GDCh
~~

Single-Molecule Magnets

Research Articles

'.) Check for updates

An dte

Chemie

Internati

How to cite: Angew. Chem. Int. Ed. 2020, 59, 13335-13340
International Edition: doi.org/10.1002/anie.202003759
German Edition: doi.org/10.1002/ange.202003759

Axial Elongation of Mononuclear Lanthanide Metallocenophanes:
Magnetic Properties of Dysprosium- and Terbium-

[1]Ruthenocenophane Complexes

Gabrielle M. Risica, Veacheslav Vieru, Branford O. Wilkins, Trevor P. Latendresse,
Joseph H. Reibenspies, Nattamai S. Bhuvanesh, Gregory P. Wylie, Liviu F. Chibotaru,* and

Michael Nippe*

Abstract: We report the first f-block-ruthenocenophane com-
plexes 1 (Dy) and 2 (Tb) and provide a comparative discussion
of their magnetic structure with respect to earlier reported
ferrocenophane analogues. While axial elongation of the rare
trigonal-prismatic geometry stabilizes the magnetic ground
state in the case of Dy’" and results in a larger barrier to
magnetization reversal (U), a decrease in U is observed for the
case of Th*".

Introduction

The development of molecular architectures to maximize
the magnetic anisotropy of lanthanide (Ln) ions in discrete
mononuclear molecules has recently celebrated significant
breakthroughs.!"! Most prominent is the discovery of the
family of single-molecule magnets (SMMs) based on dyspro-
socenium cations? which has led to molecules that are able to
display magnetic hysteresis up to 80 K.*! Systematic studies of
lanthanide platforms remain a crucial aspect of the develop-
ment of future SMMs and are vital to elucidating structure—
function relationships and formulating new molecular design
guidelines.! In this regard it is truly remarkable that the first
mononuclear lanthanide SMM platform, Ishikawa’s iconic
sandwich complex [TbPc,]” (Pc*” =phthalocyanine),’! has
also greatly contributed to the field of switchable magnetic
properties in SMMs. In detail, it was found that either one- or
two-electron oxidation of monoanionic [LnPc%,]” species
(Ln=Tb*" or Dy*") resulted in a significant axial compres-
sion in the corresponding neutral or monocationic species due
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to decreased intramolecular Pc®-Pc® plane separations
around the central square antiprismatic lanthanide ion.[!
Importantly, as a result of this axial compression of the
crystal field, significant enhancements in the observed energy
barrier to reorientation of the magnetization (U) were
reported (Scheme 1).

Our group has a standing interest in studying Ln-[1]metal-
locenophanes and correlating changes in molecular structure
with dynamic magnetic properties.’! We have previously
disclosed the first example of a Dy-[1]ferrocenophane com-
plex, [Li(thf),][DyFc;Liy(thf),] (Fc = [(n-CsHy),Fe]*) (1),
which features an approximate trigonal prismatic coordina-
tion environment around the Dy*" ion and exhibited SMM
behavior with a U of 110 cm™'. A comparative study of its
terbium-analogue, [Li(thf),][TbFc;Li,(thf),] (25)"' revealed
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Scheme 1. Changes in U upon axial elongation/contraction in
[LnPc] "/ and Ln-[1]metallocenophane complexes.
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alarger value of U (274 cm ™). This led us to suggest that there
are analogies in magnetic properties between approximately
C; symmetric Ln-ferrocenophanes and C, symmetric [LnPc,|~
complexes. In the present study, we are investigating the
effect of axial elongation of Ln-[1]metallocenophanes on the
dynamic magnetic properties. This structural elongation could
be achieved by synthesizing the first lanthanide-[1]rutheno-
cenophane complexes, [Li(thf),][DyRc;Li(thf),] (Rc=[(n’
CsH,),Ru]*) (1) and its terbium-analogue, [Li(thf),]-
[TbRe;Li,(thf),] (2). The larger ionic radius of the second-
row transition metal ion Ru*"

(ton(RUZ) ~0.72 A; 1,(Fe?*,) =0.61 A)' causes an in-
crease in Cp-Cp-plane separations (by 0.17-0.20 A) while
maintaining a distorted trigonal prismatic coordination ge-
ometry around the Ln*" ion. Interestingly, we find opposing
trends in U values upon axial elongation for the Kramers ion
Dy*" (increase) and the non-Kramers ion Tb** (decrease) in
going from 1y and 2y to 1 and 2, respectively. This
observation stands in direct contrast to the above discussed
trends in magnetic properties of [LnPc,] ™" complexes
(Scheme 1, bottom) but can be rationalized by results from
ab initio calculations.

