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ABSTRACT: A pair of cyclophane-encapsulated [Cu;(u5-E)]** complexes (E = S and Se) were characterized by resonant X-ray
diffraction anomalous fine structure (DAFS), revealing unexpected polarization among the three Cu sites attributed to long-range
effects of z-stacking interactions with cocrystallized benzene molecules. The resonant K-edge energies of individual Cu sites within
the cluster molecules were found to vary as a function of distance from the cocrystallized benzene. This pattern was interpreted in

the context of T-shaped, edge-to-face 7-stacking with the assistance of theoretical charge density difference calculations.

he set of forces known as “z-stacking” interactions are

critical to molecular and supramolecular structures in
areas ranging from biology and molecular chemistry to
materials science.”” As noncovalent interactions with low
binding energies of <5 kcal mol ™}, the intimate details of 7-
stacking are difficult to study experimentally.’ Therefore,
although the existence of z-stacking interactions is deduced
from experimental structure determination, their detailed
electronic structures are typically studied using computational
modeling,*™® except in rare cases.””

Conveniently, it was recently shown that noncovalent forces
can be probed experimentally by analyzing changes in effective
nuclear charge (Z.) of individual metal sites within multi-
nuclear Cu clusters that crystallize in proximity to appropriate
guest moieties.>'® The site-specific Z.; trends were probed
using X-ray diffraction anomalous fine structure (DAFS)
analysis. DAFS is a technique in which single-crystal X-ray
diffraction measurements are done at multiple wavelengths
below, at, and above the metal K—edge.lz_22 For a given metal
site whose spatial coordinates are well determined in the
crystallographic model, the real and imaginary components of
anomalous diffraction that contribute to that atom’s scattering
factor (eq 1) undergo dramatic changes at that specific site’s
resonant energy. Thus, DAFS analysis resolves subtle changes
to the K-edge absorption energies of individual metal sites in a
metal cluster and, therefore, provides a method by which to
probe effects of noncovalent forces acting on the cluster.

f=f+f+if (1)

A trinucleating, cyclophane-based ligand (abbreviated L
herein) developed by one of our groups™ provides a good
venue for isolating remote noncovalent effects on the cluster
core from contributions of conformational changes using
DAFS, as previously demonstrated for [LCu;(p5-Cl)]~."* The
cluster electronic structures for LCu;(u5-E) (E = S and Se)
clusters were previously probed using XAS (coupled with DFT
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and CASSCF calculations) at the Cu K- and L, ;-edges and the
chalcogen K-edges on amorphous samples, collectively
indicating near equivalent formal oxidation states for each
Cu atom.”**> Here, we have analyzed crystalline samples of
LCu;(u5-E) (E = S and Se) using DAFS to detect metal site-
specific Z¢ changes induced by z-stacking interactions with
cocrystallized benzene molecules. By comparison to the
previously reported XAS results, this study represents a rare
case in which the electronic nature of a z-stacking interaction
is evidenced experimentally.

LCu,y(p3-S) (1) crystallized as a benzene solvate in the C2/c
space group with all three Cu sites residing within the
asymmetric unit. Although the formal oxidation state assign-
ment for 1 is 1Cuk2Cu", the coordination geometries and
bond distances at the three Cu sites were effectively identical
to each other in the crystal structure (Figure la) from data
obtained at 30 keV. For example, the Cu—S and Cu--Cu
distances ranged only from 2.0872(9) A to 2.0895(8) A and
3.6098(6) A to 3.6264(6) A, respectively. Nonetheless, Cu K-
edge DAFS revealed that these three Cu sites are not in
electronically equivalent environments (Figure 1b). As in
previous Cu K-edge DAFS analyses,'”''” the dramatic
responses seen in the f’ vs energy plots for the different Cu
sites can be separated into three regions, from lowest energy to
highest energy: falling edge, in-edge, and rising edge, with the
rising edge region reporting on Zeff.n’l}’”_lg In this region, the
three Cu sites were found to diverge, indicating desymmetriza-
tion of Z.g before converging at ~9014 eV (assumed to be the
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Figure 1. DAFS analysis of LCuy(¢5-S) (1): (a) solid-state structure (50%-probability ellipsoids, hydrogens omitted), with selected bond distances
shown in A; (b) results of f' refinement at different X-ray energies, with the “rising edge” region indicated by a dashed box; (c) linear regression

analysis of the rising edge region.
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Figure 2. DAFS analysis of LCus(u5-Se) (2): (a) solid-state structure (5S0%-probability ellipsoids, hydrogens omitted), with selected bond
distances shown in A; (b) results of f' refinement at different X-ray energies, with the “rising edge” region indicated by a dashed box; and (c) linear

regression analysis of the rising edge region.

