Inorganic Chemistry

pubs.acs.org/IC

Metal Site-Specific Electrostatic Field Effects on a Tricopper(l)
Cluster Probed by Resonant Diffraction Anomalous Fine Structure
(DAFS)

Pinar Alayoglu, Tieyan Chang, M. Victoria Lorenzo Ocampo, Leslie J. Murray, Yu-Sheng Chen,

and Neal P. Mankad*
I: I Read Online

Article Recommendations |

Cite This: Inorg. Chem. 2023, 62, 15267-15276

ACCESS |

[l Metrics & More ’ Q Supporting Information

ABSTRACT: Studies of multinuclear metal complexes are greatly
enhanced by resonant diffraction measurements, which probe X-
ray absorption profiles of crystallographically independent metal
sites within a cluster. In particular, X-ray diffraction anomalous fine
structure (DAFS) analysis provides data that can be interpreted
akin to site-specific XANES, allowing for differences in metal K-

f' (electrons)

edge resonances to be deconvoluted even for different metal sites & B

——Cu(c)

within a homometallic system. Despite the prevalence of Cu-
containing clusters in biology and energy science, DAFS has yet to
be used to analyze multicopper complexes of any type until now.
Here, we report an evaluation of trends using a series of strategically chosen Cu(I) and Cu(II) complexes to determine how energy
dependencies of anomalous scattering factors are impacted by coordination geometry, ligand shell, cluster nuclearity, and oxidation
state. This calibration data is used to analyze a formally tricopper(I) complex that was found by DAFS to be site-differentiated due to
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the unsymmetrical influence on different Cu sites of the electrostatic field from a proximal K" cation.

B INTRODUCTION

Copper clusters play important roles in many settings across
various length scales. For example, nanoscale copper clusters
are amongst the most promising catalyst materials for both
CO, hydrogenation and CO, electroreduction.”” Copper
clusters in biology are responsible for several functions
including electron transfer (e.g, Cu,) and redox catalysis
(e.g, Cuy, multicopper oxidases).” As such, it is important to
understand fundamental structure—property relationships
dictating copper cluster behavior. Particularly detailed
information can be gained from measurements that can resolve
individual metal sites within a homometallic cluster.

One such method is resonant diffraction anomalous fine
structure (DAFS), which enables multimetallic clusters to be
probed on a metal site-specific basis. DAFS experiments are
high-resolution multiwavelength anomalous diffraction (MAD)
measurements that depend on dramatic responses at the metal
K-edge of anomalous scattering contributions to X-ray
diffraction from single crystals, ie., samples in which metal
atoms have precisely determined spatial coordinates and
thermal parameters. The resonant K-edge energies for each
metal within even a homometallic cluster can differ slightly
from each other, particularly regarding spectral fine structure,
as evident from refinement of the real (f’) and imaginary (f”)
components of each atomic scattering factor as functions of
incident X-ray photon energy. Thus, for homometallic clusters,
DAFS can be viewed as a site-specific alternative to X-ray
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absorption near-edge structure (XANES) spectroscopy, which
also probes atomic X-ray resonances but only provides
ensemble rather than site-specific data for multimetallic
systems. Following early resonant diffraction studies on
molecular clusters by Coppens,*™°
used DAFS analysis to assign redox states of individual iron
sites within a 2Fe:2S ferredoxin cluster,” a mononuclear Fe site
within the nitrogenase FeMo protein,® and the Mo:7Fe:9S:C
cofactor (FeMoco) of nitrogenase.9 More recently, synthetic
multinuclear clusters have been probed by DAFS at the Cr,"”
Mn,"! Fe,"*"* and Co'* K-edges to gain site-specific electronic
structure data.

Leveraging our groups’ expertise in synthesizing well-defined
Cu clusters,">™>° here, we report the first documented DAFS
experiments at the Cu K-edge. During our survey of different
Cu-containing complexes using DAFS analysis, we discovered
a case where individual Cu(I) ions within a tricopper(I) cluster
are site-differentiated due to the presence of a nearby K* cation
and its associated electrostatic field. The influence of cationic
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Figure 1. (left) Experimentally determined energy dependence of the f’ scattering factor for each of the three Cu sites in [LCu;Cl]-K(THF); (1)
and (right) crystal structure of 1. Non-hydrogen atoms are shown as thermal ellipsoids (50% probability), and C—H hydrogens are omitted for

clarity.

