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ABSTRACT: Tetranuclear [2 x 2] square-grid-like Ln" clusters have been synthesized by reacting LnCl3-6H:0 salts with bis[a-
hydroxy(p-bromophenyl)methyl]phosphinic acid [RzPOz2H, where R = CH(OH)PhBr] and pivalic acid. Single-crystal X-ray
diffraction studies show the formation of [MesN]z2[Lna(p2-ntm!-PO2R2)s(m2-CO2But)4+(ps-CO3)] [Ln = Er (1), Dy (2), and Tb (3)].
Direct-current studies reveal significant ferromagnetic interactions between Dy in 2 and Tb'"' in 3 and an antiferromagnetic
interaction between Er''in 1. Dynamic magnetic susceptibility measurements confirm a single-molecule magnet (SMM)
behavior in both 0 and 1200 Oe applied magnetic fields for 2. Complexes 2 and 3 show single molecular toroic (SMT) behavior

with a mixed magnetic moment.

INTRODUCTION

Polynuclear lanthanide clusters have attracted great attention
in the past decades due to their applications in various fields
like luminescence, (1,2) catalysis, (3) magnetic  refrigera-
tion, (4-8) and molecule magnets (9) such as single-ion mag-
nets (SIMs), single-chain magnets (SCMs), single-molecule
magnets (SMMs). Among them, molecular magnetism has been
investigated extensively since the discovery of the famous
Mn12-acetate SMM behavior. (10) Lanthanide ions that have in-
herent large single-ion anisotropy and magnetic bistability are
key components for the assembly of novel SMMs. Uef (aniso-
tropic energy barrier) and Ts (blocking temperature) are the
two terms associated with SMM behavior. Large Uesrand
high Ts values are required for potential applications. Dy, Tb,
and Er are the most promising candidates for SMM due to their
large spin-orbit coupling and high magnetic moments. (9) Very
recently, two Dy compounds have been reported that show a
high blocking temperature (20 K) (11) and an effective energy
barrier (1025 K).(12) Dy SMMs are the most interesting
among the lanthanides due to their strong uniaxial magnetic
anisotropy (gz > gxy). Dinuclear, (13) trinuclear, (14) tetranu-
clear (butterfly, square, cubane, rhombus shape, chainlike, lin-
ear, Y-shape, see-saw, and zigzag irregular shape), (15-51) and
higher-nuclear (52-54) lanthanide clusters are reported in the
literature.

Among them, tetranuclear Dy clusters have shown interesting
SMM behavior, as reported by Chandrasekhar et al. (55) Tong
et al. have observed that the tetranuclear [2 x 2] grid topology
showed the highest Uetr (143 cm-1). (56) Self-assembled
polymetallic square [n x n] (n = 2-5) (M4-Mzs5) complexes are
quite common for transition metals such as Mn, Fe, Co, Nj, Cu,
and Zn with  poly-n-topic  hydrazone-based lig-
ands. (57-59) The first genuine heteroleptic self-assembled [2
x 2] grid was reported by Murugesu et al. (60) The grid ar-
rangement of Dy shows a high Uetr (270 K) (to = 4.0 x 10-105);
its peak maxima shifted toward the high-temperature regime,
which implies a reduction of quantum tunnelling of magnetiza-

tion (QTM). Several square grids [2 x 2] were synthesized uti-
lizing thiolate, thiacalix[4]arene, triazole, Schiff base, hydra-
zide, and hydrazone-based Schiff base ligands. (30,56,60-78)
Polynuclear complexes, which are bistable molecules with a to-
roidal magnetic state, are defined as single-molecule toroics
(SMTs). (79,80) SMTs are characterized by the vortex arrange-
ment of magnetic dipoles, (81-83) T=Y=1"risi (N = 2 spins per
unit cell; T = toroidal magnetic moment, r = displacement of the
magnetic ions from the center position, s = spins of the mag-
netic ions). The [Dys] triangle, reported by Powell’s group in
2006, first demonstrated the fascinating properties of SMM
even though it has a nonmagnetic ground state (14) furnishing
a new class of magnetic materials. (82,83) Tong et al. in 2012
first reported the tetranuclear toroidal moment SMT for planar
Dya clusters. (84) This area of research is a growing field; the
property of SMT is not limited to the planar [Dys] trian-
gle, (14,54,85-92) but several wheel shape topologies, viz.,
[Dy4] planar, (84) [Dy4] square, (68,73,75) [Dys] wheel,
(93-98) and coupled [Dys], (91) have been prepared since. Re-
cently, [Dy4] cubic and [Dy4] tetrahedral topologies have been
reported, expanding the area from planar (2D) to nonplanar
(3D) SMTs. (99)

