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Aquo and hydroxo ligands play an essential role in the chemistry of many copper enzymes and
small molecule catalysts. The formation of a series of copper complexes with H,O and OH™ ligands
in various positions, including [Cu(bpy)(OAC)(H20)2a* (Cu-1), [Culbpy)(OH)zeq(HO)2a (Cu-llD),
[CU(OH)4,e(HxO)2.2d?~ (Cu-1V), [Culbpy)(H20)eq(H20)22%" (Cu-V) and [Culbpy)a(H20)ad?* (Cu-VI),
were investigated through Electron Paramagnetic Resonance (EPR) and UV-Vis spectroscopy in aqueous
copper bipyridine solutions in the dependence of the pH and the copper-to-bipyridine ratio (bpy = 2,2'-
bipyridine). 2H- and YO-enrichment of the copper complexes allowed us to determine the *H and O
nuclear hyperfine interactions of their H,O ligands via Q-band Electron Nuclear Double Resonance
(ENDOR) spectroscopy. These techniques gave direct insight into the metal-ligand covalencies and geo-
metries and were further supported by Density Functional Theory (DFT) calculations. It is shown that *H
and 7O ENDOR spectroscopy can aid in (1) determining the coordination position, thereby differentiating
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between equatorial and axial H,O ligands and (2) distinguishing equatorial aqua and hydroxo ligands, par-
ticularly through their anisotropic dipolar components. We further studied the influence of trans coordi-
nating ligands on the hyperfine parameters of aquo and hydroxo ligands, enabled through contrasting the
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Introduction

The ability of monocopper active sites to catalyze both the acti-
vation of molecular oxygen, on the one hand, and the for-
mation of the O-O bond in dioxygen, on the other hand, is of
fundamental importance to numerous catalytic processes. In
nature, dopamine B-monooxygenase (DM) and peptidylgly-
cine a-amidating monooxygenase (PHM) use molecular oxygen
to selectively hydroxylate secondary C-H bonds (under pro-
duction of water) at uncoupled dinuclear copper sites, where
the activation of dioxygen occurs categorically at a single
copper center.' Other prominent monooxygenases such as
lytic polysaccharide monooxygenase (LPMO) that catalyzes the
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coordination environments in the examined complexes, supported by quantum chemical computations.

oxidative depolymerization of polysaccharides®® and particu-

late methane monooxygenase (pMMO) that oxidizes methane
to methanol® have been demonstrated to use dioxygen as a co-
substrate at monocopper active sites, two reactions that play
crucial roles in the production of renewable energy and
thereby the reduction of greenhouse gases.

In materials science research, the intriguing redox chem-
istry of copper enzymes has drawn considerable interest,
which led to the development of a variety of synthetic hetero-
geneous and homogeneous copper catalysts over the past
decades, for example for oxidative C-H functionalizations.’
Copper-exchanged zeolites have proved to be especially inter-
esting for the conversion of methane to methanol, mimicking
PMMO’s reactivity.® More recent studies have targeted copper
active site designs in metal-organic frameworks (MOFs) to
mimic biologically active sites and control catalysis.”®

By means of O-O bond formation, a variety of hetero-
geneous and homogeneous catalysts for electrochemical water
oxidation have also been designed.’™*® The first homogeneous
copper water oxidation catalyst (WOC) was reported in 2012 by
the group of Mayer, demonstrating the catalytic activity of the
copper bipyridine system (1:1 M: L ratio) at a high pH value."®
At pH values between pH 11.8 and 13.3 electrochemical water
oxidation occurs with high turnover frequencies of ~100 s™*.

This journal is © The Royal Society of Chemistry 2025
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This work has inspired more mechanistic and theoretical
studies of the parent copper bipyridine system and its substi-
tuted modifications, which are generally all catalytically active
in aqueous solutions and have exchangeable water or hydroxo
ions that occupy an open coordination site.'**>'7192! These
exchangeable ligands are readily displaced upon reduction of
the Cu(u) center to Cu(i) to allow for O, or H,0, binding,
accompanied by re-oxidation of the metal center to a Cu(u)
state. For various copper WOCs, the coordinated hydroxo ion
is suggested to play a direct role in the formation of O, and its
incorporation into the product.*>*°

EPR spectroscopy allows one to obtain information on the
general coordination environment, the electronic configur-
ation and the nuclearities (e.g. dimerization) of paramag-
netic metal centers. For monocopper(n) active sites, a d° § =
1/2 electronic configuration yields an EPR spectrum that
directly shows the ground state configuration of the singly
occupied molecular orbital (SOMO), distinguishing dy._y.
from d,. ground-states by the g-tensor (dye_ye: g > g1; dz2: g1 >
g1)- The copper hyperfine interaction, which is commonly
observed by EPR spectroscopy, is a reporter of the ligand
field of the copper center and gives estimates on the degree
of spin delocalization onto ligands. More detailed electronic
and geometric information is encoded in the magnitude and
orientation of nuclear superhyperfine interactions of the
ligand nuclei, which sometimes may be resolved by EPR
spectroscopy directly. In copper bpy complexes, the ''N
couplings of the bpy ligands are often at least partly
observed, which allows for estimates on the magnitude of
hyperfine interactions.?” The determination of the ligand’s
full hyperfine tensor from EPR alone can be challenging and
in many cases unfeasible, requiring the application of more
advanced EPR techniques. The EPR linewidth of metal
centers, including copper, is often significantly broadened
by numerous possible influences, including other numerous
weaker hyperfine interactions and/or strain effects, which
effectively conceal the hyperfine interactions of weakly
coupled nucleus like protons. To resolve such couplings, the
use of hyperfine techniques like ENDOR spectroscopy is
required. The understanding and benchmarking of "H coup-
lings are critical for the distinction between various ligands,
specifically water and hydroxo, and even their coordination
positions (i.e. equatorial vs. axial).
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The interaction of the copper center with exchangeable
oxygen ligands (water and hydroxo ions) holds great infor-
mation on the exact nature of the ligands, covalencies, dis-
tances and geometries. While there are various past studies
and assignments on the protons of these H,O ligands,>°
direct studies of the oxygen hyperfine interaction are less
common and are less systematically understood. Oxygen has
only one NMR-active isotope, '’O, with a nuclear spin of I = 5/2,
which has a very low natural abundance (0.038%), thus requir-
ing any potential EPR and hyperfine measurements to use *’O
enrichment. In terms of "O hyperfine studies of copper
systems, they are still relatively rare in comparison with other
nuclei, despite the numerous catalytic processes that invoke
oxygen ligands.**~*

Herein, we have set out to understand the ligand hyperfine
interactions of aqua and hydroxo copper complexes via both
'H and 7O ENDOR spectroscopy to understand the hyperfine
and structural relationship of these ligands. To systematically
understand these interactions, we have characterized a range
of well-studied copper bpy complexes to survey how changes in
the ligand sphere change the spectroscopic footprint of the
respective H,O ligand. This system was chosen not simply for
its relevance to water oxidation catalysis, but also for its ease
of preparation (low H,'”O requirements) and variety of oxygen
ligand conformers.

Based on previous studies, it was expected that the
bis-aqua complex [Cu(bpy)(H,0),]>* forms upon mixing of bpy
and a copper source near neutral pH.'> As the pH is then
increased, this species is suggested to transform via the EPR-
silent dimeric [Cu(bpy)(OH)],>* at intermediate pH values into
the bis-hydroxo complex [Cu(bpy)(OH),] at further elevated pH,
which was assumed to be the water oxidation -catalyst
(Scheme 1).