Table 1. Summary of Cu Complexes Studied

Cu complex
[LCu;Cl]-K(THF); (1)

formal charge

[Cu(CH,CN),][BF,] (2)
(Ph;P),CuCl (3)
(Ph;P),CuCl (4)
Cu,(u-Cl),(PPhy); (5)

Cu,(NNN), (6)
[DABCO-2H][CuCl,] (7)
[p-alanine-H],[CuCl,] (8)
Cu,(OAc),2H,0 (9)
[CuyS(depm),][PF] (10)
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—

coordination numbers”
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w

coordination geometry” ligand shell

trigonal planar (C,,) N,ClI
trigonal planar (C,,) N,Cl
trigonal planar (C,,) N,Cl
tetrahedral (Ty) N,
pseudotetrahedral (C,,) P,Cl
trigonal planar (C,,) P,Cl
pseudotetrahedral (C,,) P,Cl,
trigonal planar (C,,) P,Cl
t-shaped (C,,) N,Cu
tetrahedral (Ty) Cl,
square planar (Dyy,) Cl,
pseudooctrahedral (C,,) O;Cu
trigonal planar (C,,) P,S
trigonal planar (C,,) P,S
trigonal planar (C,,) P,S

“The coordination number and geometry are defined by including all neighboring atoms within covalent radius contact, including Cu atoms.

field effects on catalytic sites is an active area of
investig;1tion,26_3’O with ramifications on various energy storage
and conversion schemes as well as fundamental understanding
of both heterogeneous catalysts’ ~>* and bioinorganic
systerns.34_36

B RESULTS AND DISCUSSION

The complex, [LCu;Cl]-K(THF); (1, L = trinucleating
cyclophanate),'® contains a Dy,-symmetric, formally 3Cu(T)
cluster with a uniform ligand shell surrounding the three Cu(I)
sites. Just based on these facts, one would expect all of the
three Cu(I) centers’ f’ vs E plots to coincide with one another.
Surprisingly, analysis of 1 by DAFS revealed that, although the
f' traces for the three Cu(I) sites bear similarities, f'[Cu(a)]
and f'[Cu(b)] were found to be blue-shifted in the right-hand
rising (9008—9029 eV) edges, departing from the f'[Cu(c)]
profile in this region (Figure 1). For this and all compounds in
the study, plots of f” vs E are given as Supporting Information.

Since there have been no DAFS studies conducted at the Cu
K-edge prior to this work, we began our analysis by applying
this experimental technique to strategically selected Cu(I) and
Cu(Il) reference crystals for analysis of emerging trends, with
the ultimate goal of understanding the peculiar trend seen for 1

15268

and extracting local electronic structure information for
individual Cu(I) sites in this cluster. The complexes that
were analyzed successfully are summarized in Table 1.
Neighboring Cu atoms were included in a given metal’s ligand
shell (and therefore the coordination number and geometry) if
and only if d(Cu--Cu) fell below the sum of two Cu covalent
radii (2.64 A).”” The f'... value was originally used by
Coppens to assign site-specific oxidation states and showed a
dependence of 4.6 eV per oxidation state unit at the Fe K-
edge.” However, more recent work by Betley on highly
covalent Fe complexes indicates that broadening and complex
fine structure renders f',;, to not necessarily be reflective of
the local oxidation state.'> Rather, subtle effects in the falling
edge, in-edge, and rising edge regions (see Figure 1) must be
analyzed holistically to gain useful interpretations.'® Similarly
subtle analysis is required for Cu K-edge DAFS, as described
below.

