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ABSTRACT: Dielectric resonator aided sensitivity-enhancing elec-
tron paramagnetic resonance was successfully applied to small single
crystals of the previously reported metal−organic framework
compound ∞

3 [Cu2
ICu2

II(H2O)2L2Cl2] in a conventional X-band EPR
spectrometer at 7 K sample temperature to reveal the nature of
mononuclear Cu2+ ion defect species. We found that these
paramagnetic defects are not related to an impurity phase or
extraframework species of the parent metal−organic framework
material but are formed within the framework. Novel angular resolved
single crystal continuous wave electron paramagnetic resonance supported by powder measurements and single crystal X-ray
diffraction on this metal−organic framework compound identified defective copper paddle wheel units with one missing Cu2+ ion
as the observed mononuclear paramagnetic species in this compound. The sensitivity enhancement by an estimated factor of 8.6
for the single crystal electron paramagnetic resonance spectroscopy is required to efficiently record the Cu2+ ion signals in single
crystals of typical sizes of 200 × 50 × 50 μm3 at X-band frequencies. The results demonstrate that conventional electron
paramagnetic resonance spectrometers operating at X-band frequencies and equipped with dielectric resonators can successfully
be used to perform single crystal studies of these porous, low density materials with very small volume samples at low
temperatures.

■ INTRODUCTION

Over the last decades, the interest in metal−organic frame-
works (MOFs) as discrete class of porous solids has emerged.1

MOFs, which are formed of metal centers and organic linkers,
are dedicated for gas separation and storage2 and reveal
interesting properties for catalytic application.3,4 A growing part
of research is spent on the magnetic properties of MOFs,5,6

such as the recently observed ferromagnetism in dinuclear Cu2+

based MOFs with Cu2(COO)4 paddle wheels (PWs).7 Among
other characterization methods, electron paramagnetic reso-
nance (EPR) spectroscopy had been used to elucidate the
nature of paramagnetic probes including their interaction with
diamagnetic and paramagnetic adsorbates in MOFs as well as
structural deformation processes upon gas adsorption.8,9

One of the most studied MOFs is the well-known HKUST-
1.10 It is based on PW secondary building units with two Cu2+

ions and forms a regular three-dimensional network of
[Cu3(btc) 2(H2O)3]n with defined cages and channels. The

high porosity found in numerous studies set benchmarks for
adsorption capabilities of MOFs and the effectiveness of
separation of CO2 and CH4.

11 Despite the beneficial properties,
a number of difficulties arise in large scale handling, among
them instability against humid environments and low thermal
resilience,12 which make it worthwhile to synthesize and
investigate novel compounds. Therefore, a MOF material with
the chemical formula ∞

3 [Cu2
ICu2

II(H2O)2L2Cl2] (1) was
prepared by solvothermal synthesis.13 Here, L stands for 3,3′-
(5,5′-(thiophene-2,5-diyl)bis(3-methyl-4H-1,2,4-triazole-5,4-
diyl))dibenzoate).
The structure of this MOF determined by single crystal X-ray

diffraction (XRD) analysis was discussed in a previous report.13

A presentation of the network with space group I212121 is
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shown in Figure 1. The three-dimensional network contains
both Cu+ and Cu2+ ions. The Cu2+ ions build PW units

coordinated by four carboxylate groups of the ligand L and two
water molecules on the apical positions. The Cu+ ions are
coordinated by four nitrogen atoms of four bridging triazole
rings resulting in a tetrahedral coordination environment.
Synthesis, crystal structure, and powder continuous wave (cw)
EPR spectroscopy data of the MOF have been described
recently.13

It was found that the Cu2+ ions in Cu/Cu PW units are
coupled antiferromagnetically and have an excited S = 1
electron spin state and an EPR silent S = 0 ground state.14 The
observed coupling is a direct consequence of the superexchange
of two unpaired electrons residing in a single Cu/Cu PW unit.
Moreover, a pronounced interdinuclear exchange of the excited
spin triplets between neighboring Cu/Cu PW units in the
dehydrated MOF has been reported.13 In addition, the cw EPR
experiments revealed mononuclear Cu2+ ion species of
unknown origin.
The elucidation of the origin of such mononuclear Cu2+ ions

in MOFs containing Cu/Cu PW units seems to be a general
problem, since minor mononuclear Cu2+ species have also been
observed in HKUST-1,8,14 [Zn1−xCux(bdc) (dabco)]0.5,