Several factors influence a molecule’s SMT behavior, including
its wheel-shaped topology, the arrangement of magnetic aniso-
tropic axes in a circular/planar manner, high molecular site
symmetry, oblate-prolate electron densities of Ln ions, and di-
polar coupling. (100) While planarity helps to enhance the to-
roidicity, Le Guennic and co-workers recently developed 3D
SMTs lacking any planarity for Ln!lions. (99) Moreover, the
lanthanide ion’s magnetic exchange interaction and dipolar
coupling should be strong and favorable to stabilize the toroi-
dal ground state. (101) Experimentally, it has been noted that
the S-shape magnetization indicates SMT behavior. Still, in iso-
lation, this signal cannot be taken as an indication for a toroidal
moment because a diamagnetic ground state with a closely ly-
ing excited paramagnetic state and no toroidal behavior can
also show an S-shape curve. (102)

Herein we have synthesized a series of isostructural lanthanide
complexes (1-3) of [2 x 2] grid topology using the bis[a-hy-
droxy(p-bromophenyl)methyl]phosphinate ligand and
pivalate as the coligand. To our knowledge, this is the first ex-
ample of a square-grid [2 x 2] complex that is assembled by us-
ing a phosphinate ligand.
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RESULTS AND DISCUSSION

Synthesis: The ligand was synthesized according to the litera-
ture procedure. (103,104) Complexes 1-3 were synthesized as
summarized in Scheme 1. The hydrated lanthanide chloride
salts were added to a methanolic solution of the ligand, fol-
lowed by the base tetramethylammonium hydroxide in a 1:2:2
ratio. A clear solution was obtained when stirred for 30 min at
room temperature. A mixture of pivalic acid and tetrame-
thylammonium hydroxide (1:1) was added. After 5 h, volatiles
were removed and the white solid was washed twice with di-
ethyl ether and kept for crystallization in acetonitrile. Single-
crystal X-ray-quality crystals were obtained after slow evapo-
ration of the solution. The products were characterized by
standard analytical and spectroscopic techniques.

Br Br
HH
MeOH
HO” Np” OH * LnCl; .6H,0 + + Me,NOH ————> Ln, Cluster
o” “oH

CO,H rt, 5h

Compound 1-3
(Ln= Er, Dy, Th)

Scheme 1. Synthesis of [2 x 2] tetranuclear Lns4 complexes 1-3.

The IR spectra of 1-3 (Figures S1, S9, and S17) show the char-
acteristic peaks of aromatic and aliphatic C-H stretching of the
ligand of around 2868-2970 cm-1, O-H stretching of the ligand
between 3344 and 3359 cm-1, water bending at 1645-1646
cm-1, P-0 stretching of around 1008-1069 cm-1, C-O stretch-
ing (for CH20H) at 1169-1192 cm-!, symmetric COs3-
/COz- stretching at 1364-1369 cm-l, asymmetric CO3-
/CO2- stretching at around 1524-1534 cm-!, aromatic C-Br
stretching at 1103 cm-!, C=C stretching at 1435-1484 cm-1,
and C-H out-of-plane bending at around 821-822 cm-1.
Thermogravimetric analysis (TGA) studies (Figures S2, S10,
and S18) reveal that major weight loss occurred for 1-3 at 289,
287, and 288 °C, respectively. This loss corresponds to ligand
dissociation and trapped solvent. The crystallinity and phase
purity of the bulk samples for 1-3 were verified by the powder
X-ray diffraction (PXRD) data (Figures S8, S16, and S24).
Crystal structures: Compounds 1-3 are isostructural, crystal-
lizing in tetragonal space group 1422 with Z = 4. The two inde-
pendent anionic complexes occupy sites of symmetry 422.
Their charge is balanced by tetramethylammonium cations
that occupy the void spaces between them. The dianionic com-
plexes contain four Ln!!! centers that are arranged in a planar
square 2 x 2 grid. They are bridged by eight phosphinate lig-
ands, four of which are located above and four below the plane
of the Ln4 square. In addition, there are four pivalate ions, each
chelating a Ln center in a bidentate fashion. Finally, there is a
carbonate ion at the center of the complex, which is disordered
because it is incompatible with crystallographic site symmetry
422. The presence of the disordered carbonate ion breaks the
crystallographic symmetry of the complex, resulting in the
chemical inequivalence of the four Ln centers (Figure 1a). The
two independent anionic complexes are enantiomers but oth-
erwise very much identical. They are distinguished by their rel-
ative orientation to the cell axes: The edges of the Ln4 square of
one enantiomer are aligned parallel, while those of the other
enantiomer are diagonal to the lattice direction (100).

