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Unravelling the role of spin—vibrational coupling in
designing high-performance pentagonal
bipyramidal Dy(i) single ion magnetsti

Sourav Dey,®§ Tanu Sharma®§ and Gopalan Rajaraman@*

At the cutting edge of high-performance single-molecule magnets (SMMs) lie lanthanide-based
complexes, renowned for their potent magnetic anisotropy. SMMs containing one metal centre are
defined as single-ion magnets (SIMs). The performance of SMMs is measured generally via the barrier
height for magnetisation reversal (Ueg) and blocking temperature (Tg), below which the magnetisation is
fully frozen. To enhance the U and Tg values in lanthanide-based SMMs, the static crystal field splitting
of my levels has been effectively adjusted through ligand design, leveraging the oblate/prolate ground
state 4f electron density shape. However, the maximum fine-tuning achievable through ligand design,
known as the axial limit, has already been reached in this class of compounds. This necessitates new
design principles to enhance SMM characteristics to better suit end-user applications. Among other
avenues that can be explored to improve SMM characteristics, a deeper understanding of spin—phonon
coupling is critical to advancing Tg values. However, there are only a handful of examples where this has
been deciphered. In this work, using a combination of DFT and ab initio CASSCF calculations, we have
performed spin—phonon calculations on five classes of pentagonal bipyramidal Dy(i) SIMs exhibiting Tg
values in the range of 4.5 K to 36 K ([Dy(bbpen)Br] (1, Hobbpen = N,N’-bis(2-hydroxybenzyl)-N,N’-bis(2-
methylpyridylethylenediamine), [Dy(OCMes)Br(THF)sI[BPhyl  (2)  [Dy(OSiMes)Br(THF)s]  [BPhyl  (3),
[Dy(LN®)(PhsSiO),1(BPh,)-CH,Cl, (4) and [LyDy(H»0)slllls Lo-HoO (5, L = ‘BuPO(NHPr),)). Unlike the
method employed elsewhere for the calculation of spin—phonon coupling, in this work, we have
employed a set of criteria and intuitively selected vibrational modes to perform the spin—phonon
coupling analysis. The approach provided here not only reduces the computational cost significantly but
also suggests chemical intuition to improve the performance of this class of compounds. Our
calculations reveal that low-energy vibrational modes govern the magnetisation relaxation in these SIMs.
A flexible first coordination sphere found on some of the complexes was found to be responsible for
low-energy vibrations that flip the magnetisation, reducing the Tg values drastically (complexes 2 and 3).
On the other hand, a rigid first coordination sphere and a stiff ligand framework move the spin—
vibrational coupling that causes the relaxation to lie beyond the secondary coordination sphere, resulting
in an increase in Tg values. Our calculations also reveal that not only the atoms in the first coordination
sphere but also those in the secondary coordination sphere affect the performance of the SMMs.
Learning from this exercise, we have undertaken several in silico models based on these vibrations to
improve the Tg values. Some of these predictions were correlated with literature precedents, offering
confidence in the methodology employed. To this end, our comprehensive investigation, involving
twenty-three molecules/models and five sets of geometries for pentagonal bipyramidal Dy(i) single-ion
magnets (SIMs), unveils a treasure trove of chemically sound design clues, poised to enhance the Tg
values in this fascinating molecular realm.
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1. Introduction

Single-molecule magnets (SMMs) are nanoscale molecule-based
magnets exhibiting permanent magnetisation similar to bulk
magnets, opening up the bottom-up approach to molecule-
based devices such as the new generation of information
storage devices, solid-state Q-bits for quantum computing and
spintronics devices. However, to employ these molecules in
end-user applications, magnetic relaxation time (1), the time-
scale in which an SMM preserves its magnetisation, and
blocking temperature (Tg) below which the magnetisation is
fully frozen need to be improved.”® Furthermore, the molecule
should be stable under ambient conditions for the fabrication
process to realise the potential applications proposed. While
early SMMs based on transition metal clusters yielded Ty values
in the range of liquid helium temperatures, the advent of
lanthanide-based SMMs significantly improved Ty values.'***
The first mononuclear lanthanide-based SMM, [TbPc,]™ (Pc =
phthalocyanine), was discovered in 2003 and is reported to have
a Tg value of 1.7 K and Ueg of 230 cm™".** Thereafter, many
lanthanide-based SMMs have been reported until 2015, but the
Tg value did not reach beyond 5-8 K despite having a very large
Uegr value.”** The breakthrough in lanthanide-based SIMs was
achieved in 2016 when a pentagonal bipyramidal [L,Dy(H,0)s]
[1];-L,-H,O (L = ‘BuPO(NH'Pr),) molecule was reported with
a Tg value of 12 K (based on zero-field cooled/field cooled (ZFC/
FC)) by some of us,* and at the same time several pentagonal
bipyramidal family molecules were also reported by others with
slightly larger Tj values.**** We have further demonstrated the
role of weak equatorial and strong axial ligand fields in
designing high-performance SIMs with very large Uey and T
values. This is followed by several pseudo pentagonal bipyra-
midal complexes in the literature where U.s and Ty values
reached as high as 1800 K and 36 K, respectively.***"3*** Later
years witnessed a tremendous increase in Ty values by a class of
SIMs commonly called dysprosocenium class of molecules
having Ty values as high as 80 K - although this class of
molecules lacks ambient stability posing further challenges in
taking these molecules to end-user applications.***

The magnetisation relaxation of a SIM occurs via quantum
tunnelling of magnetisation (QTM) at very low temperatures
due to the low-symmetry component of the crystal field (CF).**
At higher temperatures, it occurs through various spin-vibra-
tional couplings such as direct, Raman and Orbach pathways."
The direct process is a barrier-less process which involves
a direct transition from the “up” to the “down” spin state, where
the crystal lattice absorbs the energy released by the spin
system.”” The Orbach process is a multiple one-phonon
phenomenon where magnetisation relaxation occurs by
a sequential absorption of phonons involving excited m; states
and then sequential emission of phonons to reach the ground
state by reversing its magnetisation.*>*~*° This Orbach relaxa-
tion becomes very slow at low temperatures due to the lack of
thermally available phonons to initiate this process."**>** The
Raman process is similar to the Orbach process, but it involves
a virtual intermediate state of lattice and spin system which
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destroys the blocking barrier of magnetisation reversal (see
Fig. 1a for the general description described here).