15 and
STAM-I MOFs16 and were attributed to extraframework
impurities in high local concentrations from untransformed
reactants. However, in many cases a direct proof about the
origin of these cupric ion defect species has not been provided.
In this study, we focus on cw EPR of powder materials and
single crystals of the mononuclear Cu2+ ion species in the as-
synthesized 1. The latter method is often not feasible in MOF
research due to the small size of available single crystals and the
consequently very low spin number and related intensity of the
EPR signals obtained for these porous, low density solids.
Very small samples have become customary for application in

high-field EPR which makes use of the high filling factors from
the regularly small resonant cavities of, for example, the W-
band resonators.17 However, dedicated EPR studies on MOF
crystals with dimensions below some hundred μm edge length
are not frequently reported. Presumably, the insufficient
sensitivity of conventional X-band cw EPR experiments
employed in MOF research prevented such investigations so
far. Therefore, our experiments involve dielectric resonator
(DR) based cw EPR on small single crystals in addition to
conventional setups for cw EPR on MOF powder samples. DRs
are an easy and convenient way to improve the signal-to-noise
ratio (SNR) in conventional EPR spectrometers and have been
applied widely for a long time.18−21 Novel DRs with low

concentration of paramagnetic impurities and high dielectric
permittivities provide an easy-to-use setup for commercial
spectrometers, where the DR is placed in a typical EPR sample
tube together with the studied sample to perform experiments
at temperatures below 77 K.22 Here we describe the application
of these DRs for single crystal MOF cw EPR studies and
present the advantages of their usage compared to measure-
ments in conventional cavity resonators at X-band frequencies.
With these experiments together with studies on MOF
powders, we were able to determine both the principal values
and the orientation of the principal axes of the g tensor and
hyperfine splitting (HFS) tensor A of the mononuclear Cu2+

species in 1 by EPR. In particular, the principal axes of the
interaction tensors can be related with the crystal structure
obtained from XRD. This enabled us to identify the nature of
the mononuclear Cu2+ species in a superior way compared to
previous reports and propose an improved model for the
structure of this framework.

■ EXPERIMENTAL METHODS
Single Crystal Preparation. ∞

3 [Cu2
ICu2

II(H2O)2L2Cl2] was
prepared by solvothermal synthesis with H2O/MeCN (water/
acetonitrile, volume ratio 1:1) as a solvent as described
previously and corresponds to sample 1 therein.13 The obtained
crystals have a maximum length of about 200 μm along the
crystallographic b axis and up to 50 μm in a and c directions.
The latter two are well distinguishable due to the typical
rooftop tails of the short needles. Crystal axis assignment for
single crystals of 1 was performed using a STOE IPDS-2T
image plate detector system with laboratory Mo Kα radiation
(λ = 71.073 pm). The data were processed with the STOE X-
AREA software.23 Diamond 3.2f was used to visualize the
structures.24

The investigated as-synthesized single crystal sample is
shown in Figure 2a. The green specimen is placed with its flat

ab face on a quartz glass fiber end with 300 μm diameter such
that the c axis is pointing along the axis of the wire. The crystal
is fixed and covered with two component epoxy which neither
has a measurable effect on the crystal lattice according to XRD
nor gives any detectable EPR resonances. This glue maintains
the crystal’s stability under multiple cooling and warming
processes and is therefore crucial for our series of single-crystal
EPR experiments of 1. Figure 2b shows the depicted crystal
shape with the crystal axes assignment. To enable modification
of the alignment of the crystal with respect to the DR and the
external magnetic field in the cryostat, an impurity free quartz
glass rod of 1 mm diameter was beveled to house the crystal on
its glass fiber as shown in Figure 2c. This rod fits in the hole of

Figure 1. Ball-and-stick presentation of ∞
3 [Cu2

ICu2
II(H2O)2L2Cl2].