white line'®). The Cu(2) and Cu(3) sites track closely with
each other along the rising edge, while the Cu(1) rising edge
was blue-shifted by ~3 eV (Figure 1c). A similar pattern was
observed at the rising edge when plotting f” vs energy (Figure
S1). According to the method used in previous Cu K-edge
DAFS studies by which the approximately linear portion of the
rising edge can be fit by regression,'”'>"” we estimate that the
rising edge energies of Cu(2) and Cu(3) are within ~0.3 eV of
each other, while Cu(1) is blue-shifted by ~3 eV (Figure 1c).
Thus, Cu(1) is assigned as more “oxidized” (i.e., higher Z.4)
than Cu(2) and Cu(3), which are more “reduced” to an
approximately equal extent. The 3 eV blue shift in rising edge

position is approximately equal in magnitude to the shift
assigned to site-specific effects of the K* electrostatic field in
[LCu;(u5-Cl)]-K(THF);." In this regard, as discussed further
below, it is interesting to note that the Cu(l) site resides
closest to the cocrystallized benzene molecule in the crystal
lattice (Figure la).

LCu;(u;3-Se) (2) also crystallized as a benzene solvate and
was found to be isostructural to 1 in C2/c. Once again,
examination of coordination geometries and bond distances for
a structure obtained from 30 keV data did not indicate any
metrical dissymmetry within the formally 1Cu':2Cu" core
(Figure 2a). For example, the Cu—Se and Cu--Cu distances
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ranged only from 2.1869(9) A to 2.1880(8) A and 3.7831(9)
A to 3.7922(9) A, respectively. Like for 1, Cu K-edge DAFS
data for 2 indicated that the Cu sites reside in different
electronic environments (Figure 2b), despite having effectively
identical local structures. Importantly, at the rising edge
(Figure 2c), the Cu(1) and Cu(3) sites were found to track
closely to each other, while the Cu(2) site was found to be
blue-shifted by ~6—7 eV. A similar rising-edge pattern was
observed in the plot of f” vs energy (Figure S1). Thus, the
Cu(2) site is assigned as having the highest Z.g; whereas Z4
values for Cu(1) and Cu(3) are lower and clustered together.
In other words, the Cu(2) site in 2 is analogous to Cu(1) in 1
and, notably, also sits closest to the cocrystallized benzene
molecule in the crystal lattice (Figure 2a).

The rising edge energy of each Cu site is plotted against its
distance to the benzene centroid in Figure 3. From this plot, it
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Figure 3. Rising edge energy (f' = —8e”) as a function of distance
from each Cu site to the benzene centroid. Exponential fits are shown
only to guide the eye and should not be considered as realistic
mathematical models. A corresponding plot of rising edge energy vs
centroid-centroid distance is provided in the Supporting Information.

is evident that, for each cluster, there is an approximately
exponential decay in Z.g as the Cu centers are displaced further
away from the cocrystallized solvent molecule. Furthermore,
although we hesitate to realistically fit the decay profiles to
mathematical models due to the small number of data points,
qualitatively the effect seems to be more dramatic for 2 than
for 1. The shortest Cu---Cy,,ene distances in 1 and 2 are
4.011(4) and 4.018(7) A, respectively, implying no covalent
interaction between any Cu site and the cocrystallized solvents
(cf. Cu--C distances of ~2.9—3.6 A for Cu--H—C anagostic
interactions).”® Therefore, we hypothesized that noncovalent
forces between the cluster and solvent molecules are primarily
responsible for the effects evident in Figure 3. In recent studies,
we found that counterions or hydrogen bonding interactions
with cocrystallized solvent molecules caused polarization
among the Cu' centers of Cus(us-Cl) and Cuy,(py-S)
clusters.'”"> 'We hypothesized that a similar effect operates
here, but with some other noncovalent force rather than an
electrostatic field or hydrogen bonding effects.

DFT calculations were performed using the coordinates of
each asymmetric unit (including cocrystallized benzene
molecules) determined by X-ray crystallography. No obvious

differences in Cu charges within a given molecule were evident
after examining results from 7 DFT functionals and $ different
charge schemes (i.e., 35 sets of partial atomic charges for each
molecule; see Table S2). The situation did not change when
allowing the coordinates within the asymmetric unit to
optimize or when analyzing the full unit cell using periodic
DFT calculations. However, by modeling the LCu(us-E)
compounds with and without the benzene, a pathway for
charge transfer became evident by analyzing charge density
difference (eq 2).