Coordination Influences. It has been well documented
both in XANES studies at the Mn,*® Fe,* and Cu**™" K-
edges as well as the earlier DAFS measurements at the
Fe"”'>"% and Cr'® K-edges that coordination geometries of
metal sites influence the spectral profiles and must be taken
into account in addition to the oxidation state. To probe
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Figure 2. (left) Experimentally determined energy dependence of the f’ scattering factor for [Cu(CH;CN),][BF,] (2) and CuCl(PPh;); (3) and
(right) crystal structures of 2 and 3. Non-hydrogen atoms are shown as thermal ellipsoids (50% probability), and C—H hydrogens are omitted for
clarity. For 2, data for only one of three molecules from the asymmetric unit are shown.
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Figure 3. (left) Experimentally determined energy dependence of the f' scattering factor for CuCl(PPh;); (3) and CuCl(PPh;), (4) and (right)
crystal structure of 4. Non-hydrogen atoms are shown as thermal ellipsoids (50% probability), and C—H hydrogens are omitted for clarity.

coordination geometry and ligand shell effects on Cu K-edge
DAFS, five different Cu(I) reference crystals were employed
for analysis. The Cu(I) reference compounds were chosen
based on coordination, nuclearity, and symmetry of the Cu(I)
sites. Four of these references are mononuclear complexes with
different coordination numbers and ligand shells: [Cu-
(CH,CN),][BF,] (2),"*** CuCI(PPh,); (3),"**” and CuCl-
(PPhy), (4)."* Comparison of 2 vs 3 probes influence of the
ligand shell, i.e, N- vs P-ligation, with constant geometry.
Comparison of 3 vs 4 probes influence of coordination
geometry, ie., trigonal planar vs tetrahedral, with constant
PPh, ligand shells. The other two Cu(I) reference compounds
are binuclear complexes: Cu,(u-Cl),(PPh;); (5)** and
Cu,(NNN), (6, NNN = 1,3-bis(2,4,6-trimethylphenyl)-
triazenide).”” Complex § contains both three- and four-
coordinate, P-ligated sites for comparison to 3 and 4. Complex
6 is symmetrical with identical, three-coordinate sites.

Both tetrakis(acetonitrile)copper(I) cation (2) and
chlorotris(triphenylphospine)copper(I) (3) exhibit (pseudo)-
tetrahedral geometries. The sample of 2 was found to

crystallize with three independent molecules in the asymmetric
unit, thus allowing us to refine the scattering factors for all
three Cu sites independently (Figure S1). The three f’ vs E
plots for these three independent molecules are nearly identical
in terms of both the peak shape and peak position, albeit with
minor differences in f amplitude, and only one plot is shown
in Figure 2 along with that for 3. Clearly, coordination
environment-dependent differentiation in f* vs E in-edge peak
shapes is observed for Ty-symmetric 2 vs Cj-symmetric 3.
Complex 2 shows an asymmetrical “double dip” pattern with
local and global f’ minima at 8993 and 8986 eV, respectively.
The resulting amplitude-weighted f’ ., for 2 is positioned at
about 8990 eV. In contrast, complex 3 has a symmetrical
double dip pattern centered at about 8985 eV with f minima
at 8981 and 8988 eV. The f’ trace for 2 is shifted to higher
energy by approximately 9 and 3 eV in the falling edge (8940—
8985 eV) and rising edge (8988—8998 eV) regions,
respectively. The net result is that the f’ peak for 3 with a
softer ligand shell is broader and spans a larger energy
envelope than that for 2 with the harder ligand shell. Such peak
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Figure 4. (left) Experimentally determined energy dependence of the f’ scattering factor for the two Cu sites in Cu,(s-Cl),(PPh;); (5) each
compared to its mononuclear analogue and (right) crystal structure of S. Non-hydrogen atoms are shown as thermal ellipsoids (50% probability),

and C—H hydrogens are omitted for clarity.
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Figure S. (left) Experimentally determined energy dependence of the f scattering factor for CuCl(PPh;), (4) and Cu,(NNN), (6, NNN = MesN-
N=NMes) and (right) the crystal structure of 6. Non-hydrogen atoms are shown as thermal ellipsoids (50% probability), and C—H hydrogens are

omitted for clarity.

broadening has been observed before by Betley when
comparing DAFS responses for Fe;(y5-Cl) and Fe;(y5-NPh)
complexes and for related Cr; complexes and was attributed to
metal—ligand covalency.'”'?

