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ABSTRACT: Anomalous X-ray diffraction (AXD) and neutron diffraction

can be used to crystallographically distinguish between metals of similar
electron density. Despite the use of AXD for structural characterization in
mixed metal clusters, there are no benchmark studies evaluating the |
accuracy of AXD toward assessing elemental occupancy in molecules with
comparisons with what is determined via neutron diffraction. We collected
resonant diffraction data on several homo and heterometallic clusters and
refined their anomalous scattering components to determine metal site
occupancies. Theoretical resonant scattering terms for Fe’, Co’, and Zn°
were compared against experimental values, revealing theoretical values are
ill-suited to serve as references for occupancy determination. The cluster \
featuring distinct cation and anion metal compositions [CoCp,*][(**L)-
Fe,(>—NAr)] was used to assess the accuracy of different f' references for
occupancy determination (f'georetical £ 15=17%; [’ experimentat £ 10%). This methodology was applied toward calculating the
occupancy of three different clusters: (**L)Fe,Zn(py) (6), (*L)Fe,Zn(4’~NAr)(py) (7), and [CoCp*,][(**L)Fe,Zn(u>~NAr)]
(8). The first two clusters maintain 100% Fe/Zn site isolation, whereas 8 showed metal mixing within the sites. The large crystal size
of 8 enabled collection of neutron diffraction data which was compared against the results found with AXD. The ability of AXD to
replicate the metal occupancies as determined by neutron diffraction supports the AXD occupancy methodology developed herein.
Furthermore, the advantages innate to AXD (e.g, smaller crystal sizes, shorter collection times, and greater availability of
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synchrotron resources) versus neutron diffraction further support the need for its development as a standard technique.

1. INTRODUCTION

Biological and synthetic catalysts often feature active sites with
mixed-metal compositions allowing for the precise tuning of
redox for small molecule activation.'™* Multinuclear hetero-
metallic clusters are prone to metal-atom scrambling when
closely sized metals are proximally oriented and have similar
ligand environments.”~'" A thorough understanding of the
electronic structure of these catalysts depends on quantifying
the substitutional homogeneity of each metal site, a difficult
task with traditional crystallography.

Standard single crystal X-ray diffraction (SCXRD) is an
invaluable tool for determining connectivity in paramagnetic
clusters. Using traditional laboratory sources, however,
SCXRD is limited in the information it can unambiguously
provide for heteronuclear clusters. At high energy X-ray
wavelengths, for example 17.445 keV (Mo Ka), transition
metals nearby on the periodic table scatter radiation
similarly.'"”"? The similar scattering of nearby metals
convolutes distinguishing between different metals at one site
within a heteronuclear cluster.
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Two diffraction techniques are employed to gain informa-
tion on metal atom identity within heterometallic materials:
anomalous X-ray diffraction (AXD, also known as resonant
diffraction) and neutron diffraction. AXD is a crystallographic
phenomenon whereby large changes to atomic scattering
factors occur at elemental absorption K-edges.””~"” AXD has
been used to solve the phase problem in macromolecular

2,3,18-23,44 __ . e .
structures, assign atomic distributions in hetero-
. : . 1.25-36 37-39,41-43

metallic proteins, materials, and molecules,
determine metal oxidation level in monometallic*® and
multinuclear*®™>° molecules, improve the refinement of

- 78,79 .

structures containing heavy atoms, and probe chemical
dynamics.80 In contrast to atomic scattering factors, neutron
scattering lengths do not display periodic trends.’”*®
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Consequently, the neutron scattering lengths across the first-
row transition metals vary greatly; for example, the neutron
scattering length for Fe is 9.45 fm, while the scattering length
for Zn is 5.68 fm (see Table 1).°® Thus, probing metal sites in

Table 1. X-ray Anomalous Scattering Components and
Neutron Scattering Factors for Fe and Zn

radiation Fe Zn
source f f f f"
Mo Ka (17.45 keV) 0.199 0.306 0.260 0.537
synchrotron (30 keV) 0.346 0.844 0.2839 1.4301
Fe K-edge (7.1 keV) —5.96 1.28 -2.65 2.55
Zn K-edge (9.65 keV) 022 2.56 —724 1.55
neutron 9.45 fm 5.68 fm

heterometallic species containing Fe and Zn with neutron
diffraction results in a 50% difference in scattering as compared
to the ~15% difference with Mo Ka radiation. Due to this
large difference, neutron diffraction has historically been
applied to materials,’”~®” minerals,*>~® extended net-
Works,"’1’3’3”66’67 and molecules®®® as a means of discerning
metal identity in heterometallic structures.

