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/Abstract: We have prepared and structurally characterized
a new member of the butterfly-like {Co",Dy",} single-mole-
cule magnets (SMMs) through further Co" decoration, with
the formula [Co",Dy",(OH),(teaH),(tea),(Piv)]  (teaH;=
triethanolamine; Piv=trimethylacetate or pivalate). Direct
current (DC) susceptibility and magnetization measurements
were performed allowing the extraction of possible crystal-
field parameters. A simple electrostatic modeling shows rea-
sonable agreement with experimental data. Alternating cur-

rent (AC) susceptibility measurements under a zero DC field\
and under small applied fields were performed at different
frequencies (i.e., 10-1500 Hz) and at low temperatures (i.e.,
2-10 K). Multiple magnetization relaxation pathways are ob-
served. Comparison with previously reported {Co",Dy".}
complex measurements allows an overall discussion about
the origin of the dynamic behavior and its relationship with
crystal-field split ground multiplet sublevels.

/

Introduction

Lanthanide ions are at the edge for the development of molec-
ular nanomagnets due to their large single-ion anisotropy. Dis-
crete lanthanide coordination compounds exhibiting well-iso-
lated, magnetically anisotropic ground states can evidence
slow relaxation of the magnetization upon application and re-
moval of a magnetic field, that is, bistability behavior.™ This
configures the main characteristic for a single-molecule
magnet (SMM). This type of molecules continues to be of
great interest due to its unique physical properties like mag-
netic hysteresis and quantum tunneling of the magnetization
(QTM).” The main aim behind this research points to potential
applications that can exploit these physical properties. The
most trailed being: extremely high-density digital information
storage devices,* quantum information processing,®*® and
spintronic devices.” Since the discovery that single-ion lantha-
nide complexes can exhibit slow relaxation of the magnetiza-
tion by showing a larger anisotropic energy barrier (Us) than
the best SMMs transition-metal-based complexes,™ research
into lanthanide nanomagnets has exponentially grown.'®<%
The magnitude of such barrier is a fundamental feature, often
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considered as a measure of quality of a SMM as it rules the sta-
bility of the orientation of the magnetization upon application
and removal of a magnetic field at a given fixed temperature.
In fact, the larger the energy barrier, the longer the relaxation
time at a fixed temperature, under the critical condition that
quantum tunneling relaxation mechanism (QTM) can be suc-
cessfully suppressed. Following this mainstream several mono-
and polynuclear lanthanide**” and polynuclear heterometal-
lic 3d-4f coordination complexes® have been prepared with
the aim of getting improved properties, namely longer relaxa-
tion times (higher U, at higher temperatures and with miti-
gated QTM.” Several reviews have discussed the background
about the observation of SMM behavior in a single-lanthanide
compound.'*“89 The main aspect points to the ligand field
around the Ln" ion, which fine tunes the mJ magnetic micro-
states energy by splitting of the J ground multiplet. The
energy difference from the ground state to the first excited
state often correlates to the magnitude of the barrier height.
As a direct consequence, any subtle change in the geometry
and ligand environment around the Ln" site can drastically
modify these sub-level splittings and hence the dynamic of the
magnetization relaxation.

In this context, a series of butterfly-like {Co",Dy",} SMMs
have been reported during the last years,” including our own
contribution, [Co",Ln",(OCH,),(teaH),(Piv)s] (teaH;=triethanola-
mine; Piv=trimethylacetate or pivalate), which is up to now,
the only example within this series that show two resolved re-
laxation pathways under a zero DC external applied field."” A
second example with two well resolved relaxation processes
based on the acac ligand, [Dy",Co", (OH),(teaH),(acac)]
(acac=acetylacetonate) has recently been reported, but with
two independent molecules in the unit cell. All along this
family of complexes, it is observed that very subtle changes in
the coordination spheres of the metallic centers provoke dras-
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tic changes in the magnetic behavior, namely the magnetiza-
tion relaxation processes.

We are now reporting a new member of this family, that is,
[Co",Dy",(OH),(teaH),(tea),(Piv)s] (1), where the local environ-
ment of the Dy" is affected through remote decoration of the
butterfly {Co",Dy",} core with additional close-shell Co" ions.
We are presenting a detailed magnetic study focused on
the dynamic properties and making the comparison
of this new {Co",Dy",} core with the closely related
[Co",Ln",(OCH,),(teaH),(Piv)¢] (2) previously reported."”

Results and Discussion
Synthesis and structural characterization

In the last time we have been exploiting the versatility of the
complex [Co,(u-H,0)(Piv),(HPiv),] as a precursor for building up
molecular clusters including Co" and/or Co" ions."" We have
explored its reaction with lanthanide sources, in particular
with nitrate hydrates, Ln(NO,);-xH,0, in the presence of the
versatile triethanolamine (teaH;) ligand. Reactions performed
in acetonitrile with the addition of triethylamine as a
base for deprotonation of the teaH; ligand, affords the
compound [Co",Dy",(OCH,),(teaH),(Piv)s]. This compound ap-
pears particularly interesting regarding its magnetization
relaxation dynamic properties."” Hence, we decided to further
explore the reaction of [Co,(u-H,0)(Piv),(HPiv),] with Dy" ni-
trate in the presence of the teaH; ligand. We found that em-
ploying methanol as solvent and keeping triethylamine as
base affords a new {Dy".}-based complex with a higher con-
tent of Co" ions in comparison with the previously reported
complex [Co",Dy",(OCH,),(teaH),(Piv)s], with the formula
[Co",Dy",(OH),(teaH),(tea),(Piv)s]. The inclusion of two [Co"tea]
moieties in this new complex 1, provokes changes in the coor-
dination sphere of the Dy" as will be discussed hereafter.

The asymmetric unit of the monoclinic C,, cell consist of half
of the molecule due to the presence of a C, rotation axis,
which makes both coordination spheres of the Dy" crystallo-
graphically equivalent (Figure 1). The metal core displays
a syn-syn butterfly-like arrangement in contrast to compound
2, [Co",Dy",], where the arrangement is a syn-anti one."”

The additional Co" sites appear fused through a p,-alkoxide
bridge to both sides of the butterfly structure (Figure 2). As in
complex 2, the outer “wing” positions are occupied by Co"
ions whereas the Dy" ions are placed at the body sites. Each
Dy" ion is coordinated with two p,-hydroxide ligands (two ps-
methoxide ligands are present in complex 2), two p,-O atoms
of the opposing doubly and fully deprotonated teaH, ligands
(both doubly deprotonated in the case of complex 2), two p,-
O atoms of adjacent pivalate ligands (opposing pivalate li-
gands in case of complex 2), and finally by an O atom of a k'-
pivalate ligand and a p,-O atom of a doubly deprotonated
teaH; ligand (both O atoms of a k*-pivalate ligand in the case
of complex 2). The crystallographically unique Dy" ion is eight-
coordinate with a distorted SAP (square-antiprism) geometry
and Ln—O bond lengths in the range of 2.270(6)-2.571(5) A.
Analysis of the coordination geometry of the Dy", with
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Figure 1. Molecular representation of the crystal structure of complex 1. Hy-
drogen atoms are omitted for clarity. Symmetry operations: a) 2—x, y, 3/2—z.

SHAPE,"? shows a minimum continuous shape measure
(CShMs) for a SAP geometry with a value of 0.793. Values of
the CShM between 0.1 and 3 usually correspond to a not neg-
ligible but still small distortion from ideal geometry. The pres-
ent CShM value clearly contrasts with that observed for the en-
vironment of the Dy" in complex 2, that is, 1.889. When look-
ing closer to the Dy—O bond lengths a clear pattern is found:
one short bond length, that is, 2.270(6) A (Dy—,0,koxie)s ONE
long bond length, that is, 2.571(5) A (Dy—p30,0xice), @and six in-
termediate bond lengths spanning a range of 2.320(5)-2.397(5)
A. Long and short bond lengths correspond to adjacent Dy—O
bonds. For complex 2 the following pattern is found: two
short bond lengths, that is, 2.253(3) and 2.261(4) A (both Dy—
W0 koxide),  three long bond lengths spanning a range of
2.446(4)-2.455(5) A, (two Dy—{1,014roxides @aNd @ Dy—Opiyaiare)s @and
three intermediate bond lengths spanning a range of 2.360(3)-
2.389(4) A. Both short bond lengths correspond to almost op-
posing Dy—O bonds (angle of 143.2(1)°). Both independent
Co" ion sites are in a six-coordinated, octahedral environment,
with Co—O bond lengths in the range of 1.888(5)-1.972(5) A
and a Co—N bond length in the rang 1.915(7)-2.001(6) A, char-
acteristics of a Co" oxidation state. The four Co" sites are ar-
ranged in two dimeric units held by double p,-alkoxide
bridges.

Intramolecular hydrogen-bond interactions are observed be-
tween the p,-hydroxido ligands and the non-coordinating O
atoms of the «'-pivalate ligands. The free pivalic acid is kept at
short distance from complex 1 through hydrogen-bond inter-
actions with the fully deprotonated coordinated teaH, ligand
(see the Supporting Information).

No strong intermolecular interactions are observed in the
crystal packing of complex 1 in contrast with complex 2 where
hydrogen-bond interactions held the molecules in chains.'” In
this case, solvent methanol molecules mediate, through multi-
ple hydrogen-bond interactions, the main intermolecular con-
tacts running along the monoclinic b direction (see the Sup-
porting Information). The intermolecular closest Dy--Dy dis-
tance is 12.187(2) A, which is more than three times larger
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Figure 2. Molecular representation as balls and sticks model complex 1,
highlighting the metals butterfly-like core arrangement of the complex. Hy-
drogen atoms and tert-butyl groups are omitted for clarity. Symmetry opera-
tions: a) 2—x, y, 3/2—z.

than the intramolecular Dy—Dy bond length of 3.7764(9) A.
This larger intermolecular Dy--Dy distance in comparison with
that observed in complex 2 (8.301 &) cannot be attributed to
the absence of direct hydrogen-bond interactions; as also in
the case of compound 2, the closest Dy--Dy distance is not
along the hydrogen-bond network propagation. Instead, the
presence of methanol solvent molecules, as well as free pivalic
acid molecules, is probably the promoter of the larger spacing
between molecules of complex 1 in comparison with that ob-
served in the crystal packing of complex 2.

DC magnetic properties

Direct current (DC) magnetic susceptibility measurements were
performed on single crystals crop of the reported complex in
the temperature range 2-300 K and in an applied field of
1 kOe under two different conditions, that is, without prevent-
ing free movement of the crystallites under the applied mag-
netic field and preventing it by silicone grease embedding
(Figure 3). The room-temperature yx.,,T value of the fixed
sample, 26.5 cm®mol 'K, is relatively close to the expected
value for two non-interacting Dy", that is, 28.3 cm®mol 'K,
under spherical symmetry. Upon cooling, the y,,T values falls
gradually down to 30 K where it plummets to reach a value of
14.7 cm®mol 'K at 2 K. This behavior is attributed to the de-
population of the crystal field split mJ sublevels, with also
a possible onset of weak antiferromagnetic exchange and/or
dipolar interactions between both Dy" sites, mainly contribu-
ting at very low T. The y,,T versus T data profile of the non-re-
strained sample appears clearly different when compared to
the restrained sample data. The room-temperature y,,T value is
clearly above the value observed for the restrained sample
suggesting field alignment of the crystallites due to magnetic
moment torquing. A continuous increase of the y.,,T values
upon cooling is observed up to 26 K, where a sharp decrease
is finally achieved. This behavior supports the idea of crystalli-
tes field alignment and also suggests a crystal field mainly sta-
bilizing higher values of mJ. We have already observed this be-
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Figure 3. y,,T versus T data plots of complex 1 (open squares) at 1 kOe be-
tween 2-300 K. The full line shows the simulated data with parameters de-
scribed in the text.

havior for the previously reported magnetic data of compound
2.[10]

The M versus H isotherm plot at low temperature, that is, in
the range of 2-10K, shows a rapid increase in M below
10 kOe, before saturating at a value of 9.4 Nf in the case of
the restrained sample (Figure 4). The expected magnetization
saturation value for two isolated Dy" ions is (2g.) 20 Np,
which is clearly above the experimentally observed value, evi-
dencing a strong crystal field splitting of the different mJ com-
ponents of the ground J state.

H/ kOe

Figure 4. M versus H data plots (open symbols) between 2-10 K (light to
dark) in the range of 1-70 kOe for complex 1. The full line shows the simu-
lated data with parameters described in the text. Red palette =silicone em-
bedded sample, blue palette =free sample.

On the other hand for the unrestrained sample a saturation
value of 17.8 Nf3 is observed. The abrupt saturation in this
case, when comparing with the profile of the restrained
sample, becomes an additional support of the field-induced
orientation of the crystallites (Figure 4). The expected M satura-
tion value for a completely aligned sample of a Dy" ion along
the main quantization axis must equal gm, for an isolated
ground mJ doublet state. In the previous studies of compound
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2, a saturation value of 20 Nf was observed,"” which is in
agreement with the expected saturation value for a completely
oriented sample along the main quantization axis for mJ= +
15/2 with g,=4/3. This was a definitive evidence of an mJ/= +
15/2 ground state doublet. In the case of compound 1, two
different situations can be envisioned, that is, an mJ= +13/2
ground doublet state, where for a completely aligned sample
a magnetization saturation value of 17.3 NP (for two Dy" sites)
is expected or an mJ= +15/2 ground doublet state with possi-
bly a very small admixture of low-lying excited states due to
non-axial crystal-field components. In the case of compound 2,
we have previously shown that it is possible to simultaneously
account for all the DC magnetic data (restrained and not re-
strained samples) behavior through employment of a Hamilto-
nian for two isolated and equivalent magnetic moments J=
15/2 (Dy" ion; ®H,sp, S=5/2, L=5, J=15/2, g,=4/3) and a crys-
tal-field term expressed as Stevens equivalent operators!”

[Eq. (M):

H = gBHU\+1,)+ Z Z 35(615‘1' (525) (1)

k=246 q—k..k

We hence followed the same procedure for complex 1. Fit-
ting the data by using the PHI package,"® which affords a rea-
sonable agreement with the experimental data employing in
this case four CF parameters of all possible allowed for a SAP
(D,d) geometry: BI=(—1.0+0.5), BI=(5+4)x107* BI=(1+
2)x107% and B;=(1£1)x10">cm ™. It is clear that this is a min-
imum satisfactory set of crystal-field terms, but not a complete
one, as far as the Ln" site is not under an ideal D,d symmetry.
In the case of the DC magnetic data of compound 2, a simulta-
neous agreement was achieved with only two CF parame-
ters,"” namely B)=(—2.4+0.2) and B3=(3+2)x102 cm™, af-
fording a ground doublet state with maximum mJ= £+15/2. In
order to avoid over-parameterization, crystal-field terms had
been added one-by-one after checking that no reasonable si-
multaneous fitting was possible before the addition of the
next parameter. In order to improve the lowest y,,T tempera-
ture data a HDVV exchange interaction term (which operates
only over the spin component of states) between both Dy"
ions was added [Eq. (2)]:

I:I = gJﬁH(]1+j2)+ Z Z 85(61';—1- 625)_2-/@«:3132 (2)

k=246 q——k.k

From a fitting with the optimized crystal-field parameters
fixed, J..=(—0.0540.02) cm™" is obtained, which is very simi-
lar to the one found for compound 2. Most of the reported
{Dy,—1O,} systems where an exchange (or dipolar) interaction
is discussed, are based on theoretical calculations,®*"' with
a recent notable example of a direct experimental determina-
tion of Dy-Dy interaction.™ In all cases the observed magni-
tude of the exchange interaction is in the same order of mag-
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could probably be employed. The obtained ground doublet
state is described essentially as mJ= £13/2 (99%) with an ef-
fective g value of 17.3, which is in agreement with the ob-
served magnetization saturation value. The first excited dou-
blet state is mJ= +11/2 at an energy of 150 cm™"' followed by
mJ=41/2 at 194 cm™' (see the Supporting Information).

At this point, nothing can be said about the main quantiza-
tion axis orientation relative to the Dy" ligand environment co-
ordinates. In the case of complex 2, where the ground doublet
state is undoubtedly mJ= +15/2, the MAGELLAN package
can be employed to obtain information about the relative ori-
entation of the magnetic moment. This approach relies on
a pure point charge (n charges of g, charge) electrostatic crys-
tal field arising from the crystal structure coordinates (6,, ¢,)
[Eq. 3):

Z Z Z . <rk>YI?(67(p)Ylf(6m¢n)
2k+ T R

k=246 g=—k...k n
3)

The minimization of the electrostatic energy due to the crys-
tal field (V) for the ground mJ= +15/2 doublet state (ex-
panded in terms of Y9, Y, and YY) with respect to the relative
orientation of the main quantization axis (0, ¢) affords the final
predicted axis.

Ve (0,¢) =

In the case of compound 2, it is found that this axis runs
close to the two short Dy—O bonds (see the structural discus-
sion), almost orthogonal to the expected main axis of the SAP
arrangement. This result shed light on the real crystal-field en-
vironment that now shows to be much closer to a BTPR
(biaugmented trigonal prism; C,v), than to the SAP (D,d) deter-
mined from mere crystal coordinate evaluation. In fact, the
BTPR geometry is the second one with lowest CShM from the
SHAPE algorithm (2.249). The main axis runs close to the
pseudo C; axis of the triangular prism but orthogonal to the G,
axis of the BTPR symmetry (Figure 5). This becomes a quite im-
portant result showing that pure geometrical considerations
are not enough to define the CF environment.

In the case of compound 1, the lack of a mJ= +15/2 dou-
blet ground state precludes the employment of the MAGEL-
LAN package approach. However, a more general method can
be attempted once a set of experimentally determined CF pa-
rameters has been obtained. It is possible from a pure point
charge model (as well as MAGELLAN) to obtain calculated CF
parameters for all possible orientations of the main quantiza-
tion axis. Then it is sufficient to search for those orientations
that match the calculated CF parameters with the experimen-
tal ones.

As already shown by other authors in similar approaches,
the CF parameters B} can be evaluated from Equations (4) and

(5):

[16]

. 4 0;
nitude as the one found for compounds 1 and 2. Al = T Co(—1)0 M (4)
k — 2k+1 kq Rk+1
The CF parameters obtained, reflect the existence of a non- =N
axial contribution, in this case through the B; parameter, but } O
this is at some point arbitrary as another non-axial contribution By = Aq<r >O‘ (5)
Chem. Eur. J. 2016, 22, 14308 - 14318 www.chemeurj.org 14311 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Main orientation of the quantization axis of the magnetic moment
of Dy". Top: compound 2 as arising from the MAGELLAN package (left) and
its comparison with the CF-based calculation (right, dotted lines). Bottom:
compound 1, CF-based calculated possible orientations.

where o are the Stevens operators equivalence factors, <r*>
are the radial integrals, and ¢, are the conversion factors from
spherical harmonics to the Stevens operators.

In order to test this approach and employing the same
charge point modeling as MAGELLAN, we performed the hemi-
sphere exploration of all B CF parameters for the Dy" environ-
ment of complex 2. Then, we searched for those orientations
that afford values of B) and BY close to the experimental ones.
The obtained orientations of the main axis showed a good
agreement with the MAGELLAN results (Figure 5). In the case
of complex 2, a range of possible orientations is obtained due
to the existence of only two experimental established CF pa-
rameters (the span CF values are B)=—2.3-—1.9 and B)<5x
102 cm™).

The same procedure was applied for complex 1, where four
experimental CF parameters are available. As expected, in this
case a smaller number of main axis directions is obtained
(Figure 5). Two different BTPR arrangements are implied where
the main axis lies close to the short Dy—O bond or to the long
Dy—O bond (see the structural discussion). Both directions cor-
respond again to the pseudo G axis of the triangular prism. It
is clear, as in the case of complex 2, that the pure geometrical
SAP description is not reflecting the real CF environment. Here,
again from the SHAPE algorithm the next smallest CShM
points to a BTPR symmetry (1.590).

It seems that the main quantization axis of complex 2 fits
better to the BTPR description than for complex 1, due to the
presence of two opposite short Dy—O bonds. This could ex-
plain the presence of non-negligible non-axial CF parameters
in the latter case.
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It is worth notifying that this simplified point charge model
can, at best, offer a semi-quantitative picture of the crystal
field manifold splitting of the electronic ground term of the
Dy”l.

Dynamic magnetic properties

For compound 2, we have previously studied a possible slow
relaxation of magnetization mechanisms at low temperature.'”
Alternating current (AC) magnetic susceptibility measurements
show a temperature and frequency dependence of the out-of
phase (y.") components of the susceptibility in a zero DC field.
Noticeably and differing from the behavior observed in all the
other reported {Co",Dy",} systems,” two well-resolved peak
maxima in x,” were observed up to 9.5 K, with Cole-Cole
plots constructed between 2.5-9.5 K, revealing two convoluted
semicircular plots and reflecting two single relaxation mecha-
nisms with clearly differing timescales. These dynamic data can
be well reproduced considering a combination of an Orbach
with a quantum tunneling mechanism for the slower process
and a combination of an Orbach and Raman mechanism for
the faster relaxation process. We have shown that the obtained
values for the thermal barriers describing the Orbach pathways
compare quite well with the low-lying energy multiplets aris-
ing from the crystal-field splitting parameters experimentally
extracted from the DC magnetic data.'” The related com-
pound 1, also show a temperature and frequency dependence
of the out-of-phase (y,,”) component of the susceptibility in
a zero DC field; but only one relaxation process can be distin-
guished up to 10 K (Figure 6).

The increasing of a tail in the low-temperature range sug-
gests an onset of a second relaxation process. Fitting of Cole-
Cole plots through a generalized Debye model [Eq. (6)] allowed
the extraction of relaxation times within a temperature range
of 2-8.5 K with « values spanning 0.19-0.32 (Figure 6).

X1 — Xs

=y +—L £

Xac Xs 1+ (in)“ia) (6)

The temperature dependence of these characteristic relaxa-

tion times can be further analyzed in terms of the following
general Equation (7)."”!

1 o1 U
;_CDirectT+CRamT +TQT+T*08XP(7 T) (7)

Here, the exponential term corresponds to the Orbach
mechanism, distinctive due to its thermal barrier parameter
and recognized through a linear Int versus T~' plot. When
looking at the Int versus T~' plot (Figure 6), a linear regime at
high temperatures reaching an also clear plateau at lower tem-
peratures is readily identified. These observations suggest that
an Orbach mechanism is operative with an onset of a quantum
tunneling relaxation mechanism, as already suggested from
the out-of-phase susceptibility profile. However, as commonly
observed in Ln"-based systems, it is not possible to fit the
whole temperature data range employing only these two re-
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Figure 6. Left: frequency dependence of the out of-phase AC susceptibility y,,” of compound 1 in a zero DC magnetic field in the temperature range 2-10 K.
Middle: Cole-Cole plots (circles) with best fitting (see text; lines) in the temperature range 2-8.5 K. Right: In7 versus T~' plots (open symbols) together with

best fitting plots (see text; full line). Time is given in seconds.

laxation mechanism. It is necessary to add a Raman term [i.e.,
the second one in Eq. (7)].

Two, in quality almost identical, best fitting parameter sets
are obtained with n=5 or 7, that is, U4=78 K, 7,=2.9x 10785,
Caam=36X10"2s K>, and 74;=1.8x10"7%s (n=5) and Uy=
115K, 7,6=12%107°s, Cram=13%107s"K”7, and 7or=1.6%
102s (n=7). It can be seen that there is a strong correlation
between the Orbach and Raman parameters leaving an uncer-
tainty in the thermal barrier value, which could be found in
the range spanned by both obtained values. These dynamic
parameter values are similar to the observed one for the fast
process in compound 2, where it was also necessary to include
a Raman term in addition to the thermal-activated Orbach
mechanism."” From the DC magnetic data fitted CF parame-
ters of complex 1, the estimated energy difference between
the ground doublet state (mJ= 413/2) and the first excited
doublet state (mJ= +11/2) is about 150 cm'. This appears
larger but still in the magnitude order than the obtained ther-
mal barrier from the dynamic experimental data.

In order to get more insight into the magnetization relaxa-
tion dynamic in these Co"-decorated {Dy",} systems, we ex-
plored the AC susceptibility data dependence under an exter-
nal applied small DC field for both complexes 1 and 2. We per-
formed an external static field scanning of the AC out-of phase
susceptibility response at 2 K spanning a range of 0-3 kOe at
driving frequencies between 10-1500 Hz (see the Supporting
Information).

For complex 2, a frequency-independent profile with a maxi-
mum at approximately 1500 Oe is observed. The overall mag-
nitude of the out-of-phase response decreases with an increas-
ing frequency. A more complex profile is observed for the data
of complex 1, where two maxima can be clearly distinguished
at 500 and 2500 Oe. On increasing the frequency, the maxi-
mum positions smoothly shift to 1200 and 1600 Oe, with a di-
minishing of the out-of-phase response.

To further analyze the field dependence of the AC data, we
performed a complete frequency- and temperature-depend-
ence measurement at selected external DC fields. We chose
those fields where a maximum or a minimum was observed in
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the y" versus H data profile, that is, 500, 1500, and 2200 Oe
(for compound 1) and 1500 Oe (for compound 2).

Regarding complex 2, the temperature- and frequency-de-
pendent profiles of y” preserve the same main features ob-
served under an applied external zero field. Two relaxation pro-
cesses can be observed but with lower resolution (Figure 7). In
the x” versus T data plot, and at higher frequencies, a tailing
at low temperatures becomes noticeable, suggesting an onset
of a third relaxation process. This had not been observed in
the zero DC data.' The Cole-Cole plots clearly evidences
these three relaxation processes, which can be identified when
sweeping the temperature (Figure 7).

Through the generalized Debye expression given in Equa-
tion (6) or the corresponding for two overlapped processes
[Eq. (8)] it was possible to extract the relaxation characteristic
times in the temperature range 2.5-10 K with a values span-
ning a broad range of 0.0-0.62.

Ay Ay,
: (1—=ay) + ; (1—ay)
1+ (o))" 1 4 (i)' ™
A2 = Y12 = Asi2

XAC((U) = Xstot T (8)

Astot = Xs1 T Xs2

The temperature dependence of these characteristic relaxation
times shows a behavior similar to the one observed under
a zero DC field but with an additional process, mainly tempera-
ture independent, at low temperature (from 2.5 to 4K;
Figure 7). We employed Equation (7) to fit the Int versus T~
data plots. For the slow relaxation process (S), two best fitting
parameter sets that are almost identical in quality are obtained
with n=5 or 7, that is, Us=89K, 7,=5.4x10"%s, Cgn=>5.5%
10235 K™ (n=5) and Uys=104K, 7,=2.2x107%s, Cpyrn=1.7%
10~*s7' K7 (n=7). Notably, a reasonable fit including only the
Raman component of Equation (7) with n=7 and Cg,,=2.2%
10~*s7' K7 (n=7) can be obtained. This result shows that the
existence of the thermal-activated Orbach contribution cannot
be univocally established. In the case of the fast relaxation pro-
cess (F) an excellent fit is obtained with the following parame-
ters: Ug=59K, 7,=1.7x10""s, and 7o1=0.58s. In this case

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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a linear Arrhenius regime without Raman contribution is clearly
observable. Finally, the temperature-independent relaxation
process observed, which must be attributed to magnetization
quantum tunneling, exhibits a characteristic time 74o;=2.0%
107*s.

Dynamic parameters obtained for the slow (S) and fast (F)
processes in complex 2, compare well with the ones observed
under an applied zero DC field. Surprisingly, the quantum tun-
neling characteristic time of the F process is one order of mag-
nitude smaller than under a zero DC field. It is normally as-
sumed that the application of a small static field suppresses
QT pathways. However, in the case of slightly exchange or di-
polar coupled Dy" ions this conclusion is not straightforward.

From the out-of-phase susceptibility response field scanning
at 2 K it is possible to extract the characteristic relaxation times
at each different static DC field from Cole-Cole plot fittings in
a similar manner as with the temperature AC data scanning. As
two distinct relaxation processes with clear different character-
istic times can be distinguished (see the Supporting Informa-
tion and Figure 8), Equation (8) was employed.

The field dependence of the relaxation times can then be
evaluated through Equation (9) suitable for a Kramer ion:

B,

1 4

==
where the first term corresponds to the direct relaxation pro-
cess whereas the second one is related to the temperature-in-
dependent quantum tunneling relaxation process."” In the
case of the fast process a reasonable fitting can be obtained
with the following parameters: A;,=1.0x10°s 'K '0Oe ™ B,=
844 57" and B,=1.4x107°0e 2 It can be seen that the relaxa-
tion time diminishes two orders of magnitudes up to 1 kOe
due to the dominant direct mechanism. When looking at the
slow process a more complex picture is observed, where two
overlapping relaxation pathways are distinguished. It is possi-
ble to account for them through Equation (9) for each inde-
pendent pathway: A;,=5.2x10""s"' K" Oe ™ B,=135s"", and
B,=3.5x10"*0e? for the slower process and A,=6.0%
10""s 'K '0e ™ B,=5.1s", and B,=3.8x10"’ for the faster
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Figure 8. Field dependence of the characteristic relaxation time at 2 K for
compound 2. Squares = experimental data, lines=best fitting curves (see
main text).

process. These overall three independent relaxation pathways
are in agreement with the temperature-dependent data at
a fixed DC external field where also three independent pro-
cesses were observed in the Cole-Cole plots.

In the case of complex 1 the y” versus T data plots at differ-
ent frequencies show a similar profile for the three different
explored static external DC fields (Figure 9). An incipient not
clearly resolved second relaxation process can be distinguished
at low temperatures. From Cole-Cole data plots it was possible
to assign a second relaxation time for the data achieved under
applied DC fields of 1500 and 2200 Oe. Employing Equation (7)
allows the extraction of the dynamic relaxation best fitting pa-
rameters at the three explored DC fields with more than one
possible set in some cases. At 500 Oe these are Ug4=129K,
To=1.0x10""5s, Caun=3.5%x10"%s "' K> and 75;=0.27 s (n=5)
and at 1500 Oe these are U4=56 K, 7,=23X%107"s, Tqr=5.1X
103 s or without Orbach component, Cprn=1.7x10735" K’
and 7or=5.6x10"s (n=7; fast process) as well as U,=58 K,
T,=1.7x107"s, T1q;=5.5%10"%s or with an additional Raman
component, two alternative sets, that is, Us=70K, 7,=3.7X%
10°8s, Goam=15%x107°s K>, 15;=7.7x10 25 (n=5) or U=

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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72K, 7,=37%10%s, Coan=6.9%10"*s"K7, 75;=6.7x10 25
(n=7; slow process); at 2200 Oe these are Us=67 K, 7,=4.1X
10°%s, 7or=1.8x10"?s or with an additional Raman compo-
nent, Ugs=80K, 7,=9.5x10"°s, Coun=1.5%x10"2s" K>, 701=
2.0x1072s (n=5; fast process) and U.;=97 K, 7,=1.3x10"°s,
Cram=34%x10"2s" K>, 15r=0.11 s (n=5; slow process).

The characteristic relaxation times at each different scanned
static DC field from the Cole-Cole plots at 2 K were extracted
through Equation (8). This allows obtaining the 7 versus H pro-
file (Figure 10). In contrast with what was observed in the case
of complex 2, here, three independent pathways with similar
characteristic times can be distinguished. They are feasible of
fitting with Equation (9), separately for each pathway: A,=
32x107%s "K' 0e™ as well as B,=32s"' and B,=2.1x
10 0e™? (r;) and B,=5%10*s"" and B,=4.0x107*0e™? (1,
only QT mechanism) and A,=3.5x10"2s'K'0Oe™ B,=1x
10*s7', and B,=2.1x107° Oe 2
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All the dynamic data extracted from the AC susceptibility
measurements of complexes 1 and 2 are summarized in
Table 1. As frequently observed in lanthanide SMMs, the mag-
netization relaxation mechanisms are far from being trivial.'®
Moreover, overlapped Orbach and Raman mechanisms make
a simple analysis even more difficult. In the case of the herein
studied complexes, in spite of bearing a unique Dy" site (im-
posed crystallographic inversion center or G, axis), multi-relaxa-
tion steps are evident. When looking at the dynamic data at
a zero DC field and some selected small applied external fields,
at least two relaxation processes are detected in the case of
complex 1 and three in the case of complex 2. Due to possible
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Raman contributions, Orbach thermal barriers cannot be defi-
nitely established.

Regarding complex 1, it seems that one thermal barrier
close to 60 K and another one close to 100 K could be opera-
tive, suggesting relaxation pathways through first and second
excited doublet states. From the experimentally extracted crys-
tal-field parameters, these doublet states should be located at
140 and 200 cm ™' affording barriers of 200 and 290 K. Multiple
quantum tunneling pathways are also observed suggesting
that in addition to the ground doublet QTM, thermal-assisted
tunneling (TA-QTM) it is also possible. A complex field-depend-
ence pattern is found for these temperature-independent re-

Table 1. Magnetization relaxation dynamic parameters extracted from the experimental data.
H [Oe] 1 2
0 Ug=78K Uge=51K? Uge=127 K&
7,=2.9%10%s 7,=6.1x107"s 7,=12%x10"s
G=36x102s'K?® Tgr=73s G=17x103s'K?®
Tqr=1.8%10"2s
Ug=15K
7,=1.2%10"s
CGi=13%x1073s"K”7
Tqr=2.6x102s
500 Ugy=129K
T,=1.0%x10""s
Cr=3.5%x10"25"K™>
Tqr=0.27s
1000 Ug=59 K Ugy=89 K Tr=2.0%10"*s
T,=17x107"s T,=54x10"%s
Tr=0.58s Ci=55%1073s"K™>
Us=104 K
To=2.2%10"%s
G=17x10"*s"'K~”
Gr=22x10"*s"'K”
1500 Ug=56 K Us=58K
7,=23%x107"s 7,=17%10"s
Tgr=5.1%X10"s Tgr=5.5%X10""s
G=17x10"3s"K” Ug=70K
Tqr=56%10"s 7,=3.7x107%s
Ce=15x10"3s"K™
Ter=7.7x107%s
Ug=72K
7,=3.7x107%s
Cr=6.9x10"*s"'K”7
Ter=6.7x10"2s
2200 Ug=67 K Uy =97 K
7,=4.1x107%s 7,=13%x107s
Tor=1.8%10"2s Cz=34x10"%s'K®
Us=80 K Tor=0.115s
7,=9.5%107°s
G=15x102s"'K?®
Ter=2.0%x10"2s
[a] From reference [10].
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laxation mechanisms. A possible explanation of this complexity
relies on several level crossings due to the very small exchange
interaction between the Dy" sites.

A very similar picture is found for complex 2, with two ther-
mal-activated Orbach processes with barriers close to 60 and
100 K, which in this case agree much better with the crystal-
field data that afford first two excited doublet states at 40 and
100 cm™, equivalent to approximately 30 and 70 K. This better
agreement can be possibly understood in terms of a small con-
tribution of transversal crystal-field components, which allows
a more reliable DC magnetic data fitting. Here, again multiple
quantum tunneling mechanisms are distinguished with a non-
trivial field-dependence behavior.

Conclusions

We have successfully tuned the local environment of Dy" in

a butterfly-type {Co",Dy",} complex in a remote way by incor-
poration of close-shell Co" ions to the structure, affording
a final {Co",Dy",} moiety. The dominant axial crystal-field com-
ponents of complexes 1 and 2 allowed obtaining DC suscepti-
bility and magnetization data of pseudo-single-crystal type
after crystallite alignment under external magnetic fields.

From the experimentally obtained crystal-field parameters,
through employment of a rough electrostatic model, an esti-
mation of the orientation of the main quantization axis can be
extracted. This axis is not coincident with the a-priori geometri-
cally established SAP geometry but with a BTP one. It is evi-
dent that differences in the charge density over coordinating
O atoms together with short versus long Dy"—O bond lengths
must be seriously considered in order to rationalize the orien-
tation of the molecular magnetic moment.

Dynamic studies of the magnetization relaxation show
a complex multiple relaxation pathway scheme, involving
more than one excited state for the thermal-activated Orbach
process, with a possible overlapping Raman mechanism. In ad-
dition, QTM and thermal-assisted QTM pathways are clearly de-
tected. The estimated energy barriers roughly agree with the
DC magnetic data energy level splitting.

Further research is needed to provide a deeper understand-
ing of the magnetization relaxation behavior in this {Co",Dy".}
family. A more exhaustive field, frequency, and temperature de-
pendence of the AC data, as well as independent local probe
techniques measurements like EPR or FIR spectroscopy would
be valuable tools.

Experimental Section
Material and physical measurements

[Co,(u-OH,)(u-piv),(piv),(Hpiv),]  (piv=trimethylacetate) was pre-
pared following a previously reported procedure." Dy(NO5);-xH,0
was prepared by reaction of Dy,O; with nitric acid in water. All
other chemicals were of reagent grade and used as receive with-
out further purification. Elemental analysis for C, H, and N were
performed with a Carlo Erba 1108 analyzer.
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Synthesis of
[Co",Dy",(OH),(teaH),(tea),(Piv)¢]-(CH;);CCOOH-2 CH,OH (1)

[Co,(u-OH,)(p-piv),(piv),(Hpiv),] (100 mg, 0.1 mmol) and Dy(NO;),
xH,0 (68 mg, ~0.1 mmol) were dissolved in methanol (10 mL), fol-
lowed by the addition of triethanolamine (60 mg, 0.4 mmol) and
triethylamine (61 mg, 0.6 mmol) dissolved in methanol (10 mL) af-
fording a purple solution. The latter was then stirred at room tem-
perature for one hour, filtered, and allowed to stand sealed. After
four weeks the seal was removed and the solution was left for
slowly evaporation. Within three to four weeks a crop of blue
plates crystallized in an approximate yield of 22% (30.9 mg). Ele-
mental analysis calcd (%) for C4H;,,Co,Dy,N,O50: C 37.5, H 6.5, N
2.9; found: C 37.3, H 6.4, N 2.8.

Magnetic measurements

Magnetic measurements were performed with a Quantum Design
MPMS XL-7 SQUID magnetometer. All experimental magnetic data
were corrected for the diamagnetism of the sample holders and
the constituent atoms (Pascal tables). DC measurements were con-
ducted from 2 to 300K at 1 kOe and between 2 and 10K in the
range of 1-70 kOe. AC measurements were performed at driving
frequencies ranging from 10 to 1500 Hz with an AC field amplitude
of 3 Oe under a zero DC field and applied fields up to 2200 Oe. In
the samples where free movement of crystallites was prevented,
silicone grease was employed for the embedding. When silicone is
not used, the sample completely aligned with field quantization
axis as evidenced by the magnetization saturation values achieved.

X-ray structure determination

The crystal structure of compound 1 was determined with an
Oxford Xcalibur, Eos, Gemini CCD area-detector diffractometer by
using graphite-monochromated Moy, radiation (1=0.71069 A) at
298 K. Data was corrected for absorption with CrysAlisPro, Oxford
Diffraction Ltd., Version 1.171.33.66, applying an empirical absorp-
tion correction by using spherical harmonics, implemented in the
SCALE3 ABSPACK scaling algorithm.?” The structure was solved by
direct methods with SIR97%" and refined by full-matrix least-
squares on F? with SHELXL-2014%% under the WinGX platform.”®
Hydrogen atoms were added geometrically and refined as riding
atoms with a uniform value of U, Hydrogen atoms of bridging
hydroxide and pivalic acid solvent molecules both bond to oxygen
atoms, were found in the Fourier difference map and further re-
fined with restrained Uy, (1.2U,(0)). One of the coordinated piva-
late methyl groups and the pivalic acid solvent molecule methyl
group was found disordered around two positions and was refined
as two split positions with 0.5:0.5 occupancy factors. The final crys-
tallographic data and values of R, and wR are listed in Table 2.
CCDC 1462510 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Table 2. Crystallographic data of complex 1.

empirical formula

formula weight [gmol™'] 1954.61

T K] 298(2)

crystal system monoclinic

space group C2/c

a[A] 29.510(4)

b Al 12.510(6)

c[A] 26.657(6)

a[’] 90

B 110.54(2)

v [] 90

VA% 9215.35

z 4

Deaea Imgm™] 1.528

absorption coefficient [mm™'] 2.383

F(000) 4360

A TA] 0.71069

6 range data collection [°] 3.56-29.05

index ranges —30<h<37
—15<k<15
—33</<33

reflns. collected/unique 19666/9839

Rint 0.0850

observed reflns. [/ > 20(l)] 6601

completeness [%] 97.8

max./min. transmission 1.0000/0.589

data/restraints/parameters 9839/9/518

GOF on P 1.060

final R index [I>20()]/ all data 0.0619/0.0981

WR index [/ > 20(/)]/all data
largest peak and hole [e A~®]
weights, w

Ce1H124C0,Dy,N,054

0.1307/0.1652

—1.435 and 1.744
1/[0%(F,2)++(0.0472 PY>+28.1253 P]
where P=(F>4+2F2)/3

Keywords: dysprosium - coordination complex - lanthanides -
magnetic properties - single-molecule magnets
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