Figure 2. (a) Single crystal of 1 taken for all experiments reported. (b)
Depicted crystal outline with crystallographic axes indicated. (c)
Sketch of the beveled quartz glass rod with 1 mm diameter housing the
crystal glued to the fiber.
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the DR as described later and places the crystal almost exactly
in the radial and lateral middle of the DR.
Single Crystal and Powder cw EPR. The cw EPR

measurements at X-band frequencies were carried out using a
BRUKER EMXmicro X-band spectrometer equipped with a
BRUKER ER 4119HS cylindrical cavity resonator and an
OXFORD ESR 900 flow cryostat for low temperature
measurements. The Q-band cw EPR spectra were recorded
with a BRUKER EMX 10−40 spectrometer operating at 34
GHz. For single crystal measurements at low temperatures and
X-band frequencies, DRs of the type K80-H on the basis of
barium lanthanide titanates solid solutions (BLTss) with the
general formula Ba6−xLn8+2x/3Ti18O54 (Ln = Sm, Nd) have been
employed.22,25 The single crystal sample must be easily
orientable in three dimensions and in order to achieve that it
is placed in differently bevelled quartz glass rods as shown in
the Supporting Information (SI).
One single crystal was used to investigate the angular

dependence of the EPR spectra for rotations about three
distinct axes. These axes were chosen to be preferably parallel
to the crystal axes a, b, and c. Due to the distinct needle shaped
crystal, it was possible to specifically select the intended
orientations, yet with a systematic error of at least ±5° for
various reasons. First, the crystal faces are not perfectly aligned
with the glass fiber. Second, the glass fiber has not been
oriented ideally in the beveled glass rod. Moreover, the glass
rod is not fully erected along the DRs symmetry axis and the
DR is not entirely correctly aligned in the resonator, a
compromise devoted to the easy setup allowing for fast sample
changes. Then the crystal was rotated by the angle φ about one
of the chosen axes, each in steps of Δφ = 5°. This angle may
have a systematic error of up to Δerrφ = 5°, too. The rotations
were started at about φ0 = −30° before a characteristic signal
occurrence and followed up for at least 220° to meet all signals
occurring for a C2 rotational symmetry. Typically, only two
accumulations were taken per spectrum, and for selected angles
repeated scans with up to 40 scans were taken to ensure a safe
signal detection. The single crystal spectra were recorded with
very low power of 60 μW, the powder spectra on the same
spectrometer setup without DR with higher power of 2 mW at
7 K sample temperature. All cw EPR spectra were recorded
with a modulation strength of 5G and frequency of 100 kHz.
Analysis of the EPR spectra has been facilitated by the EasySpin
numerical simulation package for MATLAB.26

■ RESULTS
XRD. During refinement of the crystal structure of 1 based

on single crystal XRD data, a peculiarity concerning the Cu2+

ions was observed. In contrast to the Cu+ ions, the anisotropic
displacement factors for the Cu2+ ion were slightly increased. In
order to investigate the origin of this deviation, the site
occupancy factors (sof) of Cu2+ and Cu+ ions were refined.
Whereas the sof of the Cu+ ions were found to be 0.49 and
0.50, respectively (positions of Cu+ ions are located on 2-fold
axes; expected sof, 0.50), the sof for the Cu2+ ion is refined to
0.933(4). A possible explanation for this observation is the
presence of “defective” PW units, in which only one Cu2+

position is occupied. Based on the XRD data, about 13% of all
PWs would be defective.
Powder EPR. Figure 3 shows the obtained powder

spectrum of 1 measured at X-band frequency and 7 K sample
temperature around values of the g-factor g = 2. The
experimental spectrum in Figure 3a (upper two lines, red)

shows the well-known anisotropic EPR powder pattern of
mononuclear Cu2+ ions with S = 1/2 electron spin interacting
with the nuclear magnetic moments of the 63Cu and 65Cu
isotopes with nuclear spin I = 3/2 each. The excited S = 1 spin
state resonance lines of the antiferromagnetically coupled Cu2+

pair in the PW units are not present in the spectrum due to the
low temperature of 7 K. In the spectrum, two different patterns
assigned to two axially symmetric Cu2+ species A and B can be
identified in accordance to the previous report.13 Both species
show well resolved HFS signals in the g∥ part or their powder
pattern, indicating only moderate strain effects. The spectrum
of each species can be simulated using the spin Hamiltonian
which includes electron Zeeman and hyperfine interactions:

β= +B g S SA Ii i ie 0 (1)

