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ABSTRACT: Five clusters with the general formula [NigGdg(p3-OH),(s,-OA-
¢),(03PR)((0,C'Bu) 4], where R = methyl (1), phenyl (2), n-hexyl (3), benzyl (4), n-octyl
(5), have been prepared. All of the clusters have a {NigGdP¢} core that can be related to the
Wells—Dawson ion. We have also prepared analogues where the gadolinium is replaced with
diamagnetic yttrium: [NigY(u3-OH),(pt5-OAc),(O;PR)4(0,C'Bu);s] (R = methyl (6), n-
hexyl (7), benzyl (8), n-octyl (9)), allowing the magnetic exchange within the {Ni,} units to be
analyzed by modeling as the sum of two noninteracting isosceles triangles. The variation in the
magnetic entropy changes for magnetization (—AS,) among compounds 1—§ could be
attributed not only to the molecular weight of the compounds but also to intramolecular

magnetic interactions.

B INTRODUCTION

Paramagnetic cage complexes, sometimes called molecular
nanomagnets (MNMs), have been extensively studied due to
their interesting physics and the possibility of exploiting their
magnetic behavior in technological applications." The most
explored family of MNMs are the single-molecule magnets
(SMMs), where the molecules show slow relaxation of
magnetization. Other applications that have been proposed
for MNMs include quantum information processing, spin-
tronics, and magnetic refrigerants. Magnetic refrigerants are
based on the magnetocaloric effect (MCE), where an adiabatic
demagnetization process leads to cooling. MNMs can be used
to achieve very low (sub-Kelvin) temperatures.” Good
candidate molecules have negligible magnetic anisotropy but
a high-spin ground state or at least a highly degenerate set of
low-lying states that can saturate in applied field. Ferromagnetic
interactions between the metal centers can be favorable, since
this gives rise to faster magnetization in low applied fields. The
frequent observation of ferromagnetic interactions in 3d—4f
mixed-metal cages has led to recent studies of such compounds
for this application, often involving the isotropic Gd™ ion (S =
’/,) to obtain high magnetic entropy changes (—AS,) on
(de)magnetization.3

We, and others, have recently reported the use of
phosphonates (R-PO;*”) to make 3d—4f cage complexes.
The tendency of metal phosphonates to form insoluble
polymeric materials can be controlled by the addition of
coligands or by the use of bulky R groups. Our first study with
nickel lanthanides produced a {NigLnsP¢} rugby-ball-shaped
molecule™ that showed weak ferromagnetic coupling within the
{Ni;} moiety with consequent high MCE. One important
characteristic of molecules for MCE is the molecular weight,
because ultimate exploitation depends on the mass (or density)
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of the material. Herein we report systematic variations of the
{NigLnePs} cage by changing the phosphonate. We find that
the metal core is robust and insensitive to modification of the R
group, but there are subtle changes in the MCE parameters
beyond those predicted simply from mass changes. Diamag-
netic lanthanide analogues are prepared to quantify changes in
the magnetic interactions within the cages across the series.

B EXPERIMENTAL SECTION

Materials and Physical Measurements. All reagents and
solvents were purchased from Aldrich Chemicals and used without
further purification. [Ni,(y,-OH,)(0,C'Bu),(HO,CBu),] and
[Ln,(0,C'Bu)s(HO,CBu)s] (Ln = Gd, Y) were prepared by reported
methods.>® Analytical data and yields are given in Table 1.

Synthesis. Cages 1—9 were synthesized under similar conditions.
[Ni,(u,-OH,)(0,C'Bu),(HO,C'Bu),] (0.1 g, 0.1 mmol),
[Gd,(0,CBu)s(HO,CBu)s] (0.07S mmol), RPO;H, (R = methy],
phenyl, n-hexyl, benzyl, n-octyl) (0.1 mmol), and triethylamine (Et;N)
(0.1 mL, 1 mmol) in acetonitrile (MeCN) (8 mL) were stirred at
room temperature for S min. The resulting slurry was transferred into
a 10 mL Teflon-lined autoclave, which was heated to 150 °C for 12 h
and then cooled to room temperature at a rate of 0.05 °C min™".
Yellow X-ray-quality crystals were obtained for methyl (1), phenyl (2),
n-hexyl (3), benzyl (4), and n-octyl (S) phosphonic acids directly from
the autoclave. Similar conditions of reactions but replacing the
[Gd,(0,C'Bu)s(HO,C'Bu),] source with [Y,(0,C'Bu)s(HO,CBu);]
yielded analogous clusters for methyl (6), n-hexyl (7), benzyl (8) and
n-octyl (9) phosphonic acid. Attempts to synthesize the Y analogue of
complex 2 {NigGdPs} (R = phenyl) were unsuccessful.

