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Abstract: At the cutting edge of high-performance single-molecule magnets (SMMs) lie
lanthanide-based complexes, renowned for their potent magnetic anisotropy. The performance
of the SMMs is measured generally via the barrier height for magnetization reversal (Uesr) and
blocking temperature (Tg), below which the magnetization is fully frozen. To enhance the Uer
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 that can be achieved via ligand
design called the axial limit is already reached in this class of compounds and demand new
design principle to enhance the SMM characteristics to suit end-user applications. Among other
avenues that can be explored to improve the SMM characteristics, a deeper understanding of
spin-phonon coupling, critical to advancing Tg values, offers numerous advantages. However,
there are only a handful of examples where this is deciphered. In this work, using a
combination of DFT and ab initio CASSCF calculations, we have performed spin-phonon
calculations of five classes of pseudo Dsn Dy(IIl) SIMs exhibiting Tg value in the range of 4.5
K to 36 K ([Dy(bbpen)Br] (1, Hbbpen=N,N'-bis(2-hydroxybenzyl)-N,N’-bis(2-
methylpyridyl)ethylenediamine), [Dy(OCMes3)Br(THF)s][BPh4] (2) [Dy(OSiMes)Br(THF)s]
[BPhs] (3), [Dy(L™)(Ph3SiO)2](BPhs).CH2Cl (4) and [LDy(H20)s][1]3.L.H2O (5, L =
‘BuPO(NH'Pr),)). The approach provided here not only reduces the computational cost but also
suggests chemical intuition to improve the performance of this class of compounds. Our
calculations reveal that low-energy vibrational modes govern the magnetization 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 magnetization 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 the increase of Tg values. Learning from this
exercise, we have undertaken several in silico models based on these vibrations to improvise
the Tg values. Some of these predictions were correlated to 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 the pseudo Dsi Dy(I11)
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 magnetization similar to bulk magnets opening up the bottom-up approach to
molecule-based devices such as new generation of information storage devices, solid-state Q-
bits for quantum computing and spintronics devices. To employ these molecules in end-user
applications, magnetic relaxation time (t), the timescale in which an SMM preserve its
magnetization, and blocking temperature (Tg) below which the magnetization is fully frozen
need to be improved.® Further, the molecule should be stable under ambient conditions for
the fabrication process to realize the potential applications proposed. While early SMMs based
on transition metal clusters yielded Tg values in the range of liquid helium temperatures, the
advent of lanthanide-based SMMs significantly improved Tg values.%*2 The first mononuclear
lanthanide-based SMM (also called SIM), [TbPc.]” (Pc = phthalocyanine), was discovered in
2003 and is reported to have a Tg value of 1.7 K and Ue of 230 cm™.3 Thereafter, many
lanthanide-based SMMs have been reported till 2015, but the Tg value did not reach beyond 5-
8 K despite having a very large Ues value.®*** The breakthrough in lanthanide-based SIM was
achieved in 2016 when a pseudo pentagonal bipyramidal [L2.Dy(H20)s][I]s.L2.H20 (1, L =
‘BuPO(NH'Pr)2) molecule was reported with a Tg value of 12 K (based on ZFC/FC) by some
of us,®® and at the same time several pseudo Dsn point group molecules were also reported by
others with slightly smaller Tg values.®*3 We have further demonstrated the role of weak
equatorial and strong axial ligand fields in designing high-performance SIM with very large
Uers and Tg values. This is followed by several pseudo pentagonal bipyramidal complexes in
the literature where Uer and Tg values reached as high as 1800 K and 36 K, respectively®53"
3945 Later years witness tremendous increase in Tg values by a class SIMs commonly called
Dysprosocenium class of molecules taking the Tg values as high as 80 K — albeit these class of
molecules lack ambient stability pitching further challenges in taking these molecules to end-
user applications.*6-49

The magnetization relaxation of a SIM occurs via quantum tunnelling of magnetization (QTM)
at very low temperatures due to the low symmetry component of the crystal field (CF).*? At
higher temperatures, it occurs through various spin-vibrational coupling like direct, Raman and
Orbach pathways.*? The direct process is a barrierless process which involves a direct transition
between the "up" to "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
magnetization relaxation occurs by a sequential absorption of phonons involving excited my
states and then sequential emission of phonons to reach the ground state by reversing its
magnetization.> -2 This Orbach relaxation becomes very slow at low temperatures due to
the lack of thermally available phonons to initiate this process.}? 4 % The Raman process is
similar to Orbach, but it involves a virtual intermediate state of lattice and spin system which
destroys the blocking barrier of magnetization reversal.

The three key features that are commonly employed to block the magnetization relaxation of
an SMM are (i) a large m; ground state (m; = +J), (ii) designing a ligand environment around
the metal centre to maintain a large separation between successive my levels of the bistable
ground state (iii) a minimal admixing between the m; states.1* >* It is worthwhile to mention
that the search for potential SIMs fulfilling the criterion (i), (ii), and (iii) is considered within
the framework of the Orbach process. In this regard, the recent discovery of dysprosocenium
SIMs has divulged the importance of spin-vibration coupling in controlling magnetization
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relaxation.> 4 4849 Although synthetic chemists extensively tried to control spin-vibration
coupling through molecular design, design principles to control such effects are still elusive.*®
Therefore, to design high-performant SIMs, one needs to deepen the understanding of spin-
vibrational coupling by theoretical methods.

