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1. Introduction

Identification of vanadium dopant sites in the
metal—organic framework DUT-5(AL)¥
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Studying the structural environment of the V'V ions doped in the metal-organic framework (MOF) DUT-
5(Al) ((A'"'OH)BPDC) with electron paramagnetic resonance (EPR) reveals four different vanadium-related
spectral components. The spin-Hamiltonian parameters are derived by analysis of X-, Q- and W-band
powder EPR spectra. Complementary Q-band Electron Nuclear DOuble Resonance (ENDOR)
experiments, Scanning Electron Microscopy (SEM), Energy Dispersive X-ray spectroscopy (EDX), X-Ray
Diffraction (XRD) and Fourier Transform InfraRed (FTIR) measurements are performed to investigate the
origin of these spectral components. Two spectral components with well resolved *V hyperfine
structure are visible, one corresponding to VV=0 substitution in a large (or open) pore and one to a
narrow (or closed) pore variant of this MOF. Furthermore, a broad structureless Lorentzian line assigned to
interacting vanadyl centers in each other's close neighborhood grows with increasing V-concentration.
The last spectral component is best visible at low V-concentrations. We tentatively attribute it to
(VV=0)?" linked with DMF or dimethylamine in the pores of the MOF. Simulations using these four
spectral components convincingly reproduce the experimental spectra and allow to estimate the
contribution of each vanadyl species as a function of V-concentration.

catalyst in the liquid phase oxidation of cyclohexene.’ However,
this framework is not completely stable in aqueous environment.

Metal-organic frameworks (MOFs) are porous crystalline
materials constructed of metal-inorganic units connected with
organic linker molecules. By choosing the right building blocks
their structural characteristics, like crystal lattice, pore shape
and size, and physicochemical properties can be adjusted,
giving MOFs a competitive advantage over other porous
materials, like zeolite frameworks or activated carbon. Various
applications for MOFs have been demonstrated or are currently
being explored, e.g. in catalysis, sensing, gas storage, separation
and adsorption.*”® Our interest in these materials started with
the MOF MIL-47"° (MIL = Matériaux de I'Institut Lavoisier),
consisting of V=0 nodes connected by BDC (1,4-
benzenedicarboxylate) linkers, that proved to be an efficient
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Therefore, alternatives were investigated, like the more stable
isoreticular ~structures MIL-53(Al) ((AI™OH)BDC)"' and
DUT-5(Al) ((AI"™OH)BPDC, BPDC = biphenyl-4,4’-dicarboxylate)
(DUT = Dresden University of Technology)'”> doped with
catalytically active V'V, This mixing of metals in MOFs opens
a wide variety of new customization options."

MIL-53(Al) has been extensively studied over the last 15 years.
Its framework has the property generally referred to as “breathing”:
it can reversibly change between a state with open, large pores
(Ip) and a state with closed, narrow pores (np). Some other
representatives of the MIL-53 family (M"(OH)BDC) have also
been reported to exhibit breathing (M =V, Cr, Ga),"**® while
others do not (M = Fe, Sc)."”'® In general these transitions can
be induced by external triggers, like temperature, mechanical
pressure and exposure to (and the presence of) certain gasses,
most notably water vapor and CO,. After solvothermal synthesis,
the as synthesized structures (as) do not immediately exhibit
breathing. Solvent and excess linker molecules that block the
pores need to be removed first by solvent extraction or
calcination (i.e. activation of the MOF).

Studying MIL-53(Al) doped with vanadium, we found that
the electron paramagnetic resonance (EPR) spectrum of
vanadyl defects (in which V'V has a 3d" electron configuration
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with effective electron spin S = 1/2), replacing regular AI-OH
nodes in the framework, is a very sensitive marker for the
framework state.”'®*° By monitoring X-ray diffraction (XRD),
Fourier Transform Infrared (FTIR), and multifrequency EPR
spectroscopy in situ during breathing transformations, we were
able to isolate and completely characterize the EPR spectra
for V?Y=0 defects in four different states of the MIL-53(Al)
framework. When stored at room temperature (RT) and ambient
air atmosphere, activated MIL-53(Al) adopts a hydrated np
framework state (np-h). Upon heating, the framework dehydrates
(np-d) before making the transition to the lp state. A detailed
study of the V'Y=0 EPR spectra for the np-h and as states reveals
that at least two slightly distinct dopant sites co-exist, in contrast
to only one dopant site for the other two states. Upon fully
replacing Al with V as metal node, MIL-53(V) is formed, which
takes a special position: when activated by solvent extraction
without changing the oxidation state of the metal ions (V'"), it
exhibits breathing. However, with calcination of the sample the
metal-inorganic backbones transform into vanadyl (V""—O0)
chains, and the framework adopts a rigid Ip structure, that of
MIL-47."° Remarkably, during this transition the EPR spectrum
always exhibits a broad signal without resolved 'V hyperfine
structure, which is resolved for isolated vanadyl centers in the
framework.

DUT-5(Al) has the same topology and metal-inorganic
building blocks as MIL-53(Al), but with a longer linker
molecule. It remains in a rigid open pore structure, thus it
does not exhibit breathing.>* On the contrary, in (V'Y¥=0)BPDC,
i.e. COMOC-2(V) (COMOC = Centre for Ordered Materials,
Organometallics and Catalysis, Ghent University),>* we recently
detected a new type of CO,-triggered breathing. Only a part of
the framework changes state as a function of CO, pressure,
while the rest remains in the original Ip state. The “breathing”
part of the framework first transforms to a np state and then
opens again at higher pressures to a Ip state, which is markedly
different from the original. Even for MOFs that do not exhibit
breathing, both the open and closed pore framework can exist.
For example DUT-4 synthesized in DMF always gives a Ip phase.
On the contrary, when it is hydrothermally synthesized a np
phase, also called MIL-69, is formed.'*22?

In our earlier investigation of mixed (AI"™OH),
(VY=0),_,BPDC MOFs, we detected several V'V=0 spectral
components in the EPR spectra.>? At low V-concentrations two
components were visible. One shows the typical characteristics
of V?V=0 substituting for regular AI-OH units in MIL-53(Al) in
the Ip framework state. We determined the spin-Hamiltonian
parameters for this spectral component and provided evidence for
its assignment. The other one present at low V-concentrations
dominates the EPR spectrum recorded on the sample in air.
However, it proved difficult to completely isolate it. Its spin-
Hamiltonian parameters are unlike any parameters for vanadyl
centers in MIL-53(Al):V.

At higher concentrations of V in the framework of DUT-5(Al),
additional spectral components were visible. The contribution
of a broad single line without hyperfine (HF) structure steadily
grows with increasing V-concentration. Secondly, we observed
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the z-component HF pattern of an additional vanadyl center,
with EPR characteristics pointing to substitution for framework
Al-OH in a np state. Re-examination of the XRD patterns of
these MOFs seemed to support this a priori unexpected
identification, in view of the rigidity of the DUT-5 framework
and the fairly low (9%) global V-concentrations at which a np
state would already occur.

In the present paper, we report on a detailed spin-
Hamiltonian analysis of all four spectral components. Simulations
of the isolated experimental EPR spectra show very good
agreement. A decomposition using these four components is
performed. Furthermore, we aim at further identifying the
dominant spectral components in the powder EPR spectra of
DUT-5(Al):V by analysis of X-, Q- and W-band EPR spectra
complemented with Q-band electron nuclear double resonance
(ENDOR) experiments, scanning electron microscopy (SEM)
images combined with energy dispersive X-ray spectroscopy
(EDX), FTIR and XRD. Next to a concentration series of VOSO,
doped DUT-5(Al) samples,® samples doped in different ways
and/or in different synthesizing conditions have also been
investigated in search of the identification of specific EPR
signals.