The three key features that are commonly employed to block
the magnetisation relaxation of an SMM are (i) a large m,
ground state (m; = +f), (ii) designing a ligand environment
around the metal centre to maintain a large separation between
successive m; levels of the bistable ground state and (iii)
minimal admixing between the m; states.'~*** It is worthwhile to
mention that the search for potential SIMs fulfilling the criteria
(i), (ii), and (iii) is considered within the framework of the
Orbach process. In this regard, the recent discovery of dyspro-
socenium SIMs has divulged the importance of spin-vibration
coupling in controlling magnetisation relaxation.>*®*"%3-5%
Although synthetic chemists have extensively tried to control
spin-vibration coupling through molecular design, design
principles to control such effects are still elusive.*” Therefore, to
design high-performance SIMs, one needs to deepen the
understanding of spin-vibrational coupling by theoretical
methods.

A recent theoretical study also demonstrated that further
enhancement of Ty and Ug is challenging in dysprosium
complexes as magnetic anisotropy reaches its axial limit.> In
this regard, the pentagonal bipyramidal family of SIMs has an
edge due to a large variation in the U (37-1200 cm™") and Ty
(2-30 K) values observed, offering significant room for further
improvement in Ty values,!®!333638-4042,39-71 Tt ig pnoteworthy to
mention that raising the T value from 60 K to 80 K in dyspro-
socenium complexes is related to the judicial design of ligands
to efficiently decouple the vibrationally active normal mode
coupled to the spin states.*® To fine-tune the magnetic anisot-
ropy in pentagonal bipyramidal Dy(in) SIMs, one needs a thor-
ough understanding of the related spin-phonon coupling.
Spin-vibration coupling occurs when a molecular vibration
(due to the temperature) modulates the crystal field Hamilto-
nian of a metal centre. This coupling is directly related to spin-
lattice relaxation, and over the past few years, an in-depth
investigation of spin-vibration coupling by ab initio CASSCF
methods has been reported. However, such studies are limited
only to a handful of molecules as these calculations are
computationally demanding, and alternative methods that are
still accurate in understanding the spin-phonon/vibrational
problem are of supreme interest to the community.'~>?%67%.72
Although efforts have been made to employ semiempirical
methods, they lack the predictive potential for such systems.®*7”*

In this work, employing a combination of DFT and the ab
initio SA-CASSCF/RASSI-SO/SINGLE_ANISO approach, we have
studied in detail the pentagonal bipyramidal family of mole-
cules to thoroughly understand their electronic structure and
spin-vibrational correlations to the blocking temperatures. The
approach established in this work leverages the Boltzmann
distribution and oscillator strength of vibrational modes,
eliminating the necessity for conducting numerous CASSCF
calculations to extract pertinent chemical insights. For our
study, we have chosen five pseudo pentagonal bipyramidal
Dy(m) SIMs, namely [Dy(bbpen)Br] (1, Hybbpen = N,N'-bis(2-
hydroxybenzyl)-N,N'-bis(2-methylpyridyl)ethylenediamine),*®
[Dy(OCMe;)Br(THF);][BPh,] (2)* and [Dy(OSiMe;)Br(THF)s]

© 2024 The Author(s). Published by the Royal Society of Chemistry
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[BPh,] (3),%, [Dy(L"®)(Ph;Si0),](BPh,)-CH,Cl, (4)* and
[L,Dy(H,0)5][1];- L, - H,O0 (5, L = ‘BuPO(NH'Pr),)* where the U
and Ty (from FC/ZFC) range from 400-1200 em " and 9-16 K,
respectively (see Fig. 1b-f and Table S1}). For the dysprosoce-
nium class of molecules, Ty values are approximately similar,
but a pentagonal bipyramidal family of complexes has more
diverse Uesr and Ty values (see Table S1}), suggesting room for
further enhancement. Here, by performing the spin-vibration
calculations, we aim to address the following: (i) Why do the
pentagonal bipyramidal Dy(in) SIMs, despite possessing similar
structures and U values, have a diverse set of T values (4.5 K -
36 K, see Table S1})? (ii) What is the nature of vibrationally
active normal mode causing the transition from the ground KD
(Kramers Doublet) to the first excited KD in this class of
compounds? (iii) How are these spin-phonon vibrations
correlated with the Ty values? (iv) Is it possible to quench
vibrations that cause relaxation via judicial choice of ligand
design? (v) What are the design clues that need to be factored in
to enhance the Ty values in this class of molecule?

1.1 Computational procedures for spin-phonon relaxation

The vibrational modes of a complex were determined from the
geometry optimisation in the gas phase within the DFT frame-
work (see computational details). Frequency calculations were
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utilised to confirm that the optimised geometries are true
minima on the potential energy surface.*®>

In the absence of a magnetic field, the effective Hamiltonian
can be written as;”*

Her = H®Lyy + L,® Hyp + Hy iy (1)

where H;, H,p and Hg_ ., represent the crystal field (spin-
system), vibration and spin-vibrational Hamiltonian.

k
H,=Hcr = Z Z B0’ (2)

K346 =k
Hyp =) hoj(nj+1/2) (3)
i
A ~ (0B,1 ~
H vi» = ZQj ( aBQk_ ) 0. (J) (4)
i /0

Here, Bi? and 0,4(]) represent the CF parameters and Stevens
operator, respectively. The k, referred to as ranks, runs to 2J. The
components of g range from —k to + k for each k. The total
angular momentum defined in the M; basis ranges from —M;

15
to +M; (for Dy, J = Eand M; runs over
15 13 15 13
{—7, — + > + 7}). The w; and n; correspond to the

(c)

(a) The general magnetisation relaxation diagram. Here, red arrows denote the QTM for the ground state and TA-QTM (orange) for the

excited state. The blue arrows signify the direct/Orbach process. The green arrow implies the Raman process. The crystal structure of complexes
(b) [Dy(bbpen)Br] 1, (c) [Dy(OCMesz)Br(THF)51[BPh,] 2, (d) [Dy(OSiMes)Br(THF)s[BPh,4] 3, (e) [Dy(LN?)(PhsSiO),1(BPh,)- CH,Cl, 4 and (f) [L,Dy(H,0)s]
[l13-LoH,O 5. The hydrogens are omitted for clarity. Colour code: Dy-violet, |-cyan Br-brown, O-red, Si-purple, N-blue, and C-grey.
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0B1
frequency of the vibrational level of mode j. The Qj and (ﬁ)
J

represent the vibrational coordinate and vibronic coupling of
mode j.