A recent theoretical study also demonstrated that further enhancement of Tg and Ues is
challenging in dysprosium complexes as magnetic anisotropy reaches its axial limit.® In this
regard, the pseudo Ds, family of SIMs have an edge due to a large variation in the Ues (37-
1200 cm™) and T (2-30K) values observed, offering significant room for further improvement
in Tg values,10-11. 35-40. 42,5567 ¢ js noteworthy to mention that raising the Tg value from 60 K
to 80 K in dysprosocenium complexes is related to the judicial design of ligands to efficiently
decouple the vibrationally active normal mode coupled to the spin states.*®*8 To fine-tune the
magnetic anisotropy in pentagonal bipyramidal Dy(lll) SIMs, one needs a thorough
understanding of the related spin-phonon coupling. The spin-vibration coupling occurs when a
molecular vibration (due to the temperature) modulates the crystal field Hamiltonian 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 which are still accurate in
understanding the spin-phonon/vibrational problem are of supreme interest in the community.
1-5,38, 46,67 Although efforts have been made to employ semiempirical methods, they lack the
predictive potential for such systems.®

In this work, employing a combination of DFT and ab initio SA-CASSCF/RASSI-
SO/SINGLE_ANISO approach, we have studied in detail the pseudo Dsy family of molecules
to thoroughly understand their electronic structure and spin-vibrational correlations to the
blocking temperatures. The method developed here relies on chemical intuition and undercuts
the need to perform hundreds of CASSCEF calculations to extract the relevant chemical insights.
For our study, we have chosen five pseudo pentagonal bipyramidal Dy(lll) SIMs, namely
[Dy(bbpen)Br] (1, Habbpen=N,N'-bis(2-hydroxybenzyl)-N,N'-bis(2-
methylpyridyl)ethylenediamine),® [Dy(OCMes)Br(THF)s][BPh4] (2)% and
[Dy(OSiMes)Br(THF)s][BPhs]  (3)®,  [Dy(L"®)(PhsSiO)2](BPhs).CH.Cl,  (4)%®  and
[L2Dy(H20)s5][1]3.L2.H20 (5, L = 'BUPO(NH'Pr)2)* where the Uesr and Tg (from FC/ZFC)
range from 400-1200 cm™ and 5-12 K, respectively. For the dysprosocenium class of
molecules, Tg values are approximately in the range of ~3-5% of the reported Uesf values, but
in complexes, 1-5 Tg is much smaller (~1-3 % of the Uesf), suggesting a room for further
enhancement. Here by performing the spin-vibration calculations, we aim to address the
followings (i) Why do the pseudo Dsn Dy(I11) SIMs, despite possessing similar structures and
Uerf Values, have a diverse set of Te values (4.5 K - 36 K)? (ii) What is the nature of vibrationally
active normal mode causing the transition from ground KD to first excited KD in this class of
compounds? (iii) how these spin-phonon vibrations are correlated to the Tg values? (iv) Is it
possible to quench vibrations that cause relaxation via judicial choice of ligand design? (v)
What are the design clues that needs to be factored to enhance the Tg values in this class of
molecule?
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3. Results and Discussion

3.1. Controlling Uerf and Ts in complex 1 by intuitive chemical substitution using Spin-
Phonon Lens

Complex 1 (see Figure 1a) is reported to exhibit zero-field slow relaxation of magnetization
with an Uesr and Tg value of 712 cm™ and 14 K (sweep rate 20 Oe/s), respectively. Earlier ab
initio calculations on this complex revealed magnetization relaxation via the third excited KD,
yielding an Uca value of 721 cm™ which agrees well with the Ues value. Furthermore, the
ground and first excited state of this complex possess a dominant contribution m; = | +15/2>
and [£13/2> respectively that fits perfectly to the criteria that we have set forth (see
computational methodology). The geometry optimization of 1 yields a geometry closely
resembling the X-ray structure (Table S1, Figure S1 and Appendix S1). This is also reflected
in the ab initio CASSCF calculations, where both X-ray and optimized geometries yield a
similar energy spectrum, g-tensors and CF parameters (Table S2-S3), affirming faith in the
methodology used in obtaining good geometries for estimating magnetic properties.

For the spin-phonon coupling calculations, ten vibrational modes at 123.7 (w1), 142.1 (®2),
184.5 (ws), 192.8 (w4), 210.7 (ws), 214.4 (ws), 242.1 (w7), 289.1 (ws), 309.6 (wo) and 358.9
(10) cm™® were chosen as per the criteria described in the methodology section (see Figure 1
and S1-S2). The coupling constant C,, of ten high-intensity vibrational modes of 1 are depicted
in Figure 1 (see Tables S5-S7 and Figures S3-S12). Figure 1 implies that the ws and ws
vibrational modes are associated with a large coupling constant and, therefore, should cause

the | 175 + 175> - | 175 + % transition for magnetization relaxation. To attain the CF parameter

modulation of each mode, one needs to include its thermal population via Boson number (B;)
along with coupling strength (Figure 1). For complex 1, the B, values are negligible below 14
K, and this temperature coincides with the reported Tg value. At higher temperatures, each

mode gains momentum and exhibits larger variations in the CF parameter with a slope ’;—B
k

