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Abstract

Manganese(III) (3d*, §=2) coordination complexes have been widely studied by
high-frequency and -field EPR (HFEPR) for their own inherent chemical interest
and for providing information for the burgeoning area of molecular magnetism. In
the present study, we demonstrate how a stable, easily handled complex of Mn'!,
[MnLKNO;], where L3~ is a hexadentate tripodal ligand, trianion of 1,1,1-tris[(3-
methoxysalicylideneamino)methyl]ethane, can be used for another purpose entirely.
This purpose is as a field and frequency standard for HFEPR that is superior to a
“traditional” standard such as an organic radical (e.g., DPPH) with its single,
£=2.00 signal, or to atomic hydrogen, which is less readily available than DPPH
and provides only two signals for calibration purposes (Stoll et al. in J] Magn Reson
207:158-163, 2010). By contrast, polycrystalline [MnLKNO;] (1) orients in the
external magnetic field of an HFEPR spectrometer (three different spectrometers
were employed in this study). The crystal structure of 1 allows determination of the
exact, reproducible molecular orientation of 1 in the applied field. This phenomenon
provides multiple, well-defined resonances over a broad field sweep range (0-36 T)
at any of a wide range of frequencies (tested up to 1 THz so far) allowing accurate
calibration of magnetic field in a multi-frequency HFEPR study.
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1 Introduction

Electron Paramagnetic Resonance (EPR) is an acknowledged magnetic resonance
technique to investigate transition metal complexes [1]. In case of high-spin
(S>1/2) metal ions, high-frequency and -field EPR (HFEPR) is often required
because of the phenomenon of zero-field splitting (zfs) that renders many par-
amagnetic complexes “EPR-silent” at conventional frequencies (X-, Q- or even
W-band). A side effect of performing an HFEPR experiment on solid (poly-
crystalline) coordination complexes is torquing or aligning of the crystallites in
the magnetic field. Any magnetic dipole inserted in a static magnetic field will
undergo a torquing effect, as has been known to sailors using compasses since
antiquity. In the case of paramagnets, however, the magnetic moment is much
smaller than in ferromagnets, so the effect does not show up prominently. It was
observed long ago [2] that crystals of paramagnetic metal coordination com-
plexes behave as weak magnetic dipoles and, as such, they may undergo mag-
netic torquing if the applied field is strong enough or the temperature low enough.
Also important is magnetic anisotropy. In the absence of magnetic anisotropy,
the moment will align with the field. Consequently, there will be no torque on
the sample/crystal. It is in the presence of magnetic anisotropy that the torque
on the sample/crystal emerges. The main point is that, when the temperature is
lower than the magnetic anisotropy energy scale, the magnetic moment remains
locked into a preferred orientation that is related to the molecular/crystal struc-
ture. If this direction is not aligned with the applied field, there is then a torque on
the sample/crystal. It is this effect that causes the alignment. When working with
polycrystalline materials, the effect can be either beneficial or detrimental for an
HFEPR experimentalist. In the best-case scenario, the crystallites orient such that
their principal anisotropy axis is parallel to the applied field, which can be identi-
fied and attributed to the molecular structure. In a less-than-optimal situation, the
crystallites orient incompletely, yielding uninterpretable spectra, or orient along
a direction that cannot be attributed to the molecular structure, e.g., due to crystal
shape anisotropy.

In polycrystalline transition metal complexes, the torquing cannot be depend-
ably predicted as it depends on multiple factors, both microscopic, such as the
zero-field splitting tensor of spin S> 1/2 systems (or g-anisotropy in the case of
S=1/2 systems), and macroscopic, such as the size and shapes of the crystal-
lites, mechanical and electrostatic interactions among them, resulting in an over-
all macroscopic magnetic moment of a crystallite. Concentrating on coordina-
tion complexes of the high-spin (S=2) manganese(Ill) ion, the “deliciae of an
EPR spectroscopist” [3], some of them measured by HFEPR as solids undergo
torquing, and some do not. Thus, in one of the two earliest HFEPR reports on
high-spin Mn'", some of us presented field-aligned spectra of five-coordinate por-
phyrinato complexes [4]. The other 1997 paper by Barra et al. [5], on the other
hand, presented and interpreted what were apparently powder-patterned spec-
tra of the complex Mn(dbm) (dbm=anion of 1,3-diphenyl-1,3-propanedione
(dibenzoylmethane)). Similar to the latter, the complex [Mn(dbm),(py),]I(CI1O,)
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Scheme 1 Structure of
[MnLKNO,] (1) with the K* OMe
and NOj;™ ions omitted for
clarity (see Fig. 1 for complete
structure from X-ray crystal- o)
lography) \
’ OMe

