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ABSTRACT: A group of copper complexes supported by
polydentate pyridylamide ligands H2bpda and H2ppda were
synthesized and characterized. The two Cu(II) dimers
[CuII2(Hbpda)2(ClO4)2] (1) and [CuII2(ppda)2(DMF)2] (2)
were constructed by using neutral ligands to react with Cu(II)
salts. Although the dimers showed similar structural features, the
second-sphere interactions affect the structures differently. With
the application of Et3N, the tetranuclear cluster (HNEt3)-
[CuII4(bpda)2(μ3-OH)2(ClO4)(DMF)3](ClO4)2 (3) and hexanu-
clear cluster (HNEt3)2[Cu

II
6(ppda)6(H2O)2(CH3OH)2](ClO4)2

(4) were prepared under similar reaction conditions. The symmetrical and unsymmetrical arrangement of the ligand donors in
ligands H2bpda and H2ppda led to the dramatic conformation difference of the two Cu(II) complexes. As part of our effort to
explore mixed-valence copper chemistry, the triple-decker pentanuclear cluster [CuII3Cu

I
2(bpda)3(μ3-O)] (5) was prepared. XPS

examination demonstrated the localized mixed-valence properties of complex 5. Magnetic studies of the clusters with EPR evidence
showed either weak ferromagnetic or antiferromagnetic interactions among copper centers. Due to the trigonal-planar conformation
of the trinuclear Cu(II) motif with the μ3-O center, complex 5 exhibits geometric spin frustration and engages in antisymmetric
exchange interactions. DFT calculations were also performed to better interpret spectroscopic evidence and understand the
electronic structures, especially the mixed-valence nature of complex 5.

■ INTRODUCTION

In biological systems, active sites with multiple copper centers
play vital roles in processes involving electron transfer and
catalytic functions. For instance, a binuclear CuA site in
cytochrome c oxidase (CcO) receives and transfers electrons
between soluble cytochrome c and cytochrome a.1 The
catalytic site of multicopper oxidases (MCOs) is a trinuclear
copper cluster that oxidizes organic substrates and metal ions.2

In nitrous oxide reductase (N2OR), a μ4-sulfido-bridged
tetranuclear copper cluster is the binding and reduction site
for the two-electron reduction of N2O to N2 in the last step of
bacterial denitrification.3 For copper-dependent particulate
methane monooxygenase (PMMO), the nuclearity of the
copper binding site has been intensely studied in an effort to
identify the catalytic nature of this metalloenzyme.4 In addition
to the extensive spectroscopic and computational studies
regarding these copper proteins, the assembly and construction
of bioinspired small molecular models have also been the
subject of vigorous research in order to better understand the
functional mechanisms of the copper proteins and use the
clusters as potential catalysts.5−8 One of the major focuses of
these research studies is the mixed-valence intermediate(s)
involved in the these processes. For instance, recent reports on
binuclear CuIICuIII complexes postulated the presence of such

a mixed-valence species in the oxidative process of Cu/O2
chemistry.9−13 In the activation chemistry of small molecules
such as hydrocarbons,14 H2O,15 NO,16 N2O,17−23 and
CO2,

24,25 localized and delocalized mixed-valence copper
complexes have also been identified as critical intermediate
species during the oxidation/reduction process.
The research in our group focuses on the valence

intermediates of copper clusters supported by flexible
pyridylamide ligands and their potential catalytic function.
Our previous study has demonstrated that the combination of
pyridyl and amidate nitrogen donors showed excellent
coordination capabilities toward Cu(II) centers.26 In addition,
an interesting noncovalent interaction involving amide groups
in the second-sphere coordination environment also con-
tributed to the stabilization of the clusters.27,28 In our recent
work on copper complexes with CuICuI, Cu1.5Cu1.5,
Cu1.5Cu1.5CuI, and CuIICuII cores, we found that copper
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centers with various oxidation states can be stabilized by the
same dipyridylamide ligand H2pcp (Scheme 1).29 On the basis

of these results, we reasoned that the polydentate coordination
modes and conformational flexibility of the ligand are the
major contributing factors to the formation of these clusters.
With the objective of nuclearity control and more diverse
valence intermediates, we recently focused on using the ligand
H2bpda with the idea of introducing more ligand donors that
can be used to manipulate the structural conformation of the
resulting copper complexes. In an attempt to better understand
the effect of ligand donors on the coordination behavior, we
also investigated the copper chemistry of the ligand H2ppda
with an unsymmetrical arrangement of nitrogen donors in
order to compare its coordination behavior with that of the
ligand H2bpda. In this paper, we report the synthesis and
characterization of multinuclear Cu(II) and mixed-valence
copper complexes supported by both ligands. X-ray structures
demonstrated that the nuclearity could be controlled by the
reaction conditions. Spectroscopic characterization provided
evidence about the electronic structures of the complexes,
especially the localized mixed-valence nature of a pentanuclear
cluster. In addition, magnetic studies coupled with EPR data
and computation work were conducted to examine the
interaction among the copper centers.

■ EXPERIMENTAL SECTION
General Considerations. All reagents were obtained from

commercial sources and used as received unless otherwise noted.
The ligands N,N′-bis(2-pyridyl)pyridine-2,6-dicarboxamide (H2bpda)
and N-(phenyl)-N′-(2-pyridyl)pyridine-2,6-dicarboxamide (H2ppda)
were synthesized according to the literature.30 UV−vis spectra were
recorded on a Cary 50 spectrometer. Solid-state electronic reflectance
spectra were collected by using an external remote diffuse reflectance
accessory (DRA) with a 1.5 m long fiber optical probe which can scan
an area less than 1.5 mm in diameter. MgO was used as a blank, and
the fine powders of the complexes were used as samples directly
without dilution. X-band EPR spectra were recorded on a Freiberg
Instruments MiniScope MS5000 instrument. Elemental analyses were
carried out by Atlantic Microlabs, Norcross, GA. FT-IR spectra were
collected on a Nicolet Magna 560 FT-IR spectrometer with an ATR
attachment. 1H and 13C NMR spectra of the ligand were measured on
a Bruker AVANCE 300 MHz spectrometer at room temperature.
Cyclic voltammograms were measured using an EG&G Princeton
Applied Research Scanning Potentiostat with a Pt-disk working
electrode, Pt-wire auxiliary electrode, and Ag/AgCl glass reference
electrode. All measurements were performed in organic solutions
containing 1.0 mM analyte and 0.1 M NBu4·BF4 at room temperature
with N2 protection. Recrystallized ferrocene was used as the internal
standard. Mass spectra were collected on a Micromass MALDI-TOF
MS instrument. The complexes were dissolved in organic solvents,
and 2 μL of the solutions was placed on a stainless steel sample well
and allowed to dry at room temperature. No matrix was used for
measurement. SQUID data were collected by using a Quantum
Design MPSM 3 instrument.

CAUTION! The perchlorate salt Cu(ClO4)2·6H2O is potentially
explosive. Although we did not experience any problems while conducting
the work, it should be handled with great caution.

For X-ray photon spectroscopic measurements, analysis of the
samples was performed using a Thermo Scientific K-Alpha XPS
system equipped with a monochromatic X-ray source at 1486.6 eV,
corresponding to the Al K line. An X-ray power of 75 W at 12 kV was
used for all experiments with a spot size of 400 μm2. The base
pressure of the K-Alpha instrument was at 1.0 × 10−9 mbar. The
instrument was calibrated to give a binding energy of 84.0 eV for Au
4f7/2 and 284.8 eV for the C 1s line of adventitious (aliphatic) carbon
present on the nonsputtered samples. Photoelectrons were collected
from a takeoff angle of 90° relative to the sample surface.
Measurements were done in the Constant Analyzer Energy mode.
The survey spectra were taken at a pass energy of 200 eV, while the
high-resolution (HR) core level spectra were taken at a 40 eV pass
energy with an energy step size of 0.1 eV and an average of 30 scans.
The XPS data acquisition was performed using the Advantage v5.932
software provided with the instrument.

