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Although ab initio CASSCF calculations yield a good numerical
estimate of barrier height for magnetisation reversal for mono-
nuclear Dy(m) SIMs, obtaining a reliable value for higher nuclearity
clusters such as {Dy,} are challenging. By analysing ab initio com-
puted data of thirty-one different {Dy,} SMMs, we propose a model
equation that relates the calculated barrier heights to the experi-
mental values and offers a viable way to predict the barrier heights
in {Dy,} SMMs.

Single-molecule magnets (SMMs) have gained significant
attention in recent years due to potential applications pro-
posed for them in the area of information storage, spintronics
and quantum computing."* The two key parameters that
control the magnetic properties of SMMs are the barrier
height for the magnetisation reversal (Ues) and the blocking
temperature (7). Several important breakthroughs were
achieved in the last three years in this area, where the Tj
values were raised from liquid helium (75 > 4 K) to liquid
nitrogen temperatures (Tg < 77 K with a sweep rate of 22 Oe
s71).%’ Despite concentrated efforts by several research groups,
the value of Ty has not scaled with U.g values. This is due to
various pathways available for relaxation of magnetisation
such as quantum tunnelling of magnetisation (QTM), Raman
process, molecular vibrations etc. that undercut the Orbach
relaxation pathways. In this area, Dy(m) based magnets are the
most attractive and recent reports suggest that the axial limit
that is correlated to the U values are already breached, while
it may be still possible to enhance this further via other
ligand/methods.ﬁ’7 An alternative way to enhance the Ug/Tg,
would be to shift to the dinuclear framework, where intra-
molecular exchange coupling between lanthanide ions could
suppress the QTM to a certain extent and can offer larger U
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and Ty values. There are many examples to this effect that
demonstrate the potent of {Dy,}/{Ln,} motif in obtaining
attractive U. and Ty values.®°

Ab initio calculations based on CASSCF/RASSI-SO/
SINGLE_ANISO methods played an important role in the
design and development of mononuclear Ln(ui) SMMs. These
methods offer insight into the nature of magnetic anisotropy,
clues on the mechanism of magnetic relaxation and have been
used extensively to make viable predictions."” In this regard,
Aravena has proposed a model equation to calculate the Ueg
for high-performance Dy(m) SIMs exhibiting good agreement
with experiments."> A year later, the Chilton and Aravena
groups also proposed a correlation of Ty with the relaxation
mechanism in high-performance monometallic Dy(u)
SIMs."*'* Though significant efforts have been undertaken to
probe the relaxation mechanism of mononuclear Dy(u) SIMs,
studies on the relaxation mechanism of polynuclear complexes
are rare.”>'® As the exchange coupling between the Dy(u1) ions
is cumbersome to estimate, the barrier heights estimated from
theoretical calculations (U.,) are often substantially different
from the experimental U.g values. While the U, value com-
puted for mononuclear Dy(m) ion agree with U values for
some {Dy,} dimer,">?° this is not true for the majority of the
examples.**?