Results and Discussion

The few examples of previously reported [1]ruthenoce-
nophane complexes include solely diamagnetic species that
feature coordination of 1,1’-ruthenocenyl moieties to zirco-
nium and tin,"Y aluminum and gallium.'” The structural
differences between these complexes as compared to their
[1]ferrocenophane analogs are generally larger Cp-Cp-plane
separations as well as larger coordination angles (0) around
the chelated atom. Complexes 1 and 2 are prepared by adding
a suspension of DyCl; or TbCl;, respectively, in thf to
a solution of 3.5equivalents of [Liy(n’-CsH,),Ru]:
(TMEDA)!"! in thf (Scheme 2). After 20 hours, the pale-
yellow solution is filtered and pulled to dryness. The crude
product is washed with n-hexane, extracted in ether, and
pulled to dryness. The resulting dark-yellow oil is dissolved in
minimal amounts of thf and crystalized at room temperature
via vapor diffusion of pentane to yield pale-yellow crystals of
1-thf in 19 % yields and 2-thf in 10 % yields. The diamagnetic
Y*" analogue (3) can be isolated in the same fashion with
yields of 18 %.

Complex 1-thf and 2-thf are isostructural, crystallizing in
the monoclinic space group Cc, with one cocrystallized thf
molecule per [Li(thf),][LnRc;Li,(thf),] molecule (Table S1,

RECI, _
+ —op > ILI(THF)] Ru

3.5 [Lix(n3-CsHa),Ru]-(TMEDA)

RE = Dy>*(1), Tb*(2), Y3*(3)

Scheme 2. Preparation of compounds 1, 2 and 3.
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S2 in the Supporting Information). The anionic [LnRc;Li,-
(thf),]” molecules (Figure 1) feature bonding of three di-
anionic ruthenocenophane moieties to the central Ln*" (Ln =
Dy, Tb) ion and two apical [Li(thf)]" units bound to the C1
atoms of each ruthenocenophane group. The geometry
around the Ln*" ion is best described as distorted trigonal
prismatic (C;) with a twist angle of 21 and 22° for the Dy**
and Tb*" analogues, respectively (Figure 2). The twist angles
in 1 and 2 are significantly larger than the previously reported
distortions for the ferrocenophane analogues 1g, and 2. (8-
11° distortion). The utilization of Ru*" in 1 and 2 (instead of
Fe?! in 15, and 2p,) results in the desired increase in axial Cy—
C; plane separation. The distance between the planes defined
by the three C1 atoms bound to the central Ln** is 0.204 A
larger for 1 than for 1y, and 0.181 A larger for 2 than for 2.
The magnitude of axial elongation in going from Ln-
[1]ferrocenophanes to Ln-[1]ruthenocenophanes is much
larger than the reported changes in N,-N, separations in the
family of [LnPcR,] " species (0.013 A for Pc,Dy"*; 0.031 A
for Pc,Tb"*; 0.021 A for Pc,Y ™ and 0.005 A for Pc,Y")
(Figure S1).%! The elongation also causes wider average Cop-
Ln-Cg, angles (86.7° for 1 vs. 82.0° for 1g; 86.5° for 2 vs. 81.1°
for 2g.), and an elongation of the Ln—C bond lengths is also
observed (2.592[11] A for 1 vs. 2.545[5] A for 1g; 2.615[7] A
for 2 vs. 2.550[20] A for 2g.). However, the larger C;—C; plane
separation in 1 and 2 (as compared to 1z and 2g) results in
smaller Ln--Ru distances (3.197[3] A and 3.200[7] A) than
the Ln-Fe distances (3.222[5] A and 3.230[4] A) in 1
and 2.