N-(Phenyl)-N′-(2-pyridyl)pyridine-2,6-dicarboxamide
(H2ppda). 2,6-Pyridinedicarbonyl dichloride (2.041 g, 10.00 mmol)
was dissolved in pyridine, and a 2 mL pyridine solution of aniline
(0.931 g, 1.00 mmol) was added to the mixture at 55 °C. The mixture
was stirred for about 1 h, and a 2 mL pyridine solution of 2-
aminopyridine (0.941 g, 1.00 mmol) was added. After overnight
stirring, 450 mL of distilled water was added to the mixture. The raw
product was collected by filtration and rinsed with a saturated
NaHCO3 solution (150 mL × 3) and distilled water (100 mL × 3).
Recrystallization of the product in CH3CN at low temperature
afforded light brown crystals (1.15 g, 36.1%). 1H NMR (DMSO-d6):
δ 11.01 (s, 2H, NH), 7.18−8.38 (m, 12H) ppm. 13C NMR (DMSO-
d6): δ 13.03, 162.46, 162.20, 149.41, 148.65, 140.41, 138.87, 138.56,
129.33, 126.23, 125.57, 124.96, 122.23, 121.69 ppm. Anal. Calcd for
C18H14N4O2: C, 67.91; H, 4.43; N, 17.60. Found: C, 67.63; H, 4.60;
N, 17.42. FT-IR (cm−1): 3268, 1672, 1652, 1590, 1531, 1496, 1447,
1437, 1334, 1241, 1158, 1144, 1079, 1030, 1000, 948, 905, 881, 837,
783, 754, 735, 719, 683, 650, 593, 582, 505, 423.

[CuII
2(Hbpda)2(ClO4)2] (1). Cu(ClO4)2·6H2O (0.029 g, 0.078

mmol) was added to a stirred solution of H2bpda (0.025 g, 0.078
mmol) in 2 mL of CH3OH. The green suspension was stirred for 2 h,
and 20 mL of Et2O was added to the mixture. The resulting green
powder was collected and washed with Et2O (5 mL × 3). The raw
product was dissolved in 2 mL of CH3CN and filtered. Vapor
diffusion of Et2O into the green solution at room temperature led to
the formation of green crystals suitable for X-ray crystallographic
characterization (0.031 g, 76% yield). Anal. Calcd for
C34H24N10O12Cl2Cu2: C, 42.42; H, 2.51; N, 14.55. Found: C,
42.09; H, 2.70; N, 14.48. FT-IR (cm−1): 1600, 1548, 1488, 1421,
1373, 1308, 1208, 1083, 1054, 1026, 1003, 962, 945, 904, 868, 838,
809, 783, 760, 688, 602, 544, 497, 464, 429. UV−vis (λmax, nm (ε,
M−1 cm−1)): CH3CN, 668 (398); DMF, 657 (342).

[CuII
2(ppda)2(DMF)2] (2). Cu(OAc)2 (0.011 g, 0.063 mmol) was

added to a stirred solution of H2ppda (0.020 g, 0.063 mmol) in 2 mL
of DMF. The deep green mixture was stirred for 3 h, and 15 mL of
Et2O was added to the mixture. The resulting green powder was
collected and washed with Et2O (5 mL × 3). The raw product was
extracted with 2 mL of DMF and filtered. Vapor diffusion of Et2O into
the green solution at room temperature led to the formation of dark
blue crystals suitable for X-ray crystallographic characterization (0.012
g, 42% yield). Anal. Calcd for C42H38N10O6Cu2: C, 55.68; H, 4.23; N,
15.46. Found: C, 55.40; H, 4.18; N, 15.86. FT-IR (cm−1): 1660, 1626,
1609, 1574, 1545, 1527, 1468, 1430, 1386, 1348, 1315, 1294, 1253,
1157, 1096, 1071, 1018, 963, 925, 888, 842, 789, 763, 748, 687, 678,
658, 531, 483, 429. UV−vis (λmax, nm (ε, M−1 cm−1)): DMF, 668
(280).

(HNEt3)[Cu
II
4(bpda)2(μ3-OH)2(ClO4)(DMF)3](ClO4)2 (3). Cu-

(ClO4)2·6H2O (0.116 g, 0.31 mmol) was added to a stirred mixture
of H2bpda (0.050 g, 0.16 mmol) and Et3N (0.048 g, 0.47 mmol) in 2
mL of methanol. The deep green suspension was stirred for 2 h, and
20 mL of Et2O was added to the mixture. The resulting green powder

Scheme 1. Pyridylamide Ligands H2bpda and H2ppda Used
in This Work
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was collected and washed with Et2O (5 mL × 3). The powder was
dissolved in 4 mL of DMF and filtered. Layering Et2O on top of the
deep green solution at room temperature and slow diffusion led to the
formation of dark green crystals suitable for X-ray crystallographic
characterization (0.094 g, 74% yield). Anal. Calcd for
C49H61N14O21Cl3Cu4: C, 38.15; H, 3.99; N, 12.71. Found: C,
38.29; H, 4.08; N, 13.07. FT-IR (cm1): 2934, 2360, 1637, 1597, 1563,
1479, 1432, 1363, 1320, 1294, 1252, 1167, 1075, 925, 887, 838, 777,
758, 668, 621, 530. UV−vis (λmax, nm (ε, M−1 cm−1)): CH3CN, 648
(344); DMF, 640 (231).
(HNEt3)2[Cu

II
6(ppda)6(H2O)2(CH3OH)2](ClO4)2 (4). Cu(ClO4)2·

6H2O (0.025g, 0.067 mmol) was added to a mixture of H2ppda
(0.020 g, 0.063 mmol) and Et3N (0.013 g, 0.13 mmol) in 2 mL of
methanol. The deep green solution was stirred for 1 h and was then
filtered through a Celite plug. Vapor diffusion of Et2O into the green
filtrate at room temperature led to the formation of dark green crystals
suitable for X-ray crystallographic characterization (0.0148 g, 49%
yield). Anal. Calcd for C122H116N26O24Cl2Cu6: C, 52.66; H, 4.20; N,
13.09. Found: C, 52.89; H, 4.65; N, 13.51. FT-IR (cm−1): 1597, 1540,
1473, 1439, 1392, 1316, 1069, 929, 870, 837, 792, 756, 696, 621, 506,
439. UV−vis (λmax, nm (ε, M−1 cm−1)): CH3OH, 639 (541); DMF,
630 (554).
[CuII

3Cu
I
2(bpda)3(μ3-O)] (5). Under N2, NaH (0.0056 g, 0.24

mmol) was added to 2 mL of a DMF solution of H2bpda (0.025 g,
0.078 mmol) with H2O (1.4 μL, 0.078 mmol) in a Schlenk flask. After
1 h of stirring, Cu(OTf)2 (0.028 g, 0.078 mmol) was added, followed
by the addition of CuCl (0.0052 g, 0.052 mmol). The mixture was
stirred for about 2 h, and 20 mL of degassed Et2O was added. The
supernatant was removed by using a pipet, and the resulting deep
green solid was dried under vacuum. The raw product was transferred
into a glovebox and washed with Et2O (5 mL × 3). The deep green
powder was dissolved in 2 mL of DMF and filtered. Vapor diffusion of
Et2O into the dark green solution at room temperature led to the
formation of deep green crystals suitable for X-ray crystallographic
characterization (0.020 g, 52% yield). Anal. Calcd for
C51H33N15O7Cu5: C, 47.65; H, 2.59; N, 16.34. Found: C, 47.88; H,
2.41; N, 15.98. FT-IR (cm−1): 1659, 1612, 1601, 1583, 1553, 1465,
1423, 1359, 1305, 1279, 1158, 1093, 1076, 1053, 1008, 963, 914, 873,
838, 786, 768, 749, 682, 659, 639, 588, 548, 533, 449, 418. UV−vis
(λmax, nm (ε, M−1 cm−1)): CH2Cl2, 573 (420), 790 (shoulder, 230);
DMF, 578 (502), 780 (shoulder, 261).
X-ray Crystallography. X-ray crystallographic data were collected