Crystallography. Single-crystal X-ray diffraction measurements for
1—4 were carried out on a Bruker SMART CCD diffractometer with
Mo Ka radiation (4 = 0.71073 A) at 100 K. The data collection of 5—7
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Table 1. Elemental Analysis and Yield (%) for Compounds 1—9

elemental analysis: found (calcd)

compd formula yield” C H N Ni Ln P
[NigGdg(u3-OH),(OAc),(05PMe)((0,C'Bu) 4] 35 30.12 (29.76)  4.60 (4.77) 0 (0) 9.54 (9.69) 26.06 (25.98) 5.18 (5.12)

2 [NigGdg(u3-OH),(OAc),(05PPh)4(0,C'Bu) 4] 20 36.04 (3645)  4.82 (4.69) 0.87 (0.68) 8.34 (8.62) 23.29 (23.1) 4.69 (4.55)
2MeCN

3 [NigGdg(ps- 46 3576 (36.02) 5.86 (5.80) 0.74 (0.68) 8.69 (8.52) 23.11 (22.82)  4.75 (4.50)
OH),(0Ac),(0;PHex)s(0,C'Bu),4]-2MeCN

4 [NigGdg(us- 77 3790 (37.85)  4.88 (4.93) 1.25 (1.32) 8.21 (8.28) 22.14 (22.19) 446 (4.37)
OH)Z(OAC)2(03PCH2Ph)6(02CtBu)16]'
2MeCN

S [NigGdg(us- S3 38.17 (37.96) 5.89 (6.14) 0.56 (0.65) 7.98 (8.18) 21.83 (21.92)  4.37 (4.32)
OH),(0ACc),(0;POct)4(0,C'Bu) 4]-2MeCN

6 [NigY(15-OH),(OAc),(0;PMe)4(0,CBu),4]- 28 34.00 (34.17) 549 (5.43) 0.81 (0.85)  10.51 (10.66) 1598 (16.14)  5.39 (5.62)
2MeCN

7 [NigY4(u3-OH),(OAc),(05PHex)4(0,C'Bu) 4] 49 39.60 (39.99)  6.52 (6.44) 0.73 (0.75) 9.25 (9.45) 13.78 (1432)  4.99 (4.98)
2MeCN

8 [NigYy(us- 70°  41.63 (41.89)  5.51 (5.46) 1.33 (1.46) 9.12 (9.16) 13.79 (13.88)  4.81 (4.84)
OH)z(OAC)2(03PCH2Ph)s(OthBu)lé] .
4MeCN

9 [NigY4(15-OH),(OAc),(0;POct)s(0,C'Bu),6]- 5S4 4220 (41.97)  6.52 (6.78) 0.63 (0.72) 9.15 (9.04) 13.83 (13.70)  4.93 (4.77)
MeCN

“Calculated on the basis of the lanthanide pivalate starting material. bCalculated on the basis of the lanthanide phosphonate starting material.

Table 2. Crystallographic Information for Clusters 1—9

1 2 3 4 S
chem formula CooH,70GdgNigPsOs¢ Cip0H;3,GdgNigP¢Os¢ Cip0H30GdgNigPgOss  CiagH154GdgNigPsOss - Ci3,H,56GdgNigP¢Os¢
2CH,CN 2CH,CN 4CH,CN 4CH,CN
fw 3711.94 4084.33 4050.61 4252.62 4383.13
cryst syst triclinic monoclinic triclinic monoclinic triclinic
space group PT P2,/n PT P2)/n PT
a/A 15.4495(5) 18.3716(8) 16.5791(4) 18.8556(14) 16.4562(4)
b/A 16.0319(5) 20.4859(8) 20.5132(4) 16.0904(12) 17.6336(4)
c/A 16.3513(6) 21.8809(9) 25.5694(5) 28.384(2) 18.5683(4)
a/deg 104.512(3) 90.00 84.2046(17) 90.00 79.888(2)
f/deg 101.152(3) 94.926(4) 89.3037(18) 94.9300(10) 70.274(2)
y/deg 100.934(3) 90.00 89.3726(18) 90.00 68.785(2)
V/A 3723.9(2) 8204.6(6) 8650.4(3) 8579.68 4719.5(2)
Z 1 2 2 2 1
Pealcd/g cm™> 1.655 1.653 1.555 1.646 1.542
T/K 104(2) 100.15 100.15 100.00 100.15
ﬂ(Moill({l) / 3.511 3.195 3.029 3.060 2.783
mm
RI1(I > 26(I))*  0.0509 0.0916 0.0841 0.0464 0.0574
wR2% 0.1028 0.1854 0.1822 0.1121 0.1298
6 7 8 9
chem formula CyyH 76N, NigO(PcY-2CH;CN C120H22sNigOsPeYs C134Ha0sN NigO(PcY-4CH;CN C13:H4sNigOsPcYs
fw 3301.90 3640.57 3842.48 3806.86
cryst syst triclinic triclinic monoclinic triclinic
space group PT PT P2,/n PT
a/A 15.5870(7) 16.6447(4) 18.8806(9) 16.2833(9)
b/A 16.0533(7) 20.5345(4) 16.0529(7) 17.5109(15)
/A 16.3662(7) 25.1562(6) 28.2345(13) 18.3682(9)
a/deg 104.895(4) 84.0060(18) 90.00 81.023(6)
p/deg 101.521(4) 88.9737(18) 94.8310(10) 70.241(5)
y/deg 100.704(4) 89.5098(16) 90.00 69.087(7)
N 3754.4(3) 8549.6(3) 8527.1(7) 4600.6(6)
z 1 2 2 1
Peaca/g cm™ 1.460 1414 1.497 1.374
T/K 128.35(10) 128.40(10) 100(2) 150.03(18)
u#(Mo Ka)/mm™* 3.162 2.784 2.797 2.590
RI(I > 26(I))" 0.0733 0.0678 0.0576 0.0931
wR2* 0.1511 0.1708 0.1435 0.2279