Among several vibrations, the m4 mode yields the most significant contribution in the entire
temperature range, - thanks to its larger coupling strength and moderate frequency value.
Further analysis suggests that these modes are associated with a large oscillator strength and
are in the range of the KD1-KD2 energy gap, though the absolute magnitude is smaller, as
witnessed in earlier cases.*® ¢ The w4 vibrational mode of 1, which is suggestive of being
responsible for magnetization relaxation, has several functional group movements (Figure 1
and S2). 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 donors atoms (Figure 1 and Figure S2). As
these were the key vibrations correlated with magnetization relaxation, any attempt to quench
these vibrations is expected to enhance the effective energy barrier/Tg values. The substitution
of these hydrogens with heavier atoms is therefore expected to improve the performance.
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Figure 1. (a) The molecular vibration of 1 corresponds to the w, 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. (b) The mechanism of magnetization relaxation of optimized geometry of 1. Here red arrows
denote the QTM for the ground state and TA-QTM for the excited state. The blue arrows signify the Orbach
process. The green arrow implies the most probable pathway for magnetization relaxation. The blue
character denotes the my composition of KDs. (¢) The spin-vibrational coupling C for the ten high-intensity
vibrational modes of 1. (d) A comparison of the change in Tg values with the change in w, normal mode
of 1. A good linear fit (slope = 0.099 and intercept = 0.416) is obtained with R? = 0.97. (e) The Bk CF
parameter thermal modulation for the ten high-intensity vibrational modes of 1 (see inset for the
temperature at which deviation occurs for each vibrational mode).

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 Figure 2).3® We then performed ab initio calculations on the optimized
geometry (called 1-F, Appendix S2) that yields the Uca value of 763.2 cm™ which is ca. 50
cm™ higher, suggesting enhancement in effective energy barrier via this substitution as
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expected (Table S8). This value matches with the experimentally reported Ues value of 798.4
cm™. More importantly, as expected, the pyridinic contribution to the w4 frequencies
diminished, leading to blue shift (192.8 (1) cm™-> 348.4 cm™ (1-F), Table S9) of these
frequencies in 1-F, and these are accompanied by a substantial enhancement in the Tg values
(14 K @20 Oe/s to 30K@20 Oe/s). A similar CCDC search also yielded another structure
where the para position of the phenolate hydrogen was substituted by CHz groups ([Dy(bbpen-
CHz)Br], 1-pCHs, see Figure 3). The ab initio calculations on the optimized geometry of 1-
pCHs (Appendix S3) yield the Uca value of 764.1 cm™ (Table S10), reaffirming a larger value
compared to 1. Not only this value matches the experimentally reported value of 806.9 cm™,
but the Ts values are also marginally larger (15 K@200e/s). Furthermore, as expected, the
phenolate contribution to the w4 frequencies diminished, leading to a blue shift (192.8 (1) cm"
13217.2 (1-pCHs) cm?, Table S11) of these frequencies in 1-pCHs. Furthermore, an
enhancement of the computed B axial CF parameter is observed in 1-F and 1-pCHs compared
to 1 (Table S3).

A further search yielded another structure where the para position of the phenolate hydrogen
was substituted by CHs groups and para position hydrogen atoms by fluorides ([Dy(bmbpen-
F)Br], 1-pCHaF, see Figure 2).%° The ab initio calculations on the optimized geometry of 1-
pCHsF (Appendix S4) yielded the Uca value of 842.5 cm™, reaffirming a larger value compared
to 1, 1-F and 1-pCHs (Table S12). Although the Uca value is slightly overestimated compared
to the Uesr value of 782.3 cm™, more importantly, the Tg value (36 K@200e/s) is significantly
higher than all 1, 1-F and 1-pCHs. As expected, the phenolate and pyridine contribution to the
o4 frequencies diminished, leading to a blue shift (192.8 (1) cm*->418.6 (1-pCHsF) cm™,
Table S13) of these frequencies in 1-pCHsF. This reiterates that the approach developed here
not only hints at ligand design that targets enhancement in Ues values but also the vibrations
that are strongly correlated to the Tg values.

Furthermore, the -CHa linker groups attached to pyridine and phenolate donors were
found to have a significant vibrational movement. We attempted to alter those C—H bonds and
modelled the corresponding —CH2 groups by —C(Me)2 groups (see Figure 2 model 1-CHs). For
this model, the O—Dy—0 angle increases to 162.9° and the Dy-N bond length elongates to 2.948
A (Table S1, Figure 2 and Appendix S4). The ab initio CASSCF calculations on 1-CHs reveal
an increase in the KD1-KD2 energy gap, energy splitting of the eight KDs and axial BY CF
parameter compared to 1 by 0.14, 0.50 and 0.06 %, respectively (Table S3 and S14). The
magnetization relaxation in 1-CHs was found to occur via the third excited KD, resulting in
the Uca value of 1039.5 cm™ which is ca. 300 cm™ larger than 1. Quite interestingly, a blue
shift of vibrational mode is observed from 1 to 1-CH3 (192.8 (1) cm™ - 480.6 (1-CHs) cm™,
Table S15). The blocking barrier and normal models of 1, 1-F, 1-pCHs, 1-pCHsF and 1-CH3s
imply that there is a strong correlation with the w, normal mode with the Tg values. Therefore,
we have made a linear regression with the change in the w, normal mode with the change Ts
values for all the above complexes along with three additional complexes with a similar
structural framework (vibrational modes for 134.9 cm for [Dy(bbpen)CI] (1 (CI)), 229.7 cm
! for Dy(bbpen-CHs)CI] (1-pCHs (CI)) and 293.3 cm™ for [(Dy(bbpen-F)CI] (1-F (CI)), see
Tables S16-S17 of the ESI). A linear relationship offers an excellent fit between these two
parameters with an R? value of 0.97 (see Figure 1). A simple extrapolation based on this
correlation suggests the largest possible Tg value of ~42.9 K for 1-CHs if made.
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Figure 2. The crystal structure of (a) 1-F (b) 1-pCHz (c) 1-pCHsF. (d) The optimized 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.