Three important aspects emerge from comparing DAFS
responses of 2 and 3. First, the breadth of the f' energy
envelope for 2 vs 3 reflects the relative copper—ligand
covalency. Second, the different peak shapes for 2 vs 3 can
be attributed to changes in the coordination environment.*”**
The physical origin of the DAFS in-edge features is unclear,
and so currently the peak shapes can be used simply as
“fingerprints” for different coordination geometries. Third, the
peak position for 2 is definitively shifted to higher energy than
those of 3 and 4 (vide infra) whether analyzing the falling edge,
rising edge, or f'.;, positions. The shift to higher energy is
presumably correlated to the weaker donor properties of
CH;CN compared to PPh;, leading to a slightly higher
effective nuclear charge (Z.4) for the Cu(I) center in 2
compared to 3.

To focus only on geometry effects while eliminating the
ligand shell influence, chlorobis(triphenylphosphine)copper(I)
(4)°" was also studied for comparison to 3 (Figure 3).
Complex 4 exhibits a sharp f minimum at 8981 eV and as
such represents the lowest f';, energy in this study. There is
also a weak local minimum at about 8993 eV, just below the
rising edge. The falling edge for 4 is shifted to higher energy by
3.5 eV compared to 3, whereas the rising edge for 4 is shifted
to lower energy by 1.5 eV compared to 3. The result is that the
overall energy envelope for 4 is slightly narrower than that of 3.
The f',;, and amplitude-weighted f' ... values for 4 are lower
in energy than the amplitude-weighted f’ .. of 3 by
approximately 3—4 eV. This turns out to be a general trend
across all complexes examined, with f’ features for three-
coordinate Cu(I) sites (4, S, and 6) being shifted to lower
energy by 3—4 €V than four-coordinate Cu(I) sites (2, 3, and
5). This energy shift due to coordination number is in accord
with the previously reported XANES studies of Cu(I)

40,42,43
complexes.
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in Ty symmetry (7) compared to

CuCl(PPh;); (3) and [CuCL]*” in Dy, symmetry (8) and (right) crystal structures of 7 and 8. Non-hydrogen atoms are shown as thermal
ellipsoids (50% probability), and C—H hydrogens are omitted for clarity. Error bars were omitted from f’ refinement for clarity and are shown in

the Supporting Information.

As for the binuclear member of the Cu(I)-phosphine series,
cluster S, the f’ vs E trace for each Cu site appears roughly
superimposable with its mononuclear analogue in 3 and 4 in
terms of the in-edge features (Figure 4). However, the overall
f' envelopes for the four-coordinate Cu(a) and three-
coordinate Cu(b) sites in § cover different ranges compared
to the corresponding mononuclear Cu(I)-phosphine sites. In
the falling edge region (8950—8981 eV), both 3 and the Cu(a)
site in § exhibit roughly overlapping f' traces. Yet, the plots
diverge in the rising edge region (8988—9003 eV), with the f’
trace for Cu(a) in S being shifted 2 eV lower in energy than
that of 3. Therefore, Cu(a) in § exhibits a slightly narrower f’
profile than 3. A similar pattern is seen when comparing the
Cu(b) site in S with mononuclear 4: the falling edge regions
overlay, whereas the rising edge for Cu(b) in § is red-shifted
prior to a crossing point at 8994 eV, giving Cu(b) in § a
slightly narrower linewidth than 4. This peak narrowing can be
attributed to complex S being less covalent than mononuclear
analogues 3 and 4 due to its lower P/Cl ratio at each copper
site. It is also possible that cluster nuclearity plays a role in
modulating peak width and/or position due to a given Cu site
experiencing the electrostatic field of the other, but more data
are required to study such phenomena rigorously. Importantly,
the in-edge features of the two Cu sites in binuclear 5 can be
traced back to their mononuclear analogues, underscoring the
connection between the f' peak shape and coordination
geometry.

The last binuclear Cu(I) reference employed here was
Cu,(NNN), (6). The choice of this reference was twofold: to
compare/contrast the T-shaped (6) vs trigonal planar (4)
three-coordinate geometries and to probe how different ligand
shell environments influence the f’ vs E plots. It is important to
note that binuclear 6 crystallized with only one independent
Cu(I) site in the asymmetric unit. Thus, only one f' plot is
shown in Figure 5. The f’ profile has a global minimum
positioned at 8981 eV with a weak local minimum at 8991 eV,
thus showing an overall peak shape that is very similar to the
one for trigonal planar 4. Although the in-edge features are
similar, the falling and rising edges differentiate. In the left-
hand falling edge portion of the spectrum, the f" trace for 4 is
blue-shifted, whereas in the right-hand rising edge region the f’
trace is red-shifted. As a result, binuclear 6 has a broader f’
energy envelope than mononuclear 4. This broadening

observed for 6 is reflective of differences in metal—ligand
covalency, as mentioned above.