The present study seeks to evaluate the accuracy of AXD
structure factors for characterizing metal atom substitution
within heterometallic clusters and outline a systematic
approach for applying this technique to molecules. Occupancy
determination at each metal site using AXD relies on
comparing theoretical anomalous scattering components to
experimental scattering perturbations (f' and f”). However,
determining whether differences between experimental and
theoretical values are due to mixed occupancy at the site or
other factors can be difficult. To address this difficulty, we
evaluate the anomalous scattering components of metal ions in
homometallic standards and compare them to theoretically
predicted values. Next, we evaluate the accuracy of several
reference f’ values at predicting f' in molecular environments.
These findings are then applied toward determining the
occupancy of previously reported [Fe,Zn] heterometallic
clusters. Finally, the AXD results on a mixed metal [Fe,Zn]
cluster which experiences site-mixing are compared against
results obtained via neutron diffraction. The work presented
herein serves to (1) establish the intrinsic error of AXD
occupancy studies; (2) provide a benchmark for future AXD
occupancy studies on heterometallic molecules; and (3)
directly compare the results of AXD and neutron diffraction
occupancy studies.

2. EXPERIMENTAL BACKGROUND AND DESIGN

2.1. Anomalous X-ray Diffraction: Theoretical Background.
The physical basis of X-ray diffraction stems from the scattering of
incident radiation by electrons. In the classical description of
scattering, electrons residing in atoms are treated as dipoles oscillating
in an electromagnetic field. The electron oscillates with the same
frequency of the incident radiation, and the amplitude of that motion
is described by the following equation

E,

A=— "0
wy — © + ikw (1)

3 e

where e is the charge of an electron, m is the mass of the electron, E is
the electric field amplitude, @ is the frequency of the incident
radiation, @y is the natural oscillation frequency of an electron, and k
is the Hooke’s law constant.'>™"* The atomic scattering factor (f) is
defined by the ratio of the atom’s scattering amplitude (A) to the

scattering amplitude of a free electron defined in the classical limit
(Thomson scattering).'> Because electrons exist in atomic orbitals
which resonate at characteristic frequencies, this description of
scattering falls short as @ tends toward @, the resonant frequency of
an electron. As the X-ray oscillatory frequency approaches an atomic
orbital frequency, the induced electronic vibrations resonate at the
natural oscillations of the bound electrons, i.e. those corresponding to
electronic transitions. These scattering perturbations add to the
“normal” scattering (f,) and are referred to as anomalous scattering

components (or dispersion correction factors).'s_I7
f=h+f +i ()
20 2 2
where () = 20
(0" —w)) + kKo (2.1)
kaw®
and " () = ——MM
f'(@) (0* — @) + Ko? (2.2)

Here, f’ is the real, first order perturbation of anomalous scattering
and is 180° out-of-phase with f,. The second perturbation term f” is
the imaginary component of radiation and is 90° out-of-phase with f.
At the absorption edge of an element, the absolute values of these
perturbation terms are maximized (Figure 1).

Electrons

Fe K-Edge Zn K-Edge
10— T T T T T
6000 8000 10000
Energy (eV)

Figure 1. Graphical representation of the theoretical f* and f'’ values
for Fe® and Zn’, depicted in red and gray, respectively.

In a resonant diffraction experiment on heterometallic clusters,
several data sets are collected at energies along the metal K-edges.
The anomalous scattering components of each metal site are refined
using the diffracted intensities. The anomalous scattering components
provide information on metal occupancy because If’l and If”| are
maximized for the metal whose k-edge is on resonance with the
incident K-radiation (Figure 1). A quantitative occupancy value is
calculated by decomposing the observed f' values into the
contribution from the two different elements using the following
equation

Jas = + (1= 2f, (3)

where f', is the measured f’ value, f'y;; and 'y, are the f* values for
a site containing two elements M, and M,, respectively, and «x is the
relative occupancy of M,. Consequently, the accuracy of the reference
anomalous scattering components for M; and M, can impact the
resolution of occupancy determination. Historically, for materials
incorporating two transition metals, relative occupancy has been
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Figure 2. Clusters examined in this study include (**L)MFe,(py) (M: Fe, 2; Zn, 6); [M*][(**L)Fe;(4*~NAr)] (Ar = m-(CF;),C¢H,), where [M*]
= CoCp*, (3) or (2,2,2-crypt)K (4); [NBu,J[(**L)Zn;(#*~CD] (8); (**L)Fe,Zn(i’~NAr)(py) (7); and [CoCp*,][(**L)Fe,Zn(’*~NAr)] (8).
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Figure 3. (a) Plot of f' values at the Fe K-edge for Fe ions in FeCp, (1a), (*L)Fes(py) (2) (average for all three Fe sites), and
[CoCp*,][(**L)Fe;(*~NAr)] (3) compared against the theoretical Fe® curve.”® (b) Plot of f' values at the Co K-edge for Co ions in CoCp, (1b)
and the cobaltocene cation of 3 compared against the theoretical Co® curve.”> (c) Plot of f' values at the Zn K-edge for Zn ion in
[NBu,][(**L)Zn;(1*~C1)] (5), (**L)Fe,Zn(py) (6), and (**L)Fe,Zn(4>*~NAr)(py) (7) compared against the theoretical Zn® curve.”

determined by comparison of experimental f' and f” values to
isostructural, monometallic lattices,”” derived from theoretical
calculations,”® or compared to f' and f” values for bulk metal
samples.’>*>*® If theoretical values are used in the absence of
isostructural, pure metal analogues, systematic error introduction can
result if element absorption profiles are heavily influenced by metal
coordination environment and oxidation states.*”*”*¥*" As the
application of AXD becomes more widespread, we sought to
understand the limits of resolution that can be achieved using this
diffraction technique.