3.2. Role of Equatorial ligand field in dictating Uett and Ts in Complexes 2 and 3

The magnetic properties of complexes 2 and 3 (Figures 3 and 4) were studied by Zheng and
co-workers along with a family of other pseudo Dsn SMMs. Both of them show zero-field slow
relaxation of magnetization with Uesr values of 569+126 (2) and 509+49 cm™ (3), respectively,
with a T (blocking temperature derived from hysteresis loop, see for example [43]) value of
9 K (sweep rate 15 Oe/s).*® These two complexes are structurally similar, except that the -
OCMe;s group present in 2 is replaced by the -OSiMes group in 3 (Figures 3 and 4).*® This
replacement leads to a 0.07 A enhancement in the Dy-OSiMes bond length in 3 compared to
Dy-OCMez bond length in 2, resulting in a lower Uess in 3 compared to 2 (Tables S20-S21).
The geometry optimization of 2 and 3 also yield geometries and magnetic properties similar to
that of X-ray structures (Tables S20-S21, Figures S13-S14 and Appendix S5-S6), particularly
the estimated CF parameters are strikingly similar (see Table S22).

To find out the most important vibrational modes for spin-phonon coupling, we have selected
ten vibrational modes with the energy of 143.5 (1), 188.5 (®2), 221.8 (w3), 226.9 (w4), 229.4
(ws), 235.8 (we), 243.6 (w7), 279.6 (ws), 289.6 (wg) and 300.7 (w10) cm™ (Figures 3 and S15)
for 2 and ten vibrational modes with the energy of 173.6 (w1), 199.9 (®2), 201.4 (®3), 210.9
(©4), 211.4 (ws), 217.6 (we), 229.7 (w7), 308.2 (ws), 311.3 (wg), 359.4 (w10) cm™ for 3 (Figures
4, S16 and Tables S23-S24). By analyzing the coupling strength and thermal dependence of
BF'CF parameter (Figures 3-4, Figures S17-S36, and Tables S25-S30), we found that w
vibrational mode for 2 and wg vibrational mode for 3 is responsible for the spin-phonon
coupling from KD1 to KD2 transition. These vibrational modes have a significant force on
many functional groups. Among these vibrations, the displacement of Dy ion was found to be
prominent (Figures 3-4). As these vibrations are responsible for magnetization relaxation, any
attempt to quench these vibrations will increase the Ues/Tg values. Therefore, to quench the
in-plane movement of the Dy atom, there are two approaches (i) substitute the Dy with a
heavier isotopic analogue "*72, (ii) enhance the Dy-ligand equatorial bond strength. To achieve
this, we have replaced the five THF molecules in the equatorial plane in complexes 2 and 3
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Figure 3. (a) The molecular vibration of 2 corresponds to the w; 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 spin-vibrational coupling Ci for the ten high intensity vibrational modes of 2. (c) The B
parameter thermal modulation for the ten high intensity vibrational modes of 2 (see inset for the
temperature at which deviation occurs for each vibrational mode).(d) B3LYP optimized models structures
of 2-crown. with important structural parameters (bond lengths are shown in A and bond angles are
shown in °).

with a 16-crown-5 macrocyclic ring (models 2-crown and 3-crown, see Figures 5). Although
these are models at present, some of us have recently reported [{(18-crown-
6)Ln(dippH)s}{(18-crown-6)Ln(dippH)2(dippH2)}]-[1s] (with Ln=Ce, Prand 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 O-Dy-Br angle compared to 2 and 3 (Figure 4(d) and Figure 5(d), Tables S18-S19
and Appendix S7-S8).

The ab initio calculations reveal enhancement of the KD1-KD2 energy gap, the energy splitting
of eight KDs as well as axial B CF parameters in 2-crown (3-crown) compared to 2 (3)
(Tables S22, S31-S32). The magnetization relaxation of 2-crown (3-crown) is expected to take
place via 3" excited KD due to the large TA-QTM value, yielding an Uca value of 832.8 cm™
(869.1) cm?, ca. 300 (350) cm™ larger than 2 (3). It is worthwhile to mention that the
contribution of the in-plane movement of the Dy atom to the w3 (w5 for 3-crown) frequencies
diminished, leading to blue shift (221.8 (2) cm™1->373.7 (2-crown) cm™ and 211.4 (3)->373.8
cm™ (3-crown), Tables S33-S34) of these frequencies and this is expected to enhance the Ts
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values. A simple extrapolation based on the earlier correlation of 1 suggests the largest possible
Tg value of ~24.4 K and 25.5 K for 2-crown and 3-crown, respectively.
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Figure 4. (a) The molecular vibration of 3 corresponds to the wgs 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 spin-vibrational coupling Ck for the ten high intensity vibrational modes of 3. (c) The Bx CF
parameter thermal modulation for the ten high intensity vibrational modes of 3 (see inset for the
temperature at which deviation occurs for each vibrational mode).(d) B3LYP optimized models structures
of 3-crown with important structural parameters (bond lengths are shown in A and bond angles are shown
in °).

