
Deciphering the Role of Anions and Secondary
Coordination Sphere in Tuning Anisotropy in Dy(III) Air-
Stable D5h SIMs**
Sandeep K. Gupta,[a] Sourav Dey,[a] Thayalan Rajeshkumar,[a] Gopalan Rajaraman,*[a] and
Ramaswamy Murugavel*[a]

Dedicated to Professor Arunachalam Ramanan on the occasion of his 65th birthday

Abstract: Precise control of the crystal field and symmetry
around the paramagnetic spin centre has recently facilitated
the engineering of high-temperature single-ion magnets
(SIMs), the smallest possible units for future spin-based
devices. In the present work, we report a series of air-stable
seven coordinate Dy(III) SIMs {[L2Dy(H2O)5][X]3·L2·n(H2O), n = 0,
X = Cl (1), n=1, X = Br (2), I (3)} possessing pseudo-D5h

symmetry or pentagonal bipyramidal coordination geometry
with high anisotropy energy barrier (Ueff) and blocking
temperature (TB). While the strong axial coordination from the
sterically encumbered phosphonamide, tBuPO(NHiPr)2 (L),
increases the overall anisotropy of the system, the presence
of high symmetry significantly quenches quantum tunnelling
of magnetization, which is the prominent deactivating factor

encountered in SIMs. The energy barrier (Ueff) and the
blocking temperature (TB) decrease in the order 3>2>1 with
the change of anions from larger iodide to smaller strongly
hydrogen-bonded chloride in the secondary coordination
sphere, albeit the local coordination geometry and the
symmetry around the Dy(III) display only slight deviations. Ab
initio CASSCF/RASSI-SO/SINGLE_ANISO calculations provide
deeper insights into the dynamics of magnetic relaxation in
addition to the role of the secondary coordination sphere in
modulating the anisotropy of the D5h systems, using diverse
models. Thus, in addition to the importance of the crystal
field and the symmetry to obtain high-temperature SIMs, this
study also probes the significance of the secondary coordina-
tion sphere that can be tailored to accomplish novel SIMs.

Introduction

Single-molecule magnets (SMMs) are superparamagnetic mole-
cules that behave as molecular-level classical magnets at low
temperatures.[1] This scripts them as potential candidates for the
fabrication of next-generation high-density data storage
devices.[2] Besides, they are also recognized as prospective
candidates for application in future molecular spintronics and
quantum computing due to the observance of phenomena
such as quantum tunneling of magnetization (QTM) and
quantum phase interference.[3] However, these properties are
witnessed only at very low temperatures in most SMMs, thus
rendering them unfit for technological applications. While the
first slow relaxation of magnetization in a molecular complex
was observed in an ‘Mn12’ cluster,

[4] the report on high energy

barrier (Ueff) in the double-decker complexes, [Pc2Tb]
� [TBA]+, by

Ishikawa et al. in 2003 shifted the attention to lanthanide ions
for designing SMMs with high Ueff.

[5]

In the last decade, several groups have made remarkable
efforts to decrypt the factors that can aid the synthesis of SMMs
with higher blocking energy barriers (Ueff) and blocking temper-
atures (TB). Particularly lanthanide ions having electronic
configurations greater than 4f7 such as Dy(III), Er(III), and Tb(III)
are more attractive due to large spin-orbit (SO) coupling and
larger magnetic moments (as the f-orbitals are deeply buried
and shielded, they do not significantly interact with the crystal
field (CF)).[1d,6] However, the presence of significant QTM in the
case of 4f complexes between the ground state doublets
significantly inhibits the slow relaxation of magnetization. QTM
has been quenched by either incorporating a radical that
induces a strong exchange coupling or a 3d metal ion in the
complex.[7] QTM has also been quenched either by maintaining
a strong axiality and/or a higher-order symmetry.[1d,6c,f,8] In 2011,
Rinehart and Long put forward an idea based on the electro-
static model that proposed that a specific CF could be designed
to enhance the anisotropic charge distribution of 4 f ions.[6a]

While strong axial coordination makes oblate ions such as
Dy(III), Tb(III), etc., more anisotropic, the reverse is true for ions
with prolate electronic charge distribution. Thus, a better
understanding of the elements that play a decisive role in
realizing the slow relaxation dynamics such as the effect of
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crystal field (CF) and the symmetry in addition to the synthetic
efforts, has resulted in SMMs with Ueff and TB values as high as
1541 cm� 1 and 80 K, respectively in a dysprosocenium
complex.[8d] While maintaining a strict axial symmetry seems to
readily impart a very high anisotropic barrier in Ln(III) SIMs as
recently reported in some interesting D4h, D5h, D6h symmetric
systems, the nature of axial ligand and geometry around the
central Ln(III) ion seems to be very important to obtain higher
blocking temperatures.[6d,f,8a,9] While D4h and D6h systems appear
to impart very high Ueff, they suffer from significant QTM at
zero-field as observed in the magnetic hysteresis loop
measurements.[9d–f] Thus, the high Ueff does not always translate
in high TB. Moreover, apart from possessing high Ueff and TB,
these molecules also need to retain additional properties such
as stability, solution processability and sublimability for fabrica-
tion. Therefore, it becomes necessary to outline design
strategies to synthesize air-stable SIMs/SMMs.

