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The present study focuses on the dynamic magnetic behaviour of exchange coupled 3d-4f complexes
containing the scarcely investigated non-Kramers Tm®* center, the 3d metal ions being either the low-
spin Fe** (1) or the diamagnetic Co®* (2) ion. Both complexes display field-dependent slow relaxation of
magnetization. The field and temperature dependences of the relaxation rate provided indication of rele-
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Introduction

Magnetic relaxation phenomena in complexes qualifies that
the system undergoes a magnetic field perturbation followed
by the establishment of a new equilibrium state."? If this is
achieved by overcoming a magnetic anisotropy barrier between
the two states, the relaxation time can be lengthened by
increasing the height of the barrier.” In this respect lanthanide
based complexes®” are the leading contending complexes in
showcasing slow relaxation of magnetization, with anisotropy
barriers larger than 1000 K being recently reported.® These
high energy barriers are a consequence of the large single-ion
magnetic anisotropy of these systems, due to the combined
action of the strong spin-orbit coupling of 4f systems and of
the strong axial symmetry of the obtained complexes.”® These
features have ignited the synthesis, characterization and ana-
lysis of magnetic properties of single-ion magnets, SIMs,** ™
to exploit their expediency in applied sciences'* such as mole-
cular spintronics’®*® and ultrahigh density magnetic memory
devices." Lanthanide based molecular complexes have also
been proposed as potential qubits for molecular quantum
computing,®®?" thanks to their long decoherence time at low
temperature,>>>* as well as in the understanding of the basic

“INSTM Research unit & Dipartimento di Chimica “U. Schiff”, Universita degli Studi
di Firenze, Via della Lastruccia 3, 50019 Sesto Fiorentino, FI, Italy.

E-mail: lorenzo.sorace@unifi.it

"Departament de Quimica Inorganica i Organica, Seccié de Quimica Inorganica,
Universitat de Barcelona, Marti i Franques 1-11, E-08028 Barcelona, Spain
tElectronic supplementary information (ESI) available: Packing diagrams of
complexes, powder X-ray diffraction patterns, dc magnetic characterization and
additional ac susceptibility data. See DOI: 10.1039/c6dt04691f

This journal is © The Royal Society of Chemistry 2017

vant contributions from quantum tunnelling, direct and Orbach and Raman processes, with only minor
effects from exchange coupling interactions. Furthermore, the aged sample of 2 exhibited an additional
relaxation process, possibly due to solvent loss, highlighting the importance of a careful consideration of
this factor when analysing the magnetization dynamics in solvated systems.

quantum phenomenon®® like Quantum Tunnelling of
Magnetization (QTM),>® and as building blocks of molecular
based refrigerants based on the magnetocaloric effect.*®

For a complex to behave as a pure SIM or SMM, the obser-
vation of slow relaxation of magnetization in zero field as
opposed to field induced relaxation of magnetization is
crucial,">*”?® and this requires an accurate knowledge of the
various mechanisms involved in the relaxation of magnetiza-
tion (spin-lattice relaxation) which are the temperature depen-
dent Direct process (with rate zp; "' (ref. 29)) and the two-
phonon Orbach (with rate 7o " (ref. 30)) and Raman pro-
cesses (with rate 7gam ').*"*? Furthermore, the temperature
independent process as Quantum Tunnelling of Magnetization
(QTM, with rate zgmv  (ref. 33)) may also contribute. The
global relaxation rate of magnetization of lanthanide based
systems usually involves a combination of two or more of the
aforementioned processes, with the most general behaviour
portrayed in eqn (1):

_4A 2772
=11 exp( kBT) +CT" + ATH™ + a {%} (1)
where in the first term A is the magnetic anisotropy barrier,*°
in the second term n = 9-11 for lanthanide based complexes,
in the third term H is the external magnetic field and m = 2 or
4 depending on spin parity. Finally, the last term is the so-
called Brons-Van Vleck term that arises from the presence of
local magnetic fields associated with spin-spin interactions,
which might be important for the relaxation in relatively con-
centrated systems.?® In this term, which can be related to the
QTM in SMMs,>”*° q represents the zero field relaxation rate,
¢ takes into account the ability of the external field to suppress

Dalton Trans., 2017, 00, 1-9 | 1

10

20

30

40


www.rsc.li/dalton

9]

10

30

40

93]
[92]

Paper

this mechanism, while b, strongly dependent on the con-
centration of the spin centers, takes into account the field
effects on the relaxation of interacting spins.****

Following the complexity of the resultant relaxation rate
behaviour, numerous reports are being devoted both to
improving the slow dynamics feature of lanthanide complexes
and the appropriate identification of the processes responsible
for slow relaxation of magnetization.*>~3°

An interesting approach to achieve slow dynamics and high
energy barriers is the synthesis of 3d-4f compounds,”**?
where the 3d metal can be either paramagnetic or diamag-
netic.”®** In particular, when the 3d metal ion is paramagnetic,
the exchange-coupling interaction is often able to reduce the
quantum tunnelling of the magnetization, resulting in longer
relaxation times.”>™® In this respect we thought it would be
useful to evidence the effect of the exchange coupling by com-
paring the dynamic magnetic behaviour of isostructural systems
where the 3d metal ion is either paramagnetic or diamagnetic.
In detail, we focused on a family of complexes for which this
strategy has already been successfully applied by two of us to
the analysis of static magnetic behaviour.*>*® Since only scat-
tered reports of magnetic properties of Tm** based compounds
are available®** and until very recently no evidence of slow
relaxation of magnetization existed in the literature for such
complexes,” we decided to analyse the dynamic magnetic be-
haviour of Tm(dmf),(H,0);(p-CN)-X(CN);]-1.25H,0 compounds.
Here, X = Fe’" (1), Co®" (2) with both 3d ions being in their low
spin state due to the hexacyanide coordination.”” The basic
structural unit of this molecule is shown in Scheme 1: the
coordination polyhedron around the Tm®" ion showcases a
bicapped trigonal prism geometry and the X** ion sits in a dis-
torted octahedron.’® The unit cell comprised of four discrete
heterodinuclear molecules is shown in Fig. S1.}