Figure 1. Top: Molecular structure of the monoanionic [DyRc;Li, (thf),]~
molecule in crystals of 1-thf (left) and [TbRc;Li,(thf),]~ molecule in
crystals of 2-thf (right). Bottom: View down the Li-Ln-Li axis in 1-thf
(left) and 2-thf (right) with coordinated thf molecules removed. Atoms
are colored as follows: Dy = green, Tb=maroon, Ru=blue, Li=tur-
quoise, C=grey, O=red. Hydrogen atoms, solvent molecules and
counter-cation have been omitted for clarity.
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Figure 2. Variable temperature ’Li-NMR spectra (thf-dg) for 3 (left) and
3¢ (right) at 25, 15, and —65°C.

Another interesting structural aspect of the new rutheno-
cenophane complexes 1 and 2 are the significantly shorter
Li—C bond lengths (Ad(Li—C) = 0.041[15] A for 1g-1; Ad(Li—
C)=0.058[10] A for 2g-2). This shortening could indicate
tighter bonding of Li* in 1 and 2 (as compared to 1g, and 2g.)
and is possibly a consequence of reduced electrostatic
repulsion between the apical Li" ions and the central Ln*"
ion in 1 and 2. In detail, axial elongation predictably leads to
increased Ln--Li distances for Ln-[1]ruthenocenophanes (d-
(Ln-Li)=2.768[12] A for 1; 2.764[14] for 2; 2.718[5] A for
15.; 2.715[40] A for 2,) which reduces electrostatic Li*Ln**
repulsion, increasing Li—C bond strengths, and elongating
Ln—C distances further (see above).

To probe the relative strength of the Li—C interactions,
variable temperature 'Li-NMR studies were performed using
a 1M solution of 3 and 3, in thf-dg (Figure 2). At 25°C, the
spectrum for 3 features one broad, low intensity peak. As the
solution is cooled, two sharp, well-defined peaks become
visible at —15°C and become sharper as the temperature is
further reduced to —65°C. The two signals are assigned to the
metallocenophane-bound Li ions (3.31 ppm) and the counter
cation [Li(thf),]" (0.30 ppm) species. In contrast to 3, the
spectrum of 3y, features one sharp peak at 25°C, one broad,
low intensity peak at —15°C, and two sharp, well-defined
peaks become visible at —65°C. These results indicate that
(i) Li-ion exchange is dynamic in solution and that (ii) the
apical lithium ions in 3 are less kinetically labile than in 3,
further supporting stronger C—Li interactions in 3.

The temperature dependence of the static magnetic
properties of 1 and 2 were explored using direct current
(dc) magnetic susceptibility measurements under an applied
field of 1000 Oe in the temperature range of 2-300 K
(Figures S2, S3). The yyT values at room temperature for
1 of 13.92 emuK mol ' and for 2 of 11.75 at 300 K are close to
the expected values for a single non-interacting Dy™
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(1417 emuKmol ': *H;s,, S=5/2, L=5, g=4/3) and Tb™
(11.82 emuKmol *: F¢, S =3, L =3, g=3/2) ion, respective-
1y.' Upon decreasing the temperature, the value of yy T for
both compounds remains relatively constant until reaching
a temperature of 100 K, below which only a slight decrease is
observed. A more significant decrease occurs at 12 K, until
the value of yy T reaches a minimum of 9.39 emuKmol ™' for
1 and 9.80 emuKmol™" for 2, at 2 K. The decrease in the value
of yuT at low temperatures could be attributed to weak
intermolecular antiferromagnetic coupling, depopulation of
Stark sublevels, or onset of dynamic effects. Since ab initio
calculations reproduce the experimental yT data well (see
below), it is less likely that the decrease of yyT is due to
dynamic effects. Magnetization vs. field measurements at
variable temperatures (Figure S4-S7) show a maximum sat-
uration of 5.19 pg for 1 and 4.63 pg for 2, at 2 K. Expected
saturation for a free, non-interacting Dy"™ (10.6 pg) or Tb™
(9.0 pg) ion is significantly higher than attainable magnet-
ization in the complex. Magnetization will decrease signifi-
cantly in the presence of crystal field effects due to the lack of
degeneracy in spin ground states and splitting of the m; levels.
The fairly good overlap of M vs. H/T data, especially for 2,
suggests well isolated ground Kramers and pseudo doublets
for both compounds, which is in agreement with their
dynamic properties discussed below. Additionally, variable
field magnetization measurements were conducted at 100 K
(Figure S8, S9), showing an expected linear relationship and
eliminating the possibility for ferromagnetic impurities in the
crystalline sample measured.