To offer insight into this subject, here we have attempted to
develop a correlation between U., and Uy values by
thoroughly looking at the mechanism of relaxation in thirty-
one non-radical {Dy,} SMMs (with U.s ranges from 20 to
860 cm™ ') reported in the literature.® While radical bridged
{Dy,} are very attractive for SMMs as they offer stronger Dy(iu)-
radical exchange, we have not included them in our studies as
the type of exchange involved is very different (direct vs. super-
exchange) in this class, and only limited experimental/com-
puted data is available. Further, we have restricted our studies
to {Dy,} dimers where complete characterisation, including
the qualitative mechanism of magnetisation relaxation
from ab initio calculations, are available (see ESI{ for
structures)."”*® For convenience, these {Dy,} SMMs have been
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classified into five categories where class (a) {Dy,} dinuclear
motifs with metallocene ligand backbone: dinuclear metallocene
complexes are known prior to the popular mononuclear Dy(ur)
SIMs that are reported to possess large Ty values.” Nine com-
plexes are studied in this class (complex 1-9, Fig. 1a, S1-S97)
which shows a large variation in the U.g from 26 to 860 cm™"
(Tables 1 and S1%). The latest discovery in this class is [{Dy
(Cp*)2(p-Me;AINEL; )}, JA{OC(CF3)3}], (9, Cp* = CsMes,
Fig. 1a) complex which is reported to have Uy value of
860 cm™' with Ty of 12 K.*° Class (b) {Dy,} dinuclear motif
having Schiff base ligands: Schiff base ligands which can coordi-
nate with multiple Dy(u) centres have produced a large
number of SMMs. A total of thirteen complexes (10-22,
Fig. S10-S221) has been chosen in this class which shows
smaller U values (Tables 1 and S1f) compared to class (a)
type complexes. The largest Ues value of 104.2 (FR) and 137.7
(SR) em™ has been achieved in [Dy,(ovph),Cl,(MeOH);] (15,
Fig. 1b, Hyovph = pyridine-2-carboxylic acid [(2-hydroxy-3-
methoxyphenyl)methylene] hydrazide) complex.>* Class (c)
{Dy,} dinuclear motif having organometallic building blocks:
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Murugesu and co-workers introduced organometallic rings in
between two Dy(u) ions to achieve strong magnetic exchange.
Two complexes (23-24, Fig. S23 and 24%) are chosen in this
class, which shows even smaller U values compare to class
(b) (Tables 1 and S17). Class (d) {Dy,} dinuclear motif having a
bridging group H , and CI™: the complexes with bridging
groups H™ and Cl™ are included in this class which does not
have cyclopentadienyl, Schiff base or organometallic building
blocks. Two complexes (25-26, Fig. S25-267) are chosen in this
class. In class d, the large U.g of 433 cm™" was achieved in [Dy
(Cy,N),(p-Cl)(THF)], (26, Fig. 1c) in which the low coordinate
Dy(u1) centres are ferromagnetically coupled.”® Class (e) {Dy,}
dinuclear motif having 2,2'-bipyrimidine as a bridging group:
there are five complexes (27-31, Fig. S27-31%) reported in this
category with the neutral 2,2"-bipyrimidine as bridging group
yielding the U, values in the range of 23 to 185 cm™".

While the Dy(m) SIM with metallocene ligand backbone
provides the largest blocking barrier for magnetisation rever-
sal, the {Dy,} SMMs have comparatively lower U values and
this due to presence of equatorial ligand(s) which connects the
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(a—c) Molecular structures of the best SMM in the class of a (9), b (15) and d (26). Colour code: Dy-green, Cl-aqua, Al-lime, O-red, N-blue,

reported for complexes 9, 15 and 26, respectively. The red arrows indicate

the QTM or TA-QTM via ground or excited KD, respectively. The blue characters indicate the composition of m; of a KD. The sky dotted arrows
shows the mechanism of Orbach process. The olive arrows indicate the pathway of magnetic relaxation. The large blue arrow represents mechanism

overall of magnetic relaxation.

Table 1 Selected examples of {Dy,} SMMs with reported U values along with ab initio calculated values (all values in cm™). The QTM/TA-QTM of
the (x — 1) KD has been provided if it relaxes via x™ KD. Full list of all complexes is given in Table S1t

Class Complex (CSD ref code) Uess Ucaln Uecal2 QTM/TA-QTM (Dy1) QTM/TA-QTM (Dy2) J Uealeff Ref.
a 8 (VUQHIB) 330.0 462.0 462.0 0.0026 0.0026 0.001 355.4 24
a 9 (HULRAK) 860.0 680.8 680.8 0.0016 0.0016 0.420 857.3 19
b 18 (TI]]AA) 54.0 196.1 196.1 0.0067 0.0067 0.088 59.8 25
c 24 (SENJON) 402 1159 69.1  0.0047 0.0019 0.781 72.7 26
d 26 (GOMTIO) 433.0 466.5 466.5 0.0040 0.0040 -0.018 233.0 20
e 28 (YUDBUX) 38.2¢ 141.9 129.9 0.0034 0.0100 0.004 54.8 15