on crystals with dimensions of 0.150 × 0.130 × 0.120 mm for 1, 0.12
× 0.19 × 0.36 mm for 2, 0.430 × 0.380 × 0.250 mm for 3, and 0.200
× 0.230 × 0.320 mm for 5. Data were collected at 100 K using a
diffractometer with a Bruker APEX CCD area detector31 and
graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). All
four structures were solved by direct methods and refined by full-
matrix least-squares methods on F2.32,33 The crystal parameters, data
collection and refinement of 1−3 and 5 are summarized in Table S1.
Hirshfeld Surface Analysis. In order to investigate the important

intra- and intermolecular interactions occurring within and among the
coordination units, the analysis of Hirshfeld surfaces was performed
by using CrystalExplorer (version 3.0) software.34 The calculation was
based on the CIF files from the X-ray crystal structures of the metal
complexes.
Magnetic Susceptibility and Magnetic Data Fitting. The

magnetic susceptibilities of complexes 1, 3, and 5 were measured
using a Quantum Design MPMS SQUID VSM Evercool magneto-
meter. The sample was loaded into a polypropylene VSM powder
holder. The magnetic susceptibility (zero-field cooled) was measured
with an applied field of 1000 Oe as a function of temperature between
2 and 300 K. The methods of Morrison et al. were used to correct for
shape and radial offset effects.35 The program PHI 3.1.1 was used to
fit magnetic data to an appropriate model Hamiltonian.36

The magnetic susceptibilities of complexes 1, 3, and 5 were each fit
to a phenomenological exchange Hamiltonian, as determined with
PHI 3.1.1. For complex 1, an intermolecular exchange interaction
term (zJ) was modeled through the mean-field approximation. For
complex 3, the copper(II) ions were modeled as octahedral centers

using the J-coupling scheme shown in Scheme 2. Parameters for
complexes 1 and 5 were determined through simultaneous fitting of

their respective magnetic susceptibility and EPR data. Accurate fitting
of the magnetic behavior of complex 5 was achieved by including an
antisymmetric exchange term in the model Hamiltonian with the
Cu(II) ions modeled as three equivalent Cu(II) centers with an
octahedral geometry.

Computational Chemistry. All electronic structure calculations
were carried out with Orca 4.1.0 for Linux.37 VMD38 was used for
visualization of orbitals and density plots and rendered using the
Tachyon library.39 NBO 3.1 population analysis was carried out with
Gaussian 09.40 Starting with the structure obtained from X-ray
crystallography analysis, the optimized geometry of complex 5 was
calculated at the M06-L41/def2-SVP42 level of theory with the
auxiliary basis set def2/J43 used for the RI approximation. Grimme’s
dispersion correction (D3zero) was applied to the geometry
optimization calculations.44,45 To correct for basis set superposition
error, all calculations employed the geometrical counterpoise
correction (gCP).46 The identification of the compound’s structural
minimum was confirmed through the absence of imaginary vibrational
modes in a numerical frequency calculation.

The XPS spectrum of complex 5 was interpreted by analysis of its
Cu 2p orbitals in a single-point calculation carried out at the
optimized geometry. This calculation was carried out at the M06-L/
def2-TZVP level of theory with the exception of copper atoms, for
which the polarized CoreProp basis set (CP(PPP)) was utilized.47,48

A higher accuracy integral grid (Lebedev 770 point grid) was also
utilized for the copper atoms. To aid in comparison of the copper 2p
orbital energies, the restricted-open wave function was calculated.

The gas-phase electronic spectrum of complex 5 was calculated
using TD-DFT at the B3LYP/def2-SVP level of theory with the
RIJCOSX49 and Tamm−Dancoff approximations enabled. The first
200 excited states were included in the calculation to cover the
experimental spectral range. Visualization of selected electronic
excitations was achieved through the use of TD-DFT difference
densities. For the states of interest, the electronic transitions were too
complex for the individual contributions to the excitation to be
interpreted, even when natural transition orbitals were employed.

■ RESULTS AND DISCUSSION
X-ray Crystal Structures.When the neutral ligand H2bpda

reacted with Cu(ClO4)2·6H2O in CH3OH, green crystals were
afforded by recrystallization of the raw product through Et2O
diffusion. X-ray crystallographic analysis of complex 1 showed
a dimeric structure with two Cu(II) centers, two monoanionic
Hbpda− ligands, and two weakly coordinated ClO4

− anions.
(Figure 1 left). For Cu(II) centers, the N4O coordination
environment forms a distorted-square-pyramidal geometry
with a τ5 value of 0.24.50 The axial position is occupied by
one OClO4

− donor with a Cu−OClO4
− distance of 2.394 Å, which

is longer than the Cu−N distance (2.000 Å) on the equatorial

Scheme 2. J-Coupling Scheme Used to Model the Magnetic
Susceptibility of Complex 3
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positions. On the square-planar base, one Npy and two Namidate
donors from one ligand embrace the Cu(II) center, and the
fourth position is fulfilled by one Npy donor from the second
ligand. Each ligand has one pyridinium group, suggesting a
proton migration during the metalation of the ligand. As a
result, two intramolecular hydrogen-bonding interactions are
observed in the X-ray crystal structure (blue dashed lines in
Figure 1, left). This can be confirmed by Hirshfeld surface
analysis based on half of the dimeric unit, in which two distinct
red dots are clearly observed on the map plotted by dnorm
(Figure S1). The Cu···Cu distance is 3.627 Å, suggesting no
direct interaction between the two copper centers. Fiedler et al.
reported a similar dimeric structure, in which the Cu(II)
centers are supported by H2 bpda derivative ligands and OTf−

anions.51

In our effort to better understand the function of the
terminal pyridyl groups on the amine side of the symmetric
ligand H2bpda, the copper chemistry of the unsymmetric
ligand H2ppda was investigated so that the coordination
behavior of both ligands could be compared. Instead of having
two pyridyl groups on both amide arms, the ligand H2ppda
features one phenyl group and one pyridyl group. We
envisioned that this ligand with fewer coordination donors in

an unsymmetrical arrangement might lead to an interesting
change in the coordination environment and second
coordination sphere. The reaction of neutral H2ppda with
Cu(OAc)2 in DMF resulted in the formation of a similar
dinuclear Cu(II) complex (Figure 1 right). However, due to
the lower denticity of H2ppda, interesting structural differences
were observed. (a) In both complexes, intramolecular
hydrogen-bonding interactions occur at similar positions
(N5B−H5B···O1A/N5A−H5A···O1B in complex 1 and
C14−H14···O1 in complex 2), but the strengths are very
different, which is reflected by the much shorter N···O
distances in complex 1 (2.772 and 2.794 Å) in comparison to
the C···O distance of complex 2 (3.367 Å) (Table 1). (b) As a
result of the stronger intramolecular hydrogen-bonding
interactions in complex 1, the amide groups containing
hydrogen bond donors (O1A and O1B) present larger twist
angles (71.79 and 75.05°) with the coordinated pyridyl groups
in comparison to complex 2 (58.77°). In the meantime, the
Cu···Cu distance in complex 1 (3.627 Å) is slightly larger than
that of complex 2 (3.586 Å). (c) The Cu1−N4A (2.053 Å)
and Cu2−N4B (2.052 Å) distances in complex 1 are longer
than the Cu1−N4 distance (2.006 Å) in complex 2. This could
be attributed to the greater π-conjugation effect involved in the

Figure 1. X-ray structures of complexes 1 (left) and 2 (right). Thermal ellipsoids are shown at the 30% probability level. Most hydrogen atoms are
omitted for clarity. See Table 1 for selected bond lengths and angles.