The temperature dependence of the dynamic magnetic
properties of 1 and 2 were probed using alternating current
(ac) magnetic susceptibility measurements in the frequency
range of 1-1000 Hz under zero applied dc field in a temper-
ature range of 2-15 K for 1 (Figure S10) and 2-24 K for 2
(Figure S11). Both complexes display signals in the out-of-
phase component of the molar ac susceptibility (y,") within
the frequency range, which is indicative of slow magnetic
relaxation. The signal frequencies increase with increasing
temperature in the high temperature regime, as expected for
thermally activated relaxation processes, but show temper-
ature independence at temperatures below 4 K, which is
typically associated with the presence of quantum tunneling
of the magnetization (QTM).!®! Application of static mag-
netic fields can reduce the relative contributions from QTM
to magnetic relaxation via breaking of the degeneracy of m;
states. Variable dc field, ac magnetic susceptibility measure-
ments were performed at 8 K under an applied field in the
range 0-10000 Oe for 1 (Figure S12) and 0-3600 Oe for 2
(Figure S13). Under these conditions samples of 1 showed the
presence of (at least) two closely overlapping signals which
could not be fitted in a meaningful fashion. Compound 2 also
displays signs of two relaxation processes upon the applica-
tion of a 2400 Oe dc field in the temperature range of 14-24 K
(Figure S14). In order to compare the magnetic properties of
1 and 2 in the absence of strong QTM contributions,
diamagnetic dilution studies were performed. Diluted sam-
ples were prepared via co-crystallization of 1 or 2 with
a stoichiometric excess of diamagnetic 3 (Dy:Y=1:16;
Tb:Y = 1:24). Within this diamagnetic matrix, both complexes
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display temperature dependence of their y,” signals in the
temperature range of 4-12 K for 1 (Figure 2, S15) and 8-32 K
for 2 (Figure 3, S16). The magnetization relaxation times (7)
were extracted by fitting Cole-Cole plots (Figure S17-S21)
using the generalized Debye equation [Eq. (S1), (S2); Ta-
ble SS—SS).[“’] At lower temperatures, the curves are seen to
be symmetrical and semicircular, while in the higher temper-
ature regimes, asymmetry is apparent in some data points,
resulting in a tail-like feature at the end of the curve, for both
complexes. This could be indicative of a second relaxation
process moving into the experimental frequency range.
However, due to the lack of data for the second process, the
plots for both concentrated and dilute samples for were fit
assuming a single process, excluding the points that strayed
from the symmetric curve.

The temperature dependence of the relaxation times for
concentrated and dilute samples is shown in the Arrhenius
plots of 1 (Figure 4, left) and 2 (Figure 4, right). The absence
of a temperature independent regime for the dilute samples
indicates that diamagnetic dilution proved effective in
reducing contributions from QTM for both complexes. These
plots were fit to a linear equation [Eq. (S3)]™” to model only
the Orbach processes in the high temperature limit, as well as
to a full fit [Eq. (S4)]™ to account for Orbach, Raman and

4K D 12K
1
1 10 100 1000
Frequency (Hz)
0.31
Bl
g0.2
>
E
)
0.1
°s
=
0.0+

10 100 1000
Frequency (Hz)

Figure 3. Temperature dependence of the out-of-phase component
(xm'") of the ac susceptibility of a magnetically dilute sample of

1 (Dy:Y=1:15.8, top) and 2 (Tb:Y =1:24, bottom) under 0 Oe applied
dc field in the temperature range 4-12 K and 8-32 K, respectively. Solid
lines are the best fits to the experimental data, obtained with the
generalized Debye model.
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Figure 4. Arrhenius plot of magnetization relaxation time data for
concentrated samples (solid circles) of 1 (left) and 2 (right) and
magnetically dilute samples (open circles) of 1 (Dy:Y=1:15.9) and 2
(Tb:Y=1:24) in zero dc field. The solid and dashed red lines
correspond to fits for all points for the concentrated and magnetically
dilute sample, respectively. The blue lines correspond to the linear fit
of the portion of the data that can be attributed to Orbach relaxation
processes (Equation S3, S4).