2. Experimental
2.1 Synthesis of the materials

The synthesis of the DUT-5(Al):V concentration series was
described by Depauw et al.®> A mixture of dimethylformamide
(DMF), H,BPDC and different ratios of the metal salt vanadium
oxide sulphate (VOSO,-H,0) and aluminum nitrate (Al(NO3);-
9H,0) were sealed in a flask, slowly heated to 421 K and kept
at this temperature while stirring for 16 h. The crystalline
material was filtrated and washed with DMF, methanol and
acetone. Solvents were removed by keeping the sample at 393 K
under vacuum for 2 h. The labels for the concentration series
samples are in agreement with those given in Depauw et al.,’
CS-01 being the sample with the highest V-concentration (81%)
and CS-08 with the lowest concentration (1%). For comparison,
a similar mixed-metal MOF has been synthesized, using VCl; as
metal dopant salt instead of VOSO,-H,0, following the same
procedure described above (labelled T-VCl;). Another sample
was made where VOSO,-H,O was diluted in DUT-5(Al) by
mixing 1% of VOSO, and 99% of DUT-5(Al) in DMF, stirring
for 10 minutes in a temperature controlled (421 K) reaction
vessel (labelled T-VOSO,). Furthermore, a calcination step was
performed on four samples. T-VCl;-H was heated for 16 h
at 425 K. CS-08-H, CS-07-H and CS-05-H were heated for 14 h
at 525 K. Finally, frozen solutions of VOSO,-H,O in DMF
and DMF + H,BPDC have also been investigated. Table 1
summarizes the labels of the samples that were investigated
in this study.

2.2 EPR measurements and analysis

All EPR and ENDOR measurements were recorded in continuous
wave (CW) mode.
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Table 1 Overview of the samples. Samples with an asterisk * are not
discussed here, but were the subject of previous work. Aluminum and
vanadium concentrations for the concentration series samples were
measured by inductively coupled plasma-optical emission spectrometry
(ICP-OES) and inductively coupled plasma-mass spectrometry (ICP-MS)
respectively.3 Vanadium concentrations for the other samples were esti-
mated based on the precursor materials used in the synthesis

Sample V (%) Label
COMOC-2(V) 100 COMOC-2
COMOC-V, g:Alp10* 81 CS-01
COMOC-V ¢6Alp 34* 66 CS-02
COMOC-V 46Alp 54 46 CS-03
COMOC-V, 53Al0.77 23 CS-04
COMOC-V; goAlg 01 9 CS-05
COMOC-V, o5l o3 7 CS-06
COMOC-V, 95Aly.07 3 CS-07
COMOC-V ¢1Alg.99 1 CS-08
DUT-5(Al)* 0 DUT-5
DUT-5(Al) 1% VCl, 1 T-VCl,
VOSO, + DUT-5(Al) 1 T-VOSO,
VOSO, + DMF 4 S-DMF-01
VOSO, + DMF + H,BPDC 4 S-DMF-02
Calcined DUT-5(Al) 1% VCl; 1 T-VCl;-H
Calcined COMOC-V;, 9:Aly.00 1 CS-08-H
Calcined COMOC-V o3Alg.97 3 CS-07-H
Calcined COMOC-V ooAlg 91 9 CS-05-H

X-Band EPR was performed with two different setups. Most
X-band spectra were recorded using a Varian E-line spectro-
meter with a standard rectangular cavity (TE102 mode), a HP
5342A microwave frequency counter, and a Bruker NMR ER
035 M Gaussmeter, using diphenyl picrylhydrazyl (DPPH; g =
2.0036) for field calibration. Spectra were recorded at RT, 5 mW
microwave power, 10 kHz modulation frequency and 0.2, 0.4 or
1.0 mT modulation amplitude. Some of the X-band EPR
measurements were performed using a Bruker ESP300E
spectrometer equipped with an ER 4102-ST rectangular cavity
or an ER 4114HT high-temperature resonator, a HP5350 B
frequency counter and a Bruker NMR ER 035M Gaussmeter,
again using DPPH for field calibration. Spectra were recorded
with the same conditions as in the Varian setup, but with
100 kHz modulation frequency. All spectra were frequency
normalized to 9.5 GHz by a field shift, because the field span
of the EPR spectrum is largely determined by the HF structure.

A Bruker ElexSys E500 spectrometer was used for the Q-band
EPR and ENDOR measurements, equipped with an Oxford
Instruments CF935 He-flow cryostat (2-300 K). A Pendulum
CNT-90XL frequency counter and a Bruker NMR ER 035M
Gaussmeter were used to measure microwave frequency and
magnetic field, respectively. The g, component of the CO;*~
radical in irradiated calcite powder (g = 2.0031)** was used as a
reference for field calibration. All spectra are normalized to
34 GHz frequency. Spectra were recorded both at RT and at
10 K. At RT, 5 mW microwave power was used with 100 kHz
modulation frequency and 0.2 or 0.4 mT modulation
amplitude. At 10 K, 0.0063 mW microwave power was used
with 12.5 kHz modulation frequency and 0.4 mT modulation
amplitude. ENDOR spectra were recorded with 0.25 mW
microwave power, 200 W RF power and 250 kHz modulation
depth. High intensity ENDOR signals were observed when the
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sample was inserted (quenched) in a precooled cavity, while
signals were weak if the sample was slowly cooled starting from
RT in the cavity. Simulations of EPR and ENDOR spectra were
performed using the Easyspin toolbox (version 5.2.27) for
MATLAB.*

For the W-band (94 GHz) measurements a Bruker ElexSys
E680 setup was used. EPR spectra were recorded at RT with
100 kHz modulation frequency, 0.8 mT modulation amplitude
and 0.044 mW microwave power.

For X-band EPR measurements, powder samples were
placed in one-end closed quartz tubes (5 mm outer diameter),
either in ambient air or evacuated by continuous pumping
(» = 30 Pa). For the Q-band EPR measurements, powder
samples were also placed in quartz tubes (typically 2 mm outer
diameter). In both microwave bands, approximately equal
masses were used within the concentration series, allowing
comparison of absolute EPR signal intensities. The spectra
were recorded either with the samples in air, under vacuum
by continuously pumping the sample tube, or by flushing the
cavity with He gas (N50: >99.99% mole). Under the latter two
conditions, identical spectra were obtained in all studied cases.

2.3 Other characterization techniques

SEM images were obtained using a Thermo Fisher Scientific
QUANTA 200F system operating at a pressure of 5 x 10> Pa.
For element mapping a Hitachi S3400-N (back-scattered elec-
tron images) with connected Thermo Fisher Scientific Noran 7
EDS system was used, operating at a pressure of 20 Pa. For both
setups the spectra were measured using 20 kV acceleration
voltage. EDX spectra were processed using the Thermo Fisher
Scientific NSS 3 software. Element mapping in Fig. S6 in ESIf is
based on the following lines: Al Ko - 1.486 keV; C Ka -
0.277 keV; O Ka - 0.525 keV; V Ko — 4.953 keV.

Powder XRD in air was carried out on a Siemens D5000
diffractometer equipped with a Cu anode X-ray source (Cu Ko,
4 =1.5406 A).