The Hy and H,, in eqn (1) are defined on the basis of M, n;)
using the Kronecker product. Therefore, to define Hy_;, on the
same basis, we considered a weak coupling regime where
vibrations remain unaffected by electronic levels. As a result,
the H,_.;, can be written as,

o)

(M V| M) =
’ d 9B
Aljvnji1k246; 6Q] (J)
MJ> X <nj + I‘Qj
Here, the first term on the right-hand side represents the elec-

, (0Bl =4
- () 3 3 () ocw
k=246 g=—k ') 0
tronic coupling and the second term represents the vibrational

excitation. To estimate the electronic coupling, we have

) ()

hwj
k
where w; and k; denote the frequency and force constant of
vibrational mode j). The equilibrium geometry was then dis-
torted within the range of —Q; o — +Q; ¢ along the displacement

vectors (V) for each mode using:

Quist

computed the zero-point energy displacements (Qjo =

-

= Qeq + Q‘JOV (6)

Then we performed CASSCF/RASSI-SO/SINGLE_ANISO
calculations for each distorted geometry (Qgs j) and extracted
the crystal field parameters (CFPs) in Stevens notation. The
extracted CFPs were then fitted using second-order polynomials
. e . 0B1
to obtain the first-order vibrionic couplings 50, ) The
J
overall vibronic coupling strength (Sj) of a given mode is
extracted by adding the effect of 27 CFPs as follows:

).

All the energies of the vibrational modes are calculated using
the ((1 + 1/2)hw) formula, after scaling the frequencies consid-
ering the employed computational setup.”” The methodology
developed in this study relies on the Boltzmann distribution
and oscillator strength of vibrational modes. It involves the
inclusion of all vibrational modes until the sum of Boltzmann
populations reaches 1 at 100 K. Among these modes, only those
with significant oscillator strength were considered. This
approach eliminates the need to perform hundreds of CASSCF
calculations, streamlining the process of extracting the relevant
chemical insights. For complexes 2-5, we have only calculated
the coupling strength S; for the vibrational modes having large

+k

2

%= 3 2k+1 @
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oscillator strength that has reduced the computational cost
significantly.

2. Results and discussion

2.1 Controlling U and Ty in complex 1 by intuitive
chemical substitution using spin-phonon lens

Complex 1 (see Fig. 1a) is reported to exhibit zero-field slow
relaxation of magnetisation with a U.g and Ty value of 712 em ™"
and 14 K (sweep rate 20 Oe s~ '), respectively.*® Earlier ab initio
CASSCF calculations on this complex revealed magnetisation
relaxation via the third excited KD, yielding a U, value of
721 em™ "' (Fig. 2a), which agrees well with the U.g value. To
assess and analyse the role of dynamic correlation, we have also
performed CASPT2 calculations (see computational details) for
this complex. This yields a Uy value of 701.2 em™*, which is
similar to the CASSCF results. Also, all other metrics related to
the magnetic properties are similar for both sets, offering
confidence in this methodology (see Table S3}). The geometry
optimisation of 1 yields a geometry closely resembling the X-ray
structure (Table S2, Fig. S1 and Appendix S1}). This is also re-
flected in the ab initio CASSCF calculations, where both X-ray
and optimised geometries yield a similar energy spectrum, g-
tensors and CF parameters (Tables S3 and S4}), supporting
the methodology used in obtaining good geometries for esti-
mating magnetic properties.

For the spin-phonon coupling calculations, we have selected
35 vibrational modes that possess a total population of 1.00
below 100 K (most of the SMMs show opening of hysteresis
below 100 K) assuming Boltzmann distribution (see Fig. 2b, S2-
S$13 and Table S5%). The coupling strengths S; of the 35 vibra-
tional modes of 1 are depicted in Fig. 2c (Table S5 and
Fig. S147), which implies that the w6 and w,e (Fig. 2c) vibra-
tional modes are associated with a large coupling strength and,
therefore, should cause the magnetisation relaxation. Further
analysis suggests that these modes are associated with a large
oscillator strength, as this leads to a larger degree of deforma-
tion of the first and second coordination spheres as witnessed
in earlier cases.****%”747¢ Therefore, we have only considered the
vibrational modes with large oscillator strength for complexes
2-5 to reduce the computational cost of spin-phonon coupling.
The first excited state of w,e vibrational mode (AE = 387 cm™!
(KD1-KD2) vs. v = 397 cm ™" (1 + 1/2)fiw); the AE and v refer to
the Kramers doublet gap and the scaled vibrational frequencies,
respectively) is also closer to the KD1-KD2 energy gap which
further reinforces that this mode should cause the magnet-
isation relaxation. The w,q vibrational mode of 1, which is
suggestive of being responsible for magnetisation relaxation,
has several functional group movements (Fig. 2). The significant
vibrational movement was noted for (i) the hydrogen atom at
the meta position of the pyridine rings, (ii) the para position of
the phenolate rings, and (iii) the -CH, linker groups attached to
pyridine and phenolate donor atoms (Fig. 2). As these were the
key vibrations correlated with magnetisation relaxation, any
attempt to quench these vibrations is expected to enhance the
effective energy barrier/Ty values. The substitution of these

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(@) The mechanism of magnetization relaxation of optimised geometry of 1. (b) The molecular vibration of 1 corresponds to the wye

frequency (cm™). Here, the arrows represent the scaled vector of displacement. Colour code: Dy-yellow, Br-brown, O-red, N-blue, C-grey and
H-white. (c) The spin—vibrational coupling strength of the first 35 vibrational modes of 1.

hydrogens will make the vibrational mode off-resonant and is,
therefore, expected to improve the performance.