In this study, we applied UV-Vis, EPR, ENDOR and
ELDOR-Detected NMR (EDNMR) spectroscopy, in combination
with DFT calculations to shed further light on the nature of
the pH-dependent equilibria and the evolving complexes. Most
importantly, we take advantage of the simplicity of the copper
bpy system to purposefully study the ligand superhyperfine
interactions in various water-derived ligands. Employment of
70O-enriched water allows not only the study of "H couplings,
but also the direct interaction of the *”O nucleus of H,O and
OH" ligands with the metal center.
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Scheme 1 Proposed pH dependent structures of copper bpy (1: 1) complexes.
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Methods and materials
Sample preparation

Aqueous solutions of copper bpy complexes were prepared by
mixing one equivalent of 2,2"-bipyridine (Sigma Aldrich) with
one equivalent of Cu(OAc),-H,O (Sigma Aldrich) in water, or in
the case of Cu-VI by mixing both components in a 2: 1 ratio. If
not mentioned otherwise, NaOAc-3H,O (Alfa Aesar) was added
to a final concentration of 0.1 M. For Cu-V 30% v/v glycerol
was used instead of sodium acetate. '’O- and *H-enriched
samples were prepared in H,"’O (90 atom%, Sigma Aldrich) or
D,0O (99.95 atom%, Deutero). pH values were adjusted with
solutions of NaOH (prepared from pellets; Alfa Aesar) either
with an InLab Versatile Pro or an InLab Micro Pro-ISM pH
electrode (Mettler-Toledo), calibrated by four-point calibration
in the range of pH 4 to 13.

UV-Vis spectroscopy

UV-Vis spectra were recorded with a Cary 60 UV-Vis spectro-
photometer from Agilent using Hellma quartz cuvettes (quartz
glass of high performance purity) with a path length of 1 cm.
Spectra were recorded on copper bpy solutions of concen-
trations of 10 mM.

Cyclic voltammetry

Cyclic voltammograms were obtained using a VersaSTAT4
potentiostat with a platinum auxiliary electrode, a 3 mm dia-
meter glassy carbon working electrode and an Ag/AgCl (3 M
KCl) reference electrode (all electrodes from BASi). 0.1 M
NaOAc was used as an electrolyte.

CW X-band EPR spectroscopy

Continuous-wave X-band EPR spectra were recorded using a
Bruker MS5000 spectrometer. The samples that were recorded
at room temperature contained 10 mM copper bpy solutions,
filled in 50 pL capillaries (Hirschmann). Samples between pH
6.1 and 12.7 were produced via pH titrations (pH adjustments
with NaOH, see above). The spectrometer conditions applied
for all samples are reported in Table S1.f For measurements at
cryogenic temperatures a liquid nitrogen cryostat or a finger
dewar was employed and custom quartz EPR tubes with 4 mm
outer diameter (OD) were filled with 1 mM solutions and
frozen. The spectrometer conditions for these measurements
are reported in Table S2.}

Pulsed Q-band EPR and ENDOR spectroscopy

Q-band EPR and ENDOR spectra were recorded using 1 mM
solutions in 2.8 mm OD custom quartz tubes with a Bruker
Elexsys E580 spectrometer equipped with home-built up/down
Q-band conversion accessories,*® an Oxford CF935 helium
flow cryostat and temperature controller, and a cylindrical
TEo; microwave resonator.*® Two-pulse (Hahn) echo detected
Q-band EPR spectra were recorded with a n/2-t-n-t-echo
pulse sequence and Davies’® ENDOR experiments employed a
T-Trr—twait—/2-T-1-1-echo sequence, where the radio fre-
quency (RF) pulse is applied during time Tz and the RF was
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randomly hopped®! without phase cycling. The spectrometer
conditions for the individual experiments are reported in
Tables S3-S5.71

Pulsed W-band EPR and EDNMR spectroscopy

W-band pulsed spectra were recorded using 1 mM solutions
filled in 0.9 OD custom quartz tubes and collected on a Bruker
Elexsys E680 spectrometer equipped with a closed cycle
helium cryostat system. For EPR measurements, a two-pulse
(Hahn) sequence of =n/2-t-n-t-echo was employed. The
magnet was swept up and down and the offsets were averaged
to correct for sweep delays. EDNMR spectra® were recorded
using a tyra—twair—/2-t-1-t—echo sequence, where tyr, is the
length of the high turning angle pulse and ¢, is the time
between the HTA pulse and the echo detection. The spectro-
meter conditions for the individual experiments are reported
in Tables S6 and S7.}

Raw data were processed and analyzed in Matlab R2023a
and simulated using the EasySpin package (v. 6.0.0-dev. 51).>?
EDNMR simulations were obtained using the function
horseradish.>*

DFT calculations

All calculations were performed with the Orca quantum chem-
istry software (v. 5.0),>>°° taking dispersion effects into
account by utilizing Grimme’s D3 correction with Becke-John
damping.’”*® Solvation effects (water) were included with the
conductor-like polarizable continuum model (CPCM)*° and
relativistic effects were treated at the level of zeroth order
regular approximation (ZORA).®”** Geometry optimizations
were carried out using the BP86 functional,®*®* while the
B3LYP functional®>®® was used for the determination of the
EPR parameters. The all-electron def2-TZVP basis set®”*®
employed, with the exception of the calculation of EPR para-
meters, where the epr-III basis set®””® was used for all hydro-
gens and the aug-cc-pVTZ-J basis set for copper.”"”? For all cal-
culations automatically generated auxiliary basis sets were
applied (AutoAux).”

was

Results and discussion
Catalytic activity and UV-Vis and EPR spectroscopy

Copper bpy complexes were prepared as described for the
water oxidation experiments reported by Barnett et al. by
mixing one equivalent of bipyridine ligand with one equivalent
of copper acetate.'® To understand the system as previously
reported, we prepared all samples with 0.1 M sodium acetate
electrolyte, unless noted otherwise. We did find that the
addition of the electrolyte aided as a glassing agent during the
freezing of EPR samples (Fig. S1}). Spectrophotometric pH
titrations of the 1:1 Cu: bpy solution have a similar result to
what has previously been reported.”” Briefly, the color of the
solution changes from light blue (pH 6.5, A,.x = 668 nm, and
£=37M ' cm™') to a darker blue at a high pH value (pH = 12,
Amax = 615 nm, £ = 41 M~* ecm™"), as shown in Fig. 1. The blue

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Spectroscopic investigations of copper bpy solutions at several pH values showing (a) the shifting d—d transitions in the UV-Vis spectra and
(b) the CW X-band (~9.5 GHz) EPR spectra recorded at room temperature. The relative amount of paramagnetic species at the individual pH points
was obtained from the double integral of the EPR spectra and is added as an inset. Experimental conditions are reported in the Experimental

section.

shift is analogous to the spectra obtained by Garribba et al.
and consistent with the equilibrium shift from [Cu(bpy)
(H,0).]*" to [Cu(bpy)(OH),).>>

At even higher pH values, the spectral character does not
change significantly (pH = 12.7, Apa = 605 nm, and e = 52 M ™"
em™'); however, the overall background intensity increases,
leading to a higher effective absorptivity and the lack of clear
isosbestic points (Fig. S2t). This is most likely related to the
observable formation of a dark precipitate at high pH values,
which was reported before.”* The formation of these insoluble
copper species (possibly copper oxides) and their consecutive
deposition on the cuvette then leads to diffuse scattering and
a systematic increase (and error) of the measured absorptivity.
However, Barnett et al. showed that the active catalyst in their
water oxidation reactions is a homogeneous one, indicating
that the formed precipitate does not play a significant role in
catalysis, but rather represents a decomposition product.*®

At pH > 12 catalytically active solutions were obtained, as
seen by large, irreversible oxidation waves (Fig. S3%), in good
agreement with what has been described by Barnett et al.'

The Cu(u) complexes were further investigated by X-band
(~9.43 GHz) EPR spectroscopy. The spectra recorded at room
temperature are shown in Fig. 1b. The approximately isotropic
spectra of the rapidly tumbling molecular solutions at low to
neutral pH (pH 6.1-7.0) exhibit a signal centered at gis, ~ 2.15,
split to a quartet caused by the electron-nuclear hyperfine
interaction of the °*°>Cu isotopes (I = 3/2), a;s0o(°**>Cu). As the
pH is further increased, the quartet signal intensity decreases,
before the appearance of a new quartet signal at high pH
values with a slightly lower g, value of ~2.12 and a larger |
@iso|-value. The double integration of the collected spectra
quantifies a maximum signal reduction of 90% at pH 8.9,
Fig. 1b. This is explained by the formation of an EPR silent
species. The three species identified at neutral, intermediate
and high pH values are termed Cu-I, Cu-II and Cu-III, and are

This journal is © The Royal Society of Chemistry 2025

assumed to be [Cu(bpy)(H,0),]’", the EPR silent dimer [Cu
(bpy)(u-OH)],>* and [Cu(bpy)(OH),], as assigned previously
(Scheme 1).'%*>37

The room temperature spectra are not fully isotropic, but
exhibit a slightly anisotropic character due to the slow tum-
bling rate on the timescale of the EPR experiment (10™"" s). To
accurately simulate the room temperature spectra, the com-
plete spin Hamiltonian must be known, which was estimated
from the frozen solution (solid state, powder) EPR spectra,
shown in Fig. 2. All frozen solutions exhibit axial EPR spectra,
typical of type-2 copper with a d,._,. ground state, with some
of them also exhibiting resolved nitrogen superhyperfine inter-
action (I(**N) = 1/2) of the bpy ligand along g,. Collecting EPR
spectra at several frequencies (X-, Q- and W-band frequency)
and globally fitting the multifrequency EPR spectra (Fig. S4-
S97) yields simulations that excellently reproduce the spectra,
including the nitrogen superhyperfine interaction - when
available (Fig. 2 and Table 1). The "N superhyperfine assign-
ments were further confirmed by orientation-selective '*N
Davies ENDOR experiments (see below).