A Bruker Vertex-80v spectrometer equipped with a single
bounce attenuated total reflection (ATR) unit with a diamond
ATR crystal was used for measuring FTIR spectra in the 100-
6000 cm ™' range in an evacuated sample compartment
(~200 Pa).

2.4 Computational details

Theoretical IR spectra of the np and Ip phases of DUT-5(Al) and
COMOC-2(V) were determined via static density functional
theory (DFT) calculations with the Vienna Ab initio Simulation
Package (VASP).?® The calculations were performed at the PBE
level of theory”” including Grimme’s D3 dispersion
corrections®® with Becke-Johnson damping.>® The projector-
augmented wave method was applied®® using a plane wave
basis set with a cutoff energy of 600 eV and a Monkhorst-Pack
k-mesh®! with 1 x 6 x 2 k-points for the Ip phase and 1 x 6 x 6
k-points for the np phase. For COMOC-2(V), spin polarized
calculations were performed in which all spins pointed in the
same direction. Equilibrium configurations of the np and Ip
phases of DUT-5(Al) and COMOC-2(V) were obtained by
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constructing a volume-energy equation of state. This required
geometrical optimizations of the 4 structures at different unit
cell volumes in which the cell volume was kept fixed, but the
atom positions and cell shape were allowed to vary. The optimal
volume was derived from a Rose-Vinet fit and a final geometry
optimization at this volume was performed. The geometry
optimizations were considered to be converged when the
energy difference between subsequent steps was less than
107 eV. The vibrational modes and frequencies of the resulting
equilibrium configurations were obtained from a normal mode
analysis of the Hessian. The latter was calculated via a finite
difference approach with 2 displacements of 0.015 A for every
atom in each Cartesian direction. The IR intensities of
the different vibrational modes were obtained via density
functional perturbation theory (DFPT).?>*?

3. Results

3.1 EPR components: spin-Hamiltonian parameters

3.1.1 lp component. As reported in Maes et al.,” measuring
EPR spectra of DUT-5(Al) samples doped with low V-concentration
(CS-08 and CS-07) reveals two spectral components. There is
one component that becomes clearly visible at lower pressures.
Subtracting the EPR spectrum measured in air from that
measured in vacuum yields a well-isolated EPR spectrum that
we were able to simulate using a single set of spin-Hamiltonian
parameters. Table 2 presents the spin-Hamiltonian parameters
used for this simulation, compared to those of the different
vanadyl centers in MIL-53(Al):V."**?° Fig. 1A contains the
simulation of this component on this difference EPR spectrum
for X-, Q- and W-band. Initially spin-Hamiltonian parameters
were determined using X- and Q-band measurements. W-Band
measurements confirmed the previously determined spin-
Hamiltonian parameters. The g- and A-tensors are both typical
for vanadyl centers and are almost axial. There is a small tilting
between the principal axes of both tensors. We labeled this
component the Ip component. More information on this
assignment is presented in Section 4.1.

3.1.2 BL component. A second spectral component is
visible in the EPR spectrum for the samples with low
V-concentration and appears to be independent of pressure.

View Article Online
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Fig. 1 X-Band (left, 9.5 GHz), Q-band (middle, 34 GHz) and W-band
(right, 94 GHz) RT powder EPR spectra of: (A) the lp component of
DUT-5(AD:V: black — experiment, red — simulation. The experimental
spectrum was constructed by subtracting the CS-07 EPR spectrum
measured in air from the CS-07 EPR spectrum measured at 30 Pa. An
anisotropic Gaussian linewidth was used for the simulations (X-band:
HStrain = [13, 16, 15] MHz; Q-band: HStrain = [16, 24, 28] MHz, W-band:
HStrain = [42, 48, 45] MHz). (B) The BL/Blp component of DUT-5(Al):V:
black — experiment, red — simulation. The experimental spectrum is the
EPR spectrum of CS-07 measured in air. In W-band a Lorentzian line was
subtracted. An anisotropic Gaussian linewidth was used for the simulations
(X-band: HStrain = [56, 69, 57] MHz; Q-band: HStrain = [88, 130, 169] MHz,
W-band: HStrain = [110, 227, 206] MHz). (C) The np component of
DUT-5(AD:V: black — experiment, red — simulation. The experimental
spectrum was obtained by elimination of the lp, BL/Blp and Lorentz
component from the CS-04 spectra measured at ambient air pressure.
An anisotropic Gaussian linewidth was used for the simulations (X-band:
HStrain = [21, 31, 46] MHz; Q-band: HStrain = [52, 54, 54] MHz, W-band:
HStrain = [72, 83, 79] MHz).

W-band, 94 GHz

3300 3350 3106 3450 3500 3550 3600
Field (mT)

Although it proved impossible to completely isolate this com-
ponent, when the spectra are recorded on low V-concentrated
samples exposed to air, the lp component is significantly
broadened,> making it possible to extract fairly good spin-
Hamiltonian parameters for this second spectral component
(see Table 2). The g- and A-tensors both are typical for vanadyl
centers. However, they are now clearly rhombic, and within the
experimental error there is no tilting between the principal axes
of g and A. Its linewidth parameters are, as already mentioned,
much larger than for Ip at low oxygen partial pressure. Because

Table 2 Spin-Hamiltonian parameter set extracted from X-, Q- and W-band EPR spectra at RT of the spectral components of DUT-5(AL):V and of the
states of MIL-53(Al):V. Principal values of the g-tensor and the 'V HF- (A-) tensor are shown, together with the relative Euler angles describing the tilting
between the principal axes of both tensors (for their definition, see ref. 25). The parameters for the lp component are reproduced from Maes et al.? and
the parameters for the MIL-53(Al):V states are reproduced from Nevjesti¢ et al.?° Errors on the principal values are indicated in subscript

Vanadyl center i & g A, (MHz) Ay (MHz) A, (MHz) o (%) B () 7 (%)
MIL-53(Al):V np-h 1 1.972240 1.962310 1.931640 164.9; 4 174.21 0 506.4; o -8, —14, 0,
MIL-53(Al):V np-h 2 1.971340 1.9594,, 1.9324,0 162.51 170.9, ¢ 504.1, ¢ -8, 14, 0,
MIL-53(Al):V np-d 1.9719, 1.9634, 1.9292, 165.9; ¢ 173.040 505.74.0 -8, 14, 0,
MIL-53(Al):V as 1.972540 1.9669;¢ 19391, 163.0,0 165.04.0 492.0, 4 -8, —12, 0,
MIL-53(Al):V Ip 1.9724, 1.9675, 1.9387, 165.64¢ 164.34 0 495.5, 0, —11, 0,
DUT-5(AL):V Ip 1.9729; 1.9685 1.9391, 167.33 165.75.0 495.5,4 0, -10, 0,
DUT-5(Al):V np 1.971740 1.963740 1.927840 165.05 ¢ 174.95 ¢ 510.15, —12, —13, 0,
DUT-5(Al):V BL 1.976540 1.9742,, 1.9399,, 190.55 o 165.65 0 517.75.6 0, 0, 0,
DUT-5(A1):V BL/Blp 1.977040 1.9722,0 1.940140 184.55, 165.65.0 509.75.0 0, 0, 0,
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of its considerably broader linewidth compared to Ip at low
pressure, we earlier labeled this component the broad line (BL)
component. However, as mentioned above and further
explained in Section 3.2, the EPR spectrum in Fig. 1B contains
not only the BL component, but also a broadened Ip (Blp) one.
Therefore we label this combination of two components as BL/Blp.