The combined magnetometric and powder EPR studies
showed that at low temperature the behaviour of 1 could be
modelled using the following spin Hamiltonian acting
between the two anisotropic pseudo S = 1/2 of the constituent
paramagnetic ions:

Hgpr = JisoS1°S2 + S1DSy + > BH-gi-S; (2)

=12

The assumption of Tm*" behaving as a pseudo doublet was
reinforced by the observation of a single EPR transition in 2,

Scheme 1 View of the molecular structure of 1 and 2. Blue balls: nitro-
gen atoms; red balls: oxygen atoms; grey balls: carbon atoms.
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which could be modelled assuming Seg = 1/2, g = 14, Le. a
potentially relevant Ising-type anisotropy. By keeping the
number of parameters to a minimum the experimental results
on the coupled system could be semi-quantitatively modelled
assuming gge = (2.0, 0.7, 2.5), grm = (0.1, 0.1, 15), Jiso < 0 cm™*
(i.e. ferromagnetic interaction), Dy, = Dy, and D,, > 8 cm™. As
a whole they demonstrated the existence of a non-negligible
anisotropic ferromagnetic exchange coupling interaction
between Fe(m) and Tm(u1).>*>*

Inspired by these preliminary results, suggesting that these
systems might behave as SIMs, herein we present extensive
exploration of their magnetization dynamics over a wide range
of frequency, direct current (dc) magnetic field, temperature
and aging time. The study revealed that both complexes show
slow relaxation of magnetization, but only in the presence of
an external magnetic field. The field and temperature depen-
dences of the relaxation rate provided indication of relevant
contributions from quantum tunnelling, direct and Raman
processes, with only minor effects from exchange coupling
interactions. Furthermore, the aged sample of 2 exhibited an
additional relaxation process, possibly due to solvent loss, a
factor only seldom considered in the analysis of the magnetiza-
tion dynamics of solvated systems.>>"*®

Experimental section

The samples were synthesized as previously reported in the lit-
erature.”” The alternating current (ac) magnetic susceptibility
investigations were performed on polycrystalline samples
pressed in a 5 mm pellet. The measurements were executed by
using a Quantum Design PPMS in ac mode, with a 5 Oe oscil-
lating magnetic field, for the 10 Hz to 10 kHz frequency range.
The slower dynamics was probed using a Quantum Design
MPMS SQUID magnetometer (0.1 Hz to 1 kHz). The same
SQUID was employed to explore the dc magnetic susceptibility
measurements in a 1 kOe dc magnetic field and the isother-
mal magnetization at different temperatures (1.9, 2.5, 4.5 K).
The polycrystalline samples used for magnetic characterization
were previously evaluated by X-ray powder diffraction tech-
nique using a Bruker D8 advance powder diffractometer
equipped with a Cu source (K, 4 = 1.54 A) (see Fig. S27).

Results and discussion

Preliminary dc characterization was performed to ensure that
the magnetic behaviour of the two complexes was consistent
with that reported in the literature. This was indeed the case,
as reported in Fig. 3.1 3!

Ac susceptibility

Ac susceptibility measurements were carried out to explore the
slow magnetic relaxation dynamics of 1 and 2. No imaginary
component of the susceptibility was observed for both
samples between 10 Hz and 10 kHz even at the lowest investi-
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gated temperature (2 K), with no applied field. However, a field
induced, frequency dependent maximum was observed in y”
for both complexes at 2 K, indicating that the complexes
undergo field-induced slow relaxation of magnetization (Fig. 1
and 2). The low temperature (2 K) relaxation dynamics of 1 as
a function of external dc magnetic field is shown in Fig. 1a-
inset (additional data are reported in Fig. S47). It is quite clear
that only a small field (H > 250 Oe) is required to trigger the
slowdown of magnetization dynamics in 1. The observed be-
haviour has been reproduced using the generalized Debye
model®® (solid lines in Fig. 1a-inset), which allowed us to
extract the corresponding relaxation time as a function of mag-
netic field (Fig. 1a, main panel). The relaxation time passes
through a maximum around 1 kOe, and then rapidly decreases
at higher field, suggesting a competition between quantum
tunneling and direct relaxation processes. Accordingly, these
data were analytically reproduced using eqn (1) with the appro-
priate terms.>” The best fit parameters, providing the solid line
in Fig. 1a, main panel, are reported in Table 1 and clearly
point to the persistence of non-negligible QTM even at a rela-
tively high field. This is a somehow unexpected occurrence,
since in lanthanide based complexes, QTM
quenched in the presence of moderate dc magnetic fields.
Furthermore, the direct process shows a H> dependence as

is usually
43,58

180
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;
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8 5 Temperature /K|
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Fig. 1 (a) Plot of relaxation time of 1 at 2 K as a function of applied
magnetic field, (inset) field response of the out-of-phase » suscepti-
bility signal of 1 measured at 2 K, the lines are fits using the Debye
expression. (b) Temperature behaviour of " of 1 measured at 1 kOe
(solid lines are the Debye fits), (inset) extracted relaxation times as a
function of temperature at 1 kOe. The solid red line corresponds to the
best fit obtained using the Orbach process as the leading temperature
dependent one, green line to the Raman one.
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Fig. 2 (a) Magnetic field dependence of the out-of-phase y" suscepti-
bility signal of 2 measured at 2 K and variable frequencies (lines are fits
using the Debye expression): 1 kOe and 2 kOe data are highlighted with
different symbols. In the inset the extracted relaxation times plotted
against the magnetic field are shown. (b) Temperature dependence of
the magnetic relaxation time of a freshly pressed pellet of 2, measured
in a field of 1 kOe. The solid red line corresponds to the best fit obtained
using the Orbach process as the leading temperature dependent one,
green line to the Raman one.