The Ln centers are heptacoordinated; their coordination envi-
ronment can be described as distorted pentagonal-bipyramidal
(see the SHAPE analysis in Table S2). They bind to four oxygen
atoms of four phosphinate ligands, two oxygen atoms of the bi-
dentate pivalate ligands, and one oxygen atom of the centrally
located carbonate ion (Figure 1b). In the core structure, two
neighboring Ln centers are connected via two phosphinate lig-
ands in a [2.11] mode based on the Harris notation, while each
Ln center coordinates to one bidentate pivalate ligand in a
[1.11] mode. The carbonate ion connects in a [4.112] mode to
the four Ln centers. The distances between Ln centers along the
edge of the square range between 4.66 and 4.70 A, while the
distances diagonally across the square range from 6.59 to 6.65
A. The shortest intermolecular Ln---Ln distances are just above
12 A. The Ln-0 bond distances fall in the expected ranges
(Table 1). Selected bond distances and angles are given
in Tables S3-S5.

In addition to metal coordination, the complexes are held
together by intramolecular hydrogen bonding, which involves
the hydroxy groups of the phosphinate ligands. Each ligand has
two such groups, one interacting with the hydroxy group of
another phosphinate ligand (resulting in eight hydrogen bonds,
four below and four above the central plane), while the other is
bonding to oxygen atoms of the pivalate ligands (yielding
another eight hydrogen bonds; Figure S11c). In addition, the
two phenyl rings of each phosphinate ligand form a m-m
interaction (Figure S14b,c).

It should be noted that carbonate compounds were not used as
precursors in the syntheses of compounds 1-3. However, it is
well-documented that lanthanide salts, when contained in a
basic medium, can attract atmospheric COz, resulting in the in-
corporation of carbonate ions. (105) In this case, the carbonate
ion also acts as a template in the formation of the square-grid
core structure.

Table 1. Important bond distances(A) for complexes 1-3 in
this work.

Er...Er Dy...Dy Tb...Tb
4.657 4.676 4.701
Er...Er(@ Dy...Dy(d Tb...Tb(@
6.586 6.613 6.648
Er-Opa Dy-Opa Tb-Opa
2.252-2.255 2.242-2.277 2.245-2.316
Er-Opiv Dy-Opiv Tb-Opiv
2.428 2.442 2.462
Er-Ocos Dy-Oco3 Tb-Ocos
2.117-2.775 2.151-2.685 2.207-2.653
Er...Er(s) Dy....Dy(®s) Tb....Tb(ps)
12.094 12.048 12.117

() diagonal, PA= Phosphinic acid, piv=Pivalic acid, (ps) Packing shortest.
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(b)

Figure 1. (a) Ball and stick view of the molecular structure of
2. (b) Ball and stick view of the core structure of 2. Hydrogen
atoms are removed for clarity. Key: red, O; grey, C; yellow, P;
brown, Br; cyan, Dy.

Magnetic Properties: Direct-current (dc) magnetic suscepti-
bility measurements were performed on immobilized poly-
crystalline powder samples of 1-3 (Figure 2). The observed
room temperature ymT values of 46.15 cm-3K mol-!for1,
55.84 cm-3 K mol-! for 2, and 46.83 cm-3 K mol-! for 3 are in
agreement with four Er'l (4I1s/2, gy =¢/s, and xmT = 45.92 cm-
3 K mol-1), Dy (6H1s/2, g/ = 4/3,and xmT = 56.68 cm-3 K mol-1),
and Tb!!l (7Fe, gj=3/2, and xmT = 47.28 cm-3 K mol-1), respec-
tively. (106) Upon cooling, the ymT values were found to be al-
most constant down to 100 K, and below this temperature, the
xmT product started decreasing for all of the compounds. For 1,

xmT reaches a minimum value of 22.15 cm-3 K mol-lat 2 K,
while the xmT(T) curves increase below 10 and 15 K to reach
values of 51.82 and 58.71 cm-3 K mol-! at 2 K for 2 and 3, re-
spectively. The decrease of the ymT value can be mainly at-
tributed to the thermal depopulation of the mjlevels, while the
low temperature increase would be due to ferromagnetic inter-
actions between the Ln!! ions. The field-dependent magnetiza-
tion measurements were performed on complexes 1-3 at 2 K
(Figure S25). The magnetization reaches the values of 19.24,
20.60, and 18.62 Nf3 at 50 kOe without saturation for 1-3, re-
spectively. The observed lower magnetization values suggest
the presence of magnetic anisotropy in these systems due to
strong spin-orbit coupling resulting from an unquenched or-
bital angular momentum.
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Figure 2. Temperature-dependent ymT versus T plot for com-
plexes 1-3. The solid lines are the fitted data from POLY_ANISO.