3.1.3 np component. At higher V-concentrations (from CS-05),
two additional components become clearly visible: a narrow-
line component with resolved HF structure labelled np
(see Section 4.1 for the motivation of this labeling) and a broad
Lorentzian line appearing as a background in the spectra.
In order to isolate the narrow-line component we started from
the EPR spectrum of the CS-04 sample measured in vacuum,
where it is best visible. The EPR spectrum of the CS-07 sample
measured in air (the BL/Blp component), the isolated Ip
component spectrum and a broad Lorentzian line were then
subtracted from that CS-04 spectrum measured in vacuum. The
resulting EPR spectrum was then fitted in order to extract the
spin-Hamiltonian parameters. Fig. 1C presents the EPR
spectral component isolated in this way and its simulation in
X-, Q- and W-band. The spin-Hamiltonian parameters are
presented in Table 2. This isolation procedure works very well
for X-band, where we were able to simulate the resulting EPR
spectrum very convincingly. For Q- and W-band however, this
procedure was less successful in isolating this component
completely. Moreover, in W-band a lot of the spectral features
of the Ip component overlap with this component.

3.1.4 Lorentz component. The very broad Lorentzian line
visible in the spectra increases in amplitude and intensity and
gets narrower as the V-concentration increases. No HF structure
is resolved in this spectral component. It also has a more
prominent contribution to the spectrum as the microwave
frequency increases. In W-band this component dominates
the spectra even at low V-concentration. Table 3 contains the
g-value and linewidth parameter of the fit of this Lorentzian
component for the samples measured in X-, Q- and W-band at
30 Pa. The parameters for the spectra measured in air are very
similar. The average g-value of this line is slightly different in
X-band compared to Q- and W-band, with average g-values
of 1.9712, 1.9638 and 1.9659 respectively. The large negative
g-shift suggests that this spectrum is also vanadyl-related.
These g-values are very close to the isotropic g-value of 1.964
reported for COMOC-2(V) in Q-band.”> A more detailed

Table 3 Full Width at Half Maximum (FWHM) and g-value of a Lorentzian
line shape fitted to the EPR spectrum of CS samples measured at 30 Pa and
RT. Left: X-Band (9.5 GHz), middle: Q-band (34 GHz), right: W-band (94 GHz)

X-Band Q-Band W-Band
FWHM FWHM FWHM

Sample g (mT) g (mT) g (mT)
CS-06 1.9720 70 1.9647 68 1.9680 75
CS-05 1.9774 72 1.9655 67 1.9657 70
CS-04 1.9687 40 1.9623 44 1.9640 61
CS-03 1.9668 24 1.9627 29 — —
Average 1.9712 1.9638 1.9659
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discussion on the origin of this Lorentz component is given
in Section 4.2.

Interestingly, the linewidth of this component decreases
with increasing V-concentration. At low V-concentration and
low frequency the linewidth is very large, making it almost
impossible to detect. Therefore no values for the CS-07 sample
are presented in Table 3. For samples CS-06 and CS-05 the
linewidth is very similar, probably equal within experimental
error. This would a priori be expected in view of the very similar
global V-concentrations of the two samples. The CS-04 and
CS-03 samples have a much smaller linewidth parameter.
Moreover the component is now dominant in the spectrum.
Therefore CS-03 has not been measured in W-band. In samples
CS-01 and CS-02 the spectrum is dominated by the EPR
component of COMOC-2(V), which also lacks resolved HF structure,
but has a narrower linewidth and significant g-anisotropy.’
The signals from the other components are hardly discernable
in the spectra of these samples. Therefore, we focused on the
DUT-5(Al) samples with lower V-concentration. For sample
CS-03 at the higher microwave frequencies a single Lorentzian
line shape becomes less accurate in reproducing this
component, see Fig. S2, ESL.{ Very probably g-anisotropy starts
to play a significant role, like it does for the samples with even
higher V-concentration. This in part also explains our difficulties
of isolating the np component at the higher frequency bands.

3.2 Additional samples: EPR measurements

To further unveil the origin of the paramagnetic species in
DUT-5(Al):V, four additional samples were synthesized: T-VOSOy,
T-VCl;, S-DMF-01 and S-DMF-02. Details about these samples are
described in Section 2.1.

For sample T-VOSO,, we dispersed VOSO,-H,O dopant salt
in DUT-5(Al) under conditions where we expected the vanadium
ions to enter the framework pores, but not to substitute AI-OH
units in the framework. Measuring the EPR spectrum of this
sample, there was no difference observed between the spectra
measured in air or in vacuum. Its spectrum, shown in Fig. 2B, is
very similar to the spectrum of CS-07 measured in air. Upon
comparing both, we found that the T-VOSO, EPR spectrum (red
curve) perfectly fits into the spectrum of the CS-07 sample (BL/
Blp, black curve) and combined with a broadened spectrum of
the Ip component (blue curve), it is almost identical to the
CS-07 EPR spectrum, as can be seen in Fig. 2A. The EPR
spectrum of T-VOSO, is thus the pure BL component. The
spin-Hamiltonian parameters presented in Table 2 confirm
that the parameters determined from the spectrum of CS-07
in air for the BL/Blp component are very close but not equal to
those from T-VOSO, for the BL component.

Sample T-VCl; was made exactly like the CS-08 sample,
except we used VCl; as a dopant molecule instead of VOSO,-
H,O0. For this sample we expect that the vanadium dopant ions
substitute for framework cations. They might enter as V'"-OH
or as V'Y=O0, though. The resulting EPR spectrum (that shows
the part of the vanadium ions that have entered in the +IV
oxidation state) is shown in Fig. 2C. Like for the CS-08 sample,
the EPR spectrum is the superposition of the BL spectrum and
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Fig. 2 X-Band (left, 9.5 GHz) and Q-band (right, 34 GHz) RT powder EPR
spectra of: (A) CS-07 measured in air (black), T-VOSO,4 measured in air
(red) and a linear combination of 70% T-VOSO,4 and 30% simulated lp
component (blue). The simulated lp component spectrum has a 4.5 times
increase in linewidth to account for the broadening of this spectral
component by O, in air, based on predictions from the oxygen
dependency studies.? (B) T-VOSO,, measured under ambient air pressure:
black — experiment; red — simulation. An anisotropic Gaussian linewidth
was used for the simulations (X-band: HStrain = [63, 74, 59] MHz; Q-band:
HStrain = [89, 113, 149] MHz). (C) T-VCls: black — ambient air pressure,
red — vacuum (30 Pa).

a weak Ip component. Interestingly, using only these two
components does not completely reproduce the measured
spectrum. Decomposition of this EPR spectrum (see Table S4
and Fig. S11 in ESIt), as explained in the next section, revealed
that the BL/Blp component is responsible for the major part of
this spectrum and that the sharp features present in the EPR
spectrum measured at 30 Pa are coming from the Ip component
as expected. However, the sharp features visible in the
spectrum measured in ambient air are originating from a np
component, with about half of the intensity of the Ip
component. So both open and closed pore structures are
present at very low V-concentrations with the VCl; dopant salt
precursor, while the open pore structure is almost exclusively
present at very low (<7%) V-concentrations with the VOSO,-
H,0 dopant salt as precursor.