“R1 = IIF,| — IEI/IE,;; wR2 = [w(IE,] — FJ)/wlE ]2
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b)

Wells-Dawson polyoxometallate

Figure 1. (a) Crystal structure and (b) {NigLngP4} core of 1-9. Scheme: Gd/Y, purple; Ni, blue; P, green; O, orange; C, gray; H omitted for clarity.
(c) Polyhedral view of {NisLnsPs} core and comparison with the {M,3} Wells-Dawson core.

was carried out on Agilent SUPERNOVA diffractometer with Mo Ka
radiation (1 = 0.71073 A) at 150 K. Data reduction and unit cell
refinement were performed with Crysallis software. The structures
were solved by direct methods using SHELXS-97 and were refined by
full-matrix least-squares methods using Olex2.” Crystal data and
refinement parameters are given in Table 2. Selected bond lengths and
angles are given in the Supporting Information. CCDC deposition
numbers: 958734—958740, 805050, and 805052.

Magnetic Measurements. The magnetic properties of poly-
crystalline samples of 1—9 were measured with a Quantum Design
MPMS-XL7 SQUID magnetometer. The samples were ground, placed
in a gel capsule, and fixed with a small amount of eicosane to avoid
movement during the measurement. The data were corrected for the
diamagnetism from the gel capsule and the eicosane with the
diamagnetic contribution from the complexes calculated from Pascal
constants.

B RESULTS AND DISCUSSION

Synthetic Description. Solvothermal synthesis has proved
to be effective in producing high-nuclearity polymetallic cages,®
and we have previously reported 3d—4f phosphonate cages
synthesized through this technique.* Here we found optimal
conditions for synthesis of the {NicLnsPs} cages to be 150 °C
in MeCN, giving yields obtained between 20 and 60%.

Structure. The compounds crystallize in two different space
groups, PT (1, 3, 5—7,and 9) and P2,/ (2, 4, and 8); however,

there is little difference between the molecular structures and
the description below serves for all molecules. In each case the
cage lies on an inversion center. The cage can be described as a
rugby ball (Figure 1 and Figure S1 (Supporting Information)).
The two ends of the rugby ball are capped by a {Ni;(;-OH)}
triangle, in which the y;-OH group is displaced ca. 0.47(2)—
0.49(2) A out of the {Ni;} plane (see Table S1 (Supporting
Information)). There are two chemically distinct Ni--Ni edges
(Figure S7 (Supporting Information)). To describe the binding
modes of the polynucleating ligands, we use Harris notation,™
X.Y,Y,Ys, where X is the overall number of metals bound by the
whole ligand, and each value of Y refers to the number of metal
atoms attached to the different donor atoms (Figure S2
(Supporting Information)). The Nil--Ni2 and Ni2---Ni3 edges
are each bridged by a 2.11 pivalate (exo to the cage) and one
arm of a 5.222 phosphonate (P1 or P3), also bridging to three
Ln ions. The Nil--Ni3 edge is bridged by a 2.20 acetate (exo to
the cage) and a 5.221 phosphonate (P2). Hence, the {Ni;}
triangles approximate very closely isosceles triangles with a
short Nil--Ni3 edge (Figure S7 (Supporting Information)).
Note that although acetate was not added to the reaction,
hydrolysis of MeCN under solvothermal conditions is known”
and in situ formation of carboxylates in solvothermal cage
synthesis is well established.*®'® Deliberate addition of acetate
does not improve the yield of crystalline material, and we have
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Figure 2. Magnetic studies of 1: (a) yyT vs T measured in a 1 kG applied magnetic field and (b) M vs H at the temperatures indicated.
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Figure 3. Magnetic measurements on compound 6: (left) y T vs T measured in a 1 kG field; (right) M vs H at the temperatures indicated. Red lines

are the best simultaneous fits to Hamiltonian (