A quick Cambridge structural database search for such
substituted geometries reveals substitution of the meta position
hydrogen atom by fluorides reported by Li and co-workers
[(Dy(bbpen-F)Br], see Fig. 3).* We then performed ab initio
calculations on the optimised geometry (called 1-F, Appendix
S21) that yields a U, value of 763.2 em ™, which is ca. 50 cm™*
higher, suggesting enhancement in the effective energy barrier
via this substitution as expected (Table S61). This value matches
the experimentally reported U value of 798.4 cm™'. More
importantly, as expected, the pyridinic contribution to the w,¢
vibrational mode diminished (Table S7}), and these are
accompanied by a substantial enhancement in the Tg values (14
K@20 Oe s~ ' to 30 K@20 Oe s~ ). This is also corroborated by
the decrease in the equatorial ligand field due to the negative
inductive (—I) effect of the fluoride atom in the equatorial
pyridine ring. A similar CCDC search also yielded another
structure where the para position of the phenolate hydrogen
was substituted by CH; groups ([Dy(bbpen-CHj3)Br], 1-pCHj3, see

Fig. 3). The ab initio calculations on the optimised geometry of
1-pCH; (Appendix S3}) yield a Uy value of 764.1 cm ™' (Table
S81), reaffirming a larger value compared to 1 due to an increase
in the axial ligand field. Not only does this value match the
experimentally reported value of 806.9 cm ™, but the Ty values
are also marginally larger (15 K@20 Oe s '). Furthermore, as
expected, the phenolate contribution to the w,¢ frequencies
diminished, leading to a red shift (Table S7}) of these
frequencies in 1-pCH;. Furthermore, an enhancement of the
computed B axial CF parameter is observed in 1-F and 1-pCH;
compared to 1 (Table S37).

A further search yielded another structure where the para
position of the phenolate hydrogen was substituted by CHj
groups and para position hydrogen atoms by fluorides
([Dy(bmbpen-F)Br], 1-pCH;F, see Fig. 3).”” The ab initio calcu-
lations on the optimised geometry of 1-pCH3F (Appendix S471)
yielded a U,y value of 842.5 cm™?, reaffirming a larger value
compared to 1, 1-F and 1-pCH; (Table S9%). Although the U,
value is slightly overestimated compared to the Ugy value of
782.3 cm ™', more importantly, the Tg value (36 K@20 Oe s~ ') is

Fig. 3 The crystal structures of (a) 1-F, (b) 1-pCH3z and (c) 1-pCHsF. (d) The optimised geometry of 1-CHs. Here, the hydrogens are omitted for
clarity. Colour code: Dy-blue violet, Br-brown, F-green, O-red, N-blue, C-grey.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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significantly higher than that of all 1, 1-F and 1-pCH;. As ex-
pected, the phenolate and pyridine contributions to the w
frequencies diminished, leading to a red shift (Table S7%) of
these frequencies in 1-pCH;F. This reiterates that the approach
developed here not only hints at ligand design that targets
enhancement in Uy values but also the vibrations that are
strongly correlated with the Ty values.

Furthermore, the -CH, linker groups attached to pyridine
and phenolate donors were found to have a significant vibra-
tional movement. We attempted to alter those C-H bonds and
modelled the corresponding -CH, groups using -C(Me), groups
(see Fig. 3 model 1-CHjy). For this model, the O-Dy-O angle
increases to 162.9° and the Dy-N bond length elongates to 2.948
A (Table S2, Fig. 3 and Appendix S4}). The ab initio CASSCF
calculations on 1-CHj; reveal an increase in the KD1-KD2 energy
gap, energy splitting of the eight KDs and axial B) CF parameter
compared to 1 by 0.14, 0.50 and 0.06%, respectively (Tables S4
and S10%). The magnetisation relaxation in 1-CH; was found to
occur via the third excited KD, resulting in a U, value of
1039.5 cm ™', which is ca. 300 cm ™" larger than that of 1. Quite
interestingly, a red shift of vibrational mode is observed from 1
to 1-CH; (192.8 cm™" (Table S7i)). The blocking barrier and
normal models of 1, 1-F, 1-pCHj3, 1-pCH3F and 1-CHj; imply that
there is a strong correlation between the w,s normal mode and
the Ty values.

2.2 Role of the equatorial ligand field in dictating U.¢ and Ty
in complexes 2 and 3

The magnetic properties of complexes 2 and 3 (Fig. 4 and 5)
were studied by Zheng and co-workers, along with a family of
other pentagonal bipyramidal SMMs. Both of them show zero-
field slow relaxation of magnetisation with U.g values of 569
+ 126 (2) and 509 + 49 cm ' (3), respectively, with a Ty
(blocking temperature derived from the hysteresis loop, see for
example ref. 43) value of 9 K (sweep rate 15 Oe s~ *).** These two
complexes are structurally similar, except that the -OCMe;
group present in 2 is replaced by the -OSiMe; group in 3 (Fig. 4
and 5)." This replacement leads to a 0.07 A enhancement in the
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Dy-OSiMe; bond length in 3 compared to Dy-OCMe; bond
length in 2, resulting in a lower U in 3 compared to 2 (Tables
S11-S147}). The geometry optimisation of 2 and 3 also yields
geometries and magnetic properties similar to those of X-ray
structures (Table S11, Fig. S16, and Appendix S5 and S6}), and
particularly the estimated CF parameters are strikingly similar
(see Table S15%). The ab initio CASSCF (CASPT2) calculations
performed on these complexes yield a Uy value of 492.9 cm ™"
(488.8 cm ') and 570.2 ecm " (553.8 cm ™ *) for 2 and 3, respec-
tively. These values are in agreement with experiments and
further iterate that dynamic correlations incorporated via the
CASPT2 method have not substantially modified the metric of
magnetic properties estimated, and therefore, it is safe to
proceed further with the CASSCF calculations (see Tables S13
and S147).