Table 1. Selected Bond Lengths (Å) and Angles (deg) of Complexes 1 and 2

complex 1 complex 2

Cu1−N1A 1.943(5) Cu1−N1B 1.934(5) Cu1−N1 1.9209(17)
Cu1−N3B 1.974(5) Cu1−N3A 1.985(5) Cu1−N3 1.9630(17)
Cu1−N2A 2.028(5) Cu1−N2B 2.029(6) Cu1−N2 2.0356(15)
Cu1−N4A 2.053(5) Cu1−N4B 2.050(6) Cu1−N4 2.0063(17)
Cu1−O1C 2.408(5) Cu1−O1D 2.380(5) Cu1−O3 2.5774(16)
Cu···Cu 3.627 Cu···Cu 3.586
N1A−Cu1−N3B 173.7(2) N1B−Cu2−N3A 173.0(2) N1−Cu1−N3 172.22(7)
N1A−Cu1−N2A 79.9(2) N1B−Cu2−N2B 79.6(2) N1−Cu1−N2 79.70(7)
N3B−Cu1−N2A 99.1(2) N3A−Cu2−N2B 100.4(2) N3−Cu1−N2 102.40(7)
N1A−Cu1−N4A 80.3(2) N1B−Cu2−N4B 80.1(2) N1−Cu1−N4 80.76(7)
N3B−Cu1−N4A 99.9(2) N3A−Cu2−N4B 98.9(2) N3−Cu1−N4 96.70(7)
N2A−Cu1−N4A 159.24(19) N2B−Cu2−N4B 158.8(2) N2−Cu1−N4 160.34(7)
N1A−Cu1−O1C 89.82(19) N1B−Cu2−O1D 97.3(2) N1−Cu1−O3 96.00(6)
N3B−Cu1−O1C 96.41(19) N3A−Cu2−O1D 89.77(19) N3−Cu1−O3 91.69(6)
N2A−Cu1−O1C 88.73(18) N2B−Cu2−O1D 90.4(2) N2−Cu1−O3 83.89(6)
N4A−Cu1−O1C 97.38(18) N4B−Cu2−O1D 98.4(2) N4−Cu1−O3 100.29(6)
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pyridinium-amide side arm in complex 1 (Figure S2). Among
the three resonance structures of Hbpda−, two structures
present a neutral imine group, which provides a weaker σ N
donor. For the two resonance structures of ppda2−, only one
shows a neutral imine N donor. Therefore, the overall greater
neutral nature of the N donor in the ligand Hbpda− may result
in a weaker Cu−N bond. (d) Both complexes show elongated
Cu−O bonds on the axial positions of copper centers, but the
Cu−OClO4

− bond (2.394 Å) in complex 1 is significantly
shorter than the Cu−ODMF bond (2.577 Å) in complex 2. This
could be attributed to the better attraction between ClO4

−

anions and the cationic [Cu2(Hbpda)2]
2+ unit in complex 1.

However, in complex 2, neutral DMF molecules just interact
weakly with copper centers of the neutral [Cu2(ppda)2] unit.
In order to better understand the conformation difference, a
graphical overlay of ligands with copper centers from both
complexes is shown in Figure S3. The central motif (middle
pyridyl group, copper center, and the two amide groups) of
both complexes are superposed nearly perfectly, but the
terminal pyridyl and phenyl groups have very different spatial
orientations, largely due to the free rotation of Namide−C
bonds.
For complex 1, the self-deprotonation and proton migration

of the neutral ligand H2bpda led to the formation of a dimeric
structure with interesting intramolecular hydrogen-bonding
interactions involving pyridinium groups. On the basis of this
work, we envisioned the potential nitrogen donors of
pyridinium groups under basic conditions might be able to
afford copper clusters with higher nuclearity, which is one of
our main focuses in the model chemistry of copper-containing
enzymes. Therefore, as part of our effort to explore the
coordination behavior of the fully deprotonated ligands, we
also used the organic base Et3N to react with ligands before
metalation. Complex 3 was synthesized by mixing the ligand
H2pbda and excess Et3N in CH3OH, followed by addition of
Cu(ClO4)2·6H2O. Recrystallization of the raw product in
DMF gave dark green crystals, which are very moisture
sensitive. X-ray crystallographic analysis revealed the tetranu-
clear copper cluster (HNEt3)[Cu

II
4(bpda)2(μ3-OH)2(ClO4)-

(DMF)3](ClO4)2 with a saddle-shaped conformation (Figure
2, left). In the outer sphere, there are two ClO4

− anions and
one Et3NH cation to balance the charge of the complex. For

the core structure shown in Figure 2, right, there is a C2
rotation axis that is perpendicular to the Cu1−O1−Cu2−O2
diamond core. Each of the two fully deprotonated pbda2−

ligands embraces one copper center (Cu3 and Cu4) through
the middle pyridyl N and two Namidate donors. The two
terminal pyridyl N donors of each ligand bind the other two
copper centers (Cu1 and Cu2), which form a diamond core
with two μ3-OH ligands (O1 and O3 in Figure 2, right). It is
noticeable that the average Cu−N bond distance in complex 3
(1.985 Å) is shorter than that of complex 1 (2.008 Å). This
could be attributed to the coordination of both terminal
pyridyl groups in complex 3, making the core structure more
rigid. All of the four copper centers have a square-pyramidal
geometry with an elongated Cu−O bond on the axial position.
However, the Cu4 center with a ClO4

− anion has a much
smaller τ5 value (0.0080)50 in comparison to the other three
copper centers (τ5 = 0.063−0.097)50 with DMF molecules,
suggesting a structure closer to a standard square-pyramidal
geometry. This is attributed to the Cu−OClO4

− distance (2.456
Å) of Cu4 being much longer than the Cu−ODMF distances
(2.196−2.228 Å) of the other three copper centers, resulting in
a better square-planar base of Cu4 (Table 2). This elongation
difference is exactly opposite to that observed from complexes
1 and 2, in which the Cu−OClO4

− distance (2.394 Å) is shorter

Figure 2. (left) X-ray structure of the cationic unit [CuII4(bpda)2(μ3-OH)2(ClO4)(DMF)3]
+ of complex 3. (right) Core structure of the cationic

unit without the ligand backbone. Thermal ellipsoids are shown at the 30% probability level. Most hydrogen atoms are omitted for clarity. See
Table 2 for selected bond lengths and angles.

Table 2. Selected Bond Lengths (Å) and Angles (deg) of
Complex 3

Cu1−O1 1.981(6) Cu3−N1A 1.920(6)
Cu1−N3B 1.990(6) Cu3−O1 1.973(5)
Cu1−N3A 2.0916(16) Cu3−N2A 2.012(5)
Cu1−O2 2.001(5) Cu3−N4A 2.023(5)
Cu1−O1C 2.228(6) Cu3−O1E 2.196(6)
Cu2−O1 1.977(5) Cu4−N1B 1.908(6)
Cu2−N5B 1.996(7) Cu4−O2 1.930(5)
Cu2−N5A 1.998(8) Cu4−N2B 2.003(5)
Cu2−O2 2.003(6) Cu4−N4B 2.017(5)
Cu2−O1D 2.209(5) Cu4−O1F 2.456(6)
O1−Cu1−N3B 163.8(2) N1A−Cu3−O1 154.3(2)
N3A−Cu1−O2 167.6(3) N2A−Cu3−N4A 159.6(3)
O1−Cu2−N5B 168.4(2) N1B−Cu4−O2 162.5(3)
N5A−Cu2−O2 162.6(2) N2B−Cu4−N4B 162.0(2)
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than the Cu−ODMF distance (2.577 Å). The reason for the
much shorter Cu−ODMF distance in complex 3 could be the
involvement of the three coordinated DMF molecules in a
complicated hydrogen-bonding network, which locks these
DMF molecules into close interactions with the copper centers
(blue dashed lines in Figure S4). Among the observed
hydrogen-bonding interactions, two interactions involving
both μ3-OH and two DMF molecules are quite distinctive.
The short OOH···ODMF distances (2.648 and 2.662 Å) indicate
the strong interactions between the acceptor and donor.
Hirshfeld analysis of the two DMF molecules revealed two
intense red dots (green circles in Figure S5, left) on the surface
mapped with dnorm, indicating the presence of strong hydrogen-
bonding interactions. The second type of noncovalent
interaction observed in complex 3 is the π···π stacking
interaction between the two middle pyridyl groups that are
parallel to each other with a centroid to centroid distance of
3.518 Å. In fact, the Hirshfeld surface of one ligand plotted by
the surface index shows a distinctive blue−red triangle pair
(red circle in Figure S5, right), strongly suggesting the
presence of intramolecular π···π interactions. The involvement
of DMF molecules in the first and second coordination spheres
of complex 3 explains why the raw product from CH3OH
dissolves well in DMF and the recrystallization trials in other
non-coordinating or weakly coordinating solvents did not lead
to any positive results.
The tetranuclear cluster of complex 3 inspired us to use the