OMe

(py =pyridine; trans-N,O, donor set) reported by some of us [6] offered a case
of almost ideal HFEPR powder patterns without constraining. Note that field-
induced torquing is not restricted to mononuclear complexes; some of us (and
many others) reported on polynuclear complexes of manganese exhibiting the
same effect [7].

In this work, we discuss a high-spin Mn' complex denoted as [MnLKNO;]
where L~ is a hexadentate tripodal ligand, the trianion of 1,1,1-tris[(3- methoxysal-
icylideneamino)methyl]ethane, which presents a facial N;O; donor set to the Mn'™
ion. A molecular structure drawing is shown in Scheme 1.

Despite having very similar microscopic parameters to both the aforementioned
dbm-ligated complexes (i.e., negative D in the 4.5-5 cm™' range and small |EI,
g~1.98), [IMnLKNO;] (1) undergoes complete torquing. We will show and discuss
below how this phenomenon can be used to the advantage of ultra-high HFEPR per-
formed at frequencies reaching 1 THz and fields up to 36 T. We note at this point
that the frequency of 1 THz is an “overkill” as an S=2 spin system characterized
by the zfs of this order of magnitude will show multiple transitions down to about
v~D/h, i.e.,~100 GHz. It will most likely show a single resonance at X- or Q-band
as well, corresponding to the nominally forbidden AM =4 transition [8].

2 Experimental Section
2.1 Synthesis
Complex 1 was prepared by the 1:1:1 reaction of H;L, Mn"(OAc), - 4H,0 and

KNO; in methanol in air and obtained as deep green needles. Elemental analysis
results and IR spectra revealed that the product was [MnLKNO;] [9].
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2.2 X-Ray Diffraction

A green block crystal of 1 having approximate dimensions of
0.220 % 0.130x 0.100 mm? was mounted on a glass fiber. All measurements were
made on a Rigaku R-AXIS RAPID diffractometer at 180 K using graphite-mon-
ochromated Mo-Ka radiation. Of the 28,109 reflections collected, 6702 were
unique (R;,,=0.0412); equivalent reflections were merged. The linear absorption
coefficient, u, for Mo-Ka radiation is 6.556 cm™'. A numerical absorption cor-
rection was applied which resulted in transmission factors ranging from 0.883
to 0.937. The data were corrected for Lorentz and polarization effects. The
structure was solved by direct methods [10] and expanded using Fourier tech-
niques. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were refined using the riding model. The final cycle of full-matrix least-squares
refinement [11, 12] on F? was based on 6702 observed reflections and 397 varia-
ble parameters. All calculations were performed using the CrystalStructure [13]
crystallographic software package except for refinement, which was performed
using SHELXO97 [11, 12]. The originally reported structure is CCDC 812377
(CSD code IXUSUQ) [9]. This structure was revised by removing several bad
reflections according to recent checkCIF results to give the structure reported
herein (CCDC 2355722).