The slow magnetic relaxation behavior of 1-3 was investigated
by performing frequency-dependent alternating-current (ac)
magnetic susceptibility measurements. In zero applied dc field
(H= 0 Oe), only the tetranuclear complex 2 displayed slow
magnetic relaxation (Figure S26) with an out-of-phase compo-
nent (xv") maximum centered at 8 Hz at 2 K (Figure
3a). 1 and 3 did not show any slow magnetic relaxation at 0 Oe
(Figures S27 and S28). Under zero applied dc field, 2 displays a
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frequency dependence of the magnetic susceptibility in the
temperature range 2-15 K (Figures S29 and 3b). The relaxa-
tion time (t) has been extracted with an extended Debye model
(eq S1 and Table S6). (107,108) The normalized Argand plot
demonstrated that, at 2 K, 50% of the sample is involved in the
slow magnetic relaxation (Figure S30). In other words, only one
of the two crystallographically independent Dy!l molecules
presents a slow magnetic relaxation in the 1-1000 Hz fre-
quency range.
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Figure 3. (a) Field dependence of the ac ym” magnetic suscep-
tibility for 2 at 2 K in the 0-3000 Oe field range. (b) Frequency
dependence of xm" in the 2-15 K temperature range under zero
applied dc field. (c) Frequency dependence of xm" in the 2-15 K
temperature range under the applied dc field of 1.2 kOe. (d)
Thermal dependence of log(t) for 2 under zero applied dc field
(open black circles) and under 1200 Oe applied field for the LF
(full black dots) and HF (full gray dots) contributions. Full red
lines are the best-fitted curves with parameters given in the
text.

The corresponding thermal variation of log(t) is plotted
in Figure 3d for the temperature range of 2-15 K. The log[t(T)]
curve was fitted using eq 1:

L"ﬁﬁ» J
(T, H) = AH*T + LZ +7; e(‘fﬂ +CT”
1+B,H e
AT (Eg. 1)

where the four terms correspond respectively from left to right
to the direct, QTM, Orbach and Raman processes. The best-fit-
ted curve is represented in Figure 3d with a combination of Or-
bach [A = 80(4) K and to = 1.03(3) x 10-¢s] and Raman [C =
23.8(17) s1Kmandn= 1.33(5)] processes (Figure S31).
The n exponent is very weak compared to the theoretical one
for a Kramer lanthanide ion (n = 9), indicating a strong involve-
ment of acoustic phonons (lattice vibrations) in the Raman re-
laxation mechanism. (109-112) In zero applied dc field, one
could expect a QTM contribution; nevertheless, the addition of
such a process does not improve the fit. The relatively weak
QTM contribution might be attributed to the significant ferro-
magnetic interaction between the Dy!!l ions. The fast relaxation
of 50% of Dy'll could be imputed to QTM. It is well-known that
such a process can be efficiently suppressed by applying an ex-
ternal dc field. The field dependence of the magnetic suscepti-
bility was investigated for the 1-3 compounds. Under an ap-
plied magnetic field, compounds 1 and 3 displayed a xm" con-
tribution with maxima localized at frequencies higher than 10

kHz (Figures S27 and S28). For 2, the xm" contribution is shifted
to lower frequency (LF) under an applied magnetic field (0.05
Hz at 2 K for H= 1200 Oe), and a second ym" contribution ap-
peared at higher frequency (HF; 400 Hz at 2 K for H=1200 Oe).
The frequency of the magnetic susceptibility under an applied
magnetic field of 1200 Oe was depicted in Figures 3c and S32.
The normalized Argand plot under 1200 Oe applied field is in
agreement with a slow magnetic relaxation part representing
more than 80% of the sample (Figure S33). Thus, the fast mag-
netic relaxation through QTM for the one of the two Dy!!! ions is
canceled by applying a dc field. The relaxation times were ex-
tracted by simultaneously fitting ym" and xm"” using an extended
Debye model (Table S7) accounting for two single relaxation
contributions using eq S2 for T < 7 K, while a single relaxation
was taken into account for T= 7 K (eq S1). The corresponding
thermal variation of log(t) is plotted in Figure 3d. The best-fit-
ted curves were obtained using a direct process only [A =
7.88(8) x 10-10 s-1 K-1 Oe-m with m = 4 (fixed)] for the HF con-
tribution (Figure S34) and a combination of Orbach [A = 87(4)
K and to=9.39(3) x 10-7s] and Raman (C= 1.78(3) x 10-2s-
1K-nand n= 3.28(13)] processes for the LF contribution
(Figure S35). The energy barrier of the Dys square-grid com-
plex of this paper is compared with the so-far-obtained
Dya square grid in the literature review, which exhibits SMM
behavior at zero applied dc field (Table S18).