Here the subscript i marks species A or B. gi denotes the g
tensor and Ai the HFS tensor of the respective copper nucleus,
and the total spin Hamiltonian is the sum of both Hamiltonians

i. Though strain effects are moderate, the increasing line
widths of the HFS signals in the g∥ part with increasing field for
both Cu2+ species are typical for correlated g and A strain
distributions.27 Consequently, such a correlated Gaussian g and
A strain distribution have been taken into account in the
simulation of the EPR powder patterns of the Cu2+ species A
and B (see the SI). The simulations revealed almost equal
intensities for both species with axially symmetric and collinear
g and A tensors. The principal values of the axially symmetric g
and A tensors of species A and B in the here studied as-
synthesized sample as obtained by the simulations are given in
Table 1.

Mononuclear Cu2+ Concentration. In addition to the
mononuclear Cu2+ ion signal, the fine structure pattern of Cu/
Cu PW units (two exchange coupled Cu2+ ions result in a total

Figure 3. (a) Experimental powder spectrum at 7 K. (b) Sum of the
simulated spectra of the two mononuclear species. Simulated spectra
of (c) species A and (d) species B.

Table 1. Simulation Parameters for the Mononuclear Cu2+

Species

parameter species A species B

g∥, g⊥ 2.317(2), 2.055(5) 2.359(2), 2.044(5)
A∥, A⊥/10

−4 cm−1 173(1), 18(2) 153(1), 18(2)
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spin S = 1) appears at temperatures above 50 K allowing us to
determine the ratio between the number of mononuclear Cu2+

species and Cu2+ pairs in Cu/Cu PW units.13 We used the
following procedure to determine this ratio. First of all, it is
known that the EPR signal intensity I is proportional to the
magnetic susceptibility χ,28 that is, I = Kχ, where K is a function
of the quality and the filling factors of the resonator as well as
the mw power.29 Second, it is justified to assume that K is the
same for the mononuclear and dinuclear Cu2+ centers.
However, the temperature dependence of χ of these two
species differs significantly. The susceptibility of mononuclear
Cu2+ centers χM at relatively high temperatures obeys the
Currie law30

χ
β

=
N g

k T4M
M e

2
M

2

B (2)

where NM and gM denote the number and effective g value of
mononuclear Cu2+ centers, respectively. In contrast, in the case
of Cu/Cu PW units, it is governed by the Bleaney−Bowers
equation31

χ
β

= +
−

−⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦
⎥⎥N

g

k T
J

k T
2 3 expPW PW

e
2

PW
2

B B

1

(3)

Here, J is the exchange coupling constant (exchange
Hamiltonian = −JS1S2), which was determined in a previous
report to be −278 cm−1.13 NPW and gPW are the number and g
value of Cu/Cu PWs, respectively. Finally, neglecting small
differences between the g values for both species, one obtains
the following expression for the ratio between EPR signal
intensities of mononuclear and dinuclear species:

χ
χ

= = +
−⎡

⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦
⎥⎥

I
I

N
N

J
k T

1
8

3 expM

PW

M

PW

M

PW B (4)

Thus, if J is known, then one can estimate the ratio NM/NPW
just by measuring a single spectrum. In our case, the spectrum
was measured at Q-band frequency and at T = 295 K (Figure
4). The higher spectrometer frequency allowed us to obtain the
complete fine structure pattern of the S = 1 state of the Cu/Cu
PW units. The intensities IPW and IM were determined by
double integration of the simulated signals shown in Figure 4c
and d, respectively. The spin Hamiltonian parameters used for
simulating the fine structure pattern are the same as those in ref
13, g⊥ = 2.072(2), g∥ = 2.383(2), D = −0.355(1) cm−1, and E ≈
0. In such a way, we obtained the ratio NM/NPW = 0.11(2) .
From this, we estimate a net spin number of 1013 mononuclear
Cu2+ EPR spins in the single crystal of 1 with the size of 200 ×
50 × 50 μm3. The ratio NM/NPW = 0.11(1) is also in excellent
agreement with an improved analysis (see SI) of magnetic
susceptibility measurements of 1.13

Single Crystal EPR. Figure 5a shows the experimental
single crystal spectrum with 40 accumulations and the B0 field
vector in the ac plane with ±5° uncertainty for this experiment.
The crystal is oriented such that its a axis and the direction of
B0 form an angle of 20°. The spectrum displays a number of
distinct, angular dependent Cu2+ EPR signals of varying width
and resolution. The poor spectral resolution and the low SNR
in the experiment must be explained by the low spin number
with respect to the resonator sensitivity in general and line
broadening effects among others caused by correlated g and A
strain as in the powder EPR spectra (cf. Figure 3) such that the