expected for a non-Kramers’ ion; this is not obvious since 1
features an odd number of electrons. As the maximum in
relaxation time is observed between 1 kOe and 2 kOe for 1,
these two extreme fields were chosen to conduct the study of
the dynamics as a function of temperature. The maximum in
the out-of-phase susceptibility is observable, within the range
of available frequencies, up to 9 K (Fig. 1b-main panel and
Fig. S51). At the lower temperature ends, there is still a quite
evident temperature dependence at both fields, indicating that
the thermally independent QTM process is not dominating the
relaxation. The corresponding relaxation times extracted at
each magnetic field are shown in Fig. S6.7 When reported in
an Arrhenius plot, a deviation of relaxation time from a linear
curve is clearly observed (Fig. 1b-inset), indicating that the
relaxation mechanism is not of pure Orbach type but should
consider all other terms of eqn (1).>° It was further noted by
the comparison of the temperature dependence of the relax-
ation rate measured at the two different fields that a strictly
similar behaviour holds. The only difference is observed at
T < 3 K, the 2 kOe data evidencing a faster relaxation, a signa-
ture of the relevance of the direct process, the rate of which
increases with the magnetic field.
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Table 1 Best fit parameters to field and temperature dependence of the magnetic relaxation rate in 1¢

Quantum tunneling Raman Orbach
Direct
AlKs™' 0e™? als™* b/Oe™? c/Oe™ ClsT'K"  n A/K 7o st
2Kvs. H 33+04)x107*  15956+1066 (3.1+0.8)x107° (5+1)x107° — — — —
1kOevs. T (3.3+0.4)x107" 15956 +1066 (3.1+0.8)x10™° (5+1)x107° 87 +40 3.7+0.3 16+1 (9+2)x10°
2kOevs. T (3.3+0.4)x10™" 15956+1066 (3.1+0.8)x107° (5+1)x107° 20+2 4.42+0.06 21.0+0.6 (1.7 +0.2) x 10°

“A, a, b and ¢ were determined by field dependent analysis and kept fixed for temperature dependent ones. Orbach and Raman processes were

considered as mutually exclusive to reduce over parametrization.

These qualitative considerations were indeed confirmed by
fitting the temperature dependence of the relaxation rate using
eqn (1) (Fig. 1b and S67), keeping the parameters derived by
the field dependent data set fixed. To avoid over parametriza-
tion we further restricted our fit to two different options:
either considering the two-phonon Orbach or the Raman one
as the leading temperature-dependent relaxation term. The
two approaches provided fits of similar quality at both fields,
making it impossible to discriminate between the two possible
processes. The best fit parameters obtained by this procedure
are reported in Table 1.

A similar study was performed on 2. Fig. 2a-main panel and
Fig. S71 show the magnetization dynamics of 2 for magnetic
fields varying from 0 to 5 kOe, and the inset of Fig. 2a show-
cases the extracted relaxation times and their best fit achieved
with parameters reported in Table 2. We note that the accuracy
of the fit is reduced for points below 800 Oe: this might be
attributed to noisier raw data, hampering an accurate deri-
vation of the relaxation time. At any rate, the field dependence
clearly evidence that, as observed for complex 1, QTM and
direct processes play a crucial role in the reversal of magnetiza-
tion of 2.

Since a maximum in relaxation time is observed at 1 kOe
this field was chosen for temperature dependent ac suscepti-
bility experiments. This choice was further induced by the ana-
lysis of the width of the distribution parameter on field vari-
ation, which achieves a maximum at 1 kOe (Fig. S7t-right) and
a minimum at 2 kOe, thus making the latter another interest-
ing field value to explore the dynamics.

The temperature dependent study at 1 and 2 kOe dc mag-
netic field evidence maxima in y” at about 1 kHz in 2, moving
out and fading away from the experimental range at a higher
temperature (Fig. S8 and S97). The peaks observed in the ima-

ginary component were reproduced with the Debye model to
extract the corresponding relaxation time at 1 kOe (Fig. 2b) as
a function of temperature. The absence of a linear behaviour
over the whole temperature range in the Arrhenius plot
(Fig. S10t) suggests that also in this system the temperature-
dependent relaxation is not dominated by a simple Orbach
process. Accordingly, we performed quantitative analysis of the
data by following the same strategy as for 1. This approach
resulted in fits of comparable quality assuming Orbach or
Raman terms as the dominant temperature dependent term
(Table 2). The relaxation times obtained from the 2 kOe
susceptibility curves along with the 1 kOe relaxation times for
comparison purposes are shown in Fig. S10.f It is worth
noting that, if one assumes this as the leading term, the expo-
nent n of the Raman process observed for both complexes is,
for both complexes quite smaller (3.5-5.5) than the value
expected on the basis of an approximate theoretical model
(n = 9-11).>° However, a smaller n value is now almost routi-
nely reported for molecular based complexes and attributed to
both acoustic (lattice) and optical (molecular) vibrations taking
part in the relaxation process.”*®° On the other hand, con-
sideration of the two phonon Orbach process would require
electronic/magnetic states that can be thermally accessible.
This could only be obtained either by ab initio calculations or
advanced spectroscopic characterization which are beyond the
scope of this manuscript.?®3%6

Comparison of dynamic magnetic properties of 1 and 2

Up to now, only a single example of Tm’" based complexes
behaving as SIM in zero field has been reported in the litera-
ture, despite the fact that the prolate shape of the charge dis-
tribution of its m; = +6 should be favoured by equatorial type
ligands.>® This is usually attributed to the non-Kramers nature

Table 2 Best fit parameters to field and temperature dependence of the magnetic relaxation rate in a freshly pressed pellet of 27

Quantum tunneling Raman Orbach
Direct
AK st 0e™? als™t b/Oe™? c/Oe™? ClsT* K™ n A/K 7o st
2Kvs. H (9.3+0.5)x10™" 17150 +4500 0 (2.0+0.3)x107°  — — —
1kOevs. T (9.3+0.5)x107*  17150+4500 0 (2.0+£0.3)x107°  6.8+1.5 5.4+0.2 22+1 (3.1 +0.7) x 10°
2kOevs. T (10+10)x 107" 34300 +4500 0 (2.0+0.3)x107°  3.4+1.9 4+03  24.8+0.9  (2.9+0.5)x10°