AP =Py = Pa Py @)

The charge density difference for 1 is plotted in Figure 4,
and an equivalent plot was derived for 2 and showed very

Figure 4. Charge density difference plot for 1 (with and without
benzene), 0.0001 e/Bohr® isosurface, yellow color means a positive
density difference (electron accumulation), and blue color means
negative density difference (electron depletion).

similar features (Figure S2). Electron accumulation occurs at
the f-diketiminate group adjacent to the benzene molecule,
while electron depletion occurs at the benzene ring in the
region facing the tricopper cluster.

The orientation between the benzene molecule and the 6-
membered (f3-diketiminato)copper ring with which it interacts
resembles a T-shaped 7-stacking (edge-to-face) assembly. Such
assemblies have been previously proposed based on exper-
imental structure determination and investigated computation-
ally and spectroscopically. For example, in the solid-state,
benzene crystallizes in Pbca with four molecules in the
asymmetric unit, and with each molecule engaging in T-
shaped 7-stacking interactions with its nearest neighbors.””
The gas-phase experiments of Klemperer and co-workers also
indicate the presence of T-shaped benzene dimers,”**’ and
rotational spectroscopic studies by Arunan and Gutowsky are
consistent with the benzene dimer having a T-shaped
arrangement with a centroid-to-centroid distance of 4.96 A
in the ground state.”” Computationally, a binding energy of
~2—3 kcal mol™" was determined by Sherrill and co-workers
for the T-shaped benzene dimer,’’ with additional reports
demonstrating the role of substituents in stabilizing arene
stacking through a combination of dispersion and electrostatic
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forces.”**** Notably, T-shaped stacks tend to be more favored
than other 7-stacking motifs when the arene oriented toward
the centroid of an unsubstituted benzene is the more-electron-
deficient partner (e.g., benzene pointing to the centroid of an
electron-rich arene).’* For comparison to the benzene dimer
(4.96 A), the distances between the benzene centroid and the
nearest (f-diketiminato)copper centroid in 1 and 2 are 4.726
and 4.776 A, respectively. In each case, the benzene C—H
bond is directed toward the face of the (f-diketiminato)copper
unit but canted off center toward the CuN, side of the ring
rather than aligning with the centroid. Overall, the spatial
arrangement suggests that the f-diketiminate arm is the more-
electron-rich component and the cocrystallized benzene is the
more-electron-deficient component of the 7-stack, by analogy
to Sherrill’s calculations. The misalignment of the benzene C—
H bond relative to the (f-diketiminato)copper centroid is
likely a crystal packing effect, as observed for the solid-state
structure of benzene itself."””

Based on these results, our working hypothesis is that the T-
shaped #-stacking interaction induces the S-diketiminate arm
near the benzene to be significantly more electron-rich than
the other two ligand arms. Furthermore, the DAFS measure-
ments indicate that this dissymmetry in electron density
among the ligand arms translates to polarization among the
three Cu sites in the cluster molecule. In the absence of z-
stacking effects, prior X-ray absorption spectra on amorphous
samples of 1 and 2 were best fit using equivalent Cu centers.”®
Here, we speculate that the z-stacking interaction induces
electron donation from the participating f-diketiminate arm
toward the benzene ring, resulting in less electron donation to
the Cu ion to which it is bound. Then, that Cu ion is less
electron-rich, in comparison to the other two Cu sites, an effect
that presents as a difference in Z in the DAFS experiment.
Initially, we anticipated that the greater covalency observed™
for the Cu centers in 2, relative to 1, would provide a more-
effective means to delocalize the changes arising from the
interaction with the benzene. However, the converse is
observed—the effect is magnified in 2, compared to 1 (Figure
3). To probe this effect further, we performed energy
decomposition analysis (EDA) of the z-stacking interactions
in 1 and 2. A slightly stronger interaction between benzene and
LCus(p5-E) was calculated for E = Se (2), compared to E = S
(1). The EDA results (Table S3) revealed that this stronger
interaction is primarily from electrostatic contributions,
consistent with the fact that Se is more electron-donating
than S. Consequently, 2 exhibits a stronger n-stacking
interaction with benzene than does 1, aligned with the findings
in Figure 3.

In conclusion, we analyzed Cu site-specific patterns in Z.g
for a pair of Cuy(s-E) clusters by resonant X-ray diffraction
(XRD) techniques. Although one might expect symmetrical
distributions of Z. in these 3-fold-symmetric cluster
molecules, charge polarization was evident from the exper-
imental measurements. This polarization was attributed to
distal 7-stacking interactions between the clusters and
cocrystallized benzene molecules. Theoretical charge density
difference calculations indicated donation of negative charge
from (f-diketiminato)copper groups toward positively charged
benzene C—H bonds, in accord with the canonical view of T-
shaped z-stacking interactions.
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