EPR lines in the high field region are broader compared to
those in the low field part and are consequently less resolved
(see the SI). The simulated spectra in Figure 5b−f will be
explained in more detail below. An example of a complete
angular dependence of the single crystal of 1 with B0 rotated in
the ac plane (determined with an accuracy of ±5°) is shown in
Figure 6. The resonance fields vary from B = 290 mT, which
corresponds to the parallel part of the powder spectrum of 1, to
B = 340 mT, representing the perpendicular part of the
corresponding powder spectrum. The shown angular depend-
ence resembles a 2-fold symmetry for the rotation in the ac
plane about the angle φ with respect to the respective
crystallographic axes. Experimental spectra for rotations in the
other two planes are shown in the SI. Overall, four angular-
dependent sets of the four S = 1/2, I = 3/2 single crystal copper
HFS resonance field lines can be identified. Two sets of
resonance lines, denoted by A and B, follow the same angular
dependence (α or β), each, but with slightly different resonance

Figure 4. Q-band cw EPR powder spectrum of 1 at room temperature:
(a) experimental spectrum, (b) sum of simulations, (c) simulation of
PW fine structure pattern, and (d) simulation of mononuclear Cu2+

ion signal.

Figure 5. (a) Experimental single crystal spectrum at 7 K, B0 in ac
plane, the angle of B0 with the a axis is 20(5)°, the asterisks mark
artifacts from background subtraction. (b) Sum of simulated spectra.
Simulated spectra of species (c) Aα, (d) Aβ, (e) Bα, and (f) Bβ.
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positions and hyperfine splittings and reach their maximum
respective copper HFS and effective g values under an angle of
φ = ± (20 ± 5)° with the a axis. We assign these two distinct
sets of resonance lines to the two the mononuclear Cu2+ species
A and B observed in the EPR powder spectra of 1.
Consequently, the species (Aα, Aβ, and Bα, Bβ) with distinct
angular dependencies are assigned to two orientations α and β
of their g and A tensors, representing two magnetically
nonequivalent, symmetry related, incorporation sites of the
mononuclear Cu2+ species A and B. The rotations in the other
two planes shown in the SIprovide only one set of copper HFS
lines for each species A and B, indicating that the projections of
the tensor orientations α and β onto the ab and bc plane are
equivalent. The complete angular dependent resonance fields
measured in three orthogonal planes are summarized in Figure
7. It is reasonable to use the principal values of the g and A
tensors of the two species A and B which are found in the
respective powder spectrum (Table 1) to fit simultaneously
these three single crystal angular dependencies. The fit yields

the angles θa,b,c
α,β of the principal axis z of the g and A tensors of

the species Aα, Aβ, Bα, and Bβ with respect to the crystal axes a,
b, and c of the orthorhombic unit cell. Here the z axes
correspond to the symmetry axis of the two magnetic tensors.
We determine the angles θa

α,β = ±20(5)°, θb
α,β = 90(5)°, and θc

α,β

= ±70(5)° of the two tensor orientations assigned to the two
magnetically inequivalent incorporation sites of both species A
and B. Figures 6 and 7 show that for all three planes the
experimentally read off resonance fields fit well enough to the
computed angular dependencies (red and blue lines) using the
obtained angles θa,b,c

α,β and the principal values from Table 1.
Discrepancies between the experimentally obtained and

computed resonance fields in the angular dependencies are
caused by different error contributions: at first, in the
experiment, we must assume a systematic uncertainty of
about 5° of all orientations with respect to the indicated angles.
Second, we observe line broadening effects by correlated g and
A strain in the powder EPR spectra (see Figure 3). Therefore,
likewise in the single crystal spectra, the resonance field lines in
the high field region are broader compared to those at low
fields. Consequently, resonance fields of the low field signals
must be considered to be more reliable for the analysis of the
angular dependency. Finally, the asymmetric experimental line
shape due to insufficient background subtraction, line broad-
ening effects and the general low SNR as seen in the detailed
background subtracted single crystal spectrum previously
shown in Figure 5a introduce an appreciable uncertainty of
up to 1.5 mT in the determination of the resonance field
positions. After all, regarding these error contributions the
simulated resonance field positions reproduce the experimental
observations with acceptable accuracy.
Using the principal values of the g and A tensors of the two