“A, b and ¢ were determined by field dependent analysis and kept fixed for temperature dependent ones. Orbach and Raman processes were con-

sidered as mutually exclusive to reduce over parametrization.
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of the ion, coupled to the difficulty in obtaining a purely uniax-
ial symmetry, which leads to efficient mixing of m; states and
faster relaxation promoted by QTM.®* Even field induced slow
magnetic relaxation has been scarcely reported in the past for
Tm®*" complexes.”’***%® In addition to increase this small
number of slow relaxing Tm** complexes our study was aimed
at investigating the effects on the dynamics properties when
the transition metal coordinated ion is either paramagnetic
and exchange-coupled (Tm’"-Fe®*), or diamagnetic (Tm>*'-
Co’"). The comparison between the observed spin dynamics of
complexes 1 and 2 in fixed temperature, variable field and
vice versa conditions, is shown in Fig. 3(a and b).

As discussed above spin dynamics in both complexes
followed a temperature dependent behaviour typical of slow
relaxation of magnetization triggered by multiple mechanisms
(Tables 1 and 2). While the effect of temperature on 7 ' is
almost identical in the two cases, a more pronounced differ-
ence in the relaxation rate is evident in the field dependence at
2 K. Indeed, the longest relaxation time, observed for both
complexes in the 1-2 kOe range, is almost 30% slower for the
Co®" derivative than for Fe’" one. This is in contrast with the
common view that the presence of an exchange-coupled centre
should induce a bias field on the adjacent spin, resulting in a
less effective QTM process.®’ Apparently, in this case, this
mechanism is only active at relatively high fields, where the

a®
a
160 1
3+ 3+
1204 [ ] 1,Tm3‘-Fe3+
e 2 Tm"-Co
2]
1
T 80
40
o 1 2 3 4 5 6 7
H/kOe
b
:"’ m 1, Tm*"-Fe*
=] ® 2 Tm"-Co™
—‘\a
10
L]

T/K

Fig. 3 (a) Field dependence of the magnetization relaxation time for
1 and 2 measured at 2 K: best fit lines obtained using parameters reported
in Tables 1 and 2. (b) Temperature dependence of the relaxation rate for
1 and 2 measured in an applied static field of 1 kOe. The solid black and
red line correspond to the best fit obtained using the Orbach process as
the leading temperature dependent one, green line to the Raman one.

This journal is © The Royal Society of Chemistry 2017
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Fe®* derivative relaxes slower than the Co®* one. Fig. 3 shows
quite similar responses to the magnetic field and temperature
for both complexes, confirming that the exchange interaction
between the Tm®" and the Fe** ion is not crucial in driving the
relaxation. In this respect, it appears that the Raman process
should be considered as more likely than the Orbach one to be
the dominant temperature dependent term in the relaxation.
One would indeed expect the latter to be largely different in
the two cases, following the non-negligible exchange inter-
action characterizing 1 as compared to 2. This is not the case
for the Raman process.

Evolution of magnetic dynamics of [Tm*'-Co**] with ageing

While studying the magnetization dynamics of complex 2 we
noticed the progressive emergence of a new, additional
maximum in the out-of-phase susceptibility signal on ageing
of the sample. This was missing in the freshly pressed pellet,
while a three-month old pellet showed a weak peak at low
frequencies (Fig. S11t). This prompted us to monitor the
dynamics of 2 on an aged sample (six months), since we
thought this aspect could be of interest for the general com-
munity of molecular magnetism. The signature of a second
well pronounced slow relaxation (hereafter SR) process was
found to overlap with a process closely resembling the one of
the freshly pressed sample (see above), which was faster (here-
after termed a fast relaxation process, FR). An extensive set of
ac measurements as a function of temperature and field
revealed that at low temperatures only the FR process is
visible, followed by a coexistence of both the processes at 4 K,
eventually leading to an almost complete suppression of the
FR one and the dominance of the SR process, approximately
above 10 K (Fig. S12-S167). The extrapolated field dependent
relaxation times of both processes at variable temperature are
reported in Fig. 4(a and b).

For the FR process (Fig. 4a), at 2 K the relaxation rate is
observed to increase at weak fields, followed by a plateau
above 1 kOe. The observed increase in the relaxation rate is
consistent with the results reported above for the freshly pre-
pared sample. Higher temperatures led to gradual decrease in
7, until, above 1 kOe and 3 K, the relaxation rate becomes
almost temperature independent up to 8 K. The SR process
could be analysed at higher fields (1-10 kOe, Fig. 4b), the
corresponding maximum in y” being clearly observable only
above 4 K. The field dependence of this process at 8 K is evi-
dence of a smooth increase in the rate up to 4 kOe followed by
a linear decrease at higher fields. This clearly indicates that
also for the SR process the direct and QTM mechanisms are
active and dominating in different field regions, with an inter-
mediate field region (2.5-3.8 kOe) where they govern the relax-
ation equally. The fact that slow relaxation of magnetization is
governed by multiple mechanisms is quite expected, not only
in lanthanide-based complexes but in other magnetic
materials as well.*3>3>8:6°

The analysis of relaxation time under different conditions
summarized in Fig. 4, also corroborated that the SR process is
essentially evident at high temperature and high field. This
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Fig. 4 Relaxation time as a function of static magnetic field for
complex 2 (6-month old pellet) for fast (a) and slow (b) relaxing species.
Data points are missing at certain fields and temperature due to the
merging of the peaks pertaining to the two different processes.

was exploited and confirmed by conducting temperature
dependent ac susceptometry scans at 1, 2, 5 and 10 kOe on the
aged sample (Fig. S17-S207%). It is quite clear that only the FR
process is active at 1 kOe, while the SR process dominates at
higher fields, with a coexistence region around 2 kOe, where
peaks of the two processes overlap. The relaxation times
obtained by Debye fitting of these data are shown in Fig. S217
for the FR process and in Fig. 5 for the SR one. The latter data