Oxidation Influence. Three Cu(Il) standards were
chosen. First, tetrachlorocuprate ([CuCl,]*”) was analyzed in
two different coordination geometries as a function of
countercation: the [DABCO-2H][CuCl,] salt (7) contains a
Cu(Il) site with local Ty symmetry’”> and the [f-
alaninium],[CuCl,] salt (8) contains a Cu(II) site with local
Dy, syrnmetry.53 Lastly, Cu,(OAc),2H,0 (9) was used as a
binuclear Cu(II) standard; both Cu(II) centers feature six-
coordinate, pseudo-octahedral (C,,) environments when
including the neighboring Cu atom.

Initially, the f’ vs E profile for tetrahedral Cu(II) complex 7
can be compared to those for (pseudo)tetrahedral Cu(I)
complexes 2 and 3 to examine the oxidation effect without
changing geometry. As expected, the peak shape of 7 (Figure
6) resembles those of 2 and 3 with a double dip pattern but
with f,;, values of 8986 and 8992 eV that are blue-shifted by
3-S5 eV compared to the Cu(I) analogues. In the left-hand
falling edge region (8940—8986 eV), f' for 7 is shifted to lower
energy by 5 eV than for 2. The order is reversed in the right-
hand rising edge region (8993—9003 eV), which shows a blue
shift of 3 eV for 7 compared to 2. The blue shift for 7 increases
to S eV in the rising edge region when compared to 3, which is
a more electron-rich Cu(I) complex than 2. Compared to
complex 3, complex 7 is also blue-shifted in the falling edge
region. Therefore, we can conclude that oxidation of a Cu site
with constant coordination geometry generally yields higher
energy f' vs E profiles.

Though f’ profiles of 7 and 8 fall within the same energy
envelope, they exhibit some differences (Figure 6). The Dy,
analogue 8 displays a slightly asymmetric f' peak shape, with
minima at 8984 and 8990 eV. A pre-edge feature for the
forbidden 1s — 3d transition is not evident in the f’ plot of 8
but is observed for 7 at ~8980 eV. In the falling edge region
(8940—8974 eV), the f’ traces for 7 and 8 are superimposed.
After 8974 eV, they begin to diverge, with f’ for 8 shifted 4 eV
higher in energy than 7. This order is inverted in the rising
edge region (8990—8997eV), with f’ for 8 tracing 4 eV lower
than 7. These changes as a function of coordination geometry
parallel the effects observed for Cu(I) references discussed
above and a Z%ree with XANES studies probing the Cu(Il)
complexes, #4353
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The binuclear, six-coordinate Cu(II) analogue, 9, crystallizes
with only one Cu center in its asymmetric unit. The resulting
single f' vs E plot shows an asymmetric dip centered at 8998
eV and as such has the highest energy (global) f' .., of all of the
complexes in this study (Figure 7). Within the Cu(II) batch,
six-coordinate 9 displays an f’ profile shifted to higher energy
than its lower-coordinate Cu(II) counterparts (7 and 8), which
is consistent with the XANES literature on coordination
geometry effects’*** and with the pattern seen for Cu(I)
compounds discussed above. While the f' ;. for 9 matches
with the global minima for the Cu(a) and Cu(b) sites in 1,
Table 1, the direct comparison of f’ energies between 1 and 9
would be misleading because the Cu sites differ in their
oxidation levels, ligand shells, and coordination numbers/
geometries of the Cu sites, all of which influence the f’ peak
shape and position. Hence, in agreement with the previous
DAFS literature,'”'> the absolute f'min values will not be
interpreted to probe the oxidation state effects as they are
strongly influenced by the in-edge features, which in turn are
sensitive to the ligand shell and the local geometry at the
copper center. Instead, a comparison of falling and rising edges
and the resulting energy envelope proves to be a more reliable
diagnostic tool to probe the oxidation state at a Cu site when
considering all data discussed thus far.