2.3 HFEPR

Three different HFEPR spectrometers/magnets were used in this work. The one
within the NHMFL EMR Facility is based on a 15/17 T superconducting magnet
and has been described previously [14], but now with an addition of more recent
solid-state source chains from VDI (Virginia Diodes Inc., Charlottesville, VA,
USA) operating up to~ 640 GHz. Two other setups are part of the NHMFL DC
Facility: one was based on a 25 T resistive magnet with improved homogene-
ity (the so called “Keck” magnet; now decommissioned) and Backward Wave
Oscillators (BWOs) employed as sources operating up to 1 THz, as described
by Zvyagin et al. [15]. The most recent addition to the NHMFL magnetic reso-
nance armamentarium is a spectrometer based on the Series Connected Hybrid
(SCH) 36 T magnet, employing a different VDI chain operating up to 1 THz, as
described by Dubroca et al. [16].
The spectra were interpreted via a standard spin Hamiltonian for §=2:

fi=pS g m+D($2- 2865+ 1) +E(52-8),

where f is the Bohr magneton, S is the_vector spin operator (with components
§i,i =x,y,2), g is the electron g-tensor, H is the applied external magnetic field,
and D and E are axial and rhombic zero-field splitting (zfs) parameters, respectively.

The simulations and fitting were achieved using the SPIN package written by
A. Ozarowski [17].
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3 Results and Discussion
3.1 Crystal Structure

The single-crystal X-ray diffraction (XRD) structure of 1 was reported previously
[9], but is now revised by removing several bad reflections according to recent
checkcif results. There are no significant structural differences between the previ-
ously reported and revised structures. The molecule crystallizes in a monoclinic
space group P2,/c with four molecules in the unit cell. The structure of 1 is repro-
duced below in Fig. 1. Axial elongation is observed along the O3—Mn1-N2 direc-
tion, as a consequence of the Jahn—Teller effect as is typically seen in high-spin d*
complexes, such as of Mn'", and was extensively discussed previously [9]. A potas-
sium cation is in the O4 pocket of the [MnL] moiety with an average K—O distance
of 2.8112 A. A nitrate is connected to K* with an average K—O distance of 2.7784
A. Due to the presence of K*, the Mn—O and Mn-N distances of 1 are longer by
0.0032 A on average than those of K*-free [MnL] which also contains an axially
elongated Mn'™ [9].

3.2 High-Frequency and -Field EPR

An HFEPR spectrum of complex 1 “as is”, i.e., as obtained from the last crys-
tallization, recorded at 638 GHz and 4.2 K is shown in Fig. 2 (top, black). The
spectrum suffers from what is sometimes colloquially called a “grass pattern”,
i.e., showing individual crystallites instead of their powder distribution, and is
uninterpretable. Reducing the size of crystallites by repeated grinding resulted
in a spectrum shown in Fig. 2 (middle, blue) showing well-defined resonances.
The derivative shape of these resonances suggests that the spectrum does not cor-
respond to a powder pattern but is similar to what is expected from a single crys-
tal, indicating a presence of strong torquing in the magnetic field. The spectrum

Fig. 1 X-ray diffraction-
obtained molecular structure of
1. The relevant metrics (in A)
are: Mn(1)—O(1): 1.8969(13);
Mn(1)—0(2): 1.9383(13);
Mn(1)—0O(3): 2.0612(13);
Mn(1)—N(1):2.0195(16);
Mn(1)—N(2): 2.2177(17);
Mn(1)—N(3): 2.0583(16). The
especially elongated Mn1-N2
bond distance is indicated in
boldface
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Fig.2 HFEPR spectra of complex 1 recorded at 4.2 (black trace) or 10 K (color traces) and 638 GHz
using the 15 T superconducting magnet. Top black trace: sample “as is”; blue trace: sample ground; red
trace: sample repeatedly ground and pressed in a pellet with n-eicosane. The amount of sample (~ 60 mg)
remained the same in each experiment as were other conditions, such as receiver gain and modulation
amplitude

by itself is not informative as to the spin Hamiltonian parameters, as proved by
a futile attempt to simulate the frequency dependence of resonances as shown
in Fig. 3 (assuming these resonances correspond to canonical orientations of the
zfs with regard to the field). This failure contrasts with many successful exam-
ples wherein least-squares fitting of experimental points leads to a perfect match
between experimental features and calculated curves. The plots shown in Fig. 3
indicate, however, several near-zero-field resonances at ca. 95, 395, 500 and 600
GHz. Assuming those resonances represent the |[D — 3El, 13D — 3El, 13D + 3El and
41D| zero-field transitions in an S=2 spin system, “back-of-the-envelope” cal-
culations deliver estimates of the zfs parameters: |Dl=148 GHz=4.93 cm™' and
IEl=17 GHz=0.57 cm™!. These values were used to simulate the field vs. fre-
quency dependences in Fig. 3, which do not coincide with the observation.