SR specie

‘T(ﬂ
lyy)
o
T\ 10 4 5 6 7 8 9101121314347
e 204 TIK
m 2kOe
e 5kOe
104 4 1okoe

2 4 6 8 10 12 14 16
TIK

Fig. 5 Temperature dependence of the relaxation rate of complex 2
(6-month old pellet) for the SR species at different magnetic fields and
best fit curves obtained using parameters reported in Table S1.f The
inset shows the corresponding Arrhenius plots.
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were fitted to eqn (1), providing the best fit parameters
reported in Table S1} (corresponding curves are shown as
solid lines in Fig. 5). It is quite clear that the Raman process is
essentially field independent as should be the case, with the
n value in close proximity to that observed for the fresh pellet.
The anomaly, already evident by a qualitative analysis of the
experimental data, is that QTM increases on increasing dc
magnetic field, as highlighted in the Arrhenius plot (inset of
Fig. 5). A possible explanation for such anomalous behaviour
stems from the energy landscape boasting a ground singlet
and an excited (pseudo)doublet. In the presence of a magnetic
field, and with an increase in magnitude, the (pseudo)doublet
split and the energy difference between the lower doublet and
the ground singlet decreases. This in turn leads to faster relax-
ation times via quantum tunnelling of magnetization. This is,
however, a best-case consequence, as structural and energy
pattern details of the aged samples are not available to further
corroborate this point.

Additional information acquired from the behaviour of
aged samples at variable field and temperature led to two
important conclusions. First, the number of molecules under-
going each process is varying with field and temperature. The
dominance of species relaxing through one process over the
other is quite clear (Fig. S12-S207), the FR being the dominant
process at low field and low temperature (2 K, 1 kOe), while
the SR dominates at higher fields and frequencies (5 K, 3 kOe
and higher) with a smooth transition between the two
regimes. Concurrent to this, one can note the shift of the peak
of the FR process in the aged sample to slightly lower frequen-
cies compared to the fresh sample. This insinuates that even if
this process can be in principle attributed to the same specie
responsible for that observed in the fresh sample, it is however
slower for aged samples (Fig. S227).

The set of results described in this section were challenged
and put to test by a comparative study performed on a new
freshly pressed pellet. The dynamics as a function of tempera-
ture and magnetic field showed a complete overlap with the
previous data, with no additional peaks in y” (Fig. S237). In
conjunction, the time evolved emergence of the unique moi-
eties in complex 1 was also investigated at several temperatures
and fields via ac susceptibility measurements after a period of
six months. Interestingly, no indication of a second relaxation
process was observed (Fig. S247).

Discussion on ageing

It is well known that both local molecular symmetry and inter-
molecular interactions play a crucial role in determining the
low temperature magnetization dynamics in molecular com-
plexes.®® In the previous section it has been experimentally
proven that two unique relaxation processes (FR, SR) coexist in
the cobalt derivative because of the aging of the pellet under
study. We tentatively attribute this behaviour to the formation
of two different species, in a way similar to that first suggested
for Mn, polynuclear SMMs.*” " In that case the observed be-
haviour was attributed to the fact that a certain percentage of
the molecules possessed different molecular structures from
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the majority ones, which led to different anisotropies.
A similar behaviour has been later reported also in lanthanide
based complexes.’>**”%”! In the present case, the heterodi-
nuclear structural units of 2 form a 3D network with water
molecules from crystallization:*® it can then be suggested that
when the sample was pressed into a pellet this resulted in a
partial loss of solvent. This hypothesis is confirmed by the
powder X-ray diffractogram, showing that the aged sample is
made up by a different crystalline phase (ESI, Fig. S17).
Elemental analysis, on the other hand, is consistent with the
loss of both parts of lattice water molecules and of formamide
ligands (see ESI Table S37). On the other hand, the iron deriva-
tive turned out to be immune to aging effects and hosts only
one species.

So far we pointed out that ageing of the sample led to emer-
gence of a new species, characterized by the SR process;
however, as anticipated in the earlier section, the spin
dynamics of the FR species also evolved with time (Fig. S227).
This is illustrated in detail in Fig. 6(a and b), where a compari-
son of the FR dynamics for the new and six month old sample
is reported. Under identical magnetic field and temperature
conditions, the aged sample showed a slower relaxation rate,
but the field and temperature dependencies are different for
the two samples. For both samples 7 is observed to be almost
field-independent for the two samples until 400 Oe, then
increases with respect to the increasing field to reach the

T=2K aaly
500 W 2 fresh B a
B 2 aged -
200
%]
=
© 100+
50
20 T
200 500 1000 2000
H/Oe
500 o]
a]
o b
200 a
a B g O
%100+
°
50 H = 1kOe
W 2, fresh
O 2, aged
20
é T T T é

3
T/K

Fig. 6 Comparative behaviour of 7 of FR species as a function of field
(a) and temperature (b) for a fresh and aged pellet in complex 2.
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respective, different, maxima (see also Table S2+). We note that
for the aged sample higher field points are lacking, since in
this region this contribution is masked by that of SR species.
On the other hand, variable temperature data at a fixed field of
1 kOe, show the two samples following a similar temperature
dependence up to 3 K, followed by a more marked decrease for
the fresh sample and an almost temperature independent one
for the aged one (see also Table S27).

Obviously, a similar study could not be performed for SR
species, since this appears only in the aged sample. However,
since SR species relaxation is visible at high temperature and
field, it was deemed thorough to probe the field dependence
of the ac susceptibility of the fresh sample at a high tempera-
ture. The resulting in- and out-of-phase components as a func-
tion of frequency performed at 5 K on the new sample, along
with the behaviour of the alpha parameter are shown in
Fig. S25.7 A clearly defined single peak is observed at exactly
the frequency expected from the earlier data. The corres-
ponding field dependence of 7z at 2 K and 5 K is shown in
Fig. S26.1 This reaffirms the fact that only FR species exists in
the new sample and SR species is due to aging and is a high
field, high temperature process.