3.3. Role of N-H Vibrations in Fine-Tuning the Uefr and Ts 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 magnetization
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(LN°)(PhsSiO)2](BPh4).CH.Cl> (4, Figure 5).°8 However, due to the
complexity of the functional groups involved in the equatorial position, similar vibrations in 4
were absent. We have carefully analyzed various vibrational modes at the equatorial plane,
which could help improvise performance of 4. Complex 4 exhibits zero-field slow relaxation
of magnetization with a very large Ues of 791.4 cm™ and Tg of 14 K (sweep rate 100 Oe/s).
The ab initio calculations on this complex yield a Uca value that is in excellent agreement with
the Uesr value reported (791.4 vs 722.8 cm™). On the other hand, the O—Dy—0 angle reduces
to 2.5° in the optimized structure compared to the X-ray geometry (Table S35 and Figure S37),
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and the optimized geometry yields magnetic characteristics and CF parameters which are
similar to the X-ray structure (see Table S36-S37).
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Figure 5. (a) The molecular vibration of 4 corresponding to the w4 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 computed IR spectrum of 4 in the range of KD1-KD2 energy gap. The arrows

denotes the vibrational modes that have been taken into consideration in our study. (c) The spin-

vibrational coupling Cy for the ten high intensity vibrational modes of 4. (d) The By CF parameter thermal

modulation for the ten high intensity vibrational modes of 4 (see inset for the temperature at which

deviation occurs for each vibrational mode). (e) The optimized geometry of 4-N302.

/'7

For the spin-phonon coupling calculations of 4, we selected ten vibrational modes at 222.9
(w1), 255.3 (w5), 276.9 (w3), 279.3 (wy), 327.1 (ws), 350.4 (we), 423.1 (w5), 429.5 (wg),
445.4 (o), and 481.1 (w,,) cm™ (Figure S38 and S89) with a large oscillator strength in the
range of KD1-KD2 energy gap. By analyzing the coupling strength and thermal dependence of
BF*' CF parameter (Figure 5, S39-548 and Table S39-S41), we found that the ws vibrational
mode is likely to be responsible for the spin-phonon coupling of KD1—KD2 transition, and
this vibration is found to be correlated to the N—H vibrations present in the equatorial plane
(Figure 5). To quench these vibrations, we have replaced the -NH group with its isoelectronic
analogue oxygens resulting in 4-N302 (Figure 5 and Appendix S10). As expected, a blue shift
of the w5 vibrational mode (327.1 (4) cm™ >377.2 cm™ (4-N302) cm™, Table S43) is observed
in 4-N302. The ab initio calculations on 4-N302 revealed an enhancement in the energy
splitting of the eight KDs compared to 4 (Table S42). The magnetization relaxation of 4-N302
occurs via third excited KD due to significant transverse anisotropy yielding an Uca value of
998.7 cm® (Table S42), which is ca. 200 cm™ larger than 4. A simple extrapolation based on
an earlier correlation of 1 suggests the largest possible Tg value of ~19.4 K for 4-N302 if
made.
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3.4. Role of out-of-plane bending of water in Controlling the Uer and Ts values in
Complex 5

In this last section, we will unveil the nature of vibration correlated with the magnetization
relaxation in [L2Dy(H20)s]3* family of SMMs where a large Uess and Ts were observed (Figure
6).35-36.56-57. 63, 76 The complex 5 is reported to possess a large Ut value and Tg value of 453
cm™?and 12 K, respectively.®® The ab initio CASSCF calculations on the X-ray structure of 5
indicated that the stabilization of m; = |+15/2> and |£13/2> in the ground and first excited state,
respectively. The magnetization relaxation occurs via the second excited KD, yielding a Ucal
value of 471.3 cm™, slightly overestimated compared to the Uesr value (Table S44). The ab
initio calculations on this optimized 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
optimized structure (Table S45, Figure S49 and Appendix S11). However, the computed CF
parameters in the optimized structure are similar (Table S44, S46) to the X-ray structure, and
more importantly, the ground and first excited KD possess dominant contributions from m; =
|+15/2> and |+13/2> state, respectively.

For the spin-phonon coupling calculations on 5, we selected twenty-nine vibrational modes
(shown in Figures 7, S50-S59 and Table S47-S50). The CF parameter values at the several
displacements of these normal modes are shown in Figure S60-S88. By analyzing the coupling
strength and thermal dependence of By CF parameter, we find that the w,(98.7 cm™),
w, (121.7 cm™) and wq3 (174.2 cm™®) vibrational modes are likely responsible for the spin-
phonon coupling of KD1—KD2 transition. These w; and w, and w3 vibrational modes have
a significant movement for the equatorial oxygens (out-of-plane) and axial -CHs groups.
Therefore, quenching the movement of the equatorial oxygens should increase the Ut and Ts

values of 5. In this regard, a CCDC search yielded
[Dy(dppb0O2)1.5(H20)s] 13- (dppbOz2)-H20-EtOH (5a, dppbO> = 1,4-
butylenebis(diphenylphosphine oxide)) and

{[Dy(dppbO2)(H20)s]I3-2(PhsP0)-0.5H,0-0.5EtOH}n (5b) studied by Tong and co-workers.”
Quite interestingly, moving from dinuclear (5a) to the 1D polymer (5b) leads to improving the
equatorial planarity of the water molecules. As a result of this, an almost two times increase in
the Ts value is observed from 5a to 5b (FC/ZFC Tg value is 4.5 K (9.3 K) for 5a(5b)),
supporting our theoretical predictions.
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Figure 6. (a) The molecular vibration of 5 corresponds to the w, vibrational mode. Here the arrows represent
the scaled vector of displacement. (b) The computed IR spectrum of 5 within the KD1-KD2 eenergy gap. The
arrows denotes the vibrational modes that have been taken into consideration in our study. (c) The spin-
vibrational coupling Ci for the twenty nine high intensity vibrational modes of 5. (d) The Bx CF parameter
thermal modulation for the twenty nine high intensity vibrational modes of 5 (see inset for the temperature at
which deviation occurs for each vibrational mode). (e) The X-ray structure of complex 5a (only monomer is
shown here). (f) The X-ray structure of complex 5b. In case of complexes 5a and 5b, the hydrogens except
connected to water are removed for clarity. Colour code: Y-yellow, Dy-blue violet, 1-aqua, P-green, O-red,
C-grey and H-white.