“The U, value in Table 1 was taken from the average from the two-relaxation process called FR and SR.
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two metal centres and reduces the axiality of the complexes.
For this reason, the weakly bound Dy(m1) complexes in the
class (a) shows larger Uy values compared to other classes.
For classes (b), (c) and (e), the smaller single-ion anisotropy of
the individual Dy(ur) ion and the magnetic exchange between
the Dy(i) ion found to be the determining factor that controls
the U values. The smaller single-ion anisotropy in these class
originates from the weaker ligand coordination and strong
structural distortions from desired symmetries. The complexes
in class (d) contain Dy(m) ion in a low coordinate environment
which provides large single-ion anisotropy resulting in larger
Uess values with the exception of complex 25 (Fig. S25T) where
a stronger hydride donor as bridging ligand diminish the
single-ion anisotropy. The CASSCF/RASSI-SO/SINGLE_ANISO
computed energy barrier of individual Dy(m) centres, QTM/
TA-QTM probability and exchange values (total J, within Lines
model) for selected complexes in classes a—e are provided in
Table 1 with the full list is given in ESI (Table S17).

We have computed the mechanism of magnetisation relax-
ation for individual Dy(u) ion complexes using the CASSCF/
RASSI-SO/SINGLE_ANISO approach using the reported compu-
tational methodology (Fig. 1d-f for complex 9, 15 and 26, see
ESIt for computational details and relaxation mechanism of
other complexes). Complex 9 found to relax via third excited
KDs while complexes 15 and 26 found to relax via second
excited KDs due to significant TA-QTM and deviation of the
anisotropy axis with the ground state at this level (see Tables
S2-S5t for computed energy and g tensor). While the com-
puted U., value matches with U value in 26, there is a strong
deviation observed in 9 and 15. In most of the {Dy,} SMM, the
Uer does not show any agreement with barrier estimated based
on single-ion anisotropy (U, ) (Tables 1 and S17). Further, in
many cases, even the exchange-coupled energy barrier is far
off compared to the experimental estimates.'®"”

To understand this in detail, we have analysed various
ab initio computed parameters with the U values, and these
are given in Tables 1 and S1 in ESL{ From the data, it has
been found that the U is (i) proportional to the U, value of
the individual Dy(u) centres and (ii) inversely proportional to
QTM of the ground state of individual metal centres if it
relaxes via first excited KD or TA-QTM of the (x — 1)™ KD if it
relaxes via x™ higher excited KDs other than first excited KD.
The magnetic exchange (/, obtained from the fitting of temp-
erature and field-dependent magnetisation) acts as a pertur-
bation in the magnetisation relaxation. By analysing all the
computed parameters, we propose the following empirical
model equation (eqn (1)).

Ucan + Ucaz
(QTM/TA-QTM) x 103 = (QTM/TA-QTM) x 103

+157

(1)

Ucaleft =

where U.,; and U, is the ab initio CASSCF/RASSI-SO/
SINGLE_ANISO calculated blocking barrier for Dyl and Dy2
centres, respectively. This equation takes into consideration
the computed QTM/TA-QTM probabilities in obtaining a
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blockade barrier. Furthermore, the U., values are derived
from the crystal field splitting of m; levels, and the QTM/
TA-QTM probabilities are computed using g-anisotropy, and
therefore, they could not be compared directly. Besides QTM/
TA-QTM values smaller than 10 %up are considered very
small and can be considered negligible.?” To account for this
cut-off value of QTM/TA-QTM probability, we have used a pre-
factor of 10° in our equation. In addition to this, we have
also included the exchange coupling constant J in our
equation. As the J values are very small for Dy(ur) dimers, we
have used the gap between the high-spin and low-spin state
of Dy(m). i.e. 15/, in our equation.”® This equation considers
the single-ion anisotropy of both the Dy(m) centres, QTM/
TA-QTM probabilities as well as the J values (total J since the
nature of the ground state depends on total J value*®) to
arrive at a new computed barrier height (termed as Ucajesr)
that correlate well with the experimental Uy values in
{Dy,} SMM.**