Conclusions

In this paper, we have demonstrated that two Tm®" based com-
plexes, either single-ion or exchange-coupled, undergo field-
induced slow relaxation of magnetization. For both derivatives,
the observed dependence of relaxation time z on the field and
temperature evidenced that multiple processes are at work.
A stepwise fit procedure of both field and temperature depen-
dent magnetic relaxation time clearly evidenced the contri-
butions of the direct process and of quantum tunnelling of
magnetization. As the leading temperature-dependent relax-
ation term the fit did not provide conclusive evidence of the
relaxation occurring via a two-phonon Orbach process or a
Raman one. However, a similar behaviour observed in the two
complexes led us to favour the latter process which could be
less affected by the exchange interaction active in 1. As a
whole, this study points out once more that the observation of
field induced slow relaxation of the magnetization is not, by
itself, an indication of single molecule magnet behaviour (i.e.
an over barrier relaxation which can be tuned by chemical
means).

The analysis of the dynamic properties of the two com-
plexes further pointed out that on aging the Co®" derivative
evolves to produce an extremely complex behaviour, whereas
the Fe’" was found immune to such changes. The likely for-
mation of two different species resulted, for the former deriva-
tive in two different relaxation processes observable as a func-
tion of field, temperature and age of the sample. In this
respect, the present paper suggests that the spin dynamics of
the lanthanide based complexes must be extensively scruti-
nized to isolate/identify the ageing effects in order to deepen
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the understanding of the origin of reversal of magnetization
under a vast range of experimental conditions.

Acknowledgements

We acknowledge the financial support of Italian MIUR
through the project Futuro in Ricerca 2012 (RBFR12RPD1).

Notes and references

1 E. M. Chudnovsky and J. Tejada, Macroscopic Quantum
Tunneling of the Magnetic Moment, Cambridge University
Press, 1998.

2 A. H. Morrish, The Physical Principles of Magnetism, Wiley-
IEEE Press, 2001.

3 R. J. Blagg, L. Ungur, F. Tuna, ]J. Speak, P. Comar,
D. Collison, W. Wernsdorfer, E. J. L. Mclnnes,
L. F. Chibotaru and R. E. P. Winpenny, Nat. Chem., 2013, 5,
673.

4 J. Luzon and R. Sessoli, Dalton Trans., 2012, 41, 13556.

5 M. J. H. Ojea, V. A. Milway, G. Velmurugan, L. H. Thomas,
S. J. Coles, C. Wilson, W. Wernsdorfer, G. Rajaraman and
M. Murrie, Chem. — Eur. J., 2016, 22, 12839-12848.

6 (a) J. Liu, Y. Chen, J. Liu, V. Vieru, L. Ungur, J. Jia,
L. F. Chibotaru, Y. Lan, W. Wernsdorfer, S. Gao, X. Chen
and M. Tong, J. Am. Chem. Soc., 2016, 138, 5441;
(b) Y.-S. Ding, N. F. Chilton, R. E. P. Winpenny and
Y.-Z. Zheng, Angew. Chem., Int. Ed., 2016, DOI: 10.1002/
anie.201609685.

7 L. Sorace, C. Benelli and D. Gatteschi, Chem. Soc. Rev.,
2011, 40, 3092.

8 S. T. Liddle and ]. van Slageren, Chem. Soc. Rev., 2015, 44,
6655.

9 R. Sessoli and A. K. Powell, Coord. Chem. Rev., 2009, 253,
2328.

10 S.-D. Jiang, B.-W. Wang, H.-L. Sun, Z.-M. Wang and S. Gao,
J. Am. Chem. Soc., 2011, 133, 4730.

11 J. Tang and P. Zhang, Lanthanide Single Molecule Magnets,
Springer-Verlag, Berlin, Heidelberg, 2015.

12 D. N. Woodruff, R. E. P. Winpenny and R. A. Layfield,
Chem. Rev., 2013, 113, 5110.

13 M. Gregson, N. F. Chilton, A.-M. Ariciu, F. Tuna, I. Crowe,
W. Lewis, A. J. Blake, D. Collison, E. J. L. Mclnnes,
R. E. P. Winpenny and S. Liddle, Chem. Sci., 2016, 7, 155.

14 Molecular Magnets: Physics and Applications,
ed. J. Bartolomé, F. Luis and ]J. F. Fernandez, Springer-
Verlag, Berlin, Heidelberg, 2014.

15 L. Bogani and Wernsdorfer, Nat. Mater., 2008, 7, 179.

16 M. Mannini, F. Pineider, C. Danieli, F. Totti, L. Sorace,
P. Sainctavit, M.-A. Arrio, E. Otero, L. Joly, J. C. Cezar,
A. Cornia and R. Sessoli, Nature, 2010, 468, 417.

17 S. Thiele, F. Balestro, R. Ballou, S. Klyatskaya, M. Ruben
and W. Wernsdorfer, Science, 2014, 344, 1135.

8 | Dalton Trans., 2017, 00, 1-9

18

19
20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Dalton Transactions

S. Fahrendorf, N. Atodiresei, C. Besson, V. Caciuc,
F. Matthes, S. Blugel, P. Kogerler, D. E. Biirgler and
C. M. Schneider, Nat. Commun., 2013, 4, 2425.

M. Affronte, J. Mater. Chem., 2009, 19, 1731.

J. Ferrando-Soria, E. M. Pineda, A. Chiesa, A. Fernandez,
S. A. Magee, S. Carretta, P. Santini, I. J. Vitorica-Yrezabal,
F. Tuna, G. A. Timco, E. J. L. Mclnnes and
R. E. P. Winpenny, Nat. Commun., 2016, 7, 11377.

J. J. Baldovi, S. Cardona-Serra, J. M. Clemente-Juan,
E. Coronado, A. Gaita-Arifio and A. Palii, Inorg. Chem.,
2012, 51(22], 12565.