The low temperature EPR spectra of copper bpy solutions at
moderate pH (pH 6-7) can be simulated with a mostly axial g-
tensor (g = g1 > g1 = g» = g;) with a small rhombic splitting,
g1 =[2.278, 2.068, 2.055], and an axial hyperfine tensor (4 =
[A4, A5, A5]) of A“*Y(**Cu) = [525, 43, 36] MHz. At pH 12, a
single species with a larger 4;(°*Cu) value of 560 MHz and
overall lower gvalues is observed (g™ = [2.254, 2.055,
2.050]).

With g- and A(®**Cu)-tensor estimates from the frozen solu-
tion EPR spectra, we are now able to simulate the slow-
motional regime room temperature EPR spectra (Fig. 2 and
Table 1). The room temperature spectra at pH < 6.5, and also
at pH 12.4, are well reproduced by simulation by considering
only a single set of spin Hamiltonian parameters for each. The
EPR spectra at pH values between pH 6.5 and pH 12.0 can be

Dalton Trans., 2025, 54, 728-744 | 731
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Fig. 2 CW X-band (~9.5 GHz) EPR spectra of copper bpy solutions at
several pH values collected at 77 K with an enlargement of the copper
hyperfine in the g region in black with simulations in color. Spectra of
the solutions at room temperature (r.t.) with simulations are added as
inserts for three pH values. Experimental conditions are reported in the
Experimental section. Simulation parameters are listed in Table 1.

reproduced as mixtures of the Cu-I and Cu-III components
(Fig. S10t). However, at intermediate pH values larger devi-
ations between the simulation and experiment are observed,
which implies the formation of additional EPR active species
together with dimer formation. Nevertheless, our simulations
still are in reasonable agreement with the experimental
spectra, which indicates that Cu-I and Cu-III are the two major
EPR active species between pH 7 and pH 12.

While the solid-state simulations do not provide the possi-
bility to determine the absolute or relative signs of the individ-
ual hyperfine components, the relative hyperfine signs are
determinable from the simulation of the room temperature
EPR spectrum. By making A;(**Cu) negative, as expected for a
type-2 copper, the simulation parameters of the room tempera-
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ture spectrum of Cu-I reveal a slight but necessary rhombic
splitting of the A, (Cu) values in order to accurately reproduce
the experiment and yield the observed isotropic hyperfine
splitting pattern, Fig. S10.T7 Therefore, the copper hyperfine of
Cul is either A°*(**Cu) = [-525, +43, —36] MHz or [-525,
—43, +36] MHz, where the former is only slightly favored,
Fig. S11.1

The spin Hamiltonian parameters of both complexes are in
good agreement with the ones obtained from simulations of
the room temperature spectra (Table 1). For Cu-l, slightly lower
individual g- and gis,-values at low temperatures are observed
compared to the ones determined at room temperature. There
is no difference observed between the room temperature and
low temperature samples of Cu-III. Generally, Cu-III exhibits a
smaller gis, and larger hyperfine splitting than Cu-I. The trend
of a reduced g, and increased A} for Cu-Ill compared to Cu-I
reflects the findings of Garribba et al. that showed the same
trends for the species they assign to be [Cu(bpy)(H,0),]*" (g =
2.307 and A; = 510 MHz) and [Cu(bpy)(OH),] (g = 2.232 and 4,
= 588 MHz),”*> where ethylene glycol was used as a glassing
agent rather than the sodium acetate reported here.

Notably, when the pH is further increased, the CW X-band
EPR spectra of the frozen solutions show the formation of an
additional species at higher pH values (Fig. 2). The amount of
this species increases as the pH is taken up further until it is
the only detected species at pH 13.7 (Cu-IV). The spectrum of
Cu-lV is best simulated with an axial g-tensor (g7 = [2.272,
2.053, 2.050]) and large copper hyperfine (A°*™(**Cu) = [-582,
-90, -92] MHz). It lacks any resolved N hyperfine coupling in
the g, region and exhibits significantly narrower lines, particu-
larly along gy. This is especially pronounced at the copper
hyperfine transition at 2680 G which is much narrower than in
Cu-I and Cu-IIl which allows to resolve two sharp features,
corresponding to transitions of the **Cu and ®°Cu isotopes.
The dramatic EPR linewidth sharpening and the loss of "N
hyperfine coupling are attributed to the loss of the bpy ligand.
The formation of the tetra hydroxide complex [Cu(OH),J*~ is
therefore expected, and the spectrum is in very good agree-
ment with the spectrum of [Cu(OH),]*” reported by Chao et al.
(g = [2.252, 2.050, 2.046]; A, = 558 MHz; A, = 89 MHz).”> The
spectrum of Cu-IV obtained at room temperature is well repro-
duced by a simulation with spin Hamiltonian parameters,
which are in good agreement with the ones obtained at low
temperature (Fig. S10f). However, a slightly lower copper
hyperfine is applied (Table 1).

'H ENDOR spectroscopy

To characterize the H,O ligands of the presented copper com-
plexes, Q-band pulsed Davies ENDOR experiments were con-
ducted and the ligand superhyperfine couplings were deter-
mined. The 'H Davies ENDOR spectra of the copper complexes
are displayed in Fig. S12-S16.7 The spectra exhibit a multitude
of doublets that are centered at the nuclear Larmor frequency
v, and split by the effective, orientation-selective hyperfine
coupling 4, as expected for weakly coupled nuclei (|4] < 2|vy|;
vn(*H) ~ 51 MHz at 12 000 G). The complex '"H ENDOR pattern

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of spin Hamiltonian parameters for Cu-l, Cu-lll and Cu-IV obtained through EPR simulations together with the estimated uncer-
tainties for some parameters. The full parameters are reported in Tables S8 (frozen solution) and S101 (room temperature). Within the scope of this
study the three complexes are assigned to be [Cu(bpy)(OAC)(H20);.a,]*, [Cu(bpy)(OH);,eq(HxO)2 a4l and [Cu(OH)4,eq(HXO)2,aX]2‘, respectively

Cu-I Cu-III Cu-Iv

Simulation parameters of frozen solution spectra

2=[g1, 22, 23] [2.278 £ 0.001, 2.068 + 0.003, [2.254 + 0.001, 2.055 + 0.001, [2.272 £ 0.0005, 2.053 * 0.0005,
2.055 £ 0.001] 2.050 + 0.002] 2.050 + 0.0005]

iso ” 2.134 2.120 2.125

A("*Cu) = [44, A,, 43] in MHZ” [525+ 7,43 10, 36 + 10] [560 + 5, 64 + 10, 62 * 10] [582 4,90+ 5,92+ 5]

Simulation parameters of room temperature spectra

g= [gl, 2, &3] [2.284, 2.074, 2.061] [2.254, 2.055, 2.050] [2.277, 2.058, 2.055]
Ziso " 2.140 2.120 2.130

A(**Cu) =[4y, Ay, A5] in MHZ” [-525, +43, —36] [-560, —64, —62] [-582, —40, —40]
Gis0(°*Cu) in MHz* -173 —229 -221

Rotational correlation time in s (3.5+03)x1x107""

(isotropic)

“The isotropic components of the g- and A-tensors are calculated as follows: diso =

lings are reported for the
jgn( *Cu)| _
lgn( *>Cu)|

lA(**Cu)|

ratio of both nuclei: y = A(%Cu)|

originates from a large number of exchangeable protons of the
water/hydroxo ligands and non-exchangeable protons of the
bpy ligand. To identify the exchangeable H,O protons, solvent-
exchanged samples in D,O were prepared and the difference
in the spectra was calculated (Fig. S12-S16%). A selection of
difference spectra along with their simulations are displayed
in Fig. 3. We note that the "H ENDOR spectra of Cu-IV in H,O
are dramatically simplified compared to all other complexes

(2.5+0.4)x1x107""

(2+06)x1x107"

A A A
% = M. b Copper hyperfine coup-

and giso 3

%3Cu isotope. Simulations consider also the ®Cu isotope with hyperfine couplings that are scaled by the gyromagnetic

because of the loss of the bpy ligand. Hence, the corres-
ponding "H ENDOR spectra of the D,O solvent exchanged
sample had an extremely 'H weak ENDOR response, as all of
the protons in Cu-IV are exchangeable.