In the present work, we report a series of air-stable pseudo-
D5h symmetric Dy(III) SIMs, {[L2Dy(H2O)5][X]3·L2·n(H2O), n = 0, X =

Cl (1), n = 1, X = Br (2), I (3)}, that exhibit high anisotropy
energy barrier (Ueff) and blocking temperature (TB). These SIMs
have been rationally designed from a sterically encumbered
phosphonamide tBuPO(NHiPr)2. This study particularly unravels
the role of halide ions in the secondary coordination sphere in
fine-tuning the magnetic properties. The effect of coordinated
halide anions on the SIM properties of 3d and 4f ions has been
recently reported.[10] The magnetic properties of complex 3
have been reported by our group in a previous
communication.[6f] These SIMs possess some of the highest Ueff

and TB values for any air-stable 3d or 4f systems. Additional ab
initio calculations were performed to disclose the role of the
phosphonamide ligand, secondary coordination sphere, and the
higher-order symmetry in the realization of unique properties
exhibited by these complexes.

Results and Discussion

Synthetic aspects and molecular structures

The sterically bulky phosphonic diamide, [tBuPO(NHiPr)2] (L),
was derived from the reaction of tert-butylphosphonic dichlor-

ide, tBuPOCl2, and excess isopropyl amine employing a literature
procedure.[11] The pentagonal-bipyramidal dysprosium com-
plexes, {[L2Dy(H2O)5][X]3·L2·n(H2O), n = 0, X= Cl (1), n = 1, X= Br
(2), I (3)}, were synthesized from the direct reaction of the
corresponding lanthanide halide hydrates with six equivalents
of the ligand (Scheme 1). The compounds were obtained as
crystals at ambient aerobic conditions via the slow evaporation
of the reaction mixture. The structurally analogous Y(III)
complexes were synthesized using similar synthetic protocol
{[L2Y(H2O)5][Cl]3·L2·CH2Cl2 (4), [L2Y(H2O)5][X]3·L2·H2O, X=Br (5), I
(6)}. Crystals obtained from the mother liquor were separated
and characterized by both analytical and spectroscopic techni-
ques. All the complexes display a broad IR band around
3300 cm� 1 corresponding to the N� H stretching vibrations
(Figure S1). Two strong characteristic P=O bands were observed
at around 1100 cm� 1 for all the complexes due to the presence
of two types of P=O bonds, one in the lattice and the other
coordinated to the metal ion.

Single crystal X-ray diffraction analyses reveal that all the
three complexes have a similar core structure around the
central Dy(III) ion, whilst some differences are found in the
arrangement of the anions and the neutral lattice ligands in the
secondary coordination sphere. Complex 1, [L2Dy(H2O)5][Cl]3·L2 ,
crystallizes in the orthorhombic space group Pbca. The
asymmetric part of the unit cell contains one seven coordinate
dysprosium ion coordinated to two phosphonic amide ligands
and five water molecules (Figure 1). In addition, there are two
phosphonic amide ligands present in the lattice along with
three chloride anions, which balance the overall charge. The
coordination sites in the equatorial plane of the dysprosium ion
are occupied by the water molecules and the axial sites are
coordinated by the phosphoryl oxygen atom of the amide
ligand. Analysis of the {DyO7} core ion using SHAPE 2.1[12] shows
the least deviation (0.492) from the D5h symmetry suggesting
that Dy(III) ion occupies a distorted pentagonal bipyramidal
coordination environment (Figure 2 and Table S2). The axial
Dy� O(P) distances (2.203(1) and 2.213(1) Å) are shorter than the
equatorial Dy� O(aqua) distances (2.335(2)–2.407(2) Å). This, in
addition to the near-linear trans O(P)� Dy� O(P) angle
(172.19(6)°), renders a virtual quasi-two coordinate coordination
environment to the Dy(III) ion, a highly sought after geometry
in the case of 4f-SMMs.[13] The two Dy� O� P angles are

Scheme 1. Synthesis of the seven coordinate Dy(III) complexes of the phosphonic diamide ligand.
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169.53(1)° and 166.89(1)°. The hydrogen atoms of the water
molecules coordinated to the Dy(III) ion are hydrogen-bonded
to three chloride anions and two neutral phosphonic diamide
ligands giving a star-like H-bonded architecture (Figure 1). The
closest Dy(III)···Dy(III) distance in the lattice of 9.815 Å is largely
aided by the presence of two uncoordinated phosphonic
diamide ligands and the three lattice chloride ions present per
formula unit. The chloride ions are further involved in weak H-
bonding with the amide protons giving rise to a two-dimen-
sional network of mononuclear dysprosium complexes (Fig-
ure S2).

Complexes 2 and 3 crystallize in the triclinic space group P�1
and are isomorphous. While the primary coordination sphere
around the Dy(III) ion in 2 and 3 have similar core structural
features as in complex 1 (Figure 1, 2, and Table 1), they differ in
the arrangement of the non-coordinated three lattice anions
and two phosphonic amide ligands in the second coordination
sphere. Besides, one molecule of water is present in the lattice.
The trans O(P)� Dy� O(P) angle is more linear in 2 (177.68(8)°)
and 3 (175.14(9)°) compared to 1. However, the major differ-
ence appears in the bent P� O-Dy angle, where the bent angle
is more linear in the case of 1. This also leads to the decrease of
the distance of phosphorous atom from the mean {DyO5}

Figure 1. Molecular structures of the pseudo-D5h dysprosium(III) complexes 1–3 (a-c). Lattice water molecule, methyl groups, and H-atoms attached to carbon
and nitrogen centres have been omitted for clarity. The H-atoms of the water molecules are hydrogen bonded to the halide anions and lattice phosphonic
diamide ligands forming a star-like architecture. Dashed yellow bonds indicate H-bonding.