Cu2+ species A and B (Table 1) and the above determined
angles θa,b,c

α,β of the tensor z axes with the crystallographic axes
we can now simulate the single crystal spectrum in Figure 5b
with B0 in the ac plane. The spectrum is composed by a
superposition of the EPR spectra of the four species Aα, Aβ, Bα,
and Bβ which correspond to the two magnetically non-
equivalent sites of species A and B with tensor orientations α
and β. In the simulation of the single crystal spectra we
employed again a correlated g and A strain line broadening
model using the same parameters as for the simulation of the
powder pattern (see the SI). This line broadening model may
also account for the increasing line widths of the copper HFS
signals in the single crystals spectrum in going from lower

Figure 6. Angular dependent EPR spectra of the single crystal of 1 for
a rotation of the magnetic field vector B0 in the ac plane with ±5°
accuracy for all angles. The colored and differently dashed lines mark
the four sets of simulated resonance fields of the two species A and B,
each for the two tensor orientations α and β.

Figure 7. Angular dependent resonance field positions of the mononuclear Cu2+ species measured in three orthogonal planes (the size of the black
open squares resembles error limits) and the simulated angular dependencies of the single crystal of 1 (red, blue lines).
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toward higher magnetic fields. But in addition, we observe that
the low field HFS line of the species Aβ and Bβ are more
broadened than those of Aα and Bα, indicating the presence of a
further line broadening mechanism. For the given orientation,
the magnetic field B0 is approximately parallel to the symmetry
axis of the g and A tensors for the tensor orientation α (species
Aα, Bα), whereas it forms an angle of 40° for the tensor
orientation β. As the latter orientation is more affected by this
second line broadening effect, we propose a Gaussian
distribution of the angles θa

α,β and θc
α,β with a small distribution

width Δθ ≈ 2.4°. Indeed, taking into account both line
broadening mechanisms, we can simulate the single crystal
spectrum in Figure 5a by a superposition of the EPR signals of
all four species in Figure 5c−f, namely Aα, Aβ, Bα, and Bβ with
satisfying agreement. In the simulation, we assumed identical
intensities for species A and B, although in general the intensity
ratio of species A and B may vary to certain extend among
different crystals. In the low field region of Figure 5a, it is easy
to identify the resonance fields while at higher fields (300−340
mT) the resonance lines are broader, less well resolved and
rather asymmetric. This explains also why the accuracy in the
determination of the resonance fields in the range 300−340 mT
is limited and leads to some discrepancies between
experimental and computed angular dependencies of the
resonance fields in that field range (Figure 7).
After all, we have identified two approximately equally

populated, axially symmetric Cu2+ species A and B that are
incorporated at two magnetically inequivalent, symmetry
related sites (tensor orientations α, β) into the framework of 1.

■ DISCUSSION
The cw X-band EPR data reveal the presence of two distinct
mononuclear Cu2+ species A and B in ∞

3 [Cu2
ICu2

II(H2O)2L2Cl2]
(1). EPR measurements on single crystals provided clear 2-fold
angular dependencies of their corresponding resonance fields.
This can be linked to the crystal structure of 1 with space group
I212121 with perpendicular screw axes along the three
crystallographic axes leading to two magnetically nonequivalent,
symmetry related sites. Hence, the obtained angular depend-
ency mirrors the crystal structure of 1. Therefore, we conclude
that species A and B are located at well-defined sites within the
MOF crystallites of 1 and are not formed in a minor
amorphous impurity phase. Moreover, the well resolved EPR
powder patterns of A and B with only minor correlated g and A
strain effects suggest an incorporation of the mononuclear
cupric ion species at well-defined lattice sites. For instance the
Cu2+ ions in the Cu/Zn PW units of a partially zinc substituted
HKUST-1 MOF exhibit likewise EPR powder patterns of
superior resolution without any noticeable strain effects.32

Otherwise, extraframework Cu2+ species usually give rise to
poorly resolved powder spectra due to substantial g and A
strains or high local concentrations.14

There are three distinct metal ion sites in the framework of 1,
two Cu(I) sites each with a distorted tetrahedral coordination
to four nitrogen atoms and the Cu(II) sites in the Cu/Cu PW
units which have a local C4 symmetry axis along the Cu−Cu
direction. In these Cu/Cu PW units, the cupric ions are
coordinated by four basal oxygen atoms of bridging carboxylate
groups of the ligands and an apical oxygen atom of the axially
coordinating solvent water molecule in a square pyramidal
coordination symmetry (Figure 1). The two magnetically
nonequivalent, symmetry related PW orientations are formed
by the screw axes in a, b, and c direction of space group I212121.