In the 'H difference spectra of Cu-l, a single sharp *
doublet of A} = 3 MHz is observed along g, that broadens to a
single doublet of approximately A, ~ 7 MHz. The 2D field-fre-
quency ENDOR pattern of the exchangeable 'H signal of Cu-I

a) Cu-l b) Cu-lll c) Cu-lvV d) Cu-V e) Cu-vI
11,840 G x0.25 11,850 G A 11,867 G i 11,814 G 11,820 G
11,650 G 11,650 G Ta] 11,640 G Q 11,604 G 11,580 G
11,500 11,350 G x4 11,220 G x2 11,400 G x3 11,400 G
11,000 G x2 10,900 G x4 10,385 G x 4 11,058 G x3 11,220 G x2
10,900 G x2 10650(3x20 10,950 G x6 10,400 G x12 11,000 G x2
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1
6 4 2 0 2 4 6 8-6-420 2468 8-6-4-2024628 86422024 6 8 4 2 0 2 4
Vee =V, [MHZ] Vge -V, [MHZ] Vee =V, [MHZ] Vee =V, [MHZ] Vee =V, [MHZ]

Fig. 3 Q-band (~34.0 GHz) Davies ENDOR responses of the exchangeable protons found in Cu-I (a), Cu-lll (b), Cu-IV (c), Cu-V (d), and Cu-VI (e) in
black with simulations in red. The spectra were either recorded through direct measurement (c) or through subtraction of spectra recorded in H,O
and D,O. Experimental conditions are described in the Experimental section. Simulation parameters are listed in Table 2. The full patterns along with
the simulations are displayed in Fig. S17-S21.1
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Table 2 !H hyperfine couplings of the exchangeable protons for copper bpy complexes obtained from simulation

A('H) = [A4, Ay, A3] in MHz Euler angles” [a, f3, 7] in © @igo in MHZ” T in MHz” tin MHz"
Cul [+7, =3, —3] [15, 0, 0] +0.3 [+6.7, 3.3, —3.3] +3.3
Cu-III (eq) [-16.5, —8.0, +7.5] [0, 0, 0] -5.6 [~10.9, —2.4, +13.1] +6.6
Cu-III (ax) [+4.9, —4.1, —3] [25,0,0] -0.7 [+5.6, —3.4, —2.3] +2.8
Cu-lV (eq) [~13.5, 5, +8.5] [0, 0, 0] -3.2 [-10.2, 1.7, +11.8] +5.9
Cu-IV (ax) [+4.3, —3.6, —3.4] [20, 0, 0] -0.9 [+5 2 —2.7,-2.5] +2.6
Cu-V (eq) [-5.5, 9.5, +7.0] [30, 0, 0] 2.6 [-2.9, —6.9, +9.6] +4.9
Cu-V (ax) [+6, =3, —3;] [15, 0, 0] 0 [+6, —3 —3] +3.0
Cu-VI [+6, —3, —2.8] [50, 0, 0] +0.1 [+5.9, —3.1, —2.9] +3.0

“The reported Euler angles describe the angles between the calculated g-tensor and the respective hyperfine tensor and are reported in a zyz’ con-

vention.  The isotropic and anisotropic components of the hyperfine component a;s, and ¢ are calculated as ajs, =

T = [—t, —t, 2t].

is well reproduced by simulation of a single proton hyperfine
tensor (A°**(*H) = [+7, —3, —3] MHz, Table 2). The small isotro-
pic (aiso = 0.3 MHz) and dipolar couplings (¢ = +3.3 MHz; T =
A — ajs0; T = [—t, —t, 2¢]) of this proton are in good agreement
with the values observed for the axially coordinating water
molecules in other copper complexes and proteins, e.g. in the
prion protein (ajs, ~ 0 MHz, t ~ 2 MHz)*® or [Cu(H,0)s]”" in
Mg(NH,)(S0,),-6H,0 (aiso < +0.2 MHz, t ~ +3.7 MHz),**
reflecting the minimal overlap (Fermi contact) of the axial
waters with the d,._,. SOMOs. As is, this signal cannot be
exclusively assigned to an equatorially or axially coordinated
ligand; will demonstrate experimentally
(vide infra) that it is indeed from axial H,O ligand(s), and no
equatorial waters are present.

While a single exchangeable proton is observed for Cu-l,
the inclusion of two unique proton signals with very different
magnitudes for Cu-III and Cu-IV is required to reproduce their
observed 'H ENDOR pattern. For both samples this includes a
proton with larger couplings (set 1: A““™(*H) = [-16.5, —8.0,
+7.5] MHz; A°“™(*H) = [-13.5, —5.0, +8.5] MHz) and another
proton of smaller couplings. The latter one is comparable in
size to the one presented for Cu- (set 2: A°“™(*H) = [+4.9,
—4.1, —3] MHz; A°“™V(*H) = [+4.3, —3.6, —3.4] MHz) with small
isotropic (|aiso] ~ <1 MHz) and also rather small dipolar con-
tributions (¢t ~ +3 MHz), which led us to assign the set 2
protons to axial H,O ligands. The shape, however, is less axial
and the isotropic component of the hyperfine is larger
(Table 2). A possible reason for this is the interaction of
solvent waters with the nearby hydroxo ligands, creating a
different solvation shell environment compared to the one
found for Cu-I with water redirected towards the xy-plane (g,).
The potential overlapping signals of axial and second shell
waters preclude a detailed assessment of their individual coup-
lings, including the determination of the nature (OH™ and
H,0) of such axial ligands. While we expect the coordination
of water ligands to the neutral/negatively charged [Cu(bpy)
(OH),]/[Cu(OH),]>~ cores, we cannot conclusively exclude OH~
coordination in the axial positions and will consequently keep
referring to those ligands as H,O. More importantly, the pat-
terns of both set 1 proton couplings are well resolved yielding
tensors exhibiting a considerable amount of rhombic distor-

however, we
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=4tth and A = a;s, + T with

tion with large anisotropic character that is approximately
twice as high as the one found for the axial water in Cu-I
Furthermore, a larger isotropic contribution to the hyperfine
tensor, @i, = —5.6 MHz (Cu-IlI) and —3.2 MHz (Cu-IV), is
observed compared to the small +0.3 MHz isotropic coupling
of the axial water in Cu-I. The increased isotropic character,
together with the orientation of ¢« along g, is consistent
with an equatorial ligand that has ¢ overlap with the d.._.
SOMO, yielding more spin delocalization to the proton via
Fermi contact interaction. These findings are in excellent
agreement with the "H coupling determined for the hydroxo
proton found in the [Cu(OH)]" unit of zeolites, determined to
be [-13.0, —4.5, +11.5] MHz’®, equivalent to an a;, value of
—2.0 MHz. The dipolar couplings exhibit an averaged ¢ value of
+6.8 MHz, similar to the ones observed for Cu-III (+6.6 MHz)
and Cu-IV (+5.9 MHz), all three with clear deviations from
axial symmetry. Therefore, the protons associated with set 1
are tentatively assigned to equatorially coordinating OH™
ligands. An overview of 'H and 7O couplings in relevant
copper studies found in the literature is given in Tables S13
and S14,} respectively.