Theoretical Section

Magnetic Exchange interactions: We employed BS-DFT cal-
culations to compute the isotropic magnetic exchange interac-
tions, replacing the Dy!' ion with a Gd!' ion and rescaling the
computed parameters for other Ln!!l ions, as is well-established
in the literature. (101) We extracted two coupling parameters:
one for the neighbor nearest to the Ln ion (/1) and another for
the neighbor diagonal to the Ln ion [J2; see computational de-
tails in the Supporting Information (SI) for more information].
Ab initio calculations: To investigate the mechanism of mag-
netic relaxation, the nature of magnetic anisotropy, and, more
importantly, the toroidal behavior in these complexes of 1-3,
ab initio calculations were performed (Table 2). Here, we per-
formed CASSCF/RASSI-SO/SINGLE_ANISO calculations on the
X-ray structure, with the peripheral ligand geometry simplified
to reduce the computational time (see computational details in
the SI). The bridging carbonate molecules are highly disor-
dered. To check the effect of carbonate disorder, we performed
calculations on complex 2 considering both carbonate bridging
positions. Because both models yielded the same results, we
conducted the calculations for complexes 1 and 3 similarly on
one model. The distance between the Ln ion and the O ion of
the carbonate bridge ranges between 2.157 and 2.663 A for 1,
between 2.229 and 2.690 A for 2, and between 2.223 and 2.667
A for complex 3. This variation in the distance results in subtle
differences in the crystal field and single-ion anisotropy for
each ion. To account for this, we have computed the single-ion
anisotropic parameters for each ion, which, despite being crys-
tallographically symmetric, are influenced by the disorder of
the carbonate. The computational model, therefore, includes all
four Ln ions. This variation impacts the crystal-field splitting
for each ion, which we have examined in detail by analyz-
ing g tensors and crystal-field parameters. The magnetic ex-
change/dipolar coupling between Ln!!l ions was estimated by
fitting the experimental magnetic data using the Lines model
with the POLY ANISO program. (113) The following Hamilto-
nian was used to extract the exchange parameters:
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Here Ji = Jidipolar 4 Jiexchange j e, J; values are the total magnetic
interactions in the combination of calculated jidirelar and fitted
Jiexchange parameters; this describes the interaction between the
intramolecular metal centers.

Mechanism of Magnetization Relaxation of Single Ln(III)
Centers: To begin, we performed calculations on single-ion
Ertll/Dy!ll/Tblll complexes (1-3) by substituting the other
Ln!"ions with diamagnetic elements to understand the mag-
netic behavior of the complex under extreme dilution condi-
tions. To begin with, all four Dy!ll centers in complex 2 were
found to be asymmetric with the ground-first excited state
gaps of 217.1, 228.2, 209.1, and 199.2 cm-1 for Dy1, Dy2, Dy3,
and Dy4, respectively. For prolate complex 1, the gaps were es-
timated to be 41.3,89.2,109.7,and 77.2 cm-1 for Er1-4, respec-
tively. While the gaps are similar, differences are attributed to
the difference in the Dy/Er-O bond lengths and the corre-
sponding bond angles. This is also reflected in the com-
puted g anisotropies, with all four exhibiting Ising aniso-
tropies gz-z= 19.770, 19.849, 19.772, and 19.711 for Dyl-4
and gz- = 14.464, 16.436, 16.342, and 16.419 with varying de-
grees of transverse component for Er1-4 in complex 2 (Table
S11). For complex 2, the corresponding g.- axis aligns in the
molecular plane (Figures 4 and S40). The ground-state QTM
was found to be small for Dy2, and it was found to be the largest
for Dy4, reflecting the transverse anisotropy trend computed.
Therefore, the relaxation was expected via the first Kramers
doublets, as exemplified by the corresponding noncoincidence
of the gz axis and the higher TA-QTM values. This suggests that
the single-ion barrier height is the same as that of the gap men-
tioned above, with four different barrier heights ranging from
199 to 228 cm-!, suggesting multiple relaxation pathways at
lower temperatures. This is also supported by the computed
crystal-field parameters, which indicate the presence of a
larger nonaxial component (in which g # 0 and k = 2, 4, and 6)
rather than an axial component (in which g =0 and k =2, 4, and
6), supporting prominent QTM effects (Table S9). However, the
experimental value obtained from the magnetic studies is much
larger, suggesting that single-ion relaxation is not the key
mechanism observed. For complex 1, the transverse anisot-
ropy is significant, as is also reflected in the computed QTM at
the ground state, suggesting relaxation via the ground state.
The gz axis for complex 1 is directed toward the middle of the
ring and found not to form any circular arrangement in com-
plex 2. This is also supported by the estimated crystal-field pa-
rameters (Table S12). Due to its non-Kramer’s nature, com-
plex 3 differs from complexes 1 and 2. Here as well, the first ex-
cited state is found to be different among Tb1-4 with gaps of
77.5,85.6,84.1, and 127.6, respectively, with the gz value var-
ying in the range of 17.032-17.384, with an extremely large
tunnel splitting for Tb1, Tb3, and Tb4 with a relatively smaller
one for Tb2 (Table S14). In all cases, the ground state is domi-
nantly my= +6, with the gz; axis direction resembling that of
complex 3. Because strong axiality is lacking, coupled with
strong equatorial ligation, the tunnel splitting observed sug-
gests the absence of any SMM characteristics for this complex,
as witnessed in the experiments.