4. Discussion

The advancement in molecular nanomagnets has led to the growth of plenty of SMMs with
very large Uesr values, but the Tg values remain a small fraction of it due to the under-barrier
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relaxation processes. In this regard, the study of spin-phonon coupling in dysprosocenium
complex [Dy(Cp™)2][B(CsFs)a] (Cp™={CsH,'Bus-1,2,4}) has made an important
breakthrough, not only because this holds record high Tg value, but also they have shown which
vibrations are linked with the magnetization relaxation.*® Based on their study, two years later,
another ~ novel  dysprosocenium  SIM,  [(Cp™®)Dy(Cp*)]* (Cp™®,  penta-iso-
propylcyclopentadienyl; Cp*, pentamethylcyclopentadienyl) was discovered quenching the
vibrations governing the magnetization relaxation.*® On the other hand, Lunghi and co-workers
have recently demonstrated the role of anharmonic phonons in dictating the under-barrier
magnetization relaxation.1* 5 % 7880 Therefore, spin-phonon coupling calculations are of
utmost importance to unveil the underlying physical process of magnetization relaxation and
provide a clear indication of how the relaxation process is linked with molecular motions. As
a result, it can give the design criteria of potential SMM with chemical tuning to quench the
vibrations associated with Orbach and Raman relaxation process.

The calculations of spin-phonon coupling require thousands of ab initio calculations which are
computationally demanding and often do not directly yield chemical insights to improve the
Tg values. Furthermore, we have confined ourselves to the vibrations having significant
oscillator strength that also lies within the KD1-KD2 energy gap so that magnetization
relaxation from m; = |+15/2> to |+13/2> of ground ®His; state can be gauged. Within this
approximation, we have performed spin-phonon coupling calculations on complexes 1-5. It
should be noted that the ground and first excited KD are not always possessed dominant
contributions from m; = ~+15/2> and ~+13/2> states, respectively, in most of the Dy(I11) SIMs.
For complexes with the different ground and first excited states, one has to follow a "knockout™
procedure developed by Chilton and co-workers to determine the vibrational mode linked with
the magnetization relaxation.® The Escalera-Arino method, on the other hand, proposed
computation of the spin-phonon term for each vibrational mode (Cy; see methodology section
for details) and thermal population in the vibrational modes were accounted via the Bose-
Einstein statistic term (By). %°* In this work, we have adopted this method to compute the spin-
phonon coupling on selected vibrational levels. Our calculations reveal that not only the atoms
in the first coordination sphere but also those in the secondary coordination sphere affect the
magnetization relaxation. In the case of complex 5, the out-of-plane bending vibrations of the
equatorial oxygens govern the magnetization relaxation, and therefore disrupting this
movement might increase the Uefr and Tg values. It is worth mentioning that in the Cl and Br
analogue of complex 5 ([L2Dy(H20)s][Cl]s-L2 (6) and [L2Dy(H20)s][Br]s-L2.H20 (7), L =
‘BUPO(NH'Pr),), the Uest and Tg values decrease from | to Br and Cl analogue (Ts (FC/ZFC)
=12.9 K for I, 11.6 K for Brand 8.2 K for CI).8! This may be ascribed to the equatorial planarity
of water molecules, which increases from I to Br to Cl analogues of 5. The vibrational modes
should be near-resonant with the KD1-KD2 energy gap for the magnetization 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 Tg values. From the literature, we have also found that an
increase in the Tg value from [Dy(OPCys)(H20)s]Cls-OPCys-H20-EtOH (8, Ts(FC/ZFC) =
8K) to [Dy(OPCys)(H20)s]Brs-20PCys-2H,0-2EtOH (9, Te(FC/ZFC) = 11K).%® On the other
hand, a significant improvement in the blocking barrier is observed going from
[DYy(HMPA)2(H20)5]Cls-HMPA (10, HMPA =  Uessr = 460 K) to
[Dy(HMPA)2(H20)s] 13- 2HMPA (11, Uetr = 600 K).>” The Uetr and Tg values of complexes 8,
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9, 10 and 11 further support that movement of the oxygen atoms is linked with the
magnetization relaxation in [L.Dy(H20)s]** family of SMM:s.

In this manuscript, by analyzing 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 magnetization relaxation in 1-F, 1-pCHs, 1-CHz and 5-CHs in
comparison with the parent geometry 1. As a result of this, an enhancement of Uets and Tg
values is observed compared to the parent complex. On the other hand, the electrostatic
polarization of the donor atom strongly affects the spin-phonon coupling, as suggested by
Lunghi and co-workers.* They have demonstrated that employing a ligand system where the
donor atom charges are not significantly affected by vibrations should lead to the potential
SMM. In the case of complexes 2 and 3, introducing a crown ether ligand in the equatorial
position in place of five THF molecules minimizes the electronic delocalization, leading to the
increase in the Uess values. In the case of complex 4, the replacement of -NH groups by oxygen
also reduces the electronic delocalization; hence, a significant improvement in the Ues value is
observed in 4-N302 compared to 4. It should be noted that the organometallic complex with
haptic ligand and complexes with carbene ligand shows very high Tg values due to the minimal
polarization in the first coordination sphere.