To further verify the identity of the axially coordinated
ligands in the presented complexes, the bis-bpy complex [Cu
(bpy).]*" (Cu-VI) was prepared as described before.””*' The
steric demands of the ligands force the complex into a pseudo-
tetrahedral configuration,”® precluding equatorial coordi-
nation of solvent molecules, allowing additional coordination
only in the axial position(s). The "H ENDOR difference spectra
of Cu-VI show indeed only a single splitting, which can be
simulated with a tensor that is in excellent agreement with the
tensor found for Cul (A°“Y'(*H) = [+6, —3, —2.8] MHz;
Table 2). This confirms the axial coordination of water in this
structure and in Cu-I, and also reinforces the assignment of
H,O ligands in the axial position of Cu-III and Cu-IV. Of note,
ENDOR cannot quantify the number of equivalent ligands and
can therefore not differentiate between one or two axial H, O
ligands. Similarly, the EPR spectra cannot differentiate
between both possibilities.

The resemblance of the exchangeable protons’ "H hyperfine
tensors of Cu-VI and Cu-I strongly suggests that Cu-I has no
coordinating equatorial waters. One possible reason for this is

This journal is © The Royal Society of Chemistry 2025
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Chart 1 Structures of copper complexes examined in this study. All complexes show resonances of axially coordinating H,O ligands, which are

omitted in the structures for clarity.

the blockage of the equatorial positions through the coordi-
nation of the employed sodium acetate at low pH. To test its
role, we prepared another 1:1 Cu:bpy complex at neutral pH
and used glycerol instead of sodium acetate as a glassing
agent. A slight shift of the spin Hamiltonian parameters is
observed upon change of the glassing agent (Fig. S71) with an
increase of g (JA| = 0.032) and a minor decrease of 4;(**Cu)
(|4] = 45 MHz) in between Cu-I and Cu-V, reflecting a change
in the coordination sphere. The "N ENDOR experiments,
however, do not exhibit any significant changes, confirming
highly similar interactions between the copper center and the
bpy ligand, as seen for all bpy complexes (Fig. S221). The 'H
ENDOR difference spectra of Cu-V (Fig. 3 and S15%) show two
sets of signals. One '"H ENDOR signal of A ~ 3 MHz is observed
along g, strikingly similar to the one observed in Cu-I. At this
field position, there is also a clear new "H doublet with a
larger observed coupling of 9 MHz. Moving to a lower mag-
netic field, the "H ENDOR pattern of Cu-V becomes more
complex, with large effective splitting still observed halfway
through the pattern that collapses into several overlapping
signals at the lowest field. This ENDOR pattern is once again
satisfactorily reproduced with the inclusion of two different
proton hyperfine patterns. Again, a smaller axial coupling (set
2: A°“VI(*H) = [+6, —3, —3] MHz) is observed and assigned to
axially coordinating waters. The second set of signals is best
simulated with, again, a more rhombic and overall larger
tensor of A°V'(*H) = [-5.5, —9.5, +7.0] MHz (set 1), similar to
what has been observed for the equatorial water ligands found
in copper bis(oxazoline) (A("H) = [-10.8, —5.02, +8.6] MHz)*°
and [Cu(H,O0)s]*" in Mg(NH,),(SO,),-6H,0 (A(*H) ~ [+9, -8,
—4] MHz, Table S131).>* Hence, we attribute the set 1 proton
of Cu-VI to equatorial waters. This tensor is still dominated by
its anisotropic component (¢ = +4.9 MHz) but has an appreci-
able isotropic component, a;s, = —2.6 MHz, as expected for an
equatorial ligand.

A summary of the resolved exchangeable 'H signals is
detailed in Table 2. Overall, smaller isotropic and anisotropic
contributions of the hyperfine couplings can be observed for
the equatorial ligands in Cu-V (a;5, = —2.6 MHz; ¢ = +4.9 MHz)
compared to Cu-IlI (a;5, = —5.6 MHz; ¢t = 6.6 MHz) and Cu-IV
(@iso = —3.2 MHz; t = +5.9 MHz). This reflects the reduced
covalent interaction between the copper center and the H,O
ligand, compared to the OH™ ligand, as seen by the reduction
in ajs. Furthermore, the expected increased Cu-O (and
thereby Cu-H) distance of Cu-OH, compared to Cu-OH mani-

This journal is © The Royal Society of Chemistry 2025

fests itself in the smaller value for through-space (distance
dependent) anisotropic coupling ¢. While it is assumed that
both Cu-III and Cu-IV have hydroxo ligands, significant differ-
ences can also be observed between the "H couplings of their
exchangeable protons, with overall larger isotropic and aniso-
tropic contributions for Cu-III, making Cu-IV more similar to
Cu-V (|A(ais0)|™VY = 0.6 MHz; |A()|™Y = 1.0 MHz) than to Cu-
I (JA(aiso)|V™ = 2.4 MHz; |A(2)|™™ = 0.7 MHz). This shows
that a clear differentiation between H,O and OH™ ligands by
"H ENDOR alone is not readily feasible. Hence, we further
characterized the different H,O ligands using 'O ENDOR and
DFT calculations (see below). An overview of the characterized
complexes is given in Chart 1.

70 and "N ENDOR spectroscopy

Cu-1, Cu-IIl, Cu-IV, Cu-V and Cu-VI were further characterized
for their 7O superhyperfine interaction. At the Q-band fre-
quency, 7O resonances of H,O ligands have the potential to
overlap with the "*N resonances of the bpy ligand (/(**N) = 1,
99.6%), both of which fall in the strong coupling regime (|A| >
2|vy|) and therefore yield signal pairs centered at A/2 split by
2un (wn(**N) ~ 4 MHz and v,(*’0) ~ 7 MHz at 12 000 G). The
70 resonances are distinguished from the overlapping “*N
signals of the bpy ligand by overlaying the ENDOR spectra of
the 70 labeled and unlabeled samples and subtraction of the
two spectra (Fig. 4). The spectra of Cu-I, Cu-III, Cu-V and Cu-VI
exhibit signal intensities between 15 and 25 MHz (Fig. S23-
S27t), which can tentatively be assigned to the v, features of
the bpy ligand. The lower frequency feature (v_), on the other
hand, is cut off due to the lower limit of the employed resona-
tor (as will also be seen for the *”O resonances below). The "N
ENDOR spectra are simulated in conjunction with the respect-
ive X-band EPR spectrum of the sample, where both simu-
lations utilize two strongly coupled nitrogen nuclei. For all
complexes, the hyperfine tensors of the two nuclei are set to
be identical in size, but differ in their orientation, orienting
the maximal component of one of the tensors along g, and the
maximal component of the other one along g, for the approxi-
mately square planar complexes. It is important to note that
the simulated "*N ENDOR pattern is fairly insensitive to the
orientation of the hyperfine tensor in the x and y direction due
to their equivalencies in the axial EPR spectrum. While the
ENDOR spectrum could be simulated using only one ‘N
nucleus, the "N superhyperfine splitting pattern of the EPR
spectrum confirms that two equal nuclei are present.
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Fig. 4 YO Q-band (~34.0 GHz) Davies ENDOR responses of Cu-l (a), Cu-lll (b), Cu-IV (c), Cu-V (d) and Cu-VI (e) with simulations in red. The
spectra were either recorded through direct measurement (c) or through subtraction (black) of spectra recorded in ’O-enriched H,O (purple) and
H,O of natural abundance (blue). Experimental conditions are described in the Experimental section. Simulation parameters are listed in Table 3. The
full ENDOR patterns together with their simulations are depicted in Fig. S29-S31.}

Comparing the "N ENDOR spectra of the above-mentioned
complexes (Fig. S4, S5, S8 and S9t) shows only negligible
differences (Fig. S281). The patterns can be simulated with
mostly isotropic hyperfine tensors of similar sizes and shapes
(A(**N) ~ [30, 30, 40] MHz), indicating minimal alterations of
the bpy ligand as the pH or the Cu: bpy ratio is varied (Tables
S8 and S97).