ligand H2ppda to explore how the unsymmetrical ligand donor
arrangement affects the structures of the resulting complexes.
With the application of 2 equiv of Et3N, the reaction of
H2ppda and Cu(ClO4)2·6H2O in CH3OH afforded complex 4.
Synthesis with excess Et3N led to the formation of the same
product, suggesting the high stability of complex 4. Although
the X-ray diffraction data of complex 4 have some disorder
problems, a raw structure was obtained and is shown in Figure
S6. The metallamacrocyclic structure has six copper centers
connected by six deprotonated ppda2− ligands through a head-
to-tail fashion. For each ligand, the middle pyridyl nitrogen and
the two amidate nitrogen donors embrace one Cu(II) center
and the carbonyl oxygen from the amide side arm with the
terminal pyridyl group bridges to another Cu(II) center,
serving as the fourth ligand donor that is trans to the middle
pyridyl nitrogen donor. The Cu1 and Cu3 centers possess a
distorted-square-pyramidal geometry with either a CH3OH
molecule or H2O molecule occupying the axial position.

Although both Cu−O bonds are elongated, Cu3−OH2O (2.460

Å) is slightly longer than Cu1−OCH3OH (2.312 Å) possibly
because of the hydrogen-bonding interactions of the H2O
molecules with the outer-sphere ClO4

− anion. The Cu2 center
has a distorted-square-planar geometry with a τ4 value of
0.162.52 The lack of a fifth ligand on the Cu2 center is quite
intriguing, especially considering the presence of outer-sphere
H2O molecules and ClO4

− anions. A close inspection of the
crystal structure shows some interesting structural features of
the Cu2 center. (a) A phenyl ring from the ligand neighboring
the Cu3 center sits above the square-planar Cu2 center with a
closest Cu···C distance of 4.316 Å, which may block the access
of the fifth ligand. (b) A pendant pyridyl ring from the ligand
neighboring the Cu1 center sits below the Cu2 center with a
closest Cu···C distance of 2.912 Å. Although this distance is
too long for any bonding interactions, Hirshfeld analysis based
on the pendant pyridyl ring indicates the presence of weak
interactions between Cu2 and the aromatic carbon on the
pyridyl ring. The plot mapped with shape index (Figure S7,
left) clearly shows a red spot on the surface, representing the
concave region caused by the Cu2 center. Although this
interaction could not be reflected by the surface mapped with
dnorm, the fingerprint plot shows the Cu···C interaction
comprises 3.5% of the total surface, suggesting very weak
interactions (Figure S7, right).
Other interesting structural features of complex 4 are the

positions of the pyridyl groups and pendant phenyl of the six
ligands (Figure S8, left). Above and below the macrocyclic
structure, there are three pyridyl groups on each side pointing
inward (blue and red). These three pyridyl groups take on a
triangle conformation, with a ∼48.1° angle between two
pyridyl planes. This organized conformation is attributed to
the C−H··· π interactions between pyridyl rings (blue and red
dashed lines, average C−H···centroid distance 3.23 Å), which
can be confirmed by the intermolecular complementarity on
the Hirshfeld surface mapped with shape index (Figure S8,
right). The red spot (red circle) and blue spot (green circle)
represent the concave region (acceptor, close to the center of
the pyridyl ring) and convex region (donor, H on pyridyl ring
pointing to another pyridyl group), respectively, from the same
pyridyl ring. For all of the six phenyl rings (black) sitting
outside the metallacycle, they are pointed away from the center
and exhibit disorder possibly due to the lack of significant
intermolecular interactions.

Figure 3. (left) X-ray structure of complex 5. (right) Core structure without the ligand backbone. Thermal ellipsoids are shown at the 30%
probability level. Hydrogen atoms are omitted for clarity. See Table 3 for selected bond lengths and angles.
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In our previous work, delocalized mixed-valence copper
clusters were prepared by using the simple dipyridylamide
ligand H2pcp.

29 The interesting coordination behavior
exhibited by ligands H2pbda and H2ppda in Cu(II) chemistry
shows us their potential in the construction of mixed-valence
copper clusters, which is one of the main focuses of our
research. Our initial effort on the mixed-valence chemistry of
the ligand H2pbda afforded the pentanuclear mixed-valence
cluster complex 5, which is an unexpected product with a very
low yield (∼10%) due to the trace amount of water in DMF.
We believe the H2O molecules are deprotonated by an excess
amount of NaH, leading to the formation of a μ3-oxo bridging
ligand among copper centers. Therefore, a modified synthesis
with the addition of degassed water in a 1:1.5 H2O:Cu
stoichiometry ratio and excess NaH was performed, resulting
in the same product with a much better yield (52%) and higher
quality crystals. X-ray crystallographic analysis revealed a novel
pentanuclear cluster that has a three-bladed propeller
conformation with a triple-decker core structure (Figure 3)
The pentanuclear structure of complex 5 consists of three

deprotonated pbda2− ligands (highlighted in red, blue, and
green in Figure 3, left), three Cu(II) centers, two Cu(I)
centers, and one μ3-oxo bridging ligand. Cu1, Cu2, and Cu3
centers show a typical Cu(II) square-planar geometry (average
τ4 = 0.167)52 with a N3O coordination environment. Each
pbda2− ligand embraces one Cu(II) center through the middle
pyridyl N donor and two amidate N donors with an average
Cu−N bond length of 2.043 Å. The fourth position of the
Cu(II) centers is occupied by the μ3-oxo bridging ligand that is
trans to the middle pyridyl N donor. The trigonal-planar
geometry of the μ3-oxo ligand has an average Cu(II)−O bond
distance of 1.894 Å and an average Cu(II)−O−Cu(II) bond
angle of 119.9°, suggesting an sp2 configuration of the oxo
ligand (Table 3). The two Cu(I) centers Cu4 and Cu5 sit right
above and below the μ3-oxo center, forming a Cu(I)−O−
Cu(I) C3 rotation axis of the whole structure. The average
Cu(I)···O distance is 2.355 Å, suggesting a weak interaction

between the Cu(I) and the μ3-oxo ligand. The Hirshfeld
surface plotted based on dnorm of the μ3-oxo ligand shows light
red dots toward the Cu(I) centers, confirming the presence of
weak interactions (Figure S9). Each Cu(I) center forms a
trigonal-planar geometry with three terminal pyridyl N donors
from three pbda2− ligands. The average Cu(I)−N distance is
2.008 Å, and the average N−Cu(I)−N bond angle is 119.5°.
Among the five copper centers, the average Cu(II)···Cu(II)
and Cu(II)···Cu(I) distances are 3.309 and 3.021 Å,
respectively, suggesting a localized mixed-valence copper
cluster. In order to adapt to the triple-decker conformation,
each ligand is tilted with a dihedral angle of 30° against the
CuII3O equatorial plane.
A close inspection of the intermolecular interaction between

pentanuclear units showed the presence of strong C−H···π
interactions (blue dashed lines in Figure S10, left). The
hydrogen atoms on the terminal pyridyl rings point to the
terminal pyridyl rings from a neighboring pentanuclear unit
with an average C−H···centroid distance of 2.864 Å. The
Hirshfeld surface (Figure S10, right) mapped with shape index
based on one terminal pyridyl ring shows the interaction of a
donor (blue area with a green circle) and an acceptor (red area
with a red circle). These intermolecular interactions organize
pentanuclear units into a coaxial arrangement along the
Cu(I)−O−Cu(I) C3 rotation axis to form a one-dimensional
polymeric structure (Figure S11).
DFT calculations were carried out on complex 5 to gain