2.2. Molecular Clusters for AXD and Neutron Studies. We
previously reported the preparation of a family of Fe and Zn
homonuclear and heteronuclear molecular clusters on the *L (L =
1,3,5-C¢Hy(NC¢H,-0- NSiMe,Bu);) ligand platform.” In the first part
of our study, we compare the theoretical anomalous scattering terms
for Fe and Zn to that of molecular reference compounds at various
wavelengths near the Fe and Zn K-edges. These reference compounds
include Cp,Fe (1a), Cp,Co (1b), and the homotrinuclear complexes
("“L)Fe;(py) (2), [M'][(™L)Fe;(4’~NAr)] (Ar = m-(CF,),C¢Hs),
where [M'] = CoCp*, (3) or (2,2,2-crypt)K (4), and [NBu,]-
[(**L)Zn,;(#3—Cl1)] (5). Complex 4 is isostructural to the previously
reported complex 3, and details of the synthesis can be found in the
Supporting Information (S6). We then assessed the error of AXD
occupancy studies by calculating the occupancy of each Fe site in 3 at
the Fe K-edge using different f* references.

Using the methodology we develop from these studies, we assessed
the core site occupancies of [Fe,Zn] clusters: (**L)Fe,Zn(py) (6),
(PL)EeZn(4*~NAD)(py) (7), and [CoCp*,][("L)Fezn(u*~

30322

NAr)] (8). Complex 8 is isostructural to the previously reported
cluster [KCy,][(**L)Fe,Zn(u>~NAr)]. The large crystal size of 8
allowed for comparison of the AXD occupancy results against that of
neutron diffraction. Details on the synthesis and characterization of 8
can be found in the Supporting Information (S6). Details on the
synthesis and characterization of all other complexes can be found in
our previous publication.®

2.3. X-ray Diffraction Data Collection Strategy. X-ray
diffraction datasets at energies along the Fe, Co, and Zn K-edges
were collected using a synchrotron radiation source at the Advanced
Photon Source. Data collection on each crystal began with a full
structure determination at 30 keV to assign the position and
displacement parameters of each atom. Following the 30 keV full
structure collection, an X-ray fluorescence scan across the K-edge(s)
of the element(s) of interest was measured. The wavelengths of
incident radiation for the AXD studies were selected for each metal K-
edge based on the fluorescence scan. Diffraction data was acquired via
a series of ¢ scans to obtain roughly 200—2000 unique reflections at
each energy. Stable samples were subjected to no more than 12 h of
radiation exposure, whereas data collection on more sensitive samples
was completed in 8 h or less. X-ray diffraction data was acquired at
and near the absorption edge of each transition metal in each sample
in increments of 2—10 eV. Data acquired at a second or third
absorption edge exhibited greater error, likely due to diminished
crystal quality from prolonged radiation exposure. Anomalous
scattering components were refined using Jana2020.”* All theoretical
f" and f” values were generated using the XDISP functionality of
WinGX (Brennan values).”*
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2.4. Neutron Diffraction Collection Strategy. A large crystal
(0.5 X 0.6 X 1.2 mm®) of 8 was mounted on a MiTeGen loop with
Krytox grease for the neutron diffraction experiment using the SNS
TOPAZ single-crystal diffractometer at Oak Ridge National
Laboratory. Data were collected at 100 K using the wavelength-
resolved time-of-flight (TOF) Laue technique, with neutron wave-
lengths in the range of 0.65 to 3.4 A. The diffractometer used for this
experiment employs an array of 24 neutron wavelength-resolved 2D
area detectors at distances 39.5 to 45.0 cm from the sample. An
orientation matrix from initial indexing of the single-crystal sample
was imported into the CRYSTALPLAN program’> to optimize the
data collection strategy.

3. RESULTS

3.1. Comparing Theoretical and Experimental f’
Values. Theoretical f’ curves for Fe’, Co° and Zn° were
compared to experimental curves from Fe, Co, and Zn-
containing molecules at their respective K-edges. First, the
theoretical Fe’ f' curve at the Fe K-edge was compared to that
for clusters 1a, 2, and 3 (Figure 3). The theoretical f' curve for
Fe is blue-shifted by approximately 8 eV (measured as the
distance between peak minima) from the experimentally
determined f’ curves (Figure 3a). The f' curves of two Co-
containing molecules were compared against the Co° f' curve
at the Co K-edge. Similarly to the Fe-example, the
experimental data are shifted 11 eV higher in energy relative
to the theoretical curve. Finally, several zinc-containing
samples where the Zn centers remain site-isolated: §, 6, and
7 (the exact occupancies of 6 and 7 will be further discussed in
Section 3.4 of this report) were compared against the Zn°
theoretical curve. Although the theoretical Zn® f' curve is not
shifted significantly from that of 6 and 7, it is shifted 9 eV
lower in energy from that of 5.