Summary of Trends from Mono- and Binuclear
Samples. Several trends can be summarized from the above
analyses of complexes 2—9. The following trends can be
viewed as independent of Z g

e Similar Cu(I) coordination geometries give similar
fingerprints in terms of the f* in-edge peak shape.

o Increasing coordination number tends to shift the
apparent f' energy envelope to higher energy by ~4
eV per ligand.

e Enhanced metal-ligand covalency increases the
breadth/span of the f’ energy envelope.

When controlling for coordination geometry and coordina-
tion number, the following effects from changes in Z are
observed, particularly in the rising edge region:

e Electron-rich ligands shift f* to lower energy.

e Oxidation from Cu(I) to Cu(Il) shifts f’ to higher
energy by ~3—5 eV

Tricopper Clusters. Upon having examined how the
coordination geometries, ligand shell, and oxidation level
influence the f’ vs E profiles as systematically as possible, we
revisited the peculiar trend observed in the f’ plots for the
three individual metal sites of the Dy, symmetric, formally all-
cuprous, [LCuyCl]-K(THF); (1). All three Cu sites in 1
exhibit very similar in-edge spectral features, yet they are
distinct in both the left-hand falling edge (8940—8994 V) and
right-hand rising edge (9008—9029 eV) regions, with Cu(a)
and Cu(b) resembling each other and Cu(c) appearing unique
(Figure 1). In the f’ falling edge region, the three Cu sites are
separated by 2—3 eV each, with Cu(a) falling between Cu(b)
and Cu(c). In the f' rising edge region, energies for Cu(a) and
Cu(b) are shifted to 2 eV higher energy than that of Cu(c). As
shown above as well as in the previous DAFS studies on Cog,'*
Cr,,"" and Fe,'? clusters and the mononuclear Fe site within
the nitrogenase FeMo protein,” the in-edge features in f plots
are highly responsive to the coordination number/geometry
and the ligand shell. Since the Dsj-symmetric Cuy core is
wrapped by a uniform ligand shell and all of the f" plots display
matching features, we can eliminate the geometry and ligand
shell influences as reasons for the f’ profiles of Cu(a) and
Cu(b) diverging from that of Cu(c). Instead, the observations
are suggestive of Cu(a) and Cu(b) being more oxidized than
Cu(c). Indeed, the pattern of Cu(a) and Cu(b) blue-shifting in
the rising edge region parallels the pattern seen when
comparing tetrahedral Cu(II) complex 7 with tetrahedral
Cu(I) complex 2.

If the crystal structure of cluster 1 is examined closely
(Figure 1), the effects leading to Cu site-specific oxidation are
clear: the solid-state structure is unsymmetrical due to a
proximal K* counteraction. Specifically, a [K(THF);]* cation
is seen to form an apparent cation—z interaction with the
Cu(f-diketiminate) subunit containing Cu(a). The result is an
array of three Cu--K distances: Cu(a)-K, 3.0881(7) A;
Cu(b)--K, 4.3775(6) A; and Cu(c)--'K, 6.4004(7) A. There is
also a small asymmetry of Cu—Cl distances, with the Cu(a)
site closest to K" also having a shorter Cu—Cl distance
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(2.1679(5) A) than the Cu(b) and Cu(c) sites (2.1905(5) and
2.1842(7) A, respectively). The Cu(a) site also participates in
shorter Cu--Cu distances [3.7648(4) and 3.6947(6) A to
Cu(b) and Cu(c), respectively] than the longer Cu(b)---Cu(c)
cluster edge (3.8681(6) A). This contraction of the Cu(a)
center’s covalent radius apparent from bond metrics is
consistent with it being measurably oxidized. The fact that
the Cu(a) and Cu(b) sites give effectively identical responses
by Cu K-edge DAFS despite having measurably different
distances to K* indicates that there is not any direct Cu(a)---K
interaction to differentiate Cu(a) from Cu(b), which is
consistent with their having nearly identical f vs E peak
shapes. Instead, it is likely that both Cu(a) and Cu(b) are
within the range to experience an electrostatic field effect from
the K* cation. The Cu(c) site, on the other hand, is sufficiently
far away from K* that it does not experience this field effect.
Therefore, the proximity of a Cu(I) site to K* serves to slightly
increase its Z.g with the outer limit of that electric field effect
being somewhere between 4.4 and 6.4 A of the Cu-K
distance. Though effects of alkali metal cations on transition-
metal sites in well-defined coordination complexes have been
probed electrochemically,”**”*° only recently has there been a
XPS study on an iron(III) complex with an alkaline earth metal
binding site in the second coordination sphere.”” The data in
that study were also consistent with decreased electron density
at iron(I1I) when in proximity to an alkaline earth metal cation.
Like in the case of 1, analysis of this Fe--M system by QTAIM
indicated a lack of metal—metal bond. Otherwise, to the best of
our knowledge, there has not been a previous study of metal
site-specific electrostatic field effects by X-ray spectroscopy
prior to our work.