insights regarding the localized mixed-valence nature. The
structure of the complex was first optimized with the M06-L
functional (Table S2), followed by specific analysis to assign
and explain the spectroscopic results. Population analysis and
Cu 2p electron binding energies were used to justify the
assignment of the localized mixed-valence state (class I or
weakly coupled class II mixed valence) in the pentanuclear
copper core of complex 5 that contains axial copper(I) and
equatorial copper(II) centers. The axial and equatorial copper
atoms exhibited distinct NBO atomic charges and Mulliken
spin populations. The equatorial copper centers exhibit an
average NBO charge of +1.04 and an average Mulliken spin
corresponding to 0.54 unpaired electron each. The axial copper
centers have an average charge of +0.76 and an average
Mulliken spin corresponding to 0.082 unpaired electron each.
These data are consistent with distinct Cu(I) and Cu(II)
centers in the axial and equatorial positions, respectively.

UV−Vis and EPR. The UV−vis spectra of the five
complexes were collected in solution and in the solid state in
order to obtain geometry information and better understand
the electronic structures of the copper centers (Table S3 and
Figures S12−S14). In solution, complexes 1−4 show d−d
bands in the region of 630−668 nm, which could be assigned
as the dz2 → dx2−y2 transitions of the five-coordinate geometries
observed in crystal structures.53−57 The positions of these
absorption maxima shift to higher energy in DMF due to the
stronger interaction of DMF with copper centers on the axial
positions.54,58−60 In the solid state, the d−d bands of
complexes 1 and 2 red-shift to lower energy positions,
suggesting a weaker LFS in the solid state. In contrast, the
d−d bands of complexes 3 and 4 blue-shift to higher energy
positions in the solid state, indicating a stronger interaction
between the ligand donor and copper centers. For complex 5,
the transition band around 570 nm could be a mixture of
Cu(II) d−d transition and charge transfer bands (see the
following TD-DFT calculation discussion). The position of

Table 3. Selected Bond Lengths (Å) and Angles (deg) of
Complex 5

Cu1−O1 1.8981(13) Cu3−N2C 2.0940(16)
Cu1−N1A 1.9357(16) Cu3−O1 1.8935(13)
Cu1−N4A 2.0916(16) Cu4−N3A 2.0029(16)
Cu1−N2A 2.0981(16) Cu4−N3C 2.0084(16)
Cu2−O1 1.8907(13) Cu4−N3B 2.0116(16)
Cu2−N1B 1.9345(16) Cu5−N5C 2.0033(16)
Cu2−N2B 2.0937(16) Cu5−N5A 2.0060(17)
Cu2−N4B 2.1088(16) Cu5−N5B 2.0137(16)
Cu3−N1C 1.9360(16) Cu4···O1 2.4048(13)
Cu3−N4C 2.0906(16) Cu5···O1 2.3040(13)
O1−Cu1−N1A 176.74(6) O1−Cu3−N1C 178.94(6)
O1−Cu1−N4A 99.66(6) O1−Cu3−N4C 100.25(6)
N1A−Cu1−N4A 79.22(7) N1C−Cu3−N4C 79.49(7)
O1−Cu1−N2A 101.70(6) O1−Cu3−N2C 100.92(6)
N1A−Cu1−N2A 79.35(7) N1C−Cu3−N2C 79.33(7)
N4A−Cu1−N2A 158.56(6) N4C−Cu3−N2C 158.82(6)
O1−Cu2−N1B 177.47(6) N3A−Cu4−N3C 119.06(7)
O1−Cu2−N2B 101.51(6) N3A−Cu4−N3B 122.64(7)
N1B−Cu2−N2B 79.69(7) N3C−Cu4−N3B 117.68(7)
O1−Cu2−N4B 99.60(6) N5C−Cu5−N5A 122.39(7)
N1B−Cu2−N4B 79.22(7) N5C−Cu5−N5B 118.10(7)
N2B−Cu2−N4B 158.88(6) N5A−Cu5−N5B 117.37(7)
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this band matches with the d−d transitions of the previously
reported copper complexes with a square-planar geometry53,56

but has a higher energy than the d−d transition bands of
complexes 1−4, which could be attributed to the stronger LFS
of the coordinated ligands.61 This transition band only shifted
slightly in CH2Cl2 and DMF and in the solid state, suggesting
that the square-planar geometry is retained. After exposure to
air, the solution UV−vis spectra of complex 5 only exhibited
some minor changes (Figure S15). The band around 578 nm
in CH2Cl2 shifts to 583 nm, but in DMF the band shifts to 608
nm, suggesting a coordination environment change after the
oxidation of the copper center(s) with the presence of
coordinating solvent molecules.
In order to better understand the electronic structure of

complex 5, TD-DFT calculations were performed to examine
the nature of the electron transitions. As discussed above, the
UV−vis spectrum of complex 5 shows an intense absorption in
the region between 500 and 600 nm, which is somewhat
unusual for the d−d transition of the Cu(II) centers. Our
calculations revealed a large density of states in the region of
interest; therefore, a sampling of the most intense absorptions
in the range of 500−600 nm were chosen for analysis (Figure
S16). These excited states were difficult to analyze by
inspection of their individual excitations, because most of
them contained upward of 15 components that were not
dominated by one excitation. Natural transition orbital analysis
yielded similar results. To obtain a more qualitative under-
standing of the nature of these excited states, the TD-DFT
transition difference densities were plotted (Figure 4). The

transitions in this region appear to have character that is
dominated by axial Cu(I) → equatorial Cu(II) intermetallic
charge transfer along with some Cu(II) d−d character. The
presence of strong antiferromagnetic coupling in complex 5
raises the possibility of the open-shell doublet state
contributing to the observed UV−vis spectrum (see Magnetic
Measurements). TD-DFT calculations starting from the

broken-symmetry doublet state yield a similar spectrum. In
addition, TD-DFT density difference analysis of the broken-
symmetry excitations in the 500−600 nm region show that the
excited states have the same origin as those obtained in the
high-spin calculation. Although we did not observe any clearly
defined bands in the near-IR region, our calculation regarding
the lower energy electronic transitions of complex 5 did show a
weak single-component excitation at around 1172 nm. This
character is attributed to the intervalence charge transfer from
Cu(I) to Cu(II) (Figure S17). It should be noted that there is
little overlap between the hole−particle pair densities for this
transition, suggesting that the mixed-valence nature of the
compound is relatively weak. Furthermore, the bridging oxide
ligand’s ability to mediate a mixed-valence state is diminished
by the fact that the axial and equatorial copper centers interact
with orthogonal oxygen 2p orbitals.
In order to better understand the electronic structures and

magnetic behavior of the copper complexes, X-band EPR of
complexes 1−3 and 5 were collected in frozen solutions at 77
K. Unfortunately, no hyperfine signals were observed even
when toluene was used for sample preparation. The broad
isotropic signals of the four complexes are shown in Figure
S18. The g values of the complexes fall in a range of 1.91−2.18
(Table 5), which provided some help with the magnetic data
analysis.