Relaxation mechanism, including exchange coupling and
SMT behavior: Because the single-ion relaxation mechanism
failed to rationalize the experimental observation, we con-
structed the relaxation mechanism for the tetrameric unit us-
ing the POLY_ANISO program, where the experimental suscep-
tibility and magnetization data were simulated using the Lines
model to obtain the magnetic exchange and the dipolar cou-
pling constants (Table 3).(114) The magnetic susceptibility
data gave good fitting with the parameters J1 = 0.2, )2 = -0.1,
and z/ = 0.0 for complex 2 (similarly for 1 and 3; Table 3). So,
the magnetic exchange calculation suggests ferromagnetic di-
polar coupling in complexes 2 and 3 and antiferromagnetic di-
polar coupling in 1, which has also been noted in other re-
ports. (115) Despite the asymmetry of all four Ln!lions, we
used a single ] value to avoid overparameterization concerns.
This approach allows us to streamline our analysis, ensuring a
more straightforward interpretation of magnetic interactions
while accounting for the complexity of the individual ions.
Overall, two exchanges are considered: /1 for nearest-neighbor
exchange and J2 for next-nearest neighbor exchange consider-
ing a very short Ln!ll---Ln!l distance and the proximity of the lig-
ands. The best-fit yield antiferromagnetic exchange (Jexch) for
complex1and  ferromagnetic = exchange for  com-
plexes 2 and 3 with J1 are estimated to be stronger than J2 in-
teractions. Further, complexes 2 and 3 exhibit relatively
stronger exchanges than complex 1. The Jaip exchange, on the
other hand, was found to be ferromagnetic for com-
plexes 2 and 3 but was found to be antiferromagnetic for com-
plex 1. Because Juip was found to be dominant over Jexch in all
cases, the sign of the overall exchange is dictated by the dipolar
coupling contribution with the overall ferromagnetic Jin the
case of complexes 2 and 3 and antiferromagnetic J for 1. It is
worth noting that the main contribution to the magnetic cou-
pling in carbonate bridge complexes 1-3 arises from the mag-
netic dipolar coupling rather than from the exchange coupling.
The dipolar contribution to the magnetic exchange coupling
can be calculated by the following equation:

Jaip = ~ (£} 5L 13 cos2(0) - 1]

where piand pjrepresent the magnetic moments of cen-
tersiandj, respectively, podenotes the vacuum permittiv-
ity, r is the distance between them, and 6 is the angle between
the orientation of the magnetic moments and the vector con-
necting the two interacting centers. (116) This expression re-
sults in antiferromagnetic coupling for 6 > 54.75° and ferro-
magnetic coupling for 8 < 54.75°. (117) Moreover, this equa-
tion implies an antiferromagnetic coupling for an angle be-
tween the magnetic moments and the molecular plane (6)
greater than 66.2° and a ferromagnetic coupling for angles
lower than this threshold (specifically, for an angle of 60.8° be-
tween the magnetic moments i and j, the threshold angle value
for a colinear system is 54.7°). (118) The magnitude of 6 re-
flects the strength of the antiferromagnetic dipolar coupling;
the larger the angle, the stronger the exchange parame-
ter. (119) The estimated Jaip values from the above equation,
with the Hamiltonian Haip = —Jaip/1)2 (where J1/2 represents
the my values of the doublet ground state of the i and j centers)
for complexes 1-3, are shown in Table 3.
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Table 2. Summary of results of the complex 1-3 from ab in-
itio calculations.

Com- SMM SMT, type Tz M/uB
plex
1 No No - -
2 Yes Yes, mixed mo- #0 16.42
ment
3 No Yes, mixed mo- #0 11.94
ment

Main values of the ground state g-tensors

Erl Er2 Er3 Er4
gx 0.025 0.131 0.119 0.115
gy 0.071 0.616 0.521 0.626
gz 16.464 16.436 16.342 16.419

Dy1 Dy2 Dy3 Dy4
gx 0.007 0.007 0.010 0.041
gy 0.013 0.009 0.017 0.082
gz 19.770 19.849 19.772 19.711

Tb1 Tb2 Tb3 Tb4
gx 0.000 0.000 0.000 0.000
gy 0.000 0.000 0.000 0.000
gz 17.032 17.155 17.213 17.384

Table 3. Computed exchange and dipolar couplings (cm1)
of complex 1-3

Com J1 ]2 VAl
lex

p ]exch ]dip Jtot ]exch ]dip ]tot
1 0.005 -0.995 -1.0 -0.009 -0.791 -0.8 0.0
2 0.008 0.192 0.2 -0.015 -0.085 -0.1 0.0
3 0.010 0.690 0.7 -0.018 -0.102 -0.12 0.0

W

Figure 4. Orientation of magnetic anisotropic axis. (a). The di-
rection of the ground state magnetic anisotropic axis in com-
plex 1. (b) The direction of the ground state magnetic aniso-
tropic axis in complex 2. (c) The direction of the ground state
magnetic anisotropic axis in complex 3.