Figure 2. Comparative polyhedral view of the pentagonal bipyramidal coordination environment of Dy(III) ion in 1–3 (a–c) with ligating oxygen atoms.

Table 1. Comparative bond lengths, bond angles and other structural parameters in 1–3.

Complex 1 2 3

Trans O� Dy� O angle [°] 172.19(6) 177.68(8) 175.14(9)
Dy� O(P) distance [Å] 2.2029(1), 2.2125(1) 2.218(2), 2.207(2) 2.208(2), 2.203(2)
Dy� O(aqua) distance [Å] 2.3353(2)–2.4071(2) 2.343(2)–2.374(2) 2.355(3)–2.375(3)
Average Dy� O(aqua) distance [Å] 2.363 2.358 2.363
P� O-Dy angle [°] 169.53(1), 166.89(1) 149.29(1), 156.35(1) 149.72(1), 155.17(2)
Equatorial O� Dy� O angles [°] 69.91(7)-73.63(7) 69.94(8)–73.47(8) 70.43(9)–73.52(1)
Sum of equatorial O� Dy� O angles [°] 361.15 360.3 360.31
Average equatorial O� Dy� O angles [°] 72.23 72.06 72.062
Nearest Dy� Dy distance in the lattice [Å] 9.82 10.46 10.82
Average Dy� X distance [Å] 4.556 4.803 5.038
Average nearest X� O(aqua) distance [Å] 3.073 3.23075 3.446
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equatorial plane in 2 and 3 as compared to 1. With increasing
anion size, the average Dy(III)···X and X···O(aqua) distances
increase (X = halide). This also results in a considerable increase
of nearest Dy(III)···Dy(III) distance in the crystal lattices of 2
(10.459 Å) and 3 (10.819 Å). Further, the increase in the ionic
size of the lattice anions leads to the weakening of X···H� O
hydrogen bonds in 2 and 3 (see Supporting Information).
Analysis of the {DyO7} core with the standard symmetry using
SHAPE 2.1[12] suggests an almost ideal D5h symmetry with a
deviation of 0.18 and 0.223 for 2 and 3, respectively (Table S2).
The corresponding diamagnetic Y(III) complexes 4–6 also reveal
similar core structural features. While complex 4 crystallizes in
the monoclinic space group P21/c, complexes 5 and 6 crystallize
in the triclinic space group P�1 as in the case of their dysprosium
analogues.

Magnetic Studies

The static and dynamic magnetic susceptibility measurements
of 1–3 have been carried out using an MPMS-XL SQUID
magnetometer. The direct current (dc) susceptibility measure-
ments carried out on a polycrystalline sample under an applied
magnetic field of 1000 Oe shows χMT values of 14.09, 13.90, and
14.15 cm3 Kmol� 1 at 300 K for 1–3, respectively, which is close
to the estimated value of 14.18 cm3 Kmol� 1 for an isolated
Dy(III) ion (ground state= 6H15/2) (Figure S9). The χMT values of
1–3 remain almost constant with lowering of the temperature
but fall sharply near 10 K indicating a large energy separation
among the low-lying Kramers doublets (KDs), indicating mag-
netic blocking. The field (H) dependent magnetization (M) curve
for 1–3 shows a sinusoidal behavior (Figure S10), a signature of
large anisotropy, with a steep increase in magnetization at the
lower field before reaching ~5.0 μB at 7.0 T as seen in several
high-temperature SMMs.[6f]

Alternating current (ac) susceptibility measurements were
carried out to unravel the slow relaxation dynamics of 1–3 at
zero applied dc field between 0.1 and 1500 Hz at an oscillating
ac field of 3.5 Oe. Clear frequency and temperature-dependent
maxima in the out-of-phase signals were observed up to 36~
40 K for 1–3 indicative of a very high thermal energy barrier.
Maxima in the out-of-phase component of the frequency-
dependent ac susceptibility (χM’’) signals were observed up to
36 K for 1 indicative of a very high thermal energy barrier
(Figure 3). To extract the relaxation times, the ac susceptibilities
were fitted with a generalized Debye model which shows a
temperature-dependent regime at higher temperatures. A linear
fit of the temperature-dependent relaxation times (τ) at high
temperatures to the Arrhenius law yields Ueff=582(13) K and
τ0=1.4(6)×10� 11. However, complex 1 shows a linear behavior
only until 30 K and deviates from linearity at lower temper-
atures indicating the presence of other competing relaxation
processes. Thus the relaxation times extracted over the entire
temperature range were treated considering the QTM, direct,
Raman, and Orbach processes with the following expression:[14]

t� 1 ¼ t � 1QTM þ AT þ CTn þ t� 10 exp �
Ueff

kBT

� �

(1)

The best fit to Equation (1) for 1 yields an anisotropy barrier
Ueff of 609(4) K with τ0=6.6(6)×10� 12 s, relative to the Orbach
process with further contribution from the Raman relaxation
mechanism (C =2.0(7.0)×10� 4 s� 1K� n, n =3.6(1.1)). This indicates
that the QTM is effectively quenched due to the high symmetry
around the Dy(III) ion and strong axial CF. The application of dc
fields shows only a slight effect on the energy barrier (Fig-
ure S11). Complex 2 also displays similar relaxation dynamics
like complex 1, nevertheless, the maxima in the out-of-phase
are shifted towards higher temperature (~39.0 K) while deviat-
ing from linearity below 30 K (Figure S15). The best fit to
Equation (1) for 2 yields an anisotropy barrier Ueff of 640(20) K
with τ0=1.1(8)×10� 11 s, relative to Orbach process with further
contribution from the Raman relaxation pathway (C=7.2(5)×
10� 7 s� 1K� n, n=4.7) as observed in the case of complex 1. As in
the previous case, the application of dc fields has only
negligible effects on the energy barrier (Figure S16). A detailed
comparative magnetic study of complex 3 along with the
isomorphous Er(III) complex has been reported already in a
previous communication.[6f] Thus, among the series, Ueff