Electrochemistry. Complex 1 shows an irreversible wave
at E = −0.010 V vs Ag/AgCl with a scan rate of 100 mV/s,
suggesting structure collapse when Cu(II) is reduced to Cu(I)
(Figure S19, left). For complex 2, a sharp spike was observed
around −0.10 V, which might be attributed to the generation
of Cu(0) metal from the reduction of Cu(II) centers (Figure
S19, right). In fact, a copper film was observed on the surface
of the working electrode after scans. The electrochemical
properties of complexes 3 and 4 are not well-defined by CV
scanning in organic solvents. Both complexes showed multiple
oxidation waves and one broad reduction wave, and they are
difficult to assign due to the multinuclear nature of the
compounds (Figure S20). The mixed-valence property of
complex 5 can be identified from the CV characterization
(Figures S21 and S22). Two irreversible waves were observed
at E = 0.085 and 0.638 V vs Ag/AgCl, and they could be
ascribed to the one-electron oxidation of one Cu(I) center to
Cu(II) and one Cu(II) center to Cu(III), respectively.13 In
addition, one reversible wave appears at E1/2 = −0.83 V (ΔEp =
40 mV, ipa/ipc ≈ 1; Figure S21, right), which shows no
significant changes with different scan rates. This reversible
behavior is attributed to the reduction of Cu(II) center(s) in
the cluster to Cu(I). One irreversible wave was also observed
at −1.295 V, which might be from the reduction of more
Cu(II) center(s) to Cu(I) that leads to the collapse of the
cluster.

MALDI-MS. All five copper complexes were characterized
by MALDI-MS spectrometry without the application of a
matrix. Figures S23−S25 show the experimental and simulated
peaks for complexes 1−5. The spectrum of complex 3 shows a
peak at m/z 920.2, suggesting a tetranuclear copper cluster
with two ligands and two bridging ligands. For the other four
complexes, peaks that correspond to smaller multinuclear
copper fragments were observed due to the loss of either
ligands or copper centers. One interesting observation in the
MALDI-MS characterization of these copper clusters is the
reduction of Cu(II) to Cu(I). For instance, the spectrum of
complex 5 shows a fully reduced pentanuclear Cu(I) with two

Figure 4. TD-DFT difference density plot for the calculated 528 nm
excitation for the quartet state of complex 5. Negative electron density
differences (orange surface) and positive electron density differences
(blue surface) are largely localized on the copper centers and their
immediate ligand atoms. All hydrogen atoms and outer atoms on
pyridyl rings have been omitted for clarity.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c00008
Inorg. Chem. 2020, 59, 5433−5446

5440

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00008/suppl_file/ic0c00008_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00008/suppl_file/ic0c00008_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00008/suppl_file/ic0c00008_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00008/suppl_file/ic0c00008_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00008/suppl_file/ic0c00008_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00008/suppl_file/ic0c00008_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00008/suppl_file/ic0c00008_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00008/suppl_file/ic0c00008_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00008/suppl_file/ic0c00008_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00008/suppl_file/ic0c00008_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00008/suppl_file/ic0c00008_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00008/suppl_file/ic0c00008_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c00008/suppl_file/ic0c00008_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00008?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00008?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00008?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00008?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c00008?ref=pdf


ppda2+ ligands at m/z 951.1, which could be attributed to the
reduction of the original CuII3Cu

I
2 cluster. Previous studies of

MALDI-MS of transition-metal complexes showed the
reduction of metal centers due to either matrices as reducing
agents or free electrons present in the MALDI plume.62−64

Since matrices were not used in our measurement, free
electrons captured by copper center(s) might be the main
reason for their reduction in the gas phase. In fact, a stainless
steel metal plate was used as the sample well. Therefore, the
free electron generated from photoelectric emission from
analyte/metal plate interface could be the reason of the
reduction phenomena.62

XPS. In order to further characterize the mixed-valence
nature of complex 5 and compare it with the fully oxidized
Cu(II) clusters with the same ligand platform, XPS measure-
ments were performed on complexes 1, 3, and 5 (Figure 5).
For our analysis, the oxidation states of copper centers can be
identified mainly by the binding energy of Cu 2p electrons.
Table 4 summarizes the Cu 2p3/2, Cu 2p1/2, and O 1s binding

energy data of solid samples of the three complexes. Complex
1 exhibits Cu 2p3/2 and Cu 2p1/2 peaks at 934.0 and 953.8 eV,
respectively, while Cu 2p3/2 and Cu 2p1/2 peaks of complex 3
shift to higher binding energy (934.9 and 954.8 eV), suggesting
a lower atomic charge on the copper centers of complex 1.
This is possibly due to the more electron rich coordination
environment of the copper centers of complex 1 with more N
as σ donors. For complex 5, the localized mixed-valence
property is well featured by two sets of Cu 2p binding energy.
The first set comes from the Cu(II) center with Cu 2p3/2 and
Cu 2p1/2 peaks at 934.1 and 953.9 eV. This matches well with
the Cu(II) 2p binding energy of complex 1, suggesting a

similar electron-rich coordination environment. The presence
of satellites around 944.0 and 962.9 eV is possibly due to the p
→ d hybridization of unsaturated d orbitals, also indicating the
presence of Cu(II) centers.65 The second set at 931.9 and
951.8 eV comes from Cu(I) centers, which usually have lower
Cu 2p3/2 and Cu 2p1/2 binding energy due to the lower
oxidation state.66 In our previous work on a Cu(I) dimer
supported by H2pcp ligands (Scheme 1), XPS showed nearly
the same Cu 2p3/2 and Cu 2p1/2 binding energies (931.9 and
951.7 eV), which confirms the presence of Cu(I) centers.
Detailed analysis by a peak-fitting procedure revealed the
presence of two independent binding energies, separated by
about 2.2 eV, from Cu(II) and Cu(I) centers in complex 5
(blue and green peaks in Figure 5, right). The relative
abundance of Cu(II) and Cu(I) was also obtained as 61% and
39%, respectively, by calculation of the areas of two peaks.
These analysis results are consistent with the localized mixed-
valence property of complex 5 observed in X-ray crystallog-
raphy. The interpretation of XPS data of complex 5 is also
supported by DFT calculations. By examination of the
calculated copper 2p orbitals, equatorial Cu(II) 2p orbital
energies grouped into a set with an average of −922.236 eV.
The axial Cu(I) 2p orbitals had weaker binding energies, with
an average of −919.826 eV. This calculated difference of 2.41
eV in 2p binding energies between the two sites is a close
match to the experimental value of 2.2 eV.
It is also worth noting that the O 1s binding energy shows an

interesting trend (Figure S26). With O from CO and ClO4
−

in complex 1, the O 1s binding energy is 531.0 eV. However, in
complexes 3 and 5, the O 1s binding energies shift to 532.2
and 530.6 eV, respectively, possibly due to the presence of
OH− and O2− ligands in the two complexes. A similar trend
can also be observed from the reported O 1s binding energies
of Cu(OH)2 (531.5 eV) and CuO (529.5−530.7 eV).67−71

Magnetic Measurements. The magnetic susceptibilities
of complexes 1, 3, and 5 were measured as a function of
temperature with a SQUID magnetometer between 2 and 300
K (Figure 6). Using the PHI software package, the magnetic
susceptibilities of each complex were fit to a model
Hamiltonian that included an electronic Zeeman component,
the appropriate Heisenberg−Dirac−van Vleck exchange

Figure 5. XPS spectra of complexes 1, 3, and 5 recorded in the Cu 2p region.