For Fe, Co, and Zn, the theoretical f* curve is energetically
shifted from that of the experimental data. These comparisons
indicate that using theoretical f’ values as the references for
occupancy calculations may introduce systematic error
resulting in incorrect calculated values. In many examples of
AXD occupancy studies on mixed-metal materials, the
theoretical f value is the only available reference. The
synthetic tunability of our trinuclear clusters, however, allows
metal atom substitution within the core. This results in
structurally analogous homometallic clusters which can then
serve as reference compounds for heterometallic clusters
(Figure 2). Before utilizing this approach, we wanted to
quantify how accurately two isostructural homometallic
clusters could reference one another with respect to other
reference sources (i.e., theoretical references).””~"* This study
would also provide insight into the intrinsic error of AXD
occupancy studies.

3.2. Accuracy of Occupancy Determination. 3.2.7. Es-
tablishing the Error Limits of Occupancy Determination
Using f’ and f'’ Values from Different Sources. The reduced
triiron cluster [CoCp*,][ ("**L)Fe;(u3~NAr)] (3) was selected
to evaluate the accuracy of different f' references for
determining site occupancy. While this molecule contains
both Fe and Co, exchange between the metal sites is not
expected (Figure S7). Therefore, the expectation value for the
occupancy of Fe within the trinuclear cluster is 1.0, and the
occupancy of Co in the metallocene cation is 1.0.

Deviation of the calculated occupancy from unity provides
insight into the overall accuracy of occupancy determination.
Additionally, the trinuclear cluster of the anion in 3 is
isostructural to that in 4, and the CoCp*, cation of 3 is

isostructural to CoCp, (1b). This allows us to assess the
similarity of f’ values between isostructural molecules.
Occupancy determination at each transition metal sub-
stituted site is achieved by considering contributions of each of
the potential metal atoms (i.e., Fe, Co) in accordance with eq
3, where f}, and f}, are reference values. Prior convention in
the application of AXD to site occupancy determination in
molecules utilized theorical dispersion correction values
Fiveoretical- . Three sources were used to obtain ' dispersion
corrections for the occupancy calculations: (1) theoretical
values for f’; (2) f' values obtained from related control
samples (4 for Fe, 1b for Co); and (3) f’ values obtained via
refinement of 3 in Jana2020, where occupancy of the sites in
the trinuclear cluster was constrained to 100% Fe and
occupancy of the counterion site was constrained to 100% Co.
The f' values at the Fe K-edge for 3 are depicted graphically
in Figure 4. Data from control sample 4 (Fe) was interpolated

-2 -
-4
(2]
C
S
8
m %7
-8 —
-10 -

| | | | | |
7105 7110 7115 7120 7125 7130
Energy (eV)

Figure 4. Refined [’ values for each Fe site of [CoCp*,][("*L)-
Fey(1*—NAr)] (3) (red trace). Black lines represent the theoretical f’
values of Fe and Co. Blue and green traces represent f’ values
obtained from reference compounds CoCp, (1b) (green) and
[(2,2,2-crypt)K] [(*"L)Fe;(1°’~NAr)] (4) (blue).

using a smoothing function in IgorPro to obtain values
between those energies for which diffraction data was
collected. The off-edge data from 1b was fitted using a line
function in IgorPro.”® The red traces represent the f' values
obtained from refinement of 3 in Jana2020. Occupancy values
were calculated at energies of 7102, 7106, and 7111 eV (Figure
5). These energies were chosen because while near the
absorption K-edge of Fe, they are located prior to any pre-edge
feature, minimizing effects of coordination number, coordina-
tion sphere, and oxidation state on f’. Occupancy of Fe and Co
at each of the metal sites was constrained to a sum of 1 overall
and simultaneously refined, requiring inputs for f'g,, and f'c,.

Using theoretical f' reference values resulted in the largest
difference in occupancy values from the expected occupancy of
1.0 (Figure Sa). While the theoretical f' does result in an
occupancy of 1.0 for Fe in each site of 4 for the first energy
(7102 eV), this is untrue for higher energies where the
theoretical trace differs substantially from the experimental
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trace. This leads to large discrepancies in the occupancy
determinations of the homometallic core. Moreover, the Co
site (Figure Sa) is consistently underestimated in occupancy by
8—10% when the theoretical reference f’ values are used.
Overall, the deviation in occupancy using the theoretical curves
is on the order of +15% within 20 of the expected occupancy
values (Figure Sa).