To find out the most important vibrational modes for spin-
phonon coupling, we have selected 21 vibrational modes (Fig. 4,
S17-S23 and Table S16%) for 2 and 13 vibrational modes with
the energy for 3 (Fig. 5, S25-529, Tables S16 and S17f). By
analysing the coupling strength, we found that w; and wg
vibrational modes for 2 and w,, w;; and w, vibrational modes
for 3 are responsible for the spin-phonon coupling from the
KD1 to the KD2 transition (Fig. 4, 5, S23, S30 and Tables S16 and
S17%). The second excited state of w, vibrational mode of 2 and
w, vibrational mode of 3 (AE = 361 cm™ " vs. v =390 cm ) for 2
and 360 cm™~" (AE) vs. 370 cm ™" (v) for 3 is also closer to the
KD1-KD2 energy gap, which further reinforces that these
modes should cause magnetisation relaxation. These vibra-
tional modes have a significant impact on many functional
groups. Among these vibrations, the displacement of the Dy ion
was found to be prominent (Fig. 4 and 5). As these vibrations are
responsible for magnetisation relaxation, any attempt to
quench these vibrations will increase the U./Tg values. There-
fore, to quench the in-plane movement of the Dy atom, there are
two approaches: (i) substituting the Dy with a heavier isotopic
analogue”®® and (ii) enhancing the Dy-ligand equatorial bond
strength. To achieve this, we have replaced the five THF mole-
cules in the equatorial plane in complexes 2 and 3 with a 16-

(c)
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@175.‘)8
Paads
gm 2.42

|, |l|l| 1,

100

150

200 250 300
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Fig. 4 (a) The molecular vibration of 2 corresponds to wg cm™. Here, the arrows represent the scaled vector of displacement. Colour code:
Dy-yellow, Br-brown, Si-purple, O-red, C-grey and H-white. (b) The coupling strength for the twenty-one high-intensity vibrational modes of 2.
(c) B3LYP optimised model structures of 2-crown, with important structural parameters (bond lengths are shown in A and bond angles are

shown in °).
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Fig. 5 (a) The molecular vibration of 3 corresponds to wy; cm ™. Here, the arrows represent the scaled vector of displacement. Colour code: Dy-
yellow, Br-brown, Si-purple, O-red, C-grey and H-white. (b) The coupling strength for the thirteen high intensity vibrational modes of 3. (c) B3LYP
optimised model structures of 3-crown with important structural parameters (bond lengths are shown in A and bond angles are shown in °).

crown-5 macrocyclic ring (models 2-crown and 3-crown, see
Fig. 3(d) and 4(d)). Although these are models at present, some
of us have recently reported [{(18-crown-6)Ln(dippH);}H(18-
crown-6)Ln(dippH),(dippH,)}]-[Is] (with Ln = Ce, Pr and Nd
and dippH, = 2,6-diisopropylphenylphosphates) complexes of
a similar kind with various lanthanide ions exhibiting attractive
SIM characteristics.?** The 2-crown and 3-crown have shorter
Dy-O bond lengths (reduced by ~0.02-0.04 A, except Dy-Br
bond length) and a marginal 1-2° increase in the O-Dy-Br angle
compared to 2 and 3 (Fig. 4c, 5(c), Tables S11 and S12, and
Appendix S7 and S8%).

The ab initio calculations reveal enhancement of the KD1-
KD2 energy gap, the energy splitting of the eight KDs, as well as
axial By CF parameters in 2-crown (3-crown) compared to 2 (3)
(Tables S15, S18 and S197%). The magnetisation relaxation of 2-
crown (3-crown) is expected to take place via the 3rd excited KD
due to the large thermally assisted quantum tunnelling of
magnetisation (TA-QTM)value, yielding a U.y value of
832.8cm ™' (869.1) cm ', ca. 300 (350) cm ! larger than that of 2
(3). It is worthwhile to mention that the contribution of the in-
plane movement of the Dy atom to the w; (w; for 3-crown)
frequencies diminished, leading to a red shift (Table S20}) of
these frequencies, and this is expected to enhance the Ty values.

2.3 Role of N-H vibrations in fine-tuning the Uy and Ty
values in complex 4

In the earlier section, we have shown how a crown-ether ligand
in the equatorial position quenches the low-energy vibrational
modes that are correlated with the magnetisation relaxation.
These two models are predictions, but an analogous complex
containing a macrocyclic Schiff-based ligand at the equatorial
position has been reported earlier by Murrie and our group
[Dy(L™)(Ph3Si0),](BPhy4)- CH,Cl, (4, Fig. 6).”* However, due to
the complexity of the functional groups involved in the equa-
torial position, similar vibrations in 4 were absent. We have
carefully analysed various vibrational modes at the equatorial
plane, which could help improve the performance of 4. Complex

© 2024 The Author(s). Published by the Royal Society of Chemistry

4 exhibits zero-field slow relaxation of magnetisation with a very
large U of 791.4 cm™ " and T of 14 K (sweep rate 100 Oe s~ ).
The ab initio calculations on this complex yield a U, value that
is in excellent agreement with the U value reported (791.4 vs.
722.8 cm™ ). On the other hand, the O-Dy-O angle reduces to
2.5° in the optimised structure compared to the X-ray geometry
(Tables S21, S22 and Fig. S31%), and the optimised geometry
yields magnetic characteristics and CF parameters, which are
similar to those of the X-ray structure (see Tables S22 and S231).