The last two samples were frozen solutions of VOSO4-H,0O
salt in DMF. S-DMF-02 also contained the H,BPDC linker while
S-DMF-01 did not. The EPR spectrum for both S-DMF samples
was the same. In Fig. S1 in ESI,{ the Q-band EPR spectrum
measured at 90 K (black) for S-DMF-02 and the simulation (red)
are presented, revealing a typical vanadyl spectrum with
resolved HF interactions. Almost axial g- and A-tensors were
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found for the S-DMF samples, without tilting between their
principal axes. Although the S-DMF EPR spectrum is similar to
the T-VOSO, spectrum, when comparing the spin-Hamiltonian
parameters of both, S-DMF has a larger isotropic part of the
A-tensor, g, is also larger, but g is significantly smaller.

3.3 Decomposition of the CS EPR spectra

With the knowledge of the different EPR spectral components
mentioned above, we can reproduce all but one component in
the experimental EPR spectra. The only exception is the broadened
Ip, since its linewidth depends on the (oxygen) pressure. It is to
some extent always present in all spectra, both at lower and
ambient air pressures. Therefore reproduction of the measured
EPR spectra of all DUT-5(Al:V samples using a linear
combination of the Ip, BL, np and Lorentz components alone
proved less convincing than when using the BL/Blp component
instead of the BL component. We were able to simulate the
spectra with this composite component, as presented in Fig. S2
in ESL{ Still the best results were obtained for the spectra
measured at 30 Pa, where the broadened Ip component inter-
feres the least.

An example of a decomposition of an X- and Q-band EPR
spectrum recorded under vacuum conditions (sample CS-05) is
shown in Fig. 3A, comparing the experimental with the best-fit
linear combination spectrum, along with the simulated single
components. For the linear combination of the simulated EPR
component spectra, 6 parameters are fit to the measured
spectrum. These are the multiplication factors for the simulated
spectra of these four components (Ip, BL/Blp, np and Lorentz)
and two extra parameters for a straight line background
correction. The simulated spectra of the lp, BL/Blp and np
components stayed the same for all samples. The simulated
Lorentz component changes for each sample, however. To
properly take this into account, we divided the components
simulated spectra by their calculated double integral. We use
the EPR spectra as measured, so the intensity of the signal is
related to the concentration of paramagnetic species, in this
case vanadyl ions. These multiplication factors can thus be
used to estimate the contribution of each vanadyl ion type to
the total sample spectrum. Since mass and position of the
sample in the spectrometer are crucial for comparison and this
is most easily controlled in X-band, we will focus on this
frequency band. The multiplication factors as a function of
the vanadium concentration of each component for samples
CS-07 to CS-03 as measured in X-band are shown in Fig. 3B. The
trends observed in Q-band are presented in Fig. S3 and Table S1
in the ESL{ The differences with X-band can be explained by
the increased difficulties in Q-band to control the mass of the
samples, making the absolute factors less meaningful for
comparison between samples than in X-band.

The first thing to notice is that the contribution of the
Lorentzian line to the spectrum increases with V-concentration,
as is directly visible in the measured spectra. The Lorentzian
line rises very rapidly, dominating all other components
starting from CS-04. As a result of this, adding all four
components together for each concentration gives a curve with
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Fig. 3 (A) Decomposition of the CS-05 X- and Q-band (34 GHz) RT
powder EPR spectrum measured in vacuum (p ~ 30 Pa). The linear
combination of the simulated spectra of the lp, BL/Blp, np and
Lorentz components, visible beneath the experimental spectra,
convincingly reproduces the experimental spectra. An anisotropic
Gaussian linewidth was used for the lp, BL/Blp and np simulations
(see previous figures). (B) Simulated contribution of each component as a
function of the vanadium concentration (compared to the combined V and
Al concentration, as measured by ICP-MS®) of the CS samples for the X-band
30 Pa measurements. Each simulated component was multiplied with
these factors to reconstruct the total measured X-band EPR spectrum.
Calculated relative error, based on repeated measurements, was 15% for all
components.

exactly the same shape as the curve for the Lorentz component.
As will be explained in Section 4.2, we link this Lorentz
component to interacting vanadyl centers. For the other
components, which are presumably isolated vanadyl centers,
we expect a rise in intensity with increasing V-concentration, up
to the point where close-by vanadyl centers become abundant
and the intensity of the Lorentz component grows at the
expense of the others. Indeed, for the Ip and np components
we observe a maximum in the contribution for sample CS-04,
corresponding to 23% V. Assuming a completely random
distribution of V centers in the metal-OH chains, the
concentration of V nodes with two neighboring Al nodes
reaches a maximum at 33% V. The BL/Blp component however
appears to be present in each sample, approximately with the
same multiplication factor of around 200. The only exception is
the significantly lower factor for BL/Blp in the CS-06 sample,
accompanied by larger contributions of the lp and Lorentz
components than expected from the general trends observed
in Fig. 3B. In Section 3.5 the special position of sample CS-06
will be further discussed. The np component has in general a
smaller multiplication factor compared to the ones of Ip and
BL/Blp, and the relative changes of this factor as a function of
V-concentration are larger.
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3.4 ENDOR measurements

To probe the direct surroundings of the vanadyl centers more
directly, ENDOR measurements were performed on all samples.
Q-Band 10 K powder ENDOR spectra measured at 1218 mT
around the Larmor frequency of 'H (I = 1/2) are shown in Fig. 4
for CS-05 and 1% V-doped MIL-53(Al) as (as synthesized), as
measured by Nevjesti¢ et al.' Similar, albeit weaker, ENDOR
spectra have been measured for the np state of MIL-53(Al):V.>°
For both ENDOR spectra shown in Fig. 4 similar transitions are
visible, as shown by the arrows. These transitions were attributed to
the nearest proton (hydroxyl) and four sets of four (approximately)
equivalent protons on the BDC/BPDC linkers of the V'V ion. Since
the only difference between both samples is the longer linker
molecule for DUT-5(Al), the nearest protons are in essence the
same for both samples, explaining the similarity of the ENDOR
spectra. This "H ENDOR signal is readily detected in all DUT-5(AI):V
samples, from CS-08 with 1% V doping until even CS-03 with
46% V, which we did not a priori expect for the high
V-concentrations.

An "H ENDOR measurement of T-VOSO, (blue) is also shown
in Fig. 4. Two lines are visible around the intense line at the 'H
Larmor frequency. The total ENDOR signal is simulated using
only one proton interaction with a very broad linewidth, as shown
in Fig. S4 in ESL{ Comparing this "H ENDOR spectrum to the 'H
ENDOR signal of the CS samples shows that the total range is
about the same for both. The BL component, which is pure in
T-VOSQ,, is also present in all CS samples, so it is possible that its
'H ENDOR signal is also present as a weak background in the
ENDOR spectra for the CS samples (see Fig. 4).

As for the case of MIL-53(Al):V there are also ENDOR
transitions visible for the CS samples around the Larmor
frequency of >’Al, see Fig. 5A. However the signal to noise ratio
is very low. These transitions are well simulated using the same
A-tensor parameters as for as MIL-53(Al):V," see Fig. 5B.