Using f' and f” values derived from the structurally
analogous triiron and cobaltocene reference complexes (4
and 1b), the occupancy calculations yield the anticipated
values (Figure Sb). While the reference complex for Co,
Cp,Co™ (1b), is in a different oxidation state than the Co**

30324

ion in 3, the difference in f* values is negligible at the energies
selected for occupancy determination. Overall, the deviation in
occupancy from the expected value of 1.0 is approximately
+5% or +10% within 26 (Figure Sb).

To establish the upper limit of accuracy for occupancy
determination, we analyzed the data using f and f” values
obtained by refinement of 3 in Jana2020”* where each site was
constrained to 100% Fe or Co occupancy. The less-constrained
refinement of 3 was compared against these reference f’ values.
Using this strategy, the deviation of the occupancy
determination from unity was further reduced (+4%, +8%
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Figure 7. Molecular structure of [CoCp*,][(**L)Fe,Zn(4*~NAr)] (8) (a) (30 keV) and truncated cores showcasing the three orientations (b—d)

of the core and their respective occupancies via Mo Ka SCXRD, synchrotron, AXD, and neutron diffraction studies.

with 26), but within the error of uncertainty with respect to
using the molecular reference compounds (Figure Sc).

Additionally, occupancy values were calculated at the Co K-
edge in a similar manner to what as conducted at the Fe K-
edge. These studies exhibited much larger errors; +17% within
20 for calculations done with theoretical references (Figure
S60) and +14% within 26 for that done with isostructural
references (Figure S61). We attribute this error to the fact that
the data at the Co K-edge was collected after the Fe K-edge
energies, therefore diminishing the crystal quality due to
radiation damage. Moreover, control data was not obtained for
4 at the Co K-edge, and, therefore, theoretical reference values
were used in place of experimental ones. For these reasons, the
discussion focuses on data collected at the Fe K-edge.

3.3. Applying Occupancy Determination to C;-
Symmetric Mixed Metal Trinuclear Clusters 6 and 7.
Refinement of f values for the metal sites in (*L)Fe,Zn(py)
(6) and (*L)Fe,Zn(u*~NAr)(py) (7) in Jana2020"* yields a
perturbation in the f' curves of the two Fe sites at the Fe K-
edge (Figure 6b,f) and the f' curve of the Zn site at the Zn K-
edge (Figures 6¢,g). Conversely the curves for the Zn site at
the Fe K-edge and the Fe sites at the Zn K-edge exhibit no
perturbation and are essentially flat lines. Thus, the f’ data
supports the previously assigned conformation of metal
substitution within the cores. Calculations of occupancy at
each site in 6 and 7 utilizing experimental f’ references are
described below.

The trinuclear cluster (**L)Fe,Zn(py) (6), is isostructural to
the analogous triiron cluster (**L)Fe;(py) (2). Each metal site
in complex 6 has a distinct coordination environment, and as
such there may be preferential metal occupancy. The
occupancy of Fe and Zn at each metal site was refined at
7100, 7104, 7108 eV. Dispersion correction values for Fe were
taken from reference sample 2, and values for Zn were taken
from the Zn site of 7 (see below). Occupancy values were
determined as 98—100% Fe at the pyridine bound site (M1,
Figure 6d), 83—93% Fe at the nonsolvent bound four-
coordinate site (M3, Figure 6d), and 80—90% Zn at the three-
coordinate site (M2, Figure 6d). Given that each site falls
within 10% error of 100% occupancy, and previously reported
Mossbauer data suggests the existence of two distinct Fe sites,
all sites were assigned as containing 100% occupancy of either
Fe or Zn.

To calculate the site occupancies of (°L)Fe,Zn(u’—
NAr)(py) (7), the occupancy of Fe and Zn at each of the

three sites was freely refined using diffraction data collected at
energies of 7105 and 7109 eV (just prior to the Fe K-edge).
The reference sample selected for determining Fe f’ values was
the [(*"*L)Fe;(4*~NAr)]™ anion of 3, which exhibits a similar
coordination environment and oxidation state to the cluster
core of 7. No control sample was readily available for the Zn
site; thus, the theoretical values were used for the Zn
anomalous scattering components at the Fe edge. Given the
less pronounced deviation of the experimental f* curves for Zn
in 7 from the theoretical curves as compared to Fe or Co, use
of the theoretical reference was deemed appropriate especially
for energies well below the Zn K-edge. Occupancy at the two
Fe sites in 7 was refined to values between 97 and 99% and
occupancy at the Zn site was refined to 95—96% as shown in
Figure 6h. Given that 1.0 occupancy is within the error of the
experiment (established in Section 3.1), all sites were assigned
as containing 100% occupancy of either Fe or Zn.