Additionally, the '*N ENDOR responses near and at the g,
magnetic field positions are further split by 3P due to quadru-
pole interactions. The axial nature of the g-tensor makes the
determination of an exact and unique solution to the N
ENDOR field-frequency pattern rather challenging for copper
active sites.”®’”””® Fig. S4, S5, S8 and S91 show simulations of
the data including quadrupole interactions, where the largest
component, Py, is aligned along the maximal hyperfine com-
ponent, which reproduces the peak positions satisfactorily. In
fact, the quadrupole tensors agree well with that observed for
the imidazole coordination in a lytic polysaccharide monooxy-
genase, for which a rhombic g-tensor allowed for complete
orientation selective ENDOR analysis.?® Ultimately, the size of
the nitrogen hyperfine interaction is sufficiently well estimated

736 | Dalton Trans., 2025, 54, 728-744

from the EPR and ENDOR patterns together, which shows no
substantial variation among Cu-I, Cu-IlI, Cu-V and Cu-VI. For
Cu-lV, on the other side, no '*N resonances are observed
(Fig. S251) confirming the loss of the bpy ligand at pH > 12, as
already observed by EPR and suggested by 'H ENDOR
spectroscopy.

Subsequently, ENDOR spectra of '’O-enriched samples
were collected and the spectra of unlabeled samples were sub-
tracted to directly depict the O resonances (Fig. $23-S277).
For Cu-l, no strongly coupled ’O resonances were observed
(Fig. 4), although strong couplings (~30-70 MHz) for equator-
ial waters are expected.’®**>** This ultimately confirms the
blockage of the copper center by the added sodium acetate as
suggested by the "H ENDOR experiments above. However, the
70 ENDOR difference spectra of Cu-V show clear resonances
characteristic of strongly coupled oxygen nuclei (Fig. 4 and
S261). At the ‘single crystal-like position’, along g, only a
single v, O feature is observed at approximately 26.7 MHz.
We were unable to detect any ENDOR responses below a radio
frequency of ~17 MHz during this experiment, and this lower
limit of detection is clearly seen in the '*N responses that fall

This journal is © The Royal Society of Chemistry 2025
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off in intensity below this frequency. Because of this limitation
of the resonator used, the v_ feature of the strongly coupled
70 doublet is not observed, nor could weakly coupled "O
interactions near the oxygen Larmor frequency be measured.
The observed v, feature at 26.7 MHz corresponds to a coupling
of approximately 41.0 MHz. Along g,, a v, signal is observed at
~38.7 MHz, with its v_ feature expected at ~38.7-13.6 =
25.1 MHz as given by v_ = v, — 2v,, (v,(*’0) = 6.8 MHz at 11 814
G), corresponding to an observed hyperfine coupling of A =
63.8 MHz. However, the feature at ~27 MHz appears broader
and with a more asymmetric line shape compared to its v,
partner. Therefore, it is suspected that a second v, feature may
overlap at this position with a corresponding coupling of
approximately A = 40 MHz. This field position is directed
along g, and probes both 4, and 4; of the 7O hyperfine tensor
making the overlap of two different couplings probable. This
pattern therefore yields an axial hyperfine tensor for the co-
ordinated '7O nuclei, where the observed pattern is well simu-
lated by a tensor of A“*V(*’0) = [-39, —39, —66] MHz. The
signs of all 7O tensors are based on the negative nuclear g,
value of the 70O nucleus and DFT calculations (see below), in
agreement with what has been suggested in the literature pre-
viously (Table S13%). The simulations shown in Fig. 4 include a
second equivalent 7O nucleus whose A-tensor is rotated by
90° about the z-axis (g/A,) to effectively form A°*Y(*70) = [-39,
—66, —39] MHz to account for both directions. However, due to
the highly axial nature of the g-tensor this inclusion is rather a
matter of principle and does not significantly improve the fit,
similar to what has been discussed above for the "*N ENDOR
simulations. No resolved '"O superhyperfine splitting of the
EPR spectra is observed, but only an increased line
broadening.

The 'O resonances of Cu-IIl and Cu-IV are quite similar in
character to Cu-V, and can also be simulated with two sets of
axial 7O hyperfine tensors, that were set to be identical, but
again rotated 90° around the z-axis. Cu-IIl and Cu-IV have
slightly larger hyperfine couplings than Cu-V (Table 3).

Similar to Cu-I, no strong '’O resonances were detected for
Cu-VI, although the "H ENDOR experiments indicated the
coordination of axial water ligands for these and all other
studied complexes. In the past, axial water ligands exhibited

View Article Online

Paper

weak 70 couplings of ~1.5-4 MHz,***%*® with the exception of
comparably large couplings of A = [-8, —8, —16] MHz found
for copper-exchanged zeolites.*® However, couplings of this
size appear too low for the lower limit of the resonator
employed here.

W-band (~94 GHz) ELDOR-detected NMR spectra of Cu-l,
Cu-III and Cu-IV were recorded to measure the weakly coupled
oxygen nuclei (Fig. S32-S36%). Analogous to the N/0O
ENDOR experiments, the spectra of '”O-enriched samples were
subtracted from the spectra of samples of natural abundance,
allowing the creation of difference spectra that only display the
70 resonances (Fig. $37 and S387). The spectra of Cu-III and
Cu-IV exhibit features of strongly coupled 'O resonances.
Simulations with the 7O hyperfine tensors obtained from
ENDOR spectroscopy reproduce the EDNMR spectra quite well
(Fig. S39 and S40%), further validating the hyperfine tensor
estimates from the ENDOR spectroscopy. Additionally, the
EDNMR spectra of Cu-I, Cu-IIl and Cu-IV all exhibit a weakly
coupled signal centered at the *”O Larmor frequency (vn(*’0) ~
19 MHz at 33 000 G), indicating the coordination of axial H,O
ligands,®" and/or other solvent-shell 7O water nuclear inter-
actions. Given the lower resolution of the EDNMR experiment,
the data preclude accurate hyperfine estimates for these weak
couplings, a known disadvantage of the technique.®!

The hyperfine tensors of the strongly coupled *’O nuclei in
Cu-III, Cu-IV and Cu-V can be divided into their isotropic and
dipolar components again, as shown in Table 3. The isotropic
components of all three species are in a similar range of —43
to —48 MHz. This is in good agreement with the equatorial
water ligands found in copper-exchanged zeolites, with 'O
hyperfine couplings between —41 and —51 MHz.*>** In the
[Cu(H,0)e]** doped Tutton salt two sets of equatorial ligands
along g, and g, can be differentiated and yield isotropic hyper-
fine components of —44 and —35 MHz, respectively.’® The
aiso(*’0) values of Cu-ll, Cu-lV and Cu-V correspond to
minimal s orbital spin population (<1%), while the dipolar
components of —9 to —14 MHz indicate a considerable
amount of p orbital spin density p,,, with larger values for the
two OH™ coordinated complexes Cu-Ill (t = —14 MHz, p, =
9.4%) and Cu-IV (t = —12 MHz, p, = 8.1%), compared to the
H,0-coordinated complex Cu-V (¢t = —=9 MHz, p,, = 6.1%). The

Table 3 YO hyperfine couplings of copper bpy complexes obtained from simulation. Other simulation parameters are reported in Table S15+

A(17O) = [Aly Ay, A3] in MHz Aiso in MHz® psb [0/0] t in MHz%¢ ppb [%]
Cu-III [—29, —=72, =29; =29, =29, —72] —43 0.9 -14 9.4
Culv [~34, —34, —70; —34, —70, —34] —46 1.0 -12 8.1
Cuv [-39, —66, —39; —39, —39, —66] -48 1.0 -9 6.1
AL +4; +45

“The isotropic and anisotropic components of the hyperfine tensors, a;s, and ¢, are calculated as follows: ais, =

and A = T + a;, with

3
T = [~t, —t, 2¢]. The same signs for all three hyperfine components are assumed. ”s and p orbital spin populations (p;,) were estimated from
Ps = :O and p, = b where a, and b, are the isotropic and anisotropic hyperfine coupling constants (ao('’0) = —4622.83 MHz and b,('’0) =
0

—372.18-2/5 = 148.87 MHz).”® “ Based on the DFT calculated Cu-O distances and Mulliken spin populations (Cu-IIL: 1.90 A; p¢, = 0.60 (DFT-III);
Cu-IV: 1.97 A; pcy = 0.62 (DFT-IV); Cu-V: 2.02 A; pcy = 0.67 (DFT-1)/2.05 A; pc, = 0.69 (DFT-II)), the non-local contribution to the dipolar hyperfine
coupling ¢ is estimated to be only <1 MHz, and therefore neglected in the calculation of p orbital spin density.