decreases in the order 3>2>1 with the change of anions from
larger iodide to smaller chloride in the secondary coordination
sphere. These results are interesting as we find that although
the local coordination environment in 1–3 is the same, the
replacement of halide anions in the secondary coordination
sphere results in higher Ueff in the order 3>2>1. This points
out that the presence of higher negative charges in the
equatorial position of oblate Ln(III) such as Dy(III) are detrimen-
tal to the effective Ueff.

To further ascertain the effect of halide ions on the SIM
properties of these Dy(III) complexes, additional magnetic
measurements were carried out. For example, zero-field cooled
(ZFC)-field cooled (FC) variable temperature magnetization
measurements were carried out to determine the blocking
temperature (TB) of 1–3 (Figure 4 a–d). Unlike ordered magnets
where the effect arises from the long-range magnetic ordering,
the magnetic blocking is completely molecular in origin in
SMMs. At a certain temperature, the measurement timescale is
inadequate for complete magnetic relaxation i.e, for the
magnetization to flip over the energy barrier and reverse its
spin direction. This results in the observance of hysteresis and
blocking temperature (TB) in SMMs. At TB, the magnetic
moments of the anisotropic molecules are no more in parallel
orientation due to thermal excitations to higher excited states
resulting in spin disorientation. This has been observed in few
Ln(III)-based SIMs.[8] TB is defined as the maxima in the ZFC
curve.[1a] As can be seen from Figure 4, 3 possess the highest
blocking temperature among the series. While TB for 3 is 12.9 K
(measured at a sweep rate of 2 Kmin� 1), 2 and 1 possess TB of
11.6 K and 8.2 K, respectively. It is to be noted that the maxima
in ZFC curves are highly dependent on the sweep rate
(Figure 4d). Tirr for 1, 2, and 3 are 14.7 K, 13.2 K, and 9.2 K,
respectively. To further compare the magnetic blocking in 1–3,
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magnetic hysteresis measurements were carried out. Similar to
the effect of sweep rate for ZFC-FC experiments, the opening of
the hysteresis loop and coercivity are highly dependent on the
magnetic field sweep rate (Figure 4h). Among the series, 1
possesses significant tunneling around zero-field as against 2
and 3. Larger consequences are especially seen in magnetic
coercivity. The coercivity in the case of 1 is the least. 1, 2, and 3
display the opening of the hysteresis loop until 16.0 K, 14.0 K,
9.0 K, respectively (at a field sweep rate of 20 Oes� 1). A
comparative summary of the magnetic data is presented in
Figure 5. Compared to 3, some elegant examples of air-stable
D4h and D6h systems reported recently with Ueff higher than
1800 K suffer from more substantial QTM at zero-field, signifi-
cantly diminishing the observed coercivity, and the Ueff is not
fully translated into TB.

[9d–f] The combined properties (Ueff, TB

along with high coercivity) along with air and moisture stability
place these SIMs amongst the best performing SIMs that are
stable to air and moisture.

To further understand the relaxation dynamics, we prepared
a 10% diluted sample (2@Y and 3@Y) with the isomorphous
Y(III) analogues. However, 2@Y and 3@Y display similar
magnetic properties as 2 and 3, thanks to the bulky phosphonic
diamide ligands that keep the magnetic centers far apart in the
crystal lattice. No significant improvement in blocking temper-
ature and hysteresis was observed for 2@Y and 3@Y (Figur-
es S23–S28). Hence the effect of dipolar exchange coupling
interactions between the Dy(III) ions is also expected to be very
weak. This further indicates that the observed magnetic proper-
ties observed in the present systems are completely molecular
in nature and do not arise from any long-range ordering.

Electronic structure calculations

To comprehend the effect of counter anion on the magnetic
properties, we have performed ab initio CASSCF/RASSI-SO/
SINGLE_ANISO calculations on complexes 1, 2, and 3 using

Figure 3. (a) In-phase (χM‘) and (b) out-of-phase (χM’’) components of frequency dependent ac susceptibility measured in an oscillating ac field of 3.5 Oe and
zero applied dc field for 1. (c) Cole-Cole plot for 1. Solid lines are the best fit to the Debye model. (d) Plot of the relaxation time τ (logarithmic scale) versus T� 1

obtained for 1; the red line corresponds to the fitting of the Orbach relaxation process and the solid blue line represents the best fitting to the Orbach and
Raman relaxation pathways.
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Figure 4. (a–c) Plot of zero field-cooled (black) and field-cooled (red) magnetization vs. temperature for 1–3. (d) Zero field-cooled magnetization vs.
temperature for 3 at different temperature sweep rate. (e–g) The field-dependent magnetization data for 1–3 collected at a sweep rate of 20 Oes� 1. (h)
Comparative field-dependent magnetization data for 3 at a sweep rate of 20 Oes� 1–200 Oes� 1.
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MOLCAS 8.2 programme package[15] (see computational details).
The chosen ab initio methodology was found to provide better
guidance to obtain insights and understand the single-ion
magnetism shown by lanthanide complexes.[9d,16] The magnetic
anisotropy axis of 1–3 is found to lie along the axial O� Dy� O