The final proof of the presence of torquing is obtained by pressing the powder
into a pellet with n-eicosane. The resulting spectrum shows peaks of much lower
amplitude (Fig. 2 bottom, red trace) due to a dispersion of resonances belong-
ing to individual crystallites over a wide field range, which, however, can be
simulated as a powder pattern at lower frequencies, where more power is avail-
able, such as 295.2 GHz (Fig. 4). Such single-frequency simulations are useful
in determining the sign of D, which in this case is negative, as expected from the
elongation-type Jahn—Teller distortion [18, 19] of the octahedral geometry of 1
revealed by the structural studies (Fig. 1).
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Fig.3 A two-dimensional (field vs. frequency or energy) map of resonances in the loose powder spectra
of 1 (squares) obtained in the resistive “Keck” magnet and its simulation (curves) using the spin Hamil-
tonian parameters: |[DI=4.93 cm‘l, |EI=0.57 cm™" as estimated from the near-zero-field transitions indi-
cated by the red arrows. The g-value was assumed as 2.00. Red curves: simulated turning points with
magnetic field B, parallel to the x-axis of the zfs tensor, blue: By Il y, black: B Il z. Although the simula-
tion agrees with the observed near-zero-field resonances, it does not reproduce the positions of high-field
peaks because these resonances do not correspond to the canonical orientations of the zfs tensor relative
to the field expected in a powder

D>0

Exp.

D<0

6 8 10 12 14
Magnetic Field (T)

o
N
EN

Fig.4 A representative HFEPR spectrum of 1 as a pellet recorded at 295.2 GHz and 15 K (black trace)
using the 15 T superconducting magnet and its simulations using the following spin Hamiltonian param-
eters: IDI=4.84, IEI=0.61 cm™, g, =1.98. Red trace: D> 0, blue trace: D <0. The intensity of particular
turning points agrees much better with the simulation for D <0

@ Springer



T. Dubroca et al.

Energy (cm’1)

Magnetic Field (T)

T T T T
0 100 200 300 400 500 600
Frequency (GHz)

Fig.5 A two-dimensional (field vs. frequency or energy) map of turning points in the pellet spectra of 1
(squares) obtained in the 15 T superconducting magnet and its simulation (curves) using the spin Ham-
iltonian parameters given in Table 1. Red curves: turning points with magnetic field B, parallel to the
x-axis of the zfs tensor, blue: By Il y, black: B Il z, green: off-axis turning points. For an explanation of
the off-axis turning points [22], see the Supplementary Information

Table 1 Spin Hamiltonian parameters of 1

Spin (S) D (cm™) E (cm™y? E/D g 8 g.

2 —4.780(6) —0.590(5) 0.12 2.003(5) 1.992(5) 1.970(13)

“The sign of E is assumed to be the same as D by convention

Spin Hamiltonian parameters applied to optimally simulate single-frequency
spectra are usually somewhat frequency-dependent. To establish frequency-inde-
pendent parameters, the frequency dependence of the turning points in powder spec-
tra as obtained from a pellet was compiled as a two-dimensional field vs. frequency
or energy map (Fig. 5), similarly to Fig. 3, and then used for a simultaneous fit of
spin Hamiltonian parameters according to the tunable-frequency methodology [20].
The parameters thus obtained are: |IDI=4.780(6), |EI=0.590(5) cm™!, g=[2.003(5),
1.992(5), 1.970(13)], which are typical values for quasi-octahedral complexes of
Mn'" [6, 21].