As a control experiment, [Cus(y;-S)(dcpm);][PF¢] (10)
was analyzed by DAFS (dcpm 1,3-bis-
(dicyclohexylphosphino)methane). Although the ligand shell
supporting the tricopper(I) core in 10 is different from that of
1, nonetheless 10 is also a formally all-cuprous, C;-symmetric
tricopper cluster but lacks the K* cation seen in the solid-state
structure of 1. Moreover, both clusters feature three-coordinate
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Cu sites with uniform ligand shells and comparable Cu--Cu
distances (3.5684(3)—3.6753(3) A for 10).*° Therefore,
tricopper(I) cluster 10 provides an opportunity to probe if
the polarization observed for 1 is, indeed, introduced by K*
proximity. As initially expected for a formally 3Cu(I) cluster,
the DAFS analysis of 10 yielded three f’ vs E profiles each
spanning the same energy envelope (Figure 8). Each f’ trace
showed very similar in-edge futures due to the homogeneity of
coordination shells at the three metal sites. Moreover, the site-
specific f' profiles for 10 exhibited a sharp dip feature matching
the peak shape for trigonal planar Cu(I) reference, CuCl-
(PPh;), (4, Figure 8) due to comparable coordination
geometries, ligand environments, and oxidation states.
Although at first glance it appears as if the Cu(b) site covers
a wider energy span than the Cu(a) and Cu(c) sites in 10, this
is mainly due to a change in f’ amplitude. A similar effect was
observed when comparing the three crystallographically
independent [Cu(CH;CN),]" cations in 2 (see Figure S1).
Moreover, the entire energy envelope spanned by the Cu(b)
site still falls completely inside that of Cu,(NNN), (6, Figure
8). Therefore, effectively, the three f’ traces for 10 span the
same energy envelope as each other due to uniform redox
delocalization across the Cu;S core, like the three unique
[Cu(CH,CN),]" sites in 2 but unlike the Cu,Cl core of 1. All
of these observations suggest that, if the K™ proximity to the
Cu,Cl core could be avoided for 1, its three f' profiles would
collapse to a single energy envelope. Unfortunately, attempts
to analyze analogues of 1 with crown ether encapsulation of K
or through use of alternative cations did not yield samples
suitable for DAFS.

B CONCLUSIONS

Cu K-edge DAFS analysis was applied to strategically chosen
Cu(I) and Cu(Il) complexes to probe how the energy
dependencies of the anomalous scattering term, f’, are
influenced by coordination geometry, ligand environment,
cluster nuclearity, and metal oxidation state. In agreement with
the previous DAFS studies,'”"” the complexes analyzed here
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indicate that in-edge f’ features are highly sensitive to
coordination geometries: not only does the coordination
geometry influence the peak shape but also the coordination
number impacts the peak position to an extent comparable to
the oxidation state (akin to Cu K-edge XANES"”****). When
controlling for these factors, blue shifts in f* vs E traces are
seen upon replacement of electron-rich ancillary ligands (e.g.,
PPh,) with electron-poor ones (e.g, CH;CN) or upon
oxidation of Cu(I) to Cu(lII). Considering these calibration
studies, site differentiation within a tricopper(I) cluster (1) due
to the electrostatic field of a proximal K" ion was detected by
Cu K-edge DAFS, with the dominant effect being an increase
in effective oxidation state for Cu centers near the K" cation.
Unlike techniques such as electrochemistry that probe cationic
field effects on an entire molecule or bulk material, this study
provides complementary data showing unsymmetrical effects
of a cationic field on individual metal sites within a cluster.
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