Using eqn (1), we have estimated the U from the
ab initio computed parameters for all the thirty-one dimers
reported and these are listed in Tables 1 and S1.f Except for
one example (complex 7), there is a one to one correlation
between experimental U values and the U.,esr Obtained using
eqn (1). In particular for complex 2, the U, value estimated is
383.4 cm™' which is significantly overestimated compare to
U value of 26 cm™. For this complex, U is estimated to
be 50.3 cm™, and this unveils the level of improvement in the
estimation of barrier height in {Dy,} system using eqn (1).
Similarly, the U, values of complexes 10-13, 15-22 in class (b)
(see Table 1 and Table S17) are overestimated by more than
100 cm ™' compare to experimental U values. The Ugyjesr, ON
the other hand, minimise the deviation significantly. For
complex 18, the U,y (Dyl) and U, (Dy2) are overestimated
by more than 100 cm™" compare to U.g values while the Uy
improves the estimate significantly. A similar trend is visible
also for class (¢) complexes where U,eir matches Ueg better
compare to Uc,. The U, value of the complexes in class (d) is,
in general, agree well with U values estimated with the excep-
tion of complex 25 (Table S1%). The Uy and U, of complex
25 are found to be 94 and 231 cm ™", respectively both of which
are largely overestimated compare to Ueg of 40 cm™'. The
Ucalee Of complex 25 is estimated to be 29.9 em™, and this
agrees much better with experiments compared to single-ion
barrier height. The overestimation of U, compare to Uy is
also found class (e) complexes (with the exception 30). The
estimated U, (Dyl) and U, (Dy2) of complex 29 are 183.8,
and 157.4 cm™', respectively which is overestimated compare
to U of 93.1 em™"."> The exchange-coupled energy barrier is
available in this case, and this is reported to be 128.0 cm™".
Although this value is closer to Ueg value compare to single-
ion barrier height, the deviations are visible. For complex 29
the U.aer value is estimated to be 92.6 cm™, and this is in
excellent agreement with the experimental Uy values. Thus
this empirical model equation not only yields a very good esti-
mate of barrier height for magnetisation reversal for com-
plexes which are closer to single-ion Dy(ur) barrier heights but

Dalton Trans., 2020, 49,14781-14785 | 14783
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also yield the best estimate when these values diverge signifi-
cantly, thus offering an approach to compute barrier height
reliably for {Dy,} dimers using ab initio calculations. Although
the values computed are certainly better than the value
obtained from single-ion anisotropy or even the one obtained
for the dinuclear framework, the agreement between U and
U.aler are less than satisfactory in some cases. Particularly for
complexes 26 and 30, the deviations are high. Experimental
studies indicate that Raman process is the dominant mecha-
nism of relaxation in these cases, as there are no Raman terms
in our equation, larger deviations are expected.?®*>3° There is
an only limited number of examples known with dominant
Raman relaxation, and therefore suitable modification could
not be performed at present.

Further on, as Ueyefr yield a good numerical estimate of Uegr
values in {Dy,} dimers, we have explored the relationship
between the two sets. A linear relationship offering excellent
fit (complex 7 and 26 are outliers, hence they are not been con-
sidered in the fitting) between these two parameters is
obtained (Fig. 2). To check the validity of this equation
further, we have chosen, {Dy,} SMM, [{Dy(BH,),(THF)},(Fv*)]
(32, B = [1,1',3,3-(C5s'Bu,H,),]*", Fig. S331) reported by
Layfield and co-workers very recently.”’ The complex 32 is
found to relax via first excited KD (176 cm™' for Dyl and
181 em™" for Dy2). For this complex, the U is estimated to
be 144.1 ecm™*, and the linear regression equation yield a value
150.5 cm ™" both these values are in excellent agreement with
the experimental U value of 154 em™ offering confidence on
the predictive potential of the proposed equation.

To this end, by carefully analysing thirty-one different {Dy,}
dimers, we have proposed an empirical equation that takes
into account the single-ion anisotropy of the Dy(m), QTM/
TA-QTM probabilities and the exchange coupling between the
two Dy(in) ions to estimate the barrier height for magnetisation
reversal. The theoretical barrier height estimated using this
equation is in excellent agreement with experimental values,
unlocking the possibility of utilising the ab initio methods to
compute barrier heights reliably in {Dy,} and possibly other
polynuclear complexes.

0 200 400 600 800 1000
-1
U, (cm™)

Fig. 2 Comparison of Ueg with the Ucaerr from model egn (1). A good
linear fit (slope = 0.99 and intercept = 7.82) is obtained with R? = 0.97.
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