By leveraging the outcomes of spin-phonon calculations conducted on complexes 1-5, a
comprehensive analysis of the Ts 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 Tg (FC/ZFC) value is observed
for complex 5 (12 K), followed by 1 (9.5 K), 4 (5 K), and 2 ~ 3 (3.5 K). From these values, we
can suggest that the Tg value is the lowest for complexes where the significant movement of
metal and atoms in the first coordination controls the magnetization 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 magnetization 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 magnetization relaxation. Therefore
its Tg is slightly higher than complexes 2 and 3. In the case of complex 1, the hydrogen atoms
associated with the phenyl and pyridine ring in the third coordination sphere govern the
magnetization relaxation and result in larger Tg values compared to complexes 2, 3 and 4.
Finally, in the case of complex 5, the H-bonding interactions with the counter anions are linked
with the magnetization relaxation. As the counter anions are involved in this case which is
beyond the coordination sphere, this complex Tg value is the largest among all. Hence, the
establishment of a rigid first coordination sphere surrounding Dy(lll) is an imperative
requirement when designing prospective SMMs. This should also be accompanied by a
minimum electrostatic polarization of the corresponding donor atoms. Given the diverse nature
of associated vibrations within this molecular class, a more extensive dataset encompassing all
pseudo Dsp Dy(I1l) complexes, coupled with the power of AlI/ML tools, holds tremendous
potential to forge a path forward. Excitingly, this endeavor is currently underway in our
laboratory.
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5. Conclusions

In summary, by studying twenty-three molecules/models in the family of pseudo-Dsn Dy(l1I)
Single-ion Magnets using DFT and ab initio CASSCF calculations, we have deciphered the
large variation in the blocking temperature (Tg) 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 mJ level. The main conclusions drawn from our work
are mentioned below:

(i) Predicting and enhancing the Tg by recognizing the vibration responsible for relaxation:
In [Dy(bbpen)Br] (1) complex and analogue structures with substitution on the ligand
periphery (such as 1-F, 1-pCHs, 1-pCHjsF, 1-Cl, 1-pCHs(Cl), 1-Cl and 1-pCHsF(Cl)), the w4
vibration which is corresponding 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 Tg values. Quite
interestingly, this coincides with a literature report where such substation performed by a trial-
and-error method was found to improvise the Tg 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 Tg values further. A linear correlation between the difference in blocking
temperature Tg and vibrational frequencies was observed, and this provides further means to
predict the variation in the Tg values based on the shift in the computed frequencies.

(i) Importance of equatorial ligand field in dictating Ts: Two complexes
[Dy(OCMes3)Br(THF)s][BPh4] (2) and [Dy(OSiMes)Br(THF)s][BPha4] (3) studied exhibit very
low Tg values and these attributed to the vibration involving the asymmetric stretching of O-
Dy-O bond along the axial direction coupled with inplane 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 magnetization
relaxation reducing the Tg 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 Tg value further. Studies on [Dy(L"°)(Ph3SiO).](BPhs).CH:Cl, (4) reveal a similar
scenario, and a suitable ligand substitution (N-H by O) was offered to boost the performance.

(i) Controlling H-bonding Interactions to Improve Tg values: Our calculations on
[L2Dy(H20)s][1]3.L2.H20 (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 TB values were found to enhance if
the equatorial planarity of the water molecules is improved via ligand design/cluster
aggregation.

Through the meticulous execution of DFT and ab initio CASSCF calculations on a
comprehensive set of twenty-three distinct Dy(l1l) pseudo Dsn complexes/models, we have
successfully elucidated the underlying factors contributing to the significant variation in Ts
values within this family. Moreover, we present a chemically viable methodology to fine-tune
the performance of this intriguing molecular class for the first time.
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6. Methodology

All the gas phase geometry optimizations and calculations of normal modes of complexes 1-5
were performed within the unrestricted DFT framework utilizing the Gaussian09 programme
package.®? The X-ray structure (without counter anions and solvent molecules except in
complex 5) was employed as a starting point of geometry optimization. The hybrid B3LYP
exchange-correlation functional (including dispersion corrections for 5) was employed for the
geometry optimization.®*# The Dy(Ill) ion was replaced by Y(III) to aid smooth SCF
convergence. 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 optimization of model complexes, we have used SDD for yttrium
and iodine, Ahlrichs triple-C plus polarization basis set for oxygen, nitrogen, fluorine and
bromine and 6-31G* basis set for carbon and hydrogen atoms.&8°

All the ab initio CASSCF/RASSI-SO/SINGLE_ANISO calculations on the X-ray, optimized,
and model complexes were performed using 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 Cholesky decomposition technique was used to reduce the size of the disk
space.? The basis sets of our calculations have been taken from ANO-RCC (Atomic natural
orbital-relativistically core correlated) library available in MOLCAS. Here we have used the
VTZP 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(lIl). We have performed
state average CASSCF calculations for the twenty-one sextets of Dy(I11) ions. The quartet and
doublet spin states of Dy(lll) 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, magnetic properties such as susceptibility,
QTM and TA-QTM etc.