T-VOSO,

T=10K

B=1218 mT

Q-band (34 GHz)
T T 1

r T T T T T
48 50 52 54 56
RF Field (MHz)

Fig. 4 Q-Band (34 GHz) 10 K powder *H ENDOR spectra of CS-05 (black),
1% MIL-(53):V as (red) and T-VOSOy (blue). Proton Larmor frequency and
assignment of transitions linked to bridging OH and the BPDC linker are
indicated (identifications based on Nevjestic et al.%).
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Fig. 5 Q-Band (34 GHz) 10 K powder ’Al ENDOR spectra of: (A)
T-VOSOy (green), CS-05 (blue), MIL-53(Al):V as (red) and MIL-53(Al):V np
(black). The 2’Al Larmor frequency is indicated. MIL-53(Al) ENDOR spectra
are reproduced from Nevjesti¢ et al.! (B) CS-05. Black — experiment, red —
simulation. Simulation of the 2’Al ENDOR of CS-05 was performed with
parameters identical to those used for MIL-53(Al):V as.! A-tensor and
linewidth parameter: A = [-1.0, —1.0, 2.4] MHz, L, = 0.3 MHz. (C)
T-VOSOy. Black — experiment, red — simulation. A-Tensor and linewidth
parameter: A = [0, 0, 0] MHz, L,, = 0.3 MHz.

For T-VOSO, only a weak >’Al ENDOR signal was visible exactly at
the Larmor frequency, as shown in Fig. 5C. Such a matrix
ENDOR signal, corresponding to an interaction with distant
*’Al nuclei with negligible HF interaction strength (A ~ 0
MHz), is not observed in the spectra of Ip and of vanadyl centers
in MIL-53(Al):V. On the other hand, an interaction with >’Al
nuclei at the Al-Al framework cation distance is missing in the
T-VOSO4 ENDOR spectrum. Since >’Al nuclei have a nuclear spin
I=5/2 and a considerable quadrupole moment (~0.147 barn*?),
additional quadrupole splitting could a priori be expected in the
ENDOR spectra. However, like in MIL-53(Al):V," such
quadrupole splitting is not resolved in the ENDOR spectra. Still
it may be responsible for the large linewidth of the *’Al ENDOR
signals.

3.5 SEM-EDX

To further investigate the origin of the spectral components,
especially BL, SEM-EDX measurements were performed. Fig. S5
in ESL} shows the SEM images of the CS samples and COMOC-2(V).
A collection of sphere-like structures is visible for the samples
with low V-concentration, which is in accordance with the SEM
images presented in Senkovska et al'? Considering the
evolution with increasing concentration, the SEM images show
spheres that grow bigger and at the same time ‘spike-like’ wires
start growing around them. At high vanadium concentrations
the individual spheres start to clump together into larger units.
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For a homogeneous dopant distribution, we expect to find
Al/V ratios inside the DUT-5 crystallites with EDX that - roughly
- correspond to the global Al/V ratios of the sample measured
by ICP-MS.? This is the case for most of the samples, see Table
S2 in ESI.{ However, for the CS-06 sample we observed impor-
tant deviations. The V-concentration in the spheres is lower
than the global concentration. Moreover, on the SEM images
bright spots are visible between the spheres, see Fig. S5 in ESL.{
EDX demonstrates that these have up to 75% V-concentration
(compared to the detected Al concentration), resulting in a
lower V-concentration (around 4.5%) inside the spheres
than expected from ICP-MS. These clusters with high
V-concentration could explain the increased presence of the
Lorentz component as shown in the decomposition. However,
one would then expect the other components to be less present
than expected. This is the case for the BL/Blp and np compo-
nents, but not for the lp component, which is even more
present than expected. Looking at the EDX mapping of the
CS-05 sample, there are no regions with high V-concentration
visible. The concentration seems homogeneously distributed
over the sample and is equal to the measured ICP-MS
concentration. The same agreement with ICP-MS, within the
experimental error, is also observed for the other CS samples.
Only the higher V-concentrated samples are less homogeneous,
as reflected by their higher experimental error. Excluding
sample CS-06, no grains or regions are detected that contain
large amounts of vanadium and they were also not revealed by
the TEM experiments of Depauw et al’> There is also no
evidence of COMOC-2(V) grains growing in the samples or
any sign of a concentrated vanadium phase that we could
link to the Lorentz component at higher V-concentration
(see Section 4.2). Furthermore, no other material can be
discerned between the MOF grains, except for the vanadium-
rich clusters in CS-06.

3.6 FTIR

We have used FTIR spectroscopy to detect if/which guest
molecules remain in the framework pores after synthesis. A
full determination of the framework IR peaks for the CS
samples can be found in ESIt and was made based on first
principles calculations and literature data (Hoffman et al.** for
the isoreticular MIL-53(Al), Senkovska et al.'*> for DUT-5(Al),
Depauw et al.”> for COMOC-2(V) and Sienkiewicz-Gromiuk and
Rzaczynska®® for H,BPDC). Fig. S6 and S7 in ESIT show the
evolution of the framework IR bands as a function of
V-concentration. The IR spectra of T-VOSO, and T-VCl; are
similar to CS-08. All samples show IR bands related to free or
unreacted linker molecules. Apart from the characteristic band
between 2400 and 3200 cm ', two bands can function as a
fingerprint for this linker molecule. Around 1700 cm ™' there is
the CO stretch of the free COOH group and around 1300 cm ™~ *
there is a characteristic CH bend band (a* and b* in Fig. S6
respectively, ESIt). These bands are most pronounced in
COMOC-2(V) and the samples with high V-concentration. The
first principles calculations are presented in Fig. S9 (ESIT) and
assignment of IR active peaks are presented in Table S3 (ESIf).
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Based on the differences in the simulated IR spectra of the
np and Ip phases, it is possible to estimate the contribution of
each phase to the total experimental IR spectrum. These
differences are best visible in the antisymmetric stretching
vibration of the CO, unit around 1600 cm™!, which is red-
shifted for the np phase compared to the Ip phase (see Table S3,
ESIT). Fig. S8 in ESIt shows the evolution of this CO, anti-
symmetric stretching IR band with increasing V-concentration.
For the lowest V-doped sample CS-08 the largest part consists
out of the Ip phase, but the shoulder suggests that also some np
phase is present. With increasing V-concentration the IR band
of the np phase increases in intensity, while the opposite is true
for the Ip phase band. For the CS-04 sample the np phase IR
band is dominant, suggesting that the majority of the MOF is in
the np phase. For sample CS-03 an abrupt change in the IR
spectra is observed. The antisymmetric stretch vibration of the
CO, unit now shows a blue-shift, which indicates that the
structure is mainly in the Ip phase. The abrupt change from
np to Ip might be caused by the increased amount of residual
linker in the pores of the CS-03 sample, as visible by the more
intense IR band around 1680 cm™'. This may hinder the
contraction of the pores and, consequently, the sample stays
in the Ip phase. These estimations are in agreement with the
XRD data presented in Fig. S12 in ESI,f and the XRD data
presented in Depauw et al.*® This analysis is also consistent
with observations in EPR where the relative contribution of np
to Ip rises for concentrations up to 23% V.