For the spin-phonon coupling calculations of 4, we selected
nineteen vibrational modes (Fig. S32-S38 and Table S24}) with
a large oscillator strength in the range of KD1-KD2 energy gap.
By analysing the coupling strength (Fig. 6, S39 and Table S247),
we found that the w7 and w;g vibrational modes are likely to be
responsible for the spin-phonon coupling of the KD1 — KD2
transition. These vibrations are found to be correlated with the
N-H vibrations present in the equatorial plane (Fig. 6). To
quench these vibrations, we have replaced the -NH group with
its isoelectronic analogue oxygens resulting in 4-N;0, (Fig. 6
and Appendix S10%). As expected, a red shift of the w,, vibra-
tional mode (327.1 (4) cm ' — 377.2 cm ™ (4-N30,) cm ™, Table
S261) is observed in 4-N30,. The ab initio calculations on 4-N3;0,
revealed an enhancement in the energy splitting of the eight
KDs compared to 4 (Table S25}). The magnetisation relaxation
of 4-N30, occurs via the third excited KD due to significant
transverse anisotropy yielding a U, value of 998.7 cm ™" (Table
$25%), which is ca. 200 cm™" larger than that of 4.

2.4 Role of out-of-plane bending of water in controlling the
Uesr and Ty values in complex 5

In this last section, we will unveil the nature of vibration
correlated with the magnetisation relaxation in the
[L,Dy(H,0)5]** family of SMMs where a large Ueg and Tj were
observed (Fig. 7).3°°%6%61.6784 The complex 5 is reported to
possess a large U value and Tj value of 453 em™ " and 16 K
(sweep rate 20 Oe s '), respectively.®® The ab initio CASSCF
calculations on the X-ray structure of 5 indicated that the
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Fig. 6

modes of 4. (c)The optimised geometry of 4-NsO,.

stabilisation of m; = |+15/2) and |£13/2) in the ground and first
excited state, respectively. The magnetisation relaxation occurs
via the second excited KD, yielding a U, value of 471.3 cm ™,
slightly overestimated compared to the U value (Table S271).
The ab initio calculations on this optimised structure reveal
a moderate change in energy values and g tensors compared to
the X-ray geometry as the equatorial oxygens become out-of-
plane in the optimised structure (Table S28, Fig. S40 and
Appendix S11}). However, the computed CF parameters in the
optimised structure are similar (Table S297}) to those in the X-
ray structure, and more importantly, the ground and first
excited KDs possess dominant contributions from m; = |+15/2)
and |+13/2) states, respectively.
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(a) The molecular vibration of 4 corresponding to the w,7 vibrational mode. Here, the arrows represent the scaled vector of displacement.
Colour code: Dy-yellow, Si-purple, O-red, N-blue, C-grey and H-white.

(b) The coupling strength for the nineteen high IR intensity vibrational

For the spin—-phonon coupling calculations on 5, we selected
twenty-seven vibrational modes (shown in Fig. 7, S41-S49 and
Table S30%). The CF parameter values at the several displace-
ments of these normal modes are shown in Fig. S50.} By ana-
lysing the coupling strength, we find that the wg and wq,
vibrational modes are likely responsible for the spin-phonon
coupling of the KD1 — KD2 transition. The second excited state
of wg vibrational mode of 2 (AE = 268 cm ™" vs. v =282 cm ™ ') is
also closer to the KD1-KD2 energy gap, which further reinforces
that these modes should cause the magnetisation relaxation.
These wg and w4 and w3, vibrational modes have a significant
movement for the equatorial oxygens (out-of-plane) and axial -
CH; groups. Therefore, quenching the movement of the equa-
torial oxygens should increase the U.y and Tj values of 5.
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(a) The molecular vibration of 5 corresponds to the wg vibrational mode. Here, the arrows represent the scaled vector of displacement. (b)

The spin—vibrational coupling strength for the twenty seven high IR intensity vibrational modes of 5.
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3. Discussion

The advancement in molecular nanomagnets has led to the
growth of plenty of SMMs with very large Ue¢ values, but the Ty
values remain a small fraction of them due to the under-barrier
relaxation processes. In this regard, the study of spin-phonon
coupling in dysprosocenium complex [Dy(Cp™),][B(CeFs)i]
(Cp™ = {CsH,'Bu;-1,2,4}) has made an important breakthrough,
not only because this holds a record high Ty value, but also
because they have shown which vibrations are linked with the
magnetisation relaxation.** Based on their study, two years
later, another novel dysprosocenium SIM, [(Cp'*™)Dy(Cp*)]"
(Cp™™,  penta-iso-propylcyclopentadienyl; Cp*, pentam-
ethylcyclopentadienyl) was discovered quenching the vibrations
governing the magnetisation relaxation.*® On the other hand,
Lunghi and co-workers recently demonstrated the role of
anharmonic phonons in dictating the under-barrier magnet-
isation relaxation.'"*****%-%” Therefore, spin-phonon coupling
calculations are of utmost importance to unveil the underlying
physical process of magnetisation relaxation and provide a clear
indication of how the relaxation process is linked with molec-
ular motions. As a result, it can provide the design criteria for
potential SMMs with chemical tuning to quench the vibrations
associated with Orbach and Raman relaxation processes.