Computational Procedures for spin-phonon relaxation: The vibrational modes of a complex
were determined from the geometry optimization in the gas phase within the DFT framework.
Frequency calculations were utilized to confirm that the optimized geometries are true minima
in the potential energy surface. We have used uncalibrated frequencies to interpret
magnetization relaxation dynamics because experimental IR spectra were not available for low-
energy vibrational modes. It should be noted that uncalibrated frequencies are generally found
to be smaller than calibrated frequencies due to the gas-phase optimization and smaller reduced
mass of yttrium compared to dysprosium.® 48

The distorted geometries for each vibrational mode are computed as®3-%*:
An = Qeq T N-qp (1)

where, q,, is the distorted geometry, g, is the equilibrium geometry, n is the employed finite
distortion and q,, is the displacement vector of each mode.
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The value of n was extracted from the definition of harmonic oscillator approximation:
12 =1
- kn® = - hw 2

where k, h and w represent the force constant of each vibrational mode, Planck constant and
angular frequency, respectively. Then considering this approximation, we have calculated the
maximum finite displacement of each vibrational mode.

After geometry optimization, we performed CASSCF/RASSI-SO/SINGLE_ANISO
calculations at four displacements of selected ten high-intensity vibrational modes. The crystal
field (CF) parameters from the ab initio calculations were obtained with the Iwahara-Chibotaru
definition,*>%

qu (])

(3)

Here, B represents the CF parameters and the O, (/) was obtained from OF,(J) (Stevens

operator) with the replacement of J, = J. The k, referred to as ranks, runs to 2J. The
components of q range from —k to +k for each k. The main advantage of the lwahara-
Chibotaru definition compared to Stevens notation is the CF parameters are symmetric in the
former, |B!| = |B,?|. However, we are mostly interested in the magnitude of the CF
parameters that are entered in the transition probabilities (vide infra). The electronic part of
the spin-phonon coupling Hamiltonian has a contribution from the first and second-order
contributions from optical phonons that are expressed as % %’

A = Ty Sua 5] 00D @
A = S Tual ] 000D ©)
S
2
Plyev) =2 |(WAS|v)] f@). ©)
Plyes) = Z|(o[AD|w)] f(w), and U
Ay
plyey) - 2| 11 M‘ f@) ®

Here, f(w) is a factor, the value of which depends on the vibrational modes and the energy
difference between the states | ) and | /). h is the reduced Planck constant. |y/’) represents
the intermediate state for the Raman process and A is the energy difference of this state with
the initial state. The Orbach process is represented by several consecutive direct transitions.
Hence the transition probability of the Orbach process is proportional to the spin-phonon
coupling Hamiltonian.
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The lowest two KDs of the chosen Dy(Ill) SIMs in our study are found to have a large
projection on |/, M,) states. Therefore, we can express the two CF states |y) and |y/) as pure

J, M,) states; |y)~|J, M;) and | y/)~|J, M;).*® The OF"(J) operators promote direct transitions
between |/, M,) states that differ by AM; = M; — M; = +1. If we confine ourselves into the

lowest two KDs, the AM; = +1 should correspond to the transition from |175,112—5> -

|17,i > According to the eqgns (2) and (4), the normal modes for AM; = +1 transition

2
value. On the other hand, these normal modes should lie

+1

should correspond to large ‘aB;,

]
between the energy of the KD1 and KD2. It should be noted that the largest derivatives are
obtained from the 2" rank parameters, and therefore we will confine ourselves within 2" rank

parameters to understand the Orbach relaxation process.

Furthermore, the earlier spin dynamics study on "dysprosocenium™ complexes reveals that

2
15 | 15 15 |, 13 aBF!
normal modes that cause the |7,i?> — |7,i7> pOSSess |ﬁ >1000.48 Therefore, we
]
. - . . . Bx1|? .
will focus on finding the normal vibrational modes with large Tz value in our study
j

(|1B5Y| = |B3!|, according to lwahara-Chibotaru definition). On the other hand, the factor
f(w) depends on the phonon density of states of vibrational modes.*® Therefore, we have
performed spin-phonon coupling calculations on selected vibrational modes possessing
significant oscillator strength to reduce the computational cost. Furthermore, the earlier studies

on "dysprosocenium” complexes also indicated that the vibrational modes causing |12—5, i§>

= | 175 + 12—3> has a significant IR intensity supporting the approach adapted here to reduce the

computational cost. .46 48

The thermal evolution of CF parameter (B) is calculated using a Grand Canonical Ensemble as
follows,%3%4

(BYT) ~ (BT = 0) + B [12 (55) (o) ©

mrwp

where (B)(T = 0) and {n;) are represented as,

BYT = 0) = (B), + Thus [ 2 (52) | (10)

e MKWk

1

(Bx) =

ekBT—1

where B, is the CF parameter of undistorted geometry, m;, and w,, are the reduced mass and
frequency of vibrational mode k.

The right-hand side of eqn. 10 is made of the product of a factor that represents the coupling
strength of a given mode and a temperature-dependent part, the boson number (B;) which
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characterizes the thermal population of a mode. The coupling strength of a given vibrational

mode is defined as follows®3%*:
h [(02%B 1
Ck - a (ﬁ)e mpwp

Supporting Information

(11)

The Supporting Information is available free of charge at XXXXXXXXXXX. This contains
structural parameters in optimized versus crystal structures, tables containing ab initio
calculated parameters, additional figures, optimized geometries, frequencies, reduced masses
and force constants of the various normal modes of vibrations, computed crystal field

parameters, computed IR spectrum, optimized coordinates of the complexes.
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