Although it is usually not possible to deduce from the
principal values of the Cu2+ g and A tensors the exact metal ion
coordination geometry, the gzz and Azz parameters of the cupric
ion species provide a rough guide to the overall coordination
geometry of the metal ion site. Based on a number of studies of
Cu2+ ions in an oxygen coordination environment, Azz increases
from ∼0.007 cm−1 for tetrahedral symmetry, through elongated
distorted octahedral symmetry with ∼0.0130 cm−1, square
pyramidal, and trigonal pyramidal to ∼0.0190 cm−1 for square
planar symmetry, whereas gzz decreases from 2.516 to 2.245 for
this sequence of coordination symmetries.33,34 So the values of
gzz ∼ 2.42 and Azz ∼ 0.0130 cm−1 indicate a distorted
octahedral coordination of the Cu2+ ions to six oxygen atoms,35

but gzz ∼ 2.279 and Azz ∼ 0.0190 cm−1 suggest rather a square
planar coordination.32 In the case of a coordination of the
cupric ion to four nitrogen atoms, a transformation from a
tetrahedral to a planar coordination symmetry is accompanied
by change from gzz ∼ 2.32 and Azz ∼ 0.0080 cm−1 to gzz ∼ 2.18
and Azz ∼ 0.0200 cm−1.36 The obtained parameters gzz and Azz
of two distinct mononuclear Cu2+ species A and B in Table 1
indicate a square pyramidal oxygen environment. Indeed,
comparable Cu2+ spin Hamiltonian parameters have been
reported for cupric ions with axially coordinating water or
methanol molecules in Cu/Zn PW units of a partially zinc
substituted HKUST-1 MOF. Furthermore, both tensors g and
A are axially symmetric within the experimental accuracy in
accordance with a square pyramidal coordination of the Cu2+

ions.32 Therefore, and for other chemical aspects, we may rule
out that the two Cu2+ species A and B are formed by oxidation
of Cu(I) with their distorted tetrahedral nitrogen coordination.
We rather assume the formation of defective Cu/Cu PW units
with one missing cupric ion as illustrated in Figure 8.

In that case, the z principal axes of the g and A tensors of the
metal ion shall be directed along the local C4 symmetry axis of
the former Cu/Cu PW unit. Our angular dependent EPR
measurements on small single crystals of 1 confirm this
assignment. The C2 symmetry in the angular dependent spectra
can be explained fully with the two magnetically nonequivalent
sites for the Cu/Cu PW units related via the 21 screw axes in
the crystal structure of 1 with space group I212121 as illustrated
in Figure 8. For both sites, the local C4 symmetry axis of the
Cu/Cu PW units are oriented parallel to the crystallographic ac
plane and form an angle with the a lattice axis of about ±21°.
Table 2 compares the angles θa, θb, and θc between the C4
symmetry axis of the Cu/Cu PW units and the lattice axes with

Figure 8. Projection of 1 with two magnetically nonequivalent intact
and two defective PW units. The vectors indicate the two possible
orientations α and β of the z principal axes of the tensors g and A.
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those angles the z principal axes of the g and A tensors of the
two Cu2+ species A and B form with the lattice axes for the two
tensor orientations α and β. Both sets of angles with the lattice
axes are in good accordance taking into account the
experimental errors of the determined angles of the z principal
axes of the two tensors. The direction of the z principal axes of
the tensors g and A deviates only by ∠(z, r) = 5. 1(5)° from the
C4 symmetry axis r of the Cu/Cu PW units. Moreover, EPR
angular dependencies and the obtained two orientations α and
β of the g and A tensors are in accordance with the two
magnetically nonequivalent sites of the PW units (Figure 8)
and reflect the crystal symmetry of 1.
The suggested defect model for the mononuclear Cu2+