bond, perpendicular to the ground state beta electron
density[16a,b, 17] to minimize the electrostatic repulsions (Figure 6
and S30-32). The calculations reveal an axial set of g tensors in
the ground KD (gx= gy ~0.0; gz=19.857 (1), 19.878 (2), 19.863
(3), Table S12–14) and first excited KD. This enables negligible
QTM/TA-QTM (TA= thermally activated) in the mechanism of
magnetization relaxation (Figure 7). Furthermore, the angle of
the anisotropy axis between ground and first excited states is
found to be <6°. This indicates magnetization relaxation via
other higher excited states (Table S12-14). The eight ground
KDs generated from the 6H15/2 state for the three complexes
span up to 902.0 (1), 957.7 (2), and 1028.4 K (3). The significant
TA-QTM value at the second excited state reinforces the
magnetization relaxation (j � 15/2>!j� 13/2>!j� 1/2>!j
+1/2>!j +13/2>!j +15/2> , Figure 7). This results in large
Ucal values of 606.3, 645.7, and 668.9 K for 1, 2, and 3,
respectively, consistent with the estimated Ueff values (Ta-
ble S12-14, Figure 7).

To find out the origin of the increasing Ucal from 1!2!3,
we have estimated the crystal field parameters using the
Hamiltonian, bHCF ¼

P
k¼2;4;6

Pq¼ þk
q¼ � k Bq

k
bO

q
k ðhere Bq

k is the crystal
field parameter and bO

q

k is the Stevens operator respectively).
The value of larger axial crystal field (CF) parameter (k=2, 4, 6;

Figure 5. Comparative chart of the magnetic properties of SIMs 1–3.

Figure 6. The β-electron density of mJ= j �15/2> from 1!1 a!1 b!1 c. The number in parenthesis indicates the Ucal (K) value from ab initio CASSCF/RASSI-
SO/SINGLE_ANISO calculations. Colour code: Cl-green, P-light green, O-red, N-blue, C-grey, H-white. Hydrogens (except equatorial hydrogens to show the
hydrogen bonding) are omitted for clarity.

Figure 7. The mechanism of magnetic relaxation of 1 (left), 2 (middle), and 3 (right). The thick black line indicates the Kramer’s doublet (KD) as a function of
magnetic moment. The red arrow indicates QTM/TA-QTM via ground/excited states. The blue arrow indicates possible Orbach pathway. The green arrow
indicates the most probable pathway of magnetic relaxation. The numbers associated with each arrow signifies the mean absolute values of corresponding
matrix element of transition magnetic moment. The blue numbers indicate the mJ composition of a KD.
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q=0) compared to non-axial (k=2, 4, 6; q ¼6 0) suggests
substantial axiality in all the three complexes (Table S15). The
higher Ucal value of 3 compared to 1 and 2 correlates with the
larger axial B0

2 CF parameter. We have also estimated the E2 � E1
E1

(E2 and E1 is the spin free energy of the first and second excited
state, respectively) which is considered as a figure of merit of
axiality[17] in Dy(III) SIM. The larger E2 � E1

E1
value of 2 and 3

compared to 1 suggests a larger axiality of the former
compared to the latter (Table S16). The computed Loprop
charges also explain the increasing axiality from 1!2!3. The
Loprop charges on the equatorial water oxygens vary as 1<2
<3, but the charge of the surrounding halide counter anions
decreases in the order 1>2>3 with a more pronounced effect,
rationalizing the trend in the Ucal/Ueff values (Table S17). To
unravel whether the larger distance between Dy and iodide
ions (av. Dy-halide distance is 5.04, 4.80, and 4.56 Å in 3, 2, and
1, respectively) offers a larger Ucal value in 3, we have performed
a model calculation on 3-Cl where the three iodide ions in 3
have been replaced by chloride ions. The calculation on 3-Cl
reveals enhancement of Ucal value to 693.4 K (Table S18)
compared to 3, although a significant increase in the Loprop
charges of chloride ions is observed (Table S17). This unveils the
metal-halide distance rather than the nature of the halide ions
controlling the magnetic anisotropy. On the other hand, in our
earlier studies, we have established a structural R parameter
ðR ¼ ffðO Pð Þ� Dy� OðPÞÞ

1000 þ Av: Dy � Oeqð Þ½ � � Av:½Dy � OaxÞ�Þ to cor-
relate it with the estimated Ucal values in pseudo-D5h Dy(III)
complexes.[16a] The R value is found to be in the order of 3>2~
1, which also explains the trend in the Ucal values (Table S19).

Further, to analyze the effect of counter anions in magnetic
anisotropy, we have removed the halide ions from the
secondary coordination sphere of 1, 2, and 3 (model 1 a, 2 a,
and 3 a, respectively, see Figure 5 and S30-31). Calculations on
these models yield enhancement in Ucal value to 1032.1, 1115.5,
and 1079.5 K for 1 a, 2 a, and 3 a, respectively (Table S20-22).
This is due to a reduction in the computed charge for the
equatorial oxygen atoms (Table S23-25), compared to the
original structure. Quite interestingly, the computed charge of
the axial oxygen atoms increases in 1 a, 2 a, and 3 a compared
to 1, 2, and 3 (Table S23-25). Both these effects lead to the
increase in the axial B0

2 CF parameter (Table S26). For models,
the mJ= j �11/2> stabilized as the second excited state,
contrary to 1, 2, and 3 (Table S20-22) where mJ= j �1/2> was
stabilized as second excited state, leading to magnetization
relaxation via 3rd excited state (Table S20–22).