This journal is © The Royal Society of Chemistry 2025
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dipolar component of the *’O hyperfine tensors of the equator-
ial waters in copper-exchanged zeolites’”*> and [Cu(H,O)c]**
in the Tutton salt®® ranges between —6.5 and —9.5 MHz, with
the exception of a larger coupling for one of the "0 species in
zeolites (¢ = —12 MHz).>* While the other couplings are in good
agreement with the coupling found for Cu-V, the large coup-
ling rather resembles the 7O couplings of the hydroxide
ligands in Cu-III and Cu-IV. The authors discussed the possi-
bility of a hydroxide coordinating instead of water; however,
they found the "H coupling of the respective H,O ligand to be
largely overestimated by DFT (~20 MHz), contradicting their
experimental findings. Rather, differences in the hyperfine
couplings were attributed to geometrical differences, leading
to different degrees of overlap between the Cu d,._,. and the O
2p orbitals. While this may be true for the presented case, we
also observe general DFT overestimations of the "H couplings
of hydroxide ligands (see below), suggesting that this may not
be an ideal tool to discriminate between the two species.

DFT calculations

To shed further light on the speciation of copper bpy com-
plexes depending on pH, DFT calculations on [Cu(bpy)
(H,0),]*" (DFT-I), [Cu(bpy)(OH),] (DFT-I) and [Cu(OH),]>~
(DFT-IV) were carried out, as well as on the corresponding
complexes with additional axial water molecules ([Cu(bpy)
(HZO)Z,eq[HZO)Z,aX]% (DFT-I0), [Cu(bpy)(OH)z,eq(H20)2,ax]
(DFT-V) and [Cu(OH), eq(H20)5,4)>” (DFT-VI)). The DFT calcu-
lated spin Hamiltonian parameters of all examined complexes
are listed in Tables 4 and S16.7 The geometry optimizations of
DFT-V and DFT-VI yielded structures without the axial water
molecules, caused by their interaction with the hydroxyl ions
nearby and the lack of an explicit solvation model. Therefore,
these complexes are not further discussed below. The opti-
mized structures of DFT-I, DFT-II, DFT-III and DFT-IV are
depicted in Fig. 5.

As expected, the DFT calculations yielded fairly axial g- and
A(**Cu)-tensors with g, > g, and 4; > A, for all examined com-
plexes (Table S16}). For the water coordinated structures
slightly higher g, and negligibly lower A, values are observed
when considering axial water molecules (DFT-II) compared to
the structure with equatorial waters only (DFT-I) due to the
slightly larger induced ligand field. Overall, the calculated
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Fig. 5 DFT-optimized structures of DFT-I, DFT-II, DFT-1Il and DFT-IV.
Cu: light blue, O: red, N: dark blue, C: dark gray, and H: light gray.

in good agreement with the experimental observations (g;(Cu-
V) > g(Cu-IV) > g(Cu-III)). The changes in A, are rather small
in the experimental and calculated values. However, the calcu-
lations do reproduce the slightly smaller A; value of Cu-V
(DFT-I, DFT-II) compared to the two hydroxo complexes.

The DFT calculated "H and "7O ligand hyperfine couplings
are in relatively good agreement with the experimentally deter-
mined values and trends observed (Table 4). The axial water
molecules in DFT-II have rather small, axial "H hyperfine inter-
actions of A('H) ~ [+6, —3, —3] MHz and 'O couplings of
1-3 MHz, which reproduces the experimental observations of
all examined complexes quite well, further supporting the
observation of the axially coordinated water by "H ENDOR and
70 EDNMR spectroscopy, respectively.

For the equatorial water couplings in DFT-I and DFT-II,
larger, rhombic "H couplings are calculated, as seen in the 'H
ENDOR experiments above. The corresponding 7O hyperfine
tensors have isotropic components of —40 to —46 MHz and
dipolar couplings of ¢(*’0O) ~ =9 MHz. For the two hydroxo
complexes DFT-III and DFT-IV aj,,('’0) is found to be in the
same range. Their dipolar components, however, are calcu-

g-shift trends of g;(DFT-I, DFT-II) > g;(DFT-IV) > g(DFT-IIT) are  lated to be significantly higher with ¢(70) ~ —20 MHz for
Table 4 Representative?, calculated ligand hyperfine interactions and the respective Mulliken spin densities of copper bpy complexes

Ligand hyperfine interactions in MHz Spin populations p

A('H) = [Ay, Ay, 45] A(70) = [Ay, Ay, 45 aiso('70) t(*’0) Cu Sum(0O) Sum(N)
DFT-1 [-7.7,+9.0, —3.1] [-34, —61, —35] —43/-46 -9 0.67 0.10 0.23
DFT-I (eq.) [-8.0, +8.2, —3.9] [~ 32 —32, —59] —41/-40 -8/-9 0.69 0.09 0.22
DFT-I (ax.) [+5.7, —2.8, —2.7] [1.0, 2.5, 2.4] 2.0/2.2 -0.5
DFT-III [~22.3, —10.8, +7.4] [~ 20 -81, —20] —40 -20 0.60 0.26 0.14
DFT-IV [-16.4,-7.2, +7.8] [-30, =73, —29] —44/-43 -14/-15 0.62 0.36 [—]

“The hyperfine interactions of the individual ligands vary slightly. For clarity, one coupling per ligand is listed. All tensors are listed in

Table S16.F
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DFT-III and ¢("70) ~ —14 MHz for DFT-IV. This is a significant
overestimation compared to their experimental values (Cu-IIL:
t(*’0) ~ —14 MHz; Cu-lV: t(*’0) ~ —12 MHz), especially for
DFT-IIL. While the shape of the corresponding "H couplings of
the hydroxo ligands is overall quite well reproduced, the coup-
lings are again overestimated (A°*"™('H) = [-22.3, —10.8, +7.4]
MHz, A°""™™('H) ~ [-16.4, —7.2, +7.8] MHz) compared to the
experimental values of Cu-IIl ([-16.5, —8.0, +7.5] MHz) and
Cu-lV ([-13.0, —5.0, +8.5] MHz).

Differences between the hyperfine spectroscopic footprints
of the individual complexes can be explained by changes in
the spin densities of the ligands. The DFT-calculated Mulliken
spin populations of all complexes are listed in Table 4.
Between DFT-I and DFT-II the spin populations on the oxygen
(Psum(*”0) ~ 0.1/0.09) and also nitrogen (psum(**N) ~ 0.22/0.23)
nuclei stay constant, as the additional axial water molecules do
not bear a significant amount of spin themselves or signifi-
cantly influence the existing spin distribution on the rest of
the complex. However, as the bis-aqua complex is converted
into the bis-hydroxo complex (DFT-II), significantly more spin

[ > [ > < > 2.0

(&) (&) (&) OH,

| | | | 10
O*C|U*OH2 OfCluf()Hz HZO—C]uf(JHZ O—Clu—on

o) OH, 0. OH,

O O ”

thf-l thf-ll th-lll

()

(0] (o) [}

| | | 10 | 10 20 | 10
O*C‘u_ ~<ﬁU~ 0—Cu— o—c‘u— H?_o—c‘u—
|

thf-vi thf-Vil thf-Vill thf-IX

Chart 2 Overview of the DFT calculated structures thf-1-thf-X.
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density is found on the OH™ ligands (psum('’O) ~ 0.26), while
the contrary observation can be made for the bpy ligand
(Psum(**N) ~ 0.14). This leads to a larger anisotropic hyperfine
interaction for the '”O nuclei for DFT-II (¢ ~ —20 MHz) com-
pared to DFT-I (¢ ~ —9 MHz). The effects of the OH™ ligands in
DFT-III slightly outweigh the effects of the bpy ligand, leading
to an overall reduced spin density on the copper center (DFT-I:
0.67; DFT-III: 0.60). The tetra-hydroxo model DFT-IV bears
approximately the same spin population on the copper center
(0.62), and also on the ligands. However, the distribution of
the spin density over four instead of two OH™ ligands signifi-
cantly reduces the density per ligand, and thereby also the
hyperfine coupling (¢ ~ —14/—15 MHz).