With the spin Hamiltonian values fixed from the experiments on the pellet, we
returned to the spectra of the loose ground powder of 1 and found out by trial and
error that they can be very satisfactorily simulated assuming that they originate from
a single crystal oriented in the magnetic field in such a way that the polar angles of
the zfs tensor relative to the magnetic field are: =38 +2°, ¢ =27 +5°. The posi-
tions of the simulated resonances depend very strongly on the angle € but relatively
weakly on ¢.
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The question that then needs to be answered is how these angles, particularly 6,
relate to the crystal structure. The unit cell of complex 1 consists of four molecules
(Z=4) of which two are related to the other two by inversion and have the same
orientation versus the magnetic field at an arbitrary crystal orientation. However,
the molecules which are related by the C, axis are oriented differently versus the
field at an arbitrary crystal orientation. This means that, for an arbitrary orienta-
tion of the crystal relative to the magnetic field, there should be two sets of EPR
resonances, each corresponding to one of the two differently oriented molecules, yet
the experiment clearly shows a single set of resonances. We thus looked for orien-
tations in which all the molecules would be equivalent in the magnetic field. The
C,-related molecules are oriented versus the magnetic field in the same way when
the magnetic field is either in the crystallographic ac plane or is parallel to the b
axis (which is the C, rotation axis) (Fig. 6). In the ac plane, the range of the angle
between the magnetic field and the Mn-N2 axis, i.e., the Jahn—Teller elongation axis,
which most likely corresponds to the z-axis of the zfs tensor, is 54.1° to 90° while
along the b axis it is 35.9°. With a negative D, the orientation with a smaller angle
is energetically favored. The experimental spectrum indeed appears to correspond
to a molecular orientation with =36°; thus, we conclude that the crystallites have
been largely aligned with their b axes parallel to the magnetic field. This orientation
corresponds to a minimum energy of two C,-related magnetic dipoles (see the Sup-
porting Information).

At this point, we would like to mention that field-induced orientation along an
average direction (as opposed to a direction corresponding to the maximum anisot-
ropy of a particular molecule) appears to be a common phenomenon when there
are multiple orientations of the molecules within the unit cell as seen e.g., in a Re'”

"~

/ >~

Fig. 6 A non-perspective (parallel projection) view of the Mn coordination sphere viewed along the crys-
tallographic b axis. Magenta: Mn; red: oxygen; blue: nitrogen N1 and N3; green: nitrogen N2. The z-axis
of the zfs tensor is expected to coincide or be close to the Mn-N2 direction. The original molecule speci-
fied in the CIF file is in the bottom right corner, the other one was generated by the C, symmetry opera-
tion (2—x, Y241y, ¥2-z). The magnetic field ‘sees’ both molecules in the same way. The angle between the
magnetic field and the Mn-N2 vector is 35.9° in each case and only one spectrum will be seen in a single
crystal oriented with its b axis parallel to the field
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complex [23] and in a Eu! complex [24]. Based on available data, it is most likely
that the average direction will coincide with one of the crystal symmetry axes, in
this case the b axis. What makes complex 1 unique is that the torquing effect is
nearly complete, and very consistent. Various batches of the same material always
yield the same spectra. The material is also very stable and has not deteriorated in
15 years since its synthesis and delivery, despite being stored in the humid Florida
climate with no particular precautions.

Because of its properties, we have come to use 1 as a standard in two different

situations:

a)

b)

Complex 1 as a frequency standard. The BWO sources lack a frequency lock,
thus their output frequency is determined by pre-calibration using a quasi-optical
Fabry—Perot resonator. The accuracy of such calibration is estimated as+0.5%
at best. This means that, in the high-frequency BWOs operating near 1 THz,
the frequency is typically determined within 10 GHz. Moreover, some high-
frequency BWOs have a tendency of jumping modes, deviating sometimes by
several GHz from their original calibration curve. Such a jump is normally not
detected directly during the experiment. A sample of 1 can then be used to re-
calibrate the frequency. As opposed to other standards typically used in EPR, such
as DPPH or BDPA, which produce only a single line near g =2.00, or the atomic
hydrogen standard, available in a stable form, which produces only two lines with
exactly known splitting (1416.8 MHz, when below 70 K) centered at the g=2.00
field position [25], complex 1 generates a series of resonances spread over a wide
range of magnetic field. This behavior is particularly useful when operating at
high frequencies in a superconducting magnet where the field is relatively well
known but has a limit of typically 15-16 T (see below). Since 16 T limits the
frequency of a g=2.00 standard to ~447 GHz, working at a higher frequency will
not benefit from the g =2.00 standards. We have previously published a spectrum
of 1 recorded at 936 GHz (see Fig. 4 of Krzystek and Telser [26]). In that case,
prior knowledge of the spin Hamiltonian parameters and the orientation of the
sample allowed us to correct the BWO frequency by 9 GHz (~ 1%), the deviation
caused by mode jumping in that particular tube.