The calculations of spin-phonon coupling require thou-
sands of ab initio calculations, which are computationally
demanding and often do not directly yield chemical insights to
improve the Ty values. Furthermore, we have confined ourselves
to the vibrations having significant oscillator strength that also
lies within the KD1-KD2 energy gap so that magnetisation
relaxation from m; = |+15/2) to |+£13/2) of the ground °Hys),
state can be gauged.***”7*7%888 Qur calculations reveal that not
only the atoms in the first coordination sphere but also those in
the secondary coordination sphere affect the magnetisation
relaxation. In the case of complex 5, the out-of-plane bending
vibrations of the equatorial oxygens govern the magnetisation
relaxation, and therefore, disrupting this movement might
increase the Uggs and Ty values. It is worth mentioning that in
the Cl and Br analogues of complex 5 ([L,Dy(H,O)s][Cl]5-L, (6)
and [L,Dy(H,0)s][Br];-L,-H,O (7), L = ‘BuPO(NH'Pr),), the U
and Ty values decrease from I to Br and Cl analogues (Tp (sweep
rate 20 Oe s ') = 16.0 K for I, 14.0 K for Br and 9.0 K for CI).*
This may be ascribed to the equatorial planarity of water
molecules, which decreases from I to Br to Cl analogues of 5.
The vibrational modes should be near-resonant with the KD1-
KD2 energy gap for the magnetisation relaxation in the Orbach
regime. In our case, the energy of the vibrational modes is far
lower than the KD1-KD2 energy gap, diminishing the Ty values.
From the literature, we have also found an increase in the Ty
value from [Dy(OPCy;)(H,0)5]Cl;-OPCy;-H,O-EtOH (8, Tg(-
sweep rate = 200 Oe s ') = 11 K) to [Dy(OPCys;)(H,O)s]Brs-
-20PCy;-2H,0-2EtOH (9, Tx(sweep rate = 200 Oe s~ ') = 20 K).*®
On the other hand, a significant improvement in the blocking
barrier is observed going from [Dy(HMPA),(H,0)s|Cl;- HMPA
(10, HMPA = Ue¢ = 460 K) to [Dy(HMPA),(H,0)s]I;- 2HMPA (11,
Uesr = 600 K).** The Ugr and Ty values of complexes 8, 9, 10 and
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11 further support that movement of the oxygen atoms is linked
with the magnetisation relaxation in the [L,Dy(H,0)s]>" family
of SMMs.

In this manuscript, by analysing the spin-phonon coupling,
we have shown that the modulation of geometry via simple
ligand substitution can shift the vibrations and decouple with
the KD1-KD2 gap that is linked with the magnetisation relax-
ation in 1-F, 1-pCHj3, 1-pCH,F and 1-CH; in comparison with
the parent geometry 1. As a result of this, an enhancement of
U.sr and Ty values is observed compared to the parent complex.
On the other hand, the electrostatic polarisation of the donor
atom strongly affects the spin-phonon coupling, as suggested
by Lunghi and co-workers.* They demonstrated that employing
a ligand system where the donor atom charges are not signifi-
cantly affected by vibrations should lead to a potential SMM. In
the case of complexes 2 and 3, introducing a crown ether ligand
in the equatorial position in place of the five THF molecules
minimizes the electronic delocalisation, leading to an increase
in the U values. In the case of complex 4, the replacement of -
NH groups by oxygen also reduces the electronic delocalisation;
hence, a significant improvement in the U value is observed in
4-N;0, compared to 4. It should be noted that the organome-
tallic complex with a haptic ligand and complexes with a car-
bene ligand show very high Ty values due to the minimal
polarisation in the first coordination sphere.

By leveraging the outcomes of spin-phonon calculations
conducted on complexes 1-5, a comprehensive analysis of the
Tg values across all studied complexes has become possible,
shedding particular light on the intriguingly low values
observed in complexes 2 and 3. It is worthwhile to mention that
among complexes 1-5, the largest Ty value is observed for
complex 5 (16 K), followed by 1 = 4 (14 K) and 2 = 3 (9 K). From
these values, we can suggest that the Ty value is the lowest for
complexes where the significant movement of metals and atoms
in the first coordination controls the magnetisation relaxation.
This is the case with complexes 2 and 3, where the vibration
involving in-plane movement of the Dy ion is associated with
the magnetisation relaxation, and this is primarily due to the
flexible first coordination sphere atoms. In the case of complex
4, the atoms in the second coordination sphere, such as
hydrogen atoms of -NH groups, control the magnetisation
relaxation. Therefore its Ty is slightly higher than that of
complexes 2 and 3. In the case of complex 1, the hydrogen
atoms associated with the phenyl and pyridine rings in the third
coordination sphere govern the magnetisation relaxation.
Finally, in the case of complex 5, the H-bonding interactions
with the counter anions are linked with the magnetisation
relaxation. As the counter anions involved in this case are
beyond the coordination sphere, this complex Ty value is the
largest among all. Hence, the establishment of a rigid first
coordination sphere surrounding Dy(m) is an imperative
requirement when designing prospective SMMs. This should
also be accompanied by a minimum electrostatic polarisation
of the corresponding donor atoms. Given the diverse nature of
associated vibrations within this molecular class, a more
extensive dataset encompassing all pentagonal bipyramidal
Dy(m) complexes, coupled with the power of AI/ML tools, holds
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tremendous potential to forge a path forward. Excitingly, this
endeavour is currently underway in our laboratory.

4. Conclusions

In summary, by studying twenty-three molecules/models in the
family of pseudo-Ds;, Dy(in) single-ion magnets using DFT and
ab initio CASSCF calculations, we have deciphered the large
variation in the blocking temperature (7g) observed in this class
of molecules. The variation observed was attributed to the
interplay between the spin-vibrational coupling and crystal
field splitting of the ground state. The J = 15/2 term of the °Hj5,,
ground state is split into 2] m; crystal field sub-states. We begin
with complex 1, where w,s, normal mode vibrations have
multiple atom movements that include C-H bond vibrations of
(i) the meta position of pyridine rings, (ii) the para position of
the phenolate rings, and (iii) the -CH, linker connecting the
amine nitrogen atom with pyridine/phenolate donor atoms. We
then discovered molecules from the literature where this
vibrational mode was restricted in several analogous molecules
1-F, 1-pCH3;, 1-pCH;F and 1-CHj; that systematically attempt to
shift the w,s normal mode to create an off-resonance scenario
with the relaxation mechanism. The next set contains molecules
2 and 3, whose flexible first coordination sphere yields inferior
SIM performance. To circumvent this problem, 2-crown and 3-
crown were modelled with a rigid first coordination sphere,
yielding better performance. Complex 4 has a macrocyclic
Schiff-based ligand at the equatorial position, where N-H
vibrations were the weak point and model 4-N;O, aims to
address this issue. Complex 5, on the other hand, has five water
molecules in the equatorial plane, and out-of-plane bending of
the water molecules is a major factor in the relaxation mecha-
nism. Although this cannot be eliminated, complexes 6 and 7
with -Cl and -Br analogues are added to affirm this point in this
class of molecules. Complexes 8, 9, 10 and 11 have a similar
ligand framework but with a variation in the secondary coor-
dination sphere and were studied to probe this effect. The main
conclusions drawn from our work are mentioned below.