The mechanisms constructed for complexes 1 and 2 are shown
in Figures S44 and 5, respectively. Due to stronger dipolar in-
teraction and the gz- orientation of the Dy!!l/Tb!! lying on the
plane perpendicular to the pseudo-Csaxis, both complexes
were found to exhibit a mixed toroidal moment exemplified by
the computed total moment at the ground state (using
pz=1/2g-u8) with values of 1642 psforland 11.94
us for 3 with a nonzero T value. (120) The toroidal states are
found to disperse within 2.3 cm-1, beyond which spin-flip states
were found at 199.2 cm-1 for complex 2. While this value is also
more significant than the experimental value, because ex-
change coupling is relatively weak (less than 1 cm-1), single-ion
relaxation at elevated temperatures cannot be ruled out. Simi-
larly, complex 3 was also found to have mixed toroidal mo-
ments with the spin-flip states stabilized at 2 cm-! and hence
does not offer a magnetization blockade like that seen in com-
plex 2.

0.88 x 1072 Magnetic states
o 15-<2415+
201 1314 .
200 oA 1+
‘TE 0= -.19."_
-9-199 9- 0.109 x 10" 9+
5 7 g 0.13x10% g,
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1 <1013 2
ol - 0.234x 10T

-20 -15 -10 -5 0 5 10
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Figure 5. Low-lying magnetic exchange spectrum of com-
plex 2. The exchange magnetic states are placed on the diagram
according to their magnetic moment value (bold lines). The
dashed red arrow shows the QTM within each doublet. Near
Kramer doublets, the pictures indicate the direction of the mag-
netic moment in toroidal or vortex arrangements.

CONCLUSIONS

We have successively synthesized and characterized a tetranu-
clear self-assembled Lnassquare [2 x 2] grid-like topology
where the four Ln centers lie in the same plane. This is the first
example of such an assembly that uses phosphinate ligands.
The central carbonate ion originates from atmospheric carbon
dioxide, which acts as a template in the formation of the square-
grid core structure. Magnetic investigations demonstrated that
significant ferromagnetic interactions occurred between the
lanthanide centers [except for Erlll(antiferromagnetic)] and
SMM behavior is present in both zero and applied magnetic
fields for 2, with magnetic relaxation occurring through multi-
ple processes. Compounds 2 and 3 show a mixed toroidal mag-
netic moment.
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EXPERIMENTAL SECTION

Instrumentation

IR spectra were recorded with a Nicolet iS5 FTIR spectrometer.
Elemental analysis was performed with a Flash EA Series 1112
CHNS analyzer. TGA was recorded with a PerkinElmer STA
8000 thermogravimetric analyzer under a nitrogen gas flow
rate of 20 mL/min and a heating rate of 10 °C/min. The single-
crystal X-ray diffraction (SCXRD) data for 1-3 were collected at
100 K with a Bruker APEX-II CCD diffractometer system [A(Mo
Ka) = 0.71073 A] with a graphite monochromator using the ¢-
w scan technique. The data were reduced using the
Bruker SAINT package. Absorption correction was performed
using the SADABS program. The structures were solved by di-
rect methods and refined on F2 by full-matrix least squares us-
ing the program SHELXL-2018/3. The structure was solved
with OLEX2 (121) and the ShelXT (122) structure solution pro-
gram using intrinsic phasing and refined with the SHELXL
2018/3 (123,124) refinement package using least-squares
minimization. All non-hydrogen atoms were refined anisotrop-
ically, and hydrogen atoms were fixed at calculated positions
and refined as a horse riding model. EADP, RIGU, SIMU, DELU,
SAD], and FLAT constrained/restrained commands were used
to fix the disordered atoms. Graphics of the crystal structures
were done with the Diamond (version 2.1e) and Mercury (ver-
sion 3.10.3) software. The details of the data are given in the SI.
For 2, the OLEX2 solvent mask (similar to PLATON/SQUEEZE)
was used to mask out the electron density of the disordered
molecules. The details of the solvent masks used are given be-
low.

For compound 2, a solvent mask was calculated and 36 elec-
trons were found in a volume of 1720 A3 in 1 void. This is con-
sistent with the presence of 4 H20 molecules per formula unit,
which accounts for 160.0 electrons.

The dc magnetic susceptibility measurements were performed
on an immobilized solid polycrystalline sample with a Quan-
tum Design MPMS-XL SQUID magnetometer between 2 and
300 K in an applied magnetic field of 0.02 T for temperatures
of 2-20 K, 0.2 T for temperatures of 20-80 K, and 1 T for tem-
peratures of 80-300 K. The ac magnetic susceptibility meas-
urements were performed on a Quantum Design MPMS-XL
SQUID for frequencies between 0.1 and 1000 Hz and a Quan-
tum Design PPMS magnetometer for frequencies between 100
and 10000 Hz. These measurements were all corrected for the
diamagnetic contribution, as calculated with Pascal’s con-
stants.