3.7 Annealing experiment

Earlier thermogravimetric analysis (TGA) measurements on the
CS samples® had revealed a mass loss step around 600 K well
below the final step corresponding to the disintegration of the
framework. Therefore, we annealed the samples T-VCl;, CS-08,
CS-07 and CS-05 to try and empty the pores. The CS samples
were kept at an elevated temperature of 525 K for 14 hours,
T-VCl; at 425 K for 16 hours. A weight loss around 30% was
found for all calcined samples, yet we do not expect vanadium
ions being lost during the calcination. Fig. 6 shows the FTIR
and X-band EPR measurements on samples CS-08-H and CS-05-
H (suffix H: after annealing). The measurements on the other
two samples are presented in Fig. S8 and S9 in ESI.{ The FTIR
measurements confirm that free linker molecules are removed
from the pores by heating of the sample. The peak at 1700 cm ™"
has decreased in intensity, as indicated by the arrow. Similar
loss of linker molecules were measured in FTIR after activation
of MIL-53(Al):v.%”

The intensity of the EPR spectra increases for all samples
after the calcination process. This can be explained by an
increase of vanadium in the +IV state through oxidation of the
EPR silent V" present in the sample. Furthermore, interesting
changes in the EPR spectra occur. First of all, a new intense
isotropic peak appears in all spectra at g = 2.004, possibly
originating from a carbon-centered radical formed during the
calcination. Secondly, it is still possible to perform a decomposition
of the EPR spectra of samples with low V-concentration after
calcination with the same spectral components and the
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Fig. 6 (A) X-Band (9.5 GHz) RT powder EPR spectra of CS-08 (black, left),
CS-08-H (red, left), CS-05 (black, right), CS-05-H (red, right). All spectra
are measured in vacuum (30 Pa). (B) Attenuated total reflection FTIR
spectra of CS-08 (black, left), CS-08-H (red, left), CS-05 (black, right),
CS-05-H (red, right). The arrows indicate the carboxyl stretch peak around
1700 cm™?! typical for the free linker molecules, which decreases in
intensity after calcination.

addition of the isotropic line. An small increase in the con-
tribution of the np component is observed after calcination.
Emptying the pores could thus result in formation of the closed
pore state of DUT-5(AL), at least for some parts of the MOF. The
Ip component increases in intensity as expected by the general
increase in intensity of the EPR spectra, while its shape appears
unaltered. The intensity of the BL/Blp component remains or
even decreases slightly. For the CS-05-H sample however, the
spectrum simulated with known lp, BL/Blp (or BL), np and
Lorentzian components does not completely fit the
experimental spectrum (see Fig. S11 in ESIf). The linewidth
of the BL appears to have increased, as can be seen at the
low-field side of the CS-05-H EPR spectrum in Fig. 6A. Previous
TGA measurements have shown that samples with higher
V-concentration decompose at lower temperatures, which
could already be partially the case here.

4. Discussion
4.1 Origin of the lp and np components

The spin-Hamiltonian parameters of the Ip component in
DUT-5(Al):V and the Ip state in MIL-53(Al):V are similar. The
anisotropy of the g-tensor of these two centers is nearly
identical, only the isotropic g-value in DUT-5(Al) is slightly
higher than in MIL-53(Al). At the same time, the *'V A tensor
in DUT-5(Al) is slightly more rhombic. The tilting between
g- and A-tensors in the two MOFs is within experimental error
identical. Furthermore, we discovered a similar broadening of
the EPR spectrum of this component and the spectrum of the Ip
state of MIL-53(Al):V by the presence of (oxygen in) air.>
Additionally, as shown earlier in Section 3.4, the 'H and ?”Al
ENDOR interactions of the CS samples are the same as those
measured for as MIL-53(Al):V. The ENDOR signal measured for
the CS samples should be attributed to the Ip EPR signal.
In principle there might be ambiguity because these samples
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contain multiple vanadyl centers. However, the same ENDOR
signal was observed for all CS samples, also for those with low
V-concentration, that only have appreciable concentrations of
Ip and BL. Furthermore, for the T-VOSO, sample that
exclusively contains BL centers, clearly distinct ENDOR signals
were measured. For MIL-53(Al):V we related the lp state to a
vanadyl ion at a metal node in the open pore structure. More
precisely, an AI-OH framework unit is replaced by VV=0."1%2°
Because of the evidence provided above, the EPR signal of the
Ip component can be identified as a similar substitutional
V=0 center as in large pore MIL-53(Al):V.

For the np component the spin-Hamiltonian parameters are
almost identical to those of the np-d state in MIL-53(Al):V. This
is remarkable, since no closed pore form of DUT-5(Al) has been
reported after synthesis in DMF.'>?' Re-examination of the
XRD results on the mixed-metal MOFs, as shown in Fig. S12
(ESIT), revealed low intensity diffraction peaks emerging at
higher V-concentrations. To identify these features we calculated
the diffraction angles for both the Ip and np states using the
crystallographic data of DUT-5(AI)*®* and COMOC-2(V),>* see
Table S5 in ESLt The calculated angles for a np state correspond
to the angle at which the low intensity diffraction peak is visible.
Thus these XRD data point towards a closed pore state, detectable
at relative low (>7%) vanadium concentration.” Therefore we
propose that the np EPR component originates from a V=0
center similar to the np state in MIL-53(Al):V. The fact that the
spin-Hamiltonian parameters are almost equal to the np-d state
parameters and not to those of the hydrated state, can be
explained by the fact that the DUT-5(Al) framework hardly
exhibits H,O adsorption.

4.2 Origin of the Lorentz component

As already mentioned in Section 3.1.4, a very broad (nearly)
isotropic Lorentzian line is visible in the EPR spectra, with a
gvalue comparable to the isotropic g-value of COMOC-2(V).
Because of this similarity, one could assume this component to
originate from COMOC-2(V) grains/regions in the mixed-metal
MOF. However, if this would be the case, the narrower EPR
spectrum of fully V-concentrated COMOC-2(V) would become
visible and grow in intensity. Yet, the Lorentz component
present in EPR spectra at low V-concentration has a much
larger linewidth. It rapidly increases in intensity and gets
narrower as the V-concentration increases, ultimately resulting
in the spectrum of COMOC-2(V).

A similar Lorentzian line was observed for the MIL-53(Al):V
to MIL-47(V) series by Kozachuk et al.,*” but only after activation
of the VCl; doped samples. Before activation, almost no EPR
signals were visible for the high (>5%) V-concentrated samples,
suggesting that most vanadium ions were present in the V"
oxidation state. Only after activation a single broad EPR signal
appeared, growing in intensity with increasing V-concentration.
For the MIL-53(Al):V sample with 29% V in that study, an EPR
spectrum with resolved HF structure appeared on top of the
broad single line, comparable to our CS-04 and CS-03 samples.

This narrowing of the linewidth at higher V-concentrations
can be explained by considering exchange coupled systems.*
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The Lorentz component most likely appears in the EPR
spectrum at low V-concentration, when two or more vanadyl
centers are close enough to each other to exhibit a dipolar
coupling between their magnetic moments. For simplicity only
incorporated vanadium ions at a metal node will be considered.
DFT calculations on MIL-47 showed that interactions within
the metal-oxide chain between vanadium ions are about
100 times stronger compared to the interactions between
vanadium ions on two different neighboring chains.*
Therefore we can assume that only the intra-chain interactions
affect the Lorentz component spectrum in EPR. These dipolar
interactions give a broadening of the EPR lines, resulting from
the sum of individual, sharper transitions around their center.
When two vanadyl centers are so close to each other that they
form a weak bond, an additional interaction occurs, called the
exchange interaction. At low V-concentrations, when the vana-
dyl centers are scattered across the MOF, the dipole interaction
dominates the exchange interaction, leading to a very broad
EPR line. As the V-concentration increases and more vanadyl
centers are close to each other, the exchange interaction starts
to dominate the dipole interaction, resulting in a regime called
exchange narrowing, reducing the EPR linewidth. Thus the
initial broad EPR line ultimately evolves into the COMOC-2(V)
EPR signal, yet at low V-concentrations it is quite different from
it. As already mentioned in Sections 3.3 and 3.5, the higher
amount of the Lorentz component in sample CS-06 could be
explained by the clusters with increased V-concentration
observed with SEM-EDX in this sample.