4.1 Predicting and enhancing the T by recognising the
vibration responsible for relaxation

In the [Dy(bbpen)Br] (1) complex and analogue structures with
substitution on the ligand periphery (such as 1-F, 1-pCHj, 1-
PCH3F), the w,e vibration corresponds to the vibrations of
donor atoms at the first coordination sphere. This is due to the
flexible coordination sphere provided by the ligand framework.
Any chemical substitution that shifts this vibration is expected
to enhance the Ty values. Quite interestingly, this coincides
with a literature report where such substitution performed by
a trial-and-error method was found to improvise the Ty values,
affirming faith in the model proposed. Armed with such
outcomes, we further targeted the -CH, linkers that connect the
amine nitrogen atom to the pyridinic ring at the equatorial
positions and in silico models have been proposed to boost the
Ty values further.
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4.2 TImportance of the equatorial ligand field in dictating Ty

The two complexes [Dy(OCMe;)Br(THF)s][BPh,] (2) and
[Dy(OSiMe;)Br(THF);5][BPh,] (3) studied exhibit very low Ty
values and these are attributed to the vibration involving the
asymmetric stretching of the O-Dy-Br bond along the axial
direction coupled with in plane bending of the equatorial THF
molecule. This is essentially due to the very weak equatorial
coordination that provides enhanced axiality as desired but also
offers low in-plane bendings, which causes magnetisation
relaxation, reducing the Ty values. To arrest such movements,
we have in silico-modelled geometries where a crown ether
ligand replaced five THF molecules. This model is expected to
boost the T; value further. Studies on [Dy(L"*)(Ph3Si0),](BPh,)-
CH,Cl, (4) reveal a similar scenario, and a suitable ligand
substitution (N-H by O) was offered to boost the performance.

4.3 Controlling H-bonding interactions to improve Ty values

Our calculations on [L,Dy(H,O)s][I]3-Ly-H,O (5) suggest that
out-of-plane bending of the water molecules is one of the major
factors in the relaxation mechanism. As these water molecules
are in H-bonding interaction with the counteranions, efforts to
modulate these vibrations will be proven to be beneficial. There
are already literature reports where the Tg values were found to
be enhanced if the equatorial planarity of the water molecules
was improved via ligand design/cluster aggregation.

Through the meticulous execution of DFT and ab initio
CASSCF calculations on a comprehensive set of pentagonal
bipyramidal complexes/models, we have successfully elucidated
the underlying factors contributing to the significant variation
in Tg values within this family. Moreover, we present a chemi-
cally viable methodology to fine-tune the performance of this
intriguing molecular class for the first time.

5. Methodology

All the gas phase geometry optimisations and calculations of
normal modes of complexes 1-5 were performed within the
unrestricted DFT framework utilizing the Gaussian09 pro-
gramme package.’* The X-ray structure (without counter anions
and solvent molecules except in complex 5) was employed as
a starting point for geometry optimisation. The hybrid B3LYP
exchange-correlation functional (including dispersion correc-
tions for 5) was employed for the geometry optimisation.*>*
The Dy(m) ion was replaced by Y(m) to aid smooth SCF conver-
gence. We have used Stuttgart's effective core potential (SDD
ECP, 28 core electrons) basis set for yttrium and iodine
atoms.”®®® For other elements, a 6-31G* basis set was
employed.”” For the geometry optimisation of model complexes,
we have used SDD for yttrium and iodine, the Ahlrichs triple-¢
plus polarisation basis set for oxygen, nitrogen, fluorine and
bromine and the 6-31G* basis set for carbon and hydrogen
atoms.”"*® We have also optimised structures 1 and 2, taking Dy
as the central ion by employing the triple zeta basis set utilizing
Cundari-Stevens (CS) relativistic effective core potential
(Fig. S51%). We have observed that it makes minimal changes
with respect to the former structures. Therefore, for the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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remainder of the manuscript, we have exclusively used Y. The
harmonic vibrational modes and vibrational spectra were esti-
mated with an isotope mass of 162.5 (the mass of the most
abundant isotope of dysprosium) for the yttrium atom to obtain
the correct reduced masses.”™”®

All the ab initio CASSCF/RASSI-SO/SINGLE_ANISO calcula-
tions on the X-ray, optimised, and model complexes were per-
formed using the MOLCAS 8.2 programme package.” We have
used Douglas-Kroll-Hess (DKH) Hamiltonian to take into
account the relativistic effect of the metal centre.'® The Cho-
lesky decomposition technique was used to reduce the size of
the disk space.'* The basis sets of our calculations have been
taken from the ANO-RCC (atomic natural orbital-relativistically
core correlated) library available in MOLCAS. Here, we have
used the VIZP quality basis set for Dy, the VDZP quality basis
set for the atoms in the first coordination sphere, and the VDZ
quality basis set for the atoms from the secondary coordination
sphere onwards. The active space for the complete active space
self-consistent field (CASSCF) calculations consists of nine 4f
electrons in seven 4f orbitals of Dy(ur). We have performed state
average CASSCF calculations for the twenty-one sextets of Dy(m)
ions. The quartet and doublet spin states of Dy(u) were not
considered in our calculations to reduce the computational cost
since they do not contribute significantly to the spin-orbit
energies, as seen from earlier studies. However, the twenty-one
spin-free states were mixed by spin-orbit coupling in the RASSI-
SO module. Thereafter, the SINGLE_ANISO module was used to
compute the g-tensors, crystal field parameters, and magnetic
properties such as susceptibility, QTM, TA-QTM etc. To incor-
porate dynamic correlations we have also performed complete
active space second order perturbation theory (CASPT2) calcu-
lations for complexes 1, 2 and 3, where the U, values found
were similar to those of CASSCF (complexes 1-caspt2, 2-caspt2
and 3-caspt2 given in Tables S3, S13 and S14%).
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