QTM processes across the full temperature range (Table S9,
S10). The latter fits result in values of the effective magnetic
barrier, U, of 126 cm™ for 1 and 231 cm™ for 2. It is
interesting to note that 1 displays a somewhat larger U value
than its ferrocenophane congener 1g, (110 cm ') while that of
2 is smaller than the value for 2g (274 cm ™). These counter-
intuitive results are well in line with our computational results
as is discussed below. We also note, that both LnRc;
complexes act similarly to their ferrocenophane analogues,
in that the concentrated and dilute samples show fairly similar
barriers. The presence of slow magnetic relaxation would be
expected to result in magnetic hysteresis at low temperatures.
Variable field magnetization studies were conducted in
a temperature range from 2-5K using scan rates of
0.9mTs™' for 1 (Figure S22) and 2 (Figure S23). Solely
complex 1 displays clear openings in its waist restricted
hysteresis loops up to 5 K and both complexes reach magnetic
saturation at 40000 Oe.

The experimentally determined opposing trends in barrier
heights upon axial elongation for Dy- (increase) and Tb-
metallocenophanes (decrease) are further supported by
computational analyses. Complexes 1 and 2 were calculated
in two basis set approximations (Table S11). The active space
of the CASSCF method included 9 electrons for complex
1 and 8 electrons for complex 2, spanned by seven 4f orbitals.
For compound 1, 21 sextet, 128 quartet and 130 doublet states
and for compound 2, 7 septet, 140 quintet, 113 triplet and 123
singlet states were mixed by spin—orbit coupling within the
module RASSI (Table S12, S13). Due to high computational
cost, XMS-CASPT2 calculations were performed only on
sextet states for 1 and septet states for 2. Coordinated solvent
molecules and counter-cation have been removed from the
calculated fragment.

The energies of the Kramers doublets (KDs) of 1 and
spin-orbital states of 2 along with their corresponding g-
tensors are shown in Table 1. The calculated energies of the
first and second excited states are larger for 1 (194 and
314 cm ™) than for 1 (180 and 236 cm™") while those of 2 (310
and 593 cm™") are smaller than in 2, (343 and 649 cm™"). This
trend mirrors the above described experimentally determined
trends in U values. Figure 5 shows the calculated structure of
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Table 1: Energy and g-tensors of low-lying Kramers doublets for Dy
center (1) and spin-orbital states for Tb center (2).

XMS-CASPT2/SO-RASSI 1 2
Basis Set 21
Energy [cm™] 0 0
193.9757 0.0003
313.6876 310.2557
425.2105 310.2609
556.8360 593.2008
741.4731 593.4615
929.1730 781.4962
1053.1066 828.0393
920.2413
925.5532
979.0890
990.2700
1007.2536
1 g 429x10°5 0
g, 1.91x107* 0
. 19.92 18.00
2 g, 1.96x10°° 0
g, 3.45x10° 0
. 17.46 14.55
3 -8 0.0544 0
g, 0.0640 0
g, 14.55 11.05
4 g 0.0455 -
g, 0.1240 -
. 12.55 -

[a] Table S11 defines employed basis set.

the magnetization blocking barrier and suggests that relaxa-
tion would be expected to occur via the second excited state
for both 1 and 2, which would result in even larger U values
than those experimentally observed.