3.4. A Comparison of Methods for Occupancy
Determination in a C;-Symmetric Species with an
Unbiased Coordination Environment: [CoCp*,][(**L)-
Fe,Zn(u3>—NAn)] (8). Reduction of (**L)Fe,Zn(py)(u*—NAr)
(7) with decamethylcobaltocene yields the pseudo-Cs-
symmetric imido species [CoCp*,][("*L)Fe,Zn(u*~NAr)]
(8), which is structurally analogous to the previously reported
[(2,2,2-crypt)K][(**L)Fe,Zn(u*—~NAr)] cluster. The pyridine
bound in 7 has been expelled and the coordination
environment at the three metal sites is indistinguishable
(Figure 7a). As such, no differences in metal ion coordination
sphere bias the metal substitution pattern. While this species is
structurally analogous to the related triiron imido (**L)-
Fe,(1*~NAr) (4), complex 8 exhibits distinct 'H and 'F
NMR spectra. Furthermore, as we had concluded in our
previous publication, no metal-atom redistribution occurs
upon reduction of the imido 7, maintaining the Fe/Zn of 2:1.

Crystallographic studies were performed on the cobalt-
reduced cluster 8, because larger crystals could be obtained
than of the analogous complex [(2,2,2-crypt)K][(**L)Fe,Zn-
(u*—NAr)] cluster. Direct comparison of AXD and neutron
diffraction was performed on samples produced from the same
crystallization. Compound 8 crystallizes in the triclinic space
group P1(—), featuring an asymmetric unit comprised of a
single trinuclear cluster, countercation, and one molecule of
diethyl ether. This structural model provides an added benefit
for data collection over [2,2,2-crypt(K)][(**L)Fe,Zn(p*~
NAr)], which contained two trinuclear clusters in the

https://doi.org/10.1021/jacs.4c10226
J. Am. Chem. Soc. 2024, 146, 30320—30331


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c10226/suppl_file/ja4c10226_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c10226/suppl_file/ja4c10226_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c10226/suppl_file/ja4c10226_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10226?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10226?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10226?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c10226?fig=fig7&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c10226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

asymmetric unit, and would consequently reduce the data-to-
parameter ratio by half in the refinement of ' and f”.’

Each metal site of the trinuclear core was modeled with two-
part disorder comprised of slightly differing positions for Fe
and Zn at each site based on small deviations in M—ligand
bond metrics for the two metal ions. Individual metal positions
were assigned in reference to M-ligand bond metrics in
homometallic species [NBu,][(**L)Zn;(#*~Cl)] (5) and
[(2,2,2-crypt)K] [(**L)Fe;(4*~NAr)] (4). The homometallic
species provided average M—Ny; distances of 1.911[2] and
1.947[S] A for Fe and Zn, respectively; average M—Ny,.
distances of 1.953[2] and 2.055[2] A for the two types of basal
nitrogen bridges to Zn; and 2.008[5] and 2.070[S] A for the
analogous nitrogen atoms bridging to Fe. The assignment of
metal identity based on M—ligand bond metric similarities is
also consistent with the shortest M—M contact between the
assigned Fe—Fe pairs. A summary of the pertinent bond
metrics is presented in Table S28 and the three resulting
[Fe,Zn] configurations are depicted in Figure 7. Free
refinement of metal occupancy in each of these conformations
using data collected with Mo Ka radiation, suggests an
asymmetric incorporation of Zn, where configuration 1 is
refined as 52% =+ 0.6% of the material, and configurations 2
and 3 are modeled at 15 + 0.5% and 13% =+ 0.6%, respectively.
Free refinement of the structural solution collected using
synchrotron radiation (4 = 0.41328 A), yields similar results;
53% =+ 0.8% (configuration 1), 14% + 0.7% (configuration 2),
and 14% + 0.8% (configuration 3).

3.4.1. Occupancy Determination by AXD. For refinement
of occupancy by AXD, reference dispersion correction values
for Fe and Zn were determined via refinement of diffraction
data of homometallic Fe and Zn samples, [(2,2,2-crypt)K]
[("L)Fey(u’~NAr)] (4) and [NBu,][(*"L)Zny(4’*~CD)] (8),
collected at 7100, 7106, 7112, 9653, 9658, and 9663 eV. Using
the same structural model as described above, occupancies of
the metal sites of the trinuclear core were refined and averaged
over the six anomalous data sets to yield the following ratio of
the three [Fe,Zn] configurations: 59% (Std Dev = 0.94%),
19% (Std Dev = 1.2%), and 20% (Std Dev = 2.3%), as depicted
in Figure 7.

3.4.2. Occupancy Determination by Neutron Diffraction.
The neutron diffraction of [CoCp*,][(*L)Fe,Zn(u*~NAr)]
(8) was complicated by the large number of hydrogen atoms of
the (™L) ligand platform, which limited the intensity of
observed reflections due to the high incoherent scattering
background from hydrogen. As a result of the weak intensity of
the diffraction data, each scan required 10 h to reach the
required proton charge, and data could only be collected in 20
different orientations over the course of the available
beamtime. Consequently, the data collection strategy was
designed to target the reflections predicted to be most sensitive
to metal occupancy. X-ray and neutron powder diffraction
patterns were simulated using the structural model obtained
from Mo Ka radiation to determine which reflections would
yield the most information on the metal substitution pattern.