To investigate the effect of non-coordinating phosphona-
mide ligands and halide ions in Ucal value, the ligands have
been removed from 1, 2, and 3, keeping the halide ions intact
(model 1 b, 2 b, and 3 b, respectively, see Figure S32 for beta
electron density). The calculations yield a decrease in the Ucal

value (Ucal=793.9 (1 b), 850.5 (2 b) and 898.4 K (3 b)) compared
to 1 a, 2 a and 3 a (the magnetization relaxation via second
excited state, Table S27–29). In these models, equatorial oxy-
gens were found to possess less charge as their hydrogen
bonding solvates/halides were removed, placing their Ucal

values larger than 1, 2, and 3 (Table S23–25). More pronounced
changes in the axial/equatorial oxygen charges and the

computed crystal field parameters are observed in models 1 a–
3 a compared to 1 b–3 b (Table S23–25, S30). This suggests that
the halide counter anions (equatorial non-bonding interaction
with Dy(III)) play a dominant role in magnetic anisotropy
compared to the phosphonamide ligands (H-bonding interac-
tion with equatorial water molecules).

In the next step, we have performed calculations on models
1 c–3 c where both halides and phosphonamide ligands were
removed (see Figure 5 and S30-31). The ab initio calculations on
these models reveal magnetization relaxation via third excited
KD with the increase in the Ucal value to 1343.7 (1 c), 1407.2
(2 c), 1403.1 K (3 c) (see Table S31–33) with respect to the
original structures and other models constructed. Here the
computed values are twice as large as compared to the original
structure (2.22 times in 1, 2.18 times in 2, 2.09 times in 3), and
this can be rationalized from the computed charges and crystal
field parameters (Table S23-25, S34). The Ucal value of 2 c is
slightly higher compared to 3 c due to the larger O(P)� Dy� O(P)
angle found in 2 compared to 3 (Table 1). To obtain the
absolute axial limit with these ligands, the equatorial water
molecules from 1 c-3 c have been removed to build models 1 d-
3 d (see Figure 5, S30-31 for beta electron density). For these
models, calculations reveals magnetization relaxation via 6th

excited KD (mJ: j � 15/2>!j� 13/2>!j� 11/2>!j� 9/2>!j
� 7/2>!j� 5/2>!j� 3/2>!j +3/2>!j +5/2>!j +7/
2>!j +9/2> !j +11/2>!j +13/2>!j +15/2> , Ta-
ble S35) in 1 d while 2 d and 3 d relaxes via 5th excited KD (mJ: j
� 15/2>!j� 13/2>!j� 11/2>!j� 9/2>!j� 7/2>!j� 5/
2>!j +5/2>!j +7/2>!j +9/2>!j +11/2> !j +13/
2>!j +15/2> , Table S36-37). This leads to the Ucal value of
3108.7, 3172.8, and 3188.2 K for 1 d, 2 d, and 3 d, respectively.

The water molecules in 1–3 offer significant equatorial
ligation which hinders them from achieving a very large
blocking barrier. To decrease the equatorial ligand field in 3, we
have carved out model 3 b-acetone where the five equatorial
water molecules in 3 b were replaced by acetone (Figure S33
and Appendix S1 for optimized coordinates). The ab initio
calculations on 3 b-acetone reveal a decrease in the Ucal value
to 491.4 K compared to 3 (Table S39). This is due to the loss of
planarity in the optimized structure 3 b-acetone (Figure S33).
Again, the axial O(P)� Dy� O(P) angle also reduces to 171.48°
compared to 3 b (175.16°). Furthermore, we have also
performed calculations on 3 b-THF (carved out from 3 b with
replacing the equatorial water molecule by THF, Figure S34,
Appendix S2) to reduce the equatorial ligation. But the
calculations on these models reveal a decrease in the Ucal value
to 427.1 K due to a decrease of axial O(P)� Dy� O(P) angle
(172.22) and loss of equatorial planarity in optimized 3 b-THF
compared to 3 b (Table S40).

The unsuccessful attempts to enhance the blocking barrier
with model 3 b-acetone and 3 b-THF suggests that the nature
of the equatorial donor atom is important compared to its
ligand environment in dictating the magnetic anisotropy. Keep-
ing this in mind, we have performed ab initio calculation on
model 3-H2S by replacing the five water molecules of 3 with
hydrogen sulfide molecules. The optimized structure of 3-H2S
leads to a decrease in the axial O(P)� Dy� O(P) angle to 168.64°
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and at the same time, the equatorial planarity in 3-H2S is also
lost compared to 3 (Figure S35 and Appendix S3). The
calculations on 3-H2S unveil an increase in the Ucal value to
1325.9 K compared to 3 with the magnetic relaxation via
second excited KD (Table S41). This is due to the reduction of
the computed charge of the equatorial sulphur atoms com-
pared to the oxygen atom of the water molecules (Table S42).