General Information: All of the general reagents were pur-
chased commercially and used without further purification.
Bis[a-hydroxy(p-bromophenyl)methyl]phosphinic acid
[RzPO2H, where R = CH(OH)PhBr] was prepared by the re-
ported procedure. (103,104) Hydrated lanthanide chloride
salts were prepared from their corresponding oxides by neu-
tralization with concentrated HCl, followed by evaporation to
dryness. The synthetic procedure followed for the synthesis of
these complexes is detailed below.

Synthesis: To a 60 ml methanolic solution of bis-[a-hydroxy(p-
bromophenyl)methyl]phosphinic  acid  (RzPO2H) [R=
CH(OH)PhBr], LnCl3.6H20 was added and stirred for a few
minutes (2-3 min). Then dropwise tetramethylammonium hy-
droxide was added and stirring was continued. After 30

minutes a 2 ml methanolic solution of pivalic acid with Me4sNOH
was added to it. The reaction mixture was stirred for 5 hrs at
room temperature. The solvent was evaporated with rotor va-
por. A white solid was formed, it was washed with diethyl ether
twice and crystallized in acetonitrile to get X-ray-quality single
crystals.

Compound 1: R2P0O2H (0.100 g, 0.229 mmol), ErCls.6H20 (0.043
g, 0.114 mmol), pivalic acid (0.023 g, 0.229 mmol), Me4NOH (in
25% MeOH) (0.035 ml + 0.011 ml, 0.458 mmol). Yield: 0.92 g,
70.76% (Based on ErCls.6H20). Anal. Calcd. (%) for
Bri6C141ErsH1s6N2043Ps (4762.03) C 35.56 H 3.30 N 0.59.
Found: C 35.62 H 335 N 0.63. IR (cm'): 3352.37 (br),
2962.16(m), 2872.02(w), 1645.27(w), 1534.57(s), 1484.33(s),
1435.83(w), 1403.47(s), 1362.17(m), 1171.52(s), 1069.73(s),
1008.60(s), 948.74(s), 906.91(m), 863.42(m), 821.87(s),
703.87(w), 605.00(w), 557.40(m).

Compound 2: RzPO2H (0.100 g, 0.229 mmol), DyCls.6H20
(0.042 g, 0.114 mmol), pivalic acid (0.023 g, 0.229 mmol),
MesNOH (in 25% MeOH) (0.035 ml + 0.011 ml, 0.458 mmol).
Yield: 0.085 g, 66.40% (Based on DyCl3.6H20). Anal. Calcd. (%)
for Bri6C141Dy4H158N2044Ps (4761.00) C 35.57 H 3.35 N 0.59.
Found: C 3593 H 344 N 0.63. IR (cm1): 3344.72(br),
2970.18(m), 2872.02(w), 1645.54(w), 1575.64(w),
1524.34(s), 1484.89(s), 1436.30(m), 1401.19(m), 1364.32(w),
1192.49(m), 1169.89(s), 1103.55(w), 1069.20(s), 1008.88(s),
947.75(m), 907.36(m), 863.97(m), 821.57(s), 776.38(w),
730.28(m), 704.21(w), 648.11(w), 607.37(w), 555.58(m).
Compound 3: RzPOzH (0.100 g, 0.229 mmol), TbCl3.6H20
(0.042 g, 0.114 mmol), pivalic acid (0.023 g, 0.229 mmol),
MesNOH (in 25% MeOH) (0.035 ml + 0.011 ml, 0.458 mmol).
Yield: 0.089 g, 68.99% (Based on TbCl3.6H20). Anal. Calcd. (%)
for Br16C141TbaH156N2043Ps (4728.67) C 35.81 H 3.33 N 0.59.
Found: C 35.83 H 3.60 N 0.71. IR(cm): 3359.15(br),
2961.85(m), 2868.84(w), 1646.07(w), 1530.96(s), 1484.22(s),
1439.01(w), 1401.73(s), 1369.11(w), 1192.49(m), 1169.92(s),
1103.60(w), 1068.98(s), 1008.53(s), 948.28(s), 905.04(m),
862.64(m), 822.42(s), 774.93(w), 729.77(m), 703.69(m),
647.98(w), 605.09(w), 556.37(m).

Supporting Information

The Supporting Information is available free of charge via the
Internet at http://pubs.acs.org.”

Crystallographic data, Selected bond metric parame-
ters, ORTEP diagrams for all compounds, IR, TGA, PXRD, shape
calculations, SEM images, ab initio calculation of the mag-
netism, ac susceptibility data (PDF)
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