species A and B of a defective PW unit with one missing
cupric ion is supported by the results of XRD measurements
and relative EPR intensity measurements. The XRD refinement
of the crystal structure of 1 gave a site occupancy factor of
0.933(4) for cupric ions in PW units. Consequently,
approximately 13% of the PW units are defective with one
missing cupric ion. The analysis of the relative intensities in the
EPR powder spectra of 1 provide a ratio between the
mononuclear Cu2+ species, in that case the defective PW
units, and the intact Cu/Cu PW units. This ratio of 0.11
corresponding to about 10% defective PWs with respect to all
PW units is in good accordance with the XRD sof-analysis. The
approximately 10% of defective PWs must be compared to
0.01% of the PWs located at the surface of a single crystal with
these dimensions which supports the rejection of the dangling-
bond model from surface states.
Our proposed defective PW unit model accounts well for the

EPR results of both powder and single crystal studies of 1 as
well as the XRD refinement of the crystal structure. However,
we may only speculate about the occurrence of two
mononuclear Cu2+ species A and B with the identical
orientations of the principal axes frames of their g and A
tensors but with distinct principal values. The latter indicate
slightly different coordination environments of the two cupric
ion species presumably caused by some minor but well-defined
deformations of the defective PW units. One possible
explanation might be that a defective PW unit with one
missing Cu2+ ion carries a 2-fold negative charge that must be
compensated for instance by the protonation of the non-
bonding oxygen atoms of the carboxylate groups. The required
two protons may bind to either two adjacent or two opposite
lying oxygen atoms leading to two slightly different
coordination environments of the Cu2+ ion in the defective
PW unit. Otherwise, a removal of the axial water ligand to the
cupric ions in the PW units or its substitution by another polar
solvent molecule may lead to a modification of the axial ligand
field at the metal ion and consequently likewise to a small
change in the gzz and Azz principal values of the tensors g and
A.37 In both scenarios, the changes to the coordination
symmetry of the cupric ion are expected to be small so that the

axial symmetry of the g and A tensors and its orientation are
conserved within our experimental accuracy. It must be noted
that the g and A parameters of the two species in the
compound ∞

3 [Cu2
ICu2

II(H2O)2L2Cl2] are very sensitive to minor
structural changes of the framework induced for example by
different activation procedures.13 This shows the sensitivity of
both tensors with respect to small changes in the coordination
environment of the Cu2+ ions in the defective PW units.

■ CONCLUSIONS

All single crystal measurements have been performed in a
conventional X-band EPR spectrometer at 7 K sample
temperature using DR aided sensitivity-enhancing cw EPR.
The successful application of this technique at nonambient
temperatures demonstrates the feasibility and potential of EPR
spectroscopy on conventional X-band EPR spectrometers for
the study of small single crystals even of porous, low density
MOF materials. By comparative measurements, we confirmed
the sensitivity enhancement by an estimated factor of 8.6 based
on earlier studies22 and could show the DRs are nevertheless
mandatory to study successfully mononuclear Cu2+ centers in
MOF single crystals of typical sizes of 200 × 50 × 50 μm3.
We found relatively well identifiable, distinct, angular

dependent EPR spectra of mononuclear Cu2+ ion species in
single crystals of the framework ∞

3 [Cu2
ICu2

II(H2O)2L2Cl2] and
deduced an ordered origin from a crystalline phase of these
signals. We verified this angular dependency at three different
rotations of B0 in the crystallographic ab, bc, and ac plane. The
recorded spectra are sufficient to identify two species A and B
of the mononuclear Cu2+ in two magnetically nonequivalent
sites each. The angular dependencies can be fitted by the
principal values of the g and A tensors of the species A and B as
determined from the corresponding EPR powder spectra and
the determined orientations α and β of the z principal axes of
the magnetic tensors allow an assignment to defective PW units
with one missing Cu2+ ion. On the basis of EPR intensities of
powder materials and XRD studies of single crystals, we suggest
that about 10% of the PW units are defective in the MOF
structure.
The results demonstrate that cw X-band EPR can help to

explore defect sites in MOF compounds and open an
interesting field of high-sensitivity MOF single crystal studies
using conventional EPR spectrometers.
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