Conclusions

In summary, complexes 1–3 present a series of high-perform-
ance pseudo-D5h Dy(III) SIMs that are isostructural with the same
set of ligand systems in the first coordination sphere. Whereas
the high anisotropic barrier mostly results from the strong axial
phosphonamide ligands and the higher symmetry around the
central Dy(III) ions, the nature of halide ions in the secondary
coordination sphere that is hydrogen-bonded to the equatorial
coordinated aqua ligand have a profound effect on the
relaxation dynamics of the SIMs. The substitution of a larger
iodide anion to the smaller strongly hydrogen-bonded chloride
anion in the secondary coordination leads to a decrease in the
effective energy barrier (Ueff) and blocking temperature (TB) in
the order 3>2>1. Thus, in addition to the first coordination
sphere, the secondary coordination sphere can also generate a
subsidiary difference in the magnetic properties of SIMs. Ab
initio calculations aid the understanding of the effects and role
of the secondary coordination sphere in modulating the
anisotropy of the D5h systems. In brief, this study presents anion
fine-tuning of a fascinating series of air-stable Dy(III) SIMs and
highlights the significance of the careful selection of secondary
coordination sphere anions that can have a subtle effect on the
overall performance of molecular magnets. Studies, to further
fine-tune and understand the effect of other factors, are
currently underway in our laboratory.

Experimental Section
Materials, instruments, and methods: All the new compounds
reported in this study are stable towards air and moisture and
hence all the operations were carried out under normal aerobic
conditions. Solvents were distilled before use. The phosphonic
diamide ligand, tBuPO(NHiPr)2 (L) was synthesized using a previ-
ously reported procedure.[11] Fourier transform infrared spectra
were obtained on a Perkin Elmer Spectrum One FTIR spectrometer
as KBr diluted discs. Microanalyses were performed on a Thermo-
Finnigan (FLASH EA 1112) microanalyzer. The metal content in the
samples was measured by inductively coupled plasma atomic
emission spectroscopy (ICP-AES). The samples were digested in
nitric acid and diluted with distilled water. The magnetic measure-
ments were carried out on a Quantum Design MPMS-XL SQUID
magnetometer equipped with a 7 T magnet in the temperature
range 2–300 K using polycrystalline powder samples. The data were
corrected for any background diamagnetic contribution using
Pascal’s constants. Alternating current (ac) susceptibility measure-
ments were carried out in an oscillating ac field of 3.5 Oe and
frequencies ranging from 0.1 to 1500 Hz. Hydrated halides salts of
Dy(III) and Y(III) were prepared from the corresponding oxides (Alfa
Aesar) using suitable mineral acids.

X-ray crystallography: Suitable single crystals of the complexes,
obtained from slow evaporation of the solvent from the reaction
mixture, were mounted on a Rigaku Saturn 724+ ccd diffractom-
eter for unit cell determination and three-dimensional intensity
data collection. Data integration and indexing were carried out
using CrystalClear and CrystalStructure.[18] The structures were
solved using direct methods (SIR-97).[19] Structure refinement and
geometrical calculations were carried out using programs in the
WinGX[20] module and Olex2 v1.2.[21] The final structure refinement
was carried out using full least square methods on F2 using SHELXL-
2014.[22] Details of crystal data and structure refinement are
reported in Table S1.

CCDC 1451546 (for (1)), 1451547 (for (2)), 1812593 (for (4)), and
1812594 (for (5)) contain the supplementary crystallographic data
for this paper. These data are provided free of charge by The
Cambridge Crystallographic Data Centre.

Computational details: All the ab initio CASSCF/RASSI-SO/SINGLE_
ANISO multireference calculation has been performed on the X-ray
crystal structures of 1, 2, and 3 with MOLCAS 8.2 programme
package.[15] The basis sets for our calculations were taken from the
ANO-RCC library implemented in the package.[23] The following
basis set was used throughout the calculations: Dy: [Dy.ANO-
RCC.8s7p5d3f2g1h.], I: [I.ANO-RCC.6s5p3d1f.], Br: [Br.ANO-
RCC.4s4p2d.], Cl: [Cl.ANO-RCC.4s3p1d.], P: [P.ANO-RCC.4s3p.], S:
[S.ANO-RCC.5s4p2d1f.], O: [O.ANO-RCC.4s3p2d1f.], N: [N.ANO-
RCC.3s2p.], C: [C.ANO-RCC.3s2p.], H: [H.ANO-RCC.2s.]. The DKH
(Douglas-Kroll-Hess) Hamiltonian was used to account for the scalar
relativistic effect.[15] The disk space was reduced by the Cholesky
decomposition technique.[24] The active space for our CASSCF
calculation includes nine electrons in seven 4f orbitals, i. e.,
CAS(9,7). Using this active space, we have computed the energies
of 21 sextets which are derived from 6H15/2 ground state of Dy(III). In
the next step, we have mixed 21 sextets to obtain spin-orbit states.
In the final step, we have employed SINGLE_ANISO module of
MOLCAS to estimate the g tensor, QTM, and blocking barrier.
Geometry optimization of models 3-H2S, 3-acetone, and 3-THF has
been carried out with UB3LY functional in Gaussian09 programme
package.[25] The Dy(III) ion has been replaced by Y(III) during
optimization. We have used SDD ECP (electron core potential) for Y,
and I, Ahlrichs TZVP basis set for S, N and O and SVP basis set C and
H.[26]

General procedure for the synthesis of {[L2Ln(H2O)5][X]3·L2·nH2O}:
To a solution of tBuPO(NHiPr)2 (330 mg, 1.5 mmol) in a solvent
mixture of dichloromethane and benzene (4 :1 v/v, 30 mL) was
added LnX3.xH2O (0.25 mmol). The reaction mixture was stirred at
60 °C for 1 h and was cooled down to room temperature. The
solution was allowed to stand for some time and was then filtered.
The clear filtrate obtained was then kept for crystallization at
ambient aerobic conditions. Single crystals were obtained by the
slow evaporation of the solvent mixture within a week. The crystals
were carefully washed with toluene. A few mL of methanol was
necessary for the better dissolution of chloride and bromide salts of
Dy(III) and Y(III).