Due to the limited amount of neutron diffraction data
obtained, the atomic positions and displacement parameters of
all non-hydrogen atoms of the structure were taken from the
model refined using the Mo Ko data and fixed in the neutron
model. The reflection data obtained from neutron diffraction
was used to refine the atomic positions and displacement
parameters of the hydrogen atoms and the occupancies of the
metal sites using SHELXL-2014 program in ShelXle.”” The

neutron diffraction structure is presented in Figure 8.
Refinement of metal occupancies using the neutron data

o \‘p <

Figure 8. Neutron diffraction crystal structure of [CoCp*,][(**L)-
Fe,Zn(y*—NAr)] (8), drawn showcasing only configuration 1 at 50%
thermal ellipsoid probability (C, gray; H, white; N, blue; Si, pink; F,
yellow; Co, aquamarine; Fe, gold; Zn, dark gray). The F;C disorder
and diethyl ether molecule omitted for clarity.

resulted in preferential orientation of the [Fe,Zn] core:
configurations 1, 2, and 3 from Figure 7 were refined to
62% =+ 3%, 15% + 3%, and 24% =+ 4%, respectively. These
values represent the same distribution of Fe and Zn across the
three metal sites as determined by anomalous X-ray scattering,
within the established +5% uncertainty (vide supra).

4. DISCUSSION

Given that the conventional application of AXD to molecules
has relied on the comparison of experimental f* and f” values
to theoretical values, we first sought to assess their likeness
across a variety of metals and metal K-edges. The comparison
of theoretical Fe, Co, and Zn f’ curves against that of Fe, Co,
and Zn-containing molecules (at their respective K-edges)
revealed that they are not well correlated. In particular in the
case of Fe and Co, the theoretical curves were shifted from
experimental by as much as 11 eV.

To understand this discrepancy, we looked toward the
theoretical treatment of anomalous scattering. Theoretical f’
and f” values are generated using the XDISP program in
WinGX via the following equations

oz

vimz(2h

where @, is the frequency of the absorption edge, w; is the
incident frequency, (dg/dw), is the oscillator density of type k
at frequency , and (dg/dw)dw is the number of virtual
oscillators of type k having frequenc1es between w and @ +
dw.”°~7* The oscillator strength®' of atoms are determined
from self-consistent field relativistic Dirac—Slater wave
functions originally employed by Cromer in 1965.”° This

(4)
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theoretical model, although incredibly insightful, is solely a
function of wavelength, absorption edge, and oscillator
strength. The model does not account for the chemical effects
on electronic transitions such as oxidation level or covalency.
In the case of transition metals, these effects can dominate the
features of K-edge X-ray absorption spectra. This is because
the energy of the orbitals involved in the pre- and rising-edge
transitions, the 3d and 4p orbitals, are heavily influenced by the
ligand environment and oxidation level of the metal. This
physical description is supported by the large energy shift
between the theoretical and experimental f’ curves for Fe and
Co.

Next, to assess the accuracy of AXD applied to a molecule,
we calculated the metal site occupancies of [CoCp*,][(**L)-
Fey(u’—NAr)] (3) using the refined f’ values for each metal
site at the Fe K-edge. Two different f’ reference values,
theoretical and from an isostructural cluster [(2,2,2-crypt)K]
[(**L)Fe,(u>~NAr)] (4), were selected to assess how
accurately they yielded the expected results (an occupancy
value of 100% Fe at the cluster sites and 100% Co at the
cobaltocene site). The calculation using reference values from
the isostructural cluster 4 yielded the expected results within
+5% error (+10% with 26), whereas the theoretical reference
yielded much larger errors (+15% with 26). Additionally, by
fixing each metal site occupancy to 100% Fe or Co, refining the
f" values in Jana2020, and then comparing to the less-
constrained f’ values, we established the minimum possible
error in these studies as 4% (+8% with 26). Overall, these
studies suggest that use of an isostructural reference compound
results in the most accurate calculation of occupancy values.
Regardless of the reference f' values used, AXD occupancy
studies at minimum have an error of +10% within 2o.
Corroboration with other spectroscopic methods, such as *'Fe
Mossbauer, can help elucidate whether there is metal site
mixing in instances where occupancy is within error of unity.