4.3 Origin of the BL component

The spin-Hamiltonian parameters of the BL component are
unlike any of the spectral components in MIL-53(Al):V, all
assigned earlier to substitutional centers. The principal
g-values are significantly larger compared to the other
components in both MIL-53(Al):V and DUT-5(Al):V, as is the
x principal value of the A-tensor. The A,-value is close to that for
the np state in both V-doped frameworks. The 'H and *’Al
ENDOR interactions detected for substitutional V'Y¥=0 centers
at AI-OH nodes along the chain are not seen. Furthermore, only
smaller (matrix) ENDOR interactions are observed, which are
absent for the V'V=0 centers in AI-OH nodes. These results
suggest that the BL vanadyl center is not substituting Al-OH in
the framework. The appearance of BL as the only component in
the spectra of T-VOSO,, where we do not expect cation exchange
to take place, is in line with this view.

XRD data show no evidence for other phases than the
synthesized MOFs. SEM-EDX images also give no indications
of other phases, except for the CS-06 sample with the highly
V-concentrated particles between the MOF grains, but this
sample does not exhibit an increased contribution of the BL
EPR component. SEM-EDX does show changes in morphology
of the samples with increasing V-concentration, but this is not
reflected in the BL/Blp contribution derived from the EPR
spectrum decomposition as a function of V-concentration.
These data thus indicate that the vanadyl center responsible
for the BL EPR component is present inside the MOF, but the

Phys. Chem. Chem. Phys., 2021, 23, 7088-7100 | 7097


https://doi.org/10.1039/d1cp00695a

Published on 15 March 2021. Downloaded on 4/9/2021 1:35:56 PM.

PCCP

EPR and ENDOR analysis above does not point at substitutional
positions. This leaves the framework pores as most plausible
location for the BL centers.

The next question concerns the identity of the (vanadyl)
molecule inside the framework pores. A tempting hypothesis is
that of a molecule containing (V'Y=0)>" participating in the
synthesis and left behind in the pores, with unreacted VOSO, as
an obvious candidate. However, no VOSO, is involved in the
synthesis of the T-VCl; sample, which still exhibits a prominent
BL signal in its EPR spectra. Thus, the molecule producing the
BL EPR spectrum cannot be VOSO,.

A next candidate is vanadyl ions bound to free linker
molecules residing in the pores. However this hypothesis was
contradicted by our FTIR measurements, where an increase of
free linker molecules in the pores of the MOFs with increasing
V-concentration was not accompanied with an increase of the
BL component. Moreover, heating of the sample removes the
unreacted linker molecules inside the pores, but does not
decrease the BL EPR component in a similar way. The molecule
responsible for the BL component is thus too strongly bound to the
framework (pores) to be removed by heating of the sample. Using
even higher temperatures is not possible, since disintegration of
the MOF then sets in.

Because we do not observe a BL-like component in the EPR
spectrum of MIL-53(Al):V, we looked into the differences
between both MOFs, the most obvious being the larger linker
molecule in DUT-5(Al). A larger linker molecule leads to some-
what larger pores and a wider variety of possible defects and
defect sites. From the synthesis perspective, a second important
difference between the MOFs is the solvents from which they are
grown, Le. deionized water for MIL-53(Al) and DMF for all
DUT-5(Al) samples. Therefore, the BL component could originate
from a (VY=0)*" center coordinated with DMF molecules.
Coordination of metal centers with DMF has been reported for
MOFs.*! As mentioned in Section 3.2, the DMF frozen solution
EPR spectrum originates from a typical vanadyl, very similar to
the BL EPR spectrum, only the total width is slightly larger. This
could be explained by the difference in the environment.
Alternatively it is important to note that there are two decom-
position reactions possible during the synthesis of the MOF and
also during calcination. DMF is known to decompose into CO
and dimethylamine around 350 °C, but it has been reported that
in the presence of metals (e.g during MOF synthesis) the
decomposition temperature is reduced significantly.**"** DMF
also hydrolyses with water to form dimethylamine and
formate.”® So interaction of (VV—0)*" with dimethylamine is
also possible. Therefore we tentatively propose (VV—0)*" linked
with DMF or dimethylamine in the pores of the MOF as the most
likely candidate for the origin of the BL component.

5. Conclusions

EPR measurements of V-doped DUT-5(Al) reveal four different
spectral components. At low V-concentrations the spectra are
dominated by the Ip and BL components. The Ip component is

7098 | Phys. Chem. Chem. Phys., 2021, 23, 7088-7100

View Article Online

Paper

clearly visible in the EPR spectrum when measured at low
pressures, typically 30 Pa or lower. Comparison with V-doped
MIL-53(Al) EPR and ENDOR spectra show that the EPR signal of
the Ip component can be identified as a similar substitutional
VV=0 center as in large pore MIL-53(Al):V.

The BL component is always visible in the EPR spectra and
appears as a pure component in the spectra of sample T-VOSOy,,
yet its origin is very hard to determine. Our spectroscopic
analysis points towards the framework pores for the location
of the BL vanadyl center. We tentatively propose (VV=0)>"
linked with DMF or dimethylamine as the most likely molecular
structure responsible for the BL spectral component.

From 7% V, the np component becomes resolved in the EPR
spectra. Examination of the XRD data and EPR spectra show that
the EPR signal of the np component can be assigned to a similar
substitutional V?Y=O0 center as in narrow pore MIL-53(Al):V.

With increasing V-concentration a broad structureless
Lorentzian line grows into the spectra, becoming dominant
above 9% V in X-band and even sooner in higher frequency
bands. We link this component to interacting vanadyl centers
inside the MOFs experiencing a combination of dipolar and
exchange interactions leading to exchange narrowing at higher
V-concentration and ultimately (>66% V) evolving into the
COMOC-2(V) spectrum.

Upon calcination, a general increase in EPR intensity is
observed related to the oxidation of EPR silent V" ions and
an additional isotropic line appears with g & 2.004, possibly
originating from a newly formed carbon-centered radical.
A small increase in the contribution of the np component
compared to the other components is observed. This suggests
that emptying of the pores results in formation of the closed
pore state of DUT-5(Al), at least for some parts of the MOF.

Simulations using the determined spin-Hamiltonian para-
meters are in good agreement with the measured spectra for
X-, Q- and W-band. Decomposition of the spectra using the
simulations of all four components gives an indication of
the relative contributions of these components to the EPR
spectrum. As a priori expected, the np and lp components
increase in abundance with increasing V-concentration, with
a maximum around 23% V, then decrease again. The BL/Blp
component however is almost equally present in all CS samples
up to 46% V-concentration. The concentration of the Lorentzian
line increases rapidly with increasing V-concentration, dominating
all other components at high V-concentrations.

Our study shows that EPR spectroscopy readily reveals
detailed information on the incorporation of paramagnetic
dopant ions in MOFs that is difficult to assess by other
analytical techniques. Even without detailed spin Hamiltonian
analysis, the EPR spectra of V-doped DUT-5(Al) show that a
considerable fraction of the V dopant ions, corresponding to
the BL spectral component, are not built in on regular cation
framework sites, especially at low dopant concentration. This
information seems to be related to the conditions of synthesis,
and thus EPR spectroscopy helps in guiding synthesis strate-
gies when for specific applications dopant incorporation on
specific sites is aimed at.
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However, several open questions regarding this mixed-metal
MOF remain, e.g. about the distribution of the Ip and np phases
over the MOF crystals, the mechanisms governing the
presence of the BL component in this MOF and a more detailed
description of the line width behavior of the Lorentz
component as a function of vanadium concentration.
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