{[L2Dy(H2O)5][Cl]3·L2} (1): Yield: 0.160 g (52%, based on ligand).
Anal. Calcd. for C40H110Cl3DyN8O9P4: C, 38.74; H, 8.94; N, 9.04. Found:
C, 38.63; H, 8.82; N, 8.74. FTIR (KBr, cm� 1): 3260 (br), 2971 (s), 2873
(w), 1646 (w), 1477 (m), 1424 (s), 1399 (w), 1385 (w), 1369 (m), 1313
(w), 1167 (s), 1131 (vs), 1098 (vs), 1051 (vs), 1028 (s), 943 (w), 910
(m), 886 (w), 830 (w), 659 (m), 511 (w).

{[L2Dy(H2O)5][Br]3·L2·H2O} (2): Yield: 0.150 g (43%, based on ligand).
M.p: >275 °C. Anal. Calcd. for C40H112Br3DyN8O10P4: C, 34.53; H, 8.11;
N, 8.05. Found: C, 34.63; H, 8.42; N, 8.14. FTIR (KBr, cm� 1): 3270 (br),
3178 (br), 2971 (s), 2935 (w), 2873 (w), 1643 (w), 1468 (m), 1422 (s),
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1385 (w), 1369 (m), 1312 (w), 1168 (s), 1130 (vs), 1097 (vs), 1050 (vs),
1027 (s), 909 (m), 885 (w), 829 (w), 659 (m), 603 (w), 509 (w).

{[L2Y(H2O)5][Cl]3·L2·CH2Cl2} (4): Yield: 0.175 g (56%, based on
ligand). Anal. Calcd. for C41H112Cl5N8O9P4Y: C, 39.35; H, 9.02; N, 8.95.
Found: C, 40.1; H, 9.32; N, 9.47. FTIR (KBr, cm� 1): 3262 (br), 2971 (s),
2871 (w), 1655 (w), 1467 (m), 1478 (s), 1427 (s), 1398 (w), 1385 (w),
1367 (m), 1320 (w), 1167 (s), 1132 (vs), 1106 (vs), 1055 (s), 1026 (s),
942 (w), 907 (m), 884 (m), 830 (m), 746(m), 654 (m), 513 (w). 1H NMR
(CD3CN, 400 MHz): δ 3.46 (m, 8H, -CH(CH3)2), 1.15-1.21 (m, 84H,
-CH3).

13C NMR (CD3CN, 100 MHz): δ 42.7, 32.6, 31.4, 25.8, 25.1, 25.0,
24.7. 31P NMR (CD3CN, 162 MHz): δ 37.2 ppm.

{[L2Y(H2O)5][Br]3·L2·H2O} (5): Yield: 0.160 g (49%, based on ligand).
Anal. Calcd. for C40H112Br3N8O10P4Y1: C, 36.46; H, 8.57; N, 8.50. Found:
C, 36.21; H, 8.41; N, 8.82. FTIR (KBr, cm� 1): 3262 (br), 2968 (s), 2869
(w), 1477 (s), 1464 (s), 1421 (s), 1387 (w), 1365 (m), 1171 (s), 1132
(vs), 1108 (vs), 1051 (m), 1026 (s), 906 (w), 883 (m), 831 (m), 729 (w),
655 (w), 637 (w), 501 (w). 1H NMR (CD3CN, 400 MHz): δ 3.43 (br, 8H,
-CH(CH3)2), 3.22 (br, 10H, OH2), 1.20-1.12 (m, 84H, -CH3).

13C NMR
(CD3CN, 100 MHz): δ 42.5, 32.5, 31.3, 25.4, 24.6. 31P NMR (CD3CN,

162 MHz): δ 37.5 ppm.

{[L2Dy0.10Y0.90(H2O)5][Br]3·L2·H2O} (2@5): 2@5 was synthesized using
a similar method using 1 :9 molar ratios of the respective Dy(III) and
Y(III) bromide salts. Yield: 0.140 g (42%, based on ligand). Anal.
Calcd. for C40H112Br3Dy0.10N8O10P4Y0.9: C, 36.25; H, 8.52; N, 8.46.
Found: C, 36.13; H, 8.64; N, 8.74. FTIR (KBr, cm� 1): 3271 (br), 3181
(br), 2972 (s), 2935 (w), 2873 (w), 1646 (w), 1477 (m), 1422 (s), 1400
(w), 1385 (w), 1369 (m), 1312 (w), 1169 (s), 1131 (vs), 1102 (vs), 1050
(s), 1027 (s), 909 (m), 885 (w), 830 (w), 659 (m), 509 (w).

{[L2Dy0.10Y0.90(H2O)5][I]3·L2·H2O} (3@6): 3@6 was synthesized using a
similar method using 1 :9 molar ratios of the respective Dy(III) and
Y(III) iodide salts. Yield: 0.165 g (45%, based on ligand). Anal. Calcd.
for C40H112Dy0.10I3N8O10P4Y0.9: C, 32.77; H, 7.70; N, 7.64. Found: C,
32.56; H, 7.61; N, 7.78. FTIR (KBr, cm� 1): 3286 (br), 2969 (vs), 2909
(m), 2872 (w), 1469 (m), 1420 (s), 1399 (w), 1386 (w), 1368 (m), 1311
(w), 1168 (s), 1131 (vs), 1105 (vs), 1049 (s), 1024 (s), 942 (w), 906 (m),
885 (w), 829 (w), 727 (w), 655 (m), 544 (w), 512 (w).
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