M. Shiddiq, D. Komijani, Y. Duan, A. Gaita-Arifo,
E. Coronado and S. Hill, Nature, 531, 348.

K. S. Pedersen, A.-M. Ariciu, S. McAdams, H. Weihe,
J. Bendix, F. Tuna and S. Piligkos, J. Am. Chem. Soc., 2016,
138, 5801.

Lanthanides and Actinides in Molecular Magnetism, ed.
R. A. Layfield and M. Murugesu, Wiley-VCH, Weinheim,
2015.

N. Ishikawa, M. Sugita and W. Wernsdorfer, Angew. Chem.,
Int. Ed., 2005, 44, 2931.

J. W. Sharples, D. Collison, E. J. L. McInnes, ]J. Schnack,
E. Palacios and M. Evangelisti, Nat. Commun., 2014, 5, 5321.
D. Gatteschi and R. Sessoli, Angew. Chem., Int. Ed., 2003,
42, 268.

(@) E. Lucaccini, L. Sorace, M. Perfetti, J.-P. Costes and
R. Sessoli, Chem. Commun., 2014, 50, 1648;
(b) Y. Rechkemmer, J. E. Fischer, R. Marx, M. Dorfel,
P. Neugebauer, S. Horvath, M. Gysler, T. Brock-Nannestad,
W. Frey, M. F. Reid and J. van Slageren, J. Am. Chem. Soc.,
2015, 137, 13114.

A. Abragam and B. Bleaney, Electron Paramagnetic
Resonance of Transition Ions, Dover Publications, New York,
1986, pp. 557-574.

D. Gatteschi, R. Sessoli and ]. Villain, Molecular nano-
magnets, Oxford University Press, Oxford, UK, 2006.
Multifrequency Electron Paramagnetic Resonance: Theory and
Applications, ed. S. K. Misra, Wiley-VCH, 2011, ch. 10.

(@) K. N. Shrivastava, Phys. Status Solidi B, 1983, 117, 437;
(b) J.-L. Liu, K. Yuan, J.-D. Leng, L. Ungur, W. Wernsdorfer,
F.-S. Guo, L. F. Chibotaru and M.-L. Tong, Inorg. Chem.,
2012, 51, 8538.

(@) J. H. Vvan Vleck, Phys. Rev., 1940, 57, 426;
(b) J. Soeteman, L. Bevaart and A. J. van Duyneveldt,
Physica, 1974, 74, 126; (c) A. C. de Vroomen, E. E. Lijphart
and N. J. Poulis, Physica, 1970, 47, 458.

L. Tesi, E. Lucaccini, I. Cimatti, M. Perfetti, M. Mannini,
M. Atzori, E. Morra, M. Chiesa, A. Caneschi, L. Sorace and
R. Sessoli, Chem. Sci., 2016, 7, 2074.

A. Upadhyay, S. K. Singh, C. Das, R. Mondol, S. K. Langley,
K. S. Murray, G. Rajaraman and M. Shanmugam, Chem.
Commun., 2014, 50, 8838.

P. Zhang, Y.-N. Guo and ]. Tang, Coord. Chem. Rev., 2013,
257, 1728.

(a) J. D. Rinehart, M. Fang, W. J. Evans and J. R. Long,
J. Am. Chem. Soc., 2011, 133, 14236; (b) S. Ghosh, S. Datta,

This journal is © The Royal Society of Chemistry 2017

9

10

\"]
93]

40

50

9]
9]



9]

10

30

w
[$)]

40

[9)]
9)]

Dalton Transactions

38

39

40

41

42

43

44

45

46

47

48

49

L. Friend, S. Cardona-Serra, A. Gaita-Arifio, E. Coronado
and S. Hill, Dalton Trans., 2012, 41, 13697.

(@) K. S. Pedersen, ]J. Dreiser, H. Weihe, R. Sibille,
H. V. Johannesen, M. A. Sgrensen, B. E. Nielsen, M. Sigrist,
H. Mutka, S. Rols, J. Bendix and S. Piligkos, Inorg. Chem.,
2015, 54, 7600-7606; (b) E. Lucaccini, M. Briganti,
M. Perfetti, L. Vendier, J.-P. Costes, F. Totti, R. Sessoli and
L. Sorace, Chem. - Eur. J., 2016, 22, 5552-5562.

D. Gatteschi, R. Sessoli and L. Sorace, in Handbook of
Physics and Chemistry of Rare-Earths, ed. ]J. C.-G. Bunzli and
V. K. Pecharski, Elsevier, Amsterdam, 2016, ch. 286, vol. 50,
pp- 91-139.

Y. Zhang, Z. Guo, S. Xie, H.-i. Li, W.-H. Zhu, L. Liu,
X.-Q. Dong, W.-X. He, ]J.-C. Ren, L.-Z. Liu and A. K. Powell,
Inorg. Chem., 2015, 5, 10316.

K. Liu, W. Shi and P. Cheng, Coord. Chem. Rev., 2015,
289-290, 74.

H. L. C. Feltham and S. Brooker, Coord. Chem. Rev., 2014,
276, 1.

A. Amjad, A. M. Madalan, M. Andruh, A. Caneschi and
L. Sorace, Chem. - Eur. J., 2016, 22.

(@) H. L. C. Feltham, R. Clérac, L. Ungur, L. F. Chibotaru,
A. K. Powel and S. Brooker, Inorg. Chem., 2013, 52, 3236;
(b) S. K. Langley, D. P. Wielechowski, N. F. Chilton,
B. Moubaraki and K. S. Murray, Inorg. Chem., 2015, 54,
10497.

(@) M. Li, Y. Lan, A. M. Ako, W. Wernsdorfer, C. E. Anson,
G. Buth, A. K. Powell, Z. Wang and S. Gao, Inorg. Chem.,
2010, 49, 11587; (b) S. K. Langley, D. P. Wielechowski,
V. Vieru, N. F. Chilton, B. Moubaraki, B. F. Abrahams,
L. F. Chibotaru and K. S. Murray, Angew. Chem., Int. Ed.,
2013, 52, 12014; (¢) S. K. Langley, D. P. Wielechowski,
V. Vieru, N. F. Chilton, B. Moubaraki, L. F. Chibotaru and
K. S. Murray, Chem. Sci., 2014, 5, 3246.