Table 4. Cu 2p3/2, Cu 2p1/2, and O 1s Binding Energies from
XPS Measurements

Cu 2p3/2 (eV) Cu 2p1/2 (eV)
O 1s
(eV)

complex 1 934.0 953.8 531.0
complex 3 934.9 954.8 532.2
complex 5 934.1 (CuII) + 931.9

(CuI)
953.9 (CuII) + 951.8
(CuI)

530.6
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component, and an antisymmetric exchange component (vide
infra) for complex 5. Each compound utilized the same
Zeeman Hamiltonian that included isotropic g factors for each
spin center, as shown in eq 1, with symmetrically related
copper centers fit to the same g factor value:

H Sg B
i

N

i iZEE B
1

∑μ= ·
=

⎯⇀⎯

(1)

To improve the fitted values of the g factors in complexes 1
and 5, experimental EPR spectra were included in the data sets
for these compounds. For each, the model Hamiltonian was
formed through the simultaneous fitting of the model to both
magnetic susceptibility and EPR data. Due to the presence of
multiple Cu(II) centers in complex 3, the inclusion of the
compound’s broad, isotropic EPR spectrum in the data set
degraded the quality of the fitting in comparison to the model
formed using only the magnetic susceptibility data.
The magnetic behavior of complex 1 is consistent with a

compound containing two weakly interacting Cu(II) centers,
and the susceptibility fits well to a Curie−Weiss law at
temperatures above 15 K (Figure 6). A positive deviation from
linearity in the plot of χT vs T indicates behavior consistent
with weak ferromagnetic coupling. This data was modeled with
the Heisenberg−Dirac−van Vleck spin Hamiltonian in eq 2:

H JS S2iso 1 2= − (2)

The inclusion of EPR data allowed for the adequate fitting of
the magnetic behavior of complex 1, which yielded g = 1.91
and J = 10.3 cm−1 (Table 5), indicating relatively weak
ferromagnetic exchange between the two copper(II) centers.
Strong exchange coupling would not be expected in this
complex due to the long Cu···Cu distance of 3.63 Å and lack of

a bridging ligand donor that can facilitate coupling. To
adequately fit the magnetic susceptibility data below 20 K, it
was necessary to include an intermolecular exchange coupling
term, which added weak (zJ = 0.22 cm−1) ferromagnetic
exchange between dinuclear Cu(II) units. Similar exchange
constant values have been reported for dicopper(II) com-
pounds that exhibit intra- and intermolecular ferromagnetic
exchange.72

The magnetic susceptibilities of complexes 3 and 5 exhibit
significant deviations from Curie−Weiss behavior at temper-
atures below 150 K, suggesting stronger exchange coupling
than what was observed in complex 1. The magnetic
susceptibility of complex 3 descends to nearly 0 at low
temperatures, indicating that antiferromagnetic coupling
among the four Cu(II) centers leads to an S = 0 ground
state. When only the four copper centers and their immediate
ligand atoms are considered, the core structure of complex 3
has approximate C2v symmetry with two distinct sets of copper
atoms. As previously described,73 exchange coupling between
spin centers in a distorted-tetrahedral arrangement of metal
centers can be treated as shown in Scheme 2. This geometric
configuration leads to the isotropic exchange Hamiltonian used
to fit the data within Phi (eq 3):

H J S S J S S S S S S S S

J S S

2 ( ) 2 ( )

2
Miso S 1 2 1 3 1 4 2 3 2 4

L 3 4

= − − + + +

− (3)

The fit of the data confirms strong antiferromagnetic coupling
between each of the copper centers (Table 5), with the
greatest interaction (JS = 106 cm−1) between the two copper
centers with the di-μ3-oxo ligands (Cu1 and Cu2 in Figure 2).
The magnetic behavior of complex 5 indicates antiferro-

magnetic coupling between unpaired spins. A plot of μeff vs T
(Figure S27) shows that the high-spin, quartet state is not fully
populated at room temperature. According to the equation

T8effμ χ= , the room-temperature effective magnetic mo-
ment of 2.51 μB falls short of the spin-only magnetic moment
of 3.87 μB/molecule for three unpaired electrons due to the
antiferromagnetic coupling. Conversely, at the low-temper-
ature region of the SQUID experiment, the effective magnetic
moment value descends to 1.28 μB/molecule, which is smaller
than expected for an S = 1/2 system.
DFT population analysis suggests that the unpaired spin

density in complex 5 resides on the three equatorial Cu(II)
centers and that the axial Cu(I) centers do not participate in
the spin system (Figure 7). For the purposes of interpreting
magnetic behavior, the system was simplified to a D3h trigonal-
planar structure of Cu(II) centers with a μ3-oxo ligand in the
center. This geometric configuration leads to the isotropic
HDVV exchange Hamiltonian for complex 5 shown in eq 4:

Figure 6. Overlaid plots of χT vs T for complexes 1 (black circles), 3
(blue circles), and 5 (red circles) along with fits of the data to the
respective model Hamiltonians for complexes 1 (black line), 3 (red
line), and 5 (blue line).

Table 5. Experimental Exchange Coupling Values for Complexes 1, 3, and 5

complex Jexp (cm
−1) g Gz (cm

−1)b TIP (cm3 mol−1)c zJ (cm−1)d

1 10.3 1.91 2.08 × 10−4 0.22
3a −106 (JS) g1 = g2 = 2.15 1.09 × 10−3

−31 (JM) g3 = g4 = 2.22
−3.6 (JL)

5 −87 2.10 15 −2.13 × 10−4

aSee Scheme 2 for atomic and J-coupling constant naming scheme. bAntisymmetric exchange parameter. cTemperature-independent
paramagnetism. dIntermolecular exchange parameter.
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H J S S S S S S2 ( )iso 1 2 1 3 2 3= − + + (4)

However, the magnetic susceptibility fitting of complex 5 to
the isotropic exchange Hamiltonian alone could not adequately
account for the small χT values observed at temperatures
below 40 K. Intermolecular antiferromagnetic exchange did
not give a realistic explanation for this behavior because the
center-to-center distance between molecular units is 8.2 Å.
Furthermore, inclusion of a mean-field approximation term
(zJ) into the model did not faithfully reproduce the line shape
of the susceptibility at low temperatures.
As reported from previous studies in recent years, triangular

spin systems such as those found in the equatorial copper(II)
atoms of complex 5 have been of great interest because they
exhibit geometric spin frustration.74,75 In these cases, the
HDVV Hamiltonian is insufficient to explain the magnetic
behavior, and therefore the additional inclusion of an
antisymmetric exchange interaction (Gij) between copper
centers is necessary to fit the data. Treatment of the magnetic
data of triangular Cu(II) complexes by including antisym-
metric exchange is well-described in the literature.76 For an
equilateral triangle arrangement of Cu(II) centers, the
antisymmetric exchange Hamiltonian is shown in eq 5

H G S S G S S G S S( ) ( ) ( )ase 12 1 2 23 2 3 31 3 1= + + (5)

in which SiSj is the vector product and Gij is the antisymmetric
vector for which Gij = −Gji. Assuming that the system possesses
D3h symmetry, the vectors in eq 5 are identical, and only the
component perpendicular to the equilateral triangle plane (Gz)
is nonzero. This allows the antisymmetric exchange Hamil-
tonian to be simplified to the form shown in eq 6

H G S S S S S S( )zase 1 2 2 3 3 1= + + (6)

leading to the inclusion of only one additional fitted parameter
with respect to the exchange-coupling-only model Hamil-
tonian. The fit of the data confirms strong antiferromagnetic
coupling in the trinuclear Cu(II) system (J = −87 cm−1) with
an antisymmetric exchange parameter of 15 cm−1 (Table 5).
These values are consistent with those previously reported for
triangular copper(II) compounds. In particular, the ratio of the
two constants (−G/J) found for complex 5 (0.22) is in the
range reported for compounds of this type (0.10−0.25).76

■ CONCLUSION
X-ray crystallography and spectroscopy characterization
showed that the pyridylamide ligands H2bpda and H2ppda
are excellent supporting platforms for Cu(II) clusters
(complexes 1−4) and a mixed-valence copper cluster
(complex 5). The interesting dinuclear, tetranuclear, and
hexanuclear structures of complexes 1−4 demonstrated that
change of ligand coordination donors and reaction conditions
can collaboratively influence the structural conformations of
the resulting complexes. Structural and XPS evidence
demonstrated the localized mixed-valence property of the
pentanuclear copper complex 5. An investigation of the
magnetic properties of complexes 1, 3, and 5 showed either
weak ferromagnetic (complex 1) or antiferromagnetic coupling
(complexes 3 and 5) among copper centers. Due to the
triangular arrangement of the Cu(II) centers in complex 5, an
antisymmetric exchange interaction was required to better
interpret its magnetic behavior. DFT calculations rationalized
the UV−vis and XPS features of these complexes. For complex
5, unpaired spin density isosurface calculations show that the
unpaired spin density resides on the equatorial copper(II)
centers. This evidence supports the conclusion from
spectroscopic characterization regarding the localized mixed-
valence feature of the cluster.
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