Given that the relaxation is of thermally activated QTM
(TA-QTM) type, it proceeds via the doublet n with the largest
value of P,I',, where P, is the Boltzmann population of the
corresponding doublet and I',, is the tunneling relaxation rate.
The latter is proportional to A%,,, which in the case of 1 is
related to g + g2, while in the case of 2 is proportional to the
square of the intrinsic gap of the given pseudo doublet. The
Boltzmann population is proportional to e “"*T. By using the
g-factors values of doublet 2, 3 and 4 and their corresponding
energies in complex 1 (Table 1), one obtains at 7=20 K: I,/
I';=13, I'y/T,=1200 and T,/T, = 1.4 x 10*. This shows that the
TA-QTM relaxation proceeds via doublet 2 (the first excited
doublet). Similar analysis done for complex 2 provides I',/T'; =
2.7x10° and I',/T,=1.9x10% at T=20 K, which shows that
the relaxation at relatively low temperatures occurs via the
first excited pseudo doublet.

Close inspection of the ab-initio calculated crystal-field
(CF) parameters allows to rationalize the counter-intuitive
trends in U upon axial elongation. The decrease of first order
terms (B’,) in going from ferrocenophanes to ruthenoceno-
phanes (Table S14) is a consequence of overall weaker crystal
fields in the latter. However, for Dy*" the axial CF parameters
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Figure 5. Low-lying levels and magnetization blocking barrier for

1 (top) and 2 (bottom). Each state (horizontal thick black lines) is
located according to its magnetic moment. The arrows show the
transition between the states, whereas the numbers accompanying
them are the average transition moments (ug). The blue arrows
indicate the barrier to the blocking of magnetization.

(B°,) are slightly larger in 1 than in 1g (Table S14). This is
somewhat surprising but consistent with our experimental
findings and indicates that ruthenocenophanes enforce a more
axial crystal field than ferrocenophanes for Dy*" and high-
lights the value of ab initio calculations in elucidating such
subtle geometric effects. The difference in the barriers height
of 1 and 15, complexes (ca 15 cm ') is small, but the relaxation
time is three orders of magnitude larger in 1. than in
1 (Table S15). The larger angle between the main magnetic
axes of the ground and 1% excited doublet (0.44° in 1, and 13°
in 1)) causes a larger transition magnetic moment matrix
element connecting the opposite doublet components of the
ground and 1% excited KDs (1— and 2+ in Figure5) in
1 compared to 1) which causes smaller relaxation times in
the former. In contrast, the Tb*" ion (m;==6) experiences
a slight decrease of its axial CF terms and a larger decrease in
its trigonal term (B?,) in going from 2 to 2. This is also
consistent with the larger twist angle observed for 2. The
~40 cm ' lower barrier in 2 (as compared to 2g,) is therefore
consistent with reported trends upon elongation but can be
more specifically tracked back to specific changes in the CF
splitting.

www.angewandte.org

Chemie

13339

85USD17 SUOLULIOD AR 3|qedt|dde au3 Ag pausenof afe sSpie YO ‘esh JO Sajnu oy Afeiq 17 auluO A8|1M UO (SUORIPUOD-PUR-SLUBHWOD AB|IM Afelq 1 BUI1UO//SAIL) SUORIPUOD PUe SIS | dU} 835 *[G20e/20/82] Uo Aeigiauliuo AB|IM ‘AlsAIUN preAlH AQ 65800202 31Ue/Z00T OT/I0p/L0d" 8|1 Aleid Ut |uo//Sdny oy papeoiumod ‘g€ ‘0202 ‘ELLETEST


http://www.angewandte.org

An dte

GDCh Research Articles e Chemic

7

13340 www.angewandte.org

Conclusion

In summary, the isolation of the first f-block-ruthenoce-
nophane complexes allowed us to comparatively evaluate
trends in the magnetic structures of Dy*" and Tb*" ions in rare
trigonal prismatic coordination environments. Our structure-
function relationship studies support the formulation that the
increased axiality of the crystal field for Dy** in 1 (as
compared to 1g) results in improved U values while the
weaker crystal field (especially as manifested in the trigonal
CF terms) for Tb*" decreases U for 2 (as compared to 2y).

Experimental Section

Experimental details and computational methods, including
synthetic protocol, crystallographic information, structure tables
and magnetic characterization methods can be found in the provided
supporting information. CCDC 1955959, 1955961, 1955962, and
1955955 (1, 2, 3, 3,) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.
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