The foregoing studies on occupancy offered valuable insight
into how to conduct AXD occupancy studies. As such we
suggest the following protocol: (1) acquire a full structure
collection at high energy (30 keV) to determine atomic
positions and displacement parameters for all subsequent metal
K-edge diffraction data sets. This method reduces the number
of parameters that require refinement for the low energy
diffraction data sets, and therefore minimizes the number of
unique reflections that need to be acquired at each K-edge
energy. The shortened collection time helps mitigate the
decline in data quality resulting from prolonged exposure of
the crystal to high flux radiation. (2) Collect X-ray fluorescence
scans of the sample to facilitate the selection of energies at
which to collect data near the absorption K-edges of the metals
in the sample. Incident energies for AXD collection were
selected based on the element absorption edge profile. As the
element (e.g, Fe, Co, Zn), coordination number, coordination
sphere, and oxidation state will impact the K-edge profile, we
selected energies prior to the pre-edge feature of the
absorption profile for AXD measurements intended for
occupancy calculations. In instances where the full K-edge
envelope was assessed, diffraction data was acquired at energies
across the pre-, rising-, and post-edge regions. (3) Collect
diffraction data for structurally similar (when possible) control
samples at these energies to determine anomalous scattering
components (f* and f”) for each of the metals present in the
sample. When structurally similar molecular reference
compounds are unavailable, molecular species that best

approximate the target metal coordination environment and
oxidation state should be used. (4) Finally, collect diffraction
data at the same energies for the heterometallic species of
interest. Site specific occupancies can then be refined via eq 3
using the data from the heterometallic complexes using the f’
and f” values obtained from the reference samples.

We applied this strategy to three Fe—Zn containing clusters.
Applying the AXD method to a C;-symmetric cluster
(**L)Fe,Zn(py) (u>—NAr) (7) whose spectroscopic analysis
suggests no site mixing, we confirmed the identity of the metal
sites in 7, as well as the substitutional homogeneity of the
material. Applying the AXD method to C;-symmetric (**L)-
ZnFe,(py) (6), we corroborated the metal substitution
suggested from “Fe Mossbauer spectroscopy.” Lastly, AXD
studies were applied to the pseudo-C;-symmetric [CoCp*,]-
[(*L)Fe,Zn(4*—NAr)] (8) where no bias in coordination
environment is present. The results indicate Fe and Zn mix
into all three sites. Due to the large crystal size of 8, we were
able to compare the occupancy results of AXD to that of
neutron diffraction. The two techniques yield similar metal site
occupancies and resolve the dominant core [Fe,Zn]
configurations equally well within error.

As demonstrated in the development of our method for
resonant X-ray diffraction, AXD requires the use of suitable
reference samples to determine anomalous scattering terms f’
and f” that afford accurate occupancy values for transition
metals in molecular heterometallic samples. For materials
where no suitable reference complexes are available, AXD
referenced to theoretical dispersion correction factors can lead
to inaccurate occupancy determinations. In such cases, neutron
diffraction, which does not require reference samples, may be
the preferred method. However, the significantly longer data
collection time required for neutron diffraction, larger requisite
crystalline sample size, and nonperiodicity of neutron
scattering lengths can limit the utility of the technique.
Additionally, analysis of the sample studied herein was
complicated by the abundance of hydrogen atoms on the
(L) ligand. The high incoherent scattering from the H atoms
further lengthened data collection time. Indeed, the data
collection strategy employed targeted specific reflections
predicted to be most sensitive to metal substitution as a full
neutron structure collection could not be obtained in a
reasonable time frame. As such, atomic positions and
displacement parameters of all non-hydrogen atoms were
determined from the Mo Ko data set and only hydrogen atom
positions and thermal displacement parameters, and metal
occupancies were refined using neutron data. The accuracy of
the metal position refinement with Mo Ka diffraction data is
due to the appreciable difference in scattering amplitudes
between Zn and Fe at that wavelength (15% difference when
calculated assuming f, is equal to the number of electrons in
the atom).

5. CONCLUSION

The foregoing work describes the application of AXD and
neutron diffraction to the determination of metal occupancy in
molecular species containing two first row transition metals. In
our efforts to develop a method for AXD, we established that
the use of theoretical anomalous scattering values in occupancy
determination per convention leads to large errors in calculated
occupancy values. Substitution of the theoretical f* and f”
values with experimentally derived terms from molecular
control samples minimizes error and provides a +5%
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resolution for occupancy values obtained. The prescribed
method was applied to a family of heterometallic clusters, and
the site-specific elemental analysis was performed to reveal
overall compositional analysis. This work has established a
standardized protocol for implementing AXD and can be used
as a benchmark for evaluating the accuracy of this technique as
applied to molecular species. Additionally, the application of
both AXD and neutron diffraction to a [Fe,Zn] imido cluster
to identify site-specific metal substitution and occupancy
yielded comparable results and suggest the utility of either
technique for occupancy determination. Comparison of the
neutron data to that obtained by AXD establishes the accuracy
of AXD for determination of metal occupancy in hetero-
metallic molecular clusters. Moreover, this work advances
previous implementation of neutron diffraction on molecular
species, as the only other reported application of neutron
diffraction to a heterometallic molecular species analyzed
materials with no site mixing.”” This work shows that
limitations to accurate occupancy calculations in heterometallic
materials depend on whether appropriate homometallic
references are available or synthetically accessible. In light of
this limitation, future work will look at bench marking the
accuracy of occupancy calculations as a function of energetic
distance from the absolute metal K-edge, as we suspect that
theoretically generated f' values become more physically
accurate as the incident radiation is red-shifted from the
absolute K-edge.
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