assumed. The best agreement with the
Mo™(tten)Cl, spectrum was obtained when the ligand field
splitting (10 Dq) was set to 2.5 eV. However, for all reason-
able values of 10 Dq, two negative features were calculated in
the spectrum, with the separation between the two peaks
increasing as 10 Dq is increased (Figures S10 and S11). This
indicates that the two negative XMCD features are a signature
of an S(Mo) = 3/2 spin system. As it is not possible to reach an
S(Mo)=1/2 spin at Mo in O, symmetry, simulations were
performed in which a tetragonal distortion was introduced by
modulating D, and D,. For small tetragonal distortions, where
an S(Mo) = 3/2 ground state is retained, two negative features
remain in the XMCD. However, when the splitting in the t, set
of orbitals is large enough to favor spin pairing (for D, >
0.7 eV), positive XMCD intensity is observed (see Figur-
es S10 and S11 for simulations). We note that these simu-
lations only indicate that a derivative shaped XMCD should
be observed when the Mo has an S(Mo) =1/2 spin (Figures 4
and S10 and S11). Whether the XMCD signal is positive—
negative or negative—positive depends on the nature of the
tetragonal distortion. Hence, such simple multiplet calcula-
tions do not fully capture the complex magnetic coupling
within the [Mo"'Fe;S,]*" cubane and limit our ability to more
quantitatively interpret these spectra. They nonetheless
provide compelling evidence that the Mo site in the
[Mo™Fe;S,]*" cubane is not a typical S(Mo)=23/2 Mo and
further support a local non-Hund S(Mo) = 1/2 configuration.

In summary, we have demonstrated the ability of Fe L, ;-
edge XMCD to selectively probe the S=3/2 FeMoco
component of the MoFe protein. Further, we have shown
that the local Mo electronic structure in the [Mo™Fe;S,]*"
cubane is distinct from the standard S(Mo)=23/2 high-spin
configuration that would be expected for Mo™ in an
approximately O, ligand field. These data provide the first
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Figure 4. Multiplet calculations of Mo L;-edge XMCD spectra of

a high-spin Mo site (S=3/2, black) and a low-spin Mo site (S=1/2,
red) corresponding to the local Mo spin states in Mo"' (ttcn)Cl; and
[Mo"Fe;S,J** complexes, respectively. The spectra were normalized to
match with the experiment.

experimental evidence for a spin-coupled non-Hund config-
uration at the Mo site, as initially proposed based on
computational studies.”” The present data demonstrate the
in-depth information regarding electronic structure that can
be achieved by combining XMCD at two different metal
L-edges, forming a foundation for future selective XMCD
studies of nitrogenase and other biological catalysts.
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