The relatively large difference in the 7O ligand hyperfine
couplings between Cu-III and Cu-IV inspired us to further
explore the variability of this property, including the effects of
ligand charge. Hence, we optimized the geometries of several
square planar copper complexes with the neutral tetrahydro-
furan (thf) ligand in various thf: H,O ratios (complexes thf-I-
thf-X, shown in Chart 2). The aquo complexes thf-I-thf-IV with
n =1 to 3 water and 4-n thf molecules exhibit highly similar
70 hyperfine couplings with isotropic components between
—47 and —49 MHz and anisotropic components ranging
between —10 and —11 MHz (Table 5). For the hydroxo com-
plexes thf-V-thf-VIII, on the other hand, significant variations
in the 70 hyperfine are observed with a;, values between —18
and —-51 MHz and ¢ values between —10 and —25 MHz. It is
noticeable that the 7O couplings of OH™ ligands, that have a
second OH™ ligand in ¢rans position exhibit significantly
smaller anisotropic hyperfine components (¢ ~ —10 to
—12 MHz), approximately half of the couplings found for OH™
ligands positioned ¢rans to a thf ligand (¢ ~ —21 to —25 MHz).

The mixed H,O/OH™ complexes thf-IX and thf-X with two
thf molecules and the H,O ligands either in cis (thf-IX) or trans
(thf-X) positions to each other (Chart 2) were examined as well.

Table 5 Calculated 7O hyperfine couplings of the H,O ligands in complexes thf-I-thf-X, together with the optimized Cu—O bond distances

A =[A4, Ay, A3] in MHz Uiso in MHz t in MHz Cu-O distance in A Mulliken spin density
thf-1 [-37, —67, —36] —a7 -10 1.991 0.06
thf-IT [ —-38, —69, —38] —-49 -10 1.997 0.06
[ 68, —36, —36] —47 -10 1.998 0.06
thf-111 [ —-36, —68, —35] —47 -11 1.985 0.06
[-36, —68, —35] —a7 -11 1.988 0.06
thf-Iv 1-0: [ —68, —36, —37] 1-0: —48 1-0: -10 1.986 0.06
2-0: [—35, -71, —35] 2-0: —48 2-0: —11 1.986 0.07
3-0: [ -39, —69, —37] 3-0: —49 3-0: -10 1.983 0.06
thf-v [-71, -5, -3] —28 21 1.847 0.15
thf-v1 [ 8, —76, —9] -32 —-22 1.876 0.15
[ 10, —81, —10] -35 —-23 1.882 0.15
thf-viI [ 41, -4, —5] —-18 -12 1.859 0.08
[-41, -4, 5] -18 -12 1.859 0.08
thf-vIIl 1-0: [ 23 -102, —24] 1-0: =51 1-0: -25 1.940 0.16
2-0: [ 52, —19, —20] 2-0: —32 2-0: —10 1.896 0.07
3-0: [ -51, —18, —18] 3-0: =30 3-0: -10 1.891 0.07
thf-IX 1-0: [ 68, -1, O] 1-0: —26 1-0: —21 1.843 0.15
2-0: [ -51, —83 —52] 2-0: —62 2-0: -10 2.045 0.05
thf-X 1-0: [ 73, =3, 5] 1-0: —29 1-0: —22 1.842 0.15
2-0: [ —41, =22, —23] 2-0: -29 2-0: -6 2.017 0.03
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The OH™ ligands of thf-IX and thf-X show comparable hyper-
fine couplings to the ones determined for the ¢rans-thf posi-
tioned OH™ couplings in thf-V-thf-VIII. The 7O coupling of
the H,O ligand in thf-IX also exhibits couplings comparable to
the ones found for thf-I-thf-IV. In thf-X, however, where the
H,O0 ligand is positioned trans to the OH™ ligand, the isotropic
and anisotropic components are again approximately halved
compared to the one found in thf-IX. This again indicates that
the OH™ ligand has a major influence on ligands that are
trans-positioned, as their spin density is approximately halved
(Table 5).

A potential reason for variations in the hyperfine couplings
is the distortion from an ideal square planar geometry, leading
to a reduced overlap of the O 2p orbitals with the d,._,. SOMO.
To examine this influence, the optimized structure of DFT-IV
was stepwise distorted by simultaneously constraining the O1-
Cu-02 and 03-Cu-04 (O-Cu-O*) angles from 90° to 109.5°
and reoptimizing the rest of the structure (Fig. S41af). The
subsequently calculated O hyperfine couplings are listed in
Table S17,1 showing only minor changes in ¢, while aj, is
reduced from —44 MHz (O-Cu-O*: 90°, O-Cu-0"""; 133°) to
—25 MHz (O-Cu-O: 109.5°, O-Cu-O"*": 133°) (Fig. S41b¥).
This can in part be the reason for variations in the isotropic
70 couplings of thf-I-thf-X; however, the observed distortions
in these complexes are rather small with O-Cu-O"*"* angles of
between 169° and 179°, suggesting that distortions from
square planar have only minor effects on hyperfine couplings.
In particular, the minimal influence of the distortion on ¢
shows, that the O hyperfine variations found in thf-I-thf-X
are better explained by the electronic effects of trans posi-
tioned hydroxide than geometry distortions.

Altogether, we conclude that the spectroscopic “footprints”
of H,O ligands do not only depend on their inherent nature
(OH™ vs. H,0), but are also heavily influenced by other ligands
trans to them, with a clear reduction of its anisotropic com-
ponents when the trans positioned ligand is another hydroxo
ligand.

Conclusion

The ability to accurately identify the coordination sphere of a
catalytic metal center is essential for understanding and
assigning mechanisms. Advanced EPR techniques, such as
ENDOR and EDNMR spectroscopy (both employed here) and
other hyperfine approaches such as electron stimulated echo
envelope modulation (ESEEM) and hyperfine sublevel corre-
lation (HYSCORE) spectroscopy have unique abilities to
characterize frozen, randomly oriented (powder like) paramag-
netic catalytic centers with high resolution. The extraction of
structural information and accurate ligand identification
requires both clear standards and an understanding of various
influential factors of hyperfine couplings.

We have examined aqueous copper bpy solutions between
PH 7 and pH 14 by employing UV-Vis and EPR spectroscopy.
In solutions with added sodium acetate, [Cu(bpy)(OAc)
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(H20);.4]" (Cu-I) forms at neutral pH and no waters coordinate
in the equatorial positions. Using glycerol instead of sodium
acetate as a glassing agent for EPR spectroscopy generates the
acetate-free [Cu(bpy)(H,0)3,eq(H20)2,ax]>" (Cu-V). This in part
demonstrates the powerful ability of EPR and advanced EPR
spectroscopy to confirm the coordination environment of a
catalytic center under conditions used in catalysis. At pH 12,
the signal is completely recovered and the only detectable
species is the bis-hydroxo complex [Cu(bpy)(OH)s eq(HyxO)s,ax]
(Cu-III). At even further elevated pH, the complex loses the bpy
ligand and the tetra-hydroxo complex [Cu(OH), eq(HyO)s ax]”~
(Cu-IV) emerges.

'H and 7O ENDOR spectra of the various copper com-
plexes studied here reveal both clear trends and ambiguity in
the differentiation of equatorial vs. axial waters, and differen-
tiation difficulties between water and hydroxo ligands. The
equatorial H,O ligand shows relatively large and rhombic
'H couplings, whereas the couplings are generally larger for
the OH™ compared to the H,0 ligands. Their 7O nuclei
exhibit axial hyperfine couplings, with the maximum hyper-
fine interaction directed along the Cu-O bonds. Analogous to
the proton couplings, the "0 nuclei of the hydroxo ligands
in Cu-IIl and Cu-1V exhibit larger dipolar couplings than the
coordinating water molecules in Cu-V. Additionally, in
between Cu-IIl and Cu-IV the 'H and 7O couplings show
clear differences, with generally larger couplings for Cu-IIIL
We showed computationally that the trans positioned ligand
heavily influences the anisotropic component of the 7O
hyperfine couplings with a clear reduction in ¢(*70O) when a
OH" is at the trans position. The observations and influences
identified here are generally applicable to the study of copper
WOC systems by EPR spectroscopy, but also more broadly to
other monocopper active sites, such as LPMOs, where the
trans coordinating N-terminal amino group ligand is thought
to tune reactivity.
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