Complex 2 as a field standard. While superconducting magnets can be calibrated
within reasonable accuracy, this is not the case with resistive magnets such as the
ones used at the NHMFL to perform ultra-high-field EPR. These are typically
calibrated using NMR at a few discrete points, and only at their commissioning
or after a major repair and rebuild. This problem is also present in the newest
addition to the EPR operation at the NHMFL, the 36 T series-connected hybrid
(SCH) magnet-based spectrometer [16]. Figure 7 top (upper, black trace) shows
a spectrum of 1 recorded in that magnet using a VDI chain locked at 945.360(7)
GHz. The middle (blue) trace is its single-crystal simulation at the orientation
given by the polar coordinates (=36, ¢ =27 deg). The 6 value is taken from the
crystal structure as the angle between the b axis and the Jahn-Teller elongation
direction, the ¢ value is determined by trial and error, as described before. The
bottom red trace represents the same experimental file as the top black one but

after adjusting the magnetic field according to the formula B,j; =B, — i X 8.41
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Fig.7 Upper panel: spectrum of a loose (unconstrained) sample of complex 1 at 945.36 GHz and nomi-
nally 11 K (top, black trace) and its simulation (middle, blue trace). The simulation uses the spin Ham-
iltonian parameters determined from an experiment on the pellet, listed in the text. The temperature
assumed in the simulation was 20 K. The bottom (red) trace is the same experimental file as at the top

(black) but in which the field was adjusted according to the empirical formula B,gj=By, — i X 8.41 pT (i

being the point number). Lower panel: energy levels of a crystal of complex 1 corresponding to the same
conditions as in the top panel (after the field adjustment). The arrows indicate all possible transitions
for a single crystal of the S=2 spin species regardless of their probability. Note that in the experimental
spectrum, the two highest energy transitions, at 12.5 and 20.5 T, are not visible, due to their low statisti-
cal probability and low population of the levels involved

pT, where i is the point number, 0 < i< 60,000, resulting in a much better agree-
ment with the simulation. This result suggests that broad-sweep spectra taken in
the SCH magnet should have their field scale adjusted by reducing the field cor-
respondingly. The above formula was determined empirically and is valid only
for the specific magnet, sweep range and rate.

Another adjustment that was necessary to bring the simulations closer to the
experimental spectrum concerned the temperature. Although the nominal tem-
perature of the experiment shown in Fig. 7 (top) was 11 K, as measured by a
Cernox® sensor located on the outside of the sample space, the actual temperature
of the sample inside the holder was higher due to the heat generated by the mod-
ulation coil. This is a common problem in conventional continuous wave EPR
experiments where the sample is cooled by an exchange gas rather than being
in direct contact with the liquid coolant (immersion operation), in this and most
cases, liquid helium, which may even be in the superfluid phase [27]. It should
be noted that we observed no temperature effect on the resonance position in the
experiment.
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4 Conclusions

We have shown how high magnetic field-induced torquing, a ubiquitous phenom-
enon occurring in many paramagnetic transition metal complexes in the polycrystal-
line phase, can be used to an HFEPR experimentalist’s advantage provided that the
alignment with the field is dependably complete and can be attributed to a particu-
lar orientation of the microcrystallites versus the field, coinciding with the crystal
b axis of 1. The object of our attention was a high-spin Mn'"! system abbreviated
as [MnLKNOs], and it served to calibrate either the frequency of certain high-fre-
quency sources such as backward wave oscillators operating up to 1 THz, or, alter-
natively, the magnetic field generated by ultra-high-field resistive and hybrid mag-
nets, reaching 36 T.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s00723-024-01706-3.
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