(@) L. Ungur, M. Thewissen, J.-P. Costes, W. Wernsdorfer
and L. F. Chibotaru, Inorg. Chem., 2013, 52, 6328;
(b) A. Upadhyay, C. Das, S. K. Langley, K. S. Murray,
A. K. Srivastava and M. Shanmugam, Dalton Trans., 2016,
45, 3616; (c) S. K. Langley, D. P. Wielechowski,
B. Moubaraki and K. S. Murray, Chem. Commun., 2016, 52,
10976.

(@) N. Ahmed, C. Das, S. Vaidya, S. K. Langley, K. S. Murray
and M. Shanmugam, Chem. - Eur. J., 2014, 20, 14235;
() S. K. Langley, C. Le, L. Ungur, B. Moubaraki,
B. F. Abrahams, L. F. Chibotaru and K. S. Murray, Inorg.
Chem., 2015, 54, 3631; (c) S. K. Langley, C. Le, L. Ungur,
N. F. Chilton, B. Moubaraki, L. F. Chibotaru and
K. S. Murray, Inorg. Chem., 2014, 53, 4303.

P.-E. Car, A. Favre, A. Caneschi and R. Sessoli, Dalton
Trans., 2015, 44, 15769.

A. Figuerola, C. Diaz, J. Ribas, V. Tangoulis, J. Granell,
F. Lloret, J. Mahia and M. Maestro, Inorg. Chem., 2003, 42,
641.

This journal is © The Royal Society of Chemistry 2017

50

51

52

53

54
55

56

57

58

59

60

61

62
63

64

65

66

67

68

69

70

71

Paper

L. Sorace, C. Sangregorio, A. Figuerola, C. Benelli and
D. Gatteschi, Chem. - Eur. J., 2009, 15, 1377.

S.-D. Jiang, S.-S. Liu, L.-N. Zhou, B.-W. Wang, Z.-M. Wang
and S. Gao, Inorg. Chem., 2012, 51, 3079.

(@) S. Cardona-Serra, J. M. Clemente-Juan, E. Coronado,
A. Gaita-Arino, A. Camoén, M. Evangelisti, F. Luis,
M. J. Maritnez-Pérez and J. Sesé, J. Am. Chem. Soc., 2012,
134, 14982; (b) N. Magnani, R. Caciuffo, E. Colineau,
F. Wastin, A. Baraldi, E. Buffagni, R. Capelletti, S. Carretta,
M. Mazzera, D. T. Adroja, M. Watanabe and A. Nakamura,
Phys. Rev. B: Condens. Matter, 79, 104407.

Y. Meng, Y. Qiao, Z. Yi-Quan, S. Jiang, Z. Meng, B. Wang,
Z. Wang and S. Gao, Chem. — Eur. J., 2016, 22(14), 4704.

V. Tangoulis and A. Figuerola, Chem. Phys., 2007, 340, 293.
A. Amjad, A. Figuerola, A. Caneschi and L. Sorace,
Magnetochemistry, 2016, 2, 27.

M. Evangelisti and ]J. Bartolomé, J. Magn. Magn. Mater.,
2000, 221, 99.

J. P. Costes, S. Titos-Padilla, I. Oyarzabal, T. Gupta,
C. Duhayon, G. Rajaraman and E. Colacio, Inorg. Chem.,
2016, 55, 4428.

T. Fukuda, N. Shigeyoshi, T. Yamamura and N. Ishikawa,
Inorg. Chem., 2014, 53, 9080.

J. D. Rinehart, M. Fang, W. J. Evans and J. R. Long, Nat.
Chem., 2011, 3, 538.

L. Tesi, A. Lunghi, M. Atzori, E. Lucaccini, L. Sorace,
F. Totti and R. Sessoli, Dalton Trans., 2016, 45, 16635.

M. Vonci, M. ]J. Giansiracusa, W. Van den Heuvel,
R. W. Gable, B. Moubaraki, K. S. Murray, D. Yu, R. A. Mole,
A. Soncini and C. Boskovic, Inorg. Chem., 2017, 56, 378-
394.

P. H. A. Kramers, Proc. Roy. Amsterdam Acad., 1930, 33, 959.
J. Ruiz, G. Lorusso, M. Evangelisti, E. K. Brechin,
S. J. A. Pope and E. Colacio, Inorg. Chem., 2014, 53, 3586.

T. Gupta, M. F. Beg and G. Rajaraman, Inorg. Chem., 2016,
55,11201.

J. M. Zadrozny, M. Atanasov, A. M. Bryan, C.-Y. Lin,
B. D. Rekken, P. P. Power, F. Neese and J. R. Long, Chem.
Sci., 2013, 4, 125.

M. Gonidec, F. Luis, A. Vilchez, J. Esquena, D. B. Amabilino
and ]. Veciana, Angew. Chem., Int. Ed., 2010, 49, 1623.

S. Hill, M. Murugesu and G. Christou, Phys. Rev. B:
Condens. Matter, 2009, 80, 174416.

S. M. ]J. Aubin, Z. Sun, I. A. Guzei, A. L. Rheingold,
G. Christou and D. N. Hendrickson, Chem. Commun., 1997,
22, 2239.

H. J. Eppley, H.-L. Tsai, N. de Vries, K. Folting, G. Christou
and D. N. Hendrickson, J. Am. Chem. Soc., 1995, 117, 301.
K. Takeda, K. Awaga and T. Inabe, Phys. Rev. B: Condens.
Matter, 1998, 57, R11064.

A. R. Farrell, J. A. Coome, M. R. Probert, A. E. Goeta,
J. A. K. Howard, M. Lemée-Cailleau, S. Parsons and
M. Murrie, CrystEngComm, 2013, 15, 3423.

Dalton Trans., 2017, 00, 1-9 | 9

10

\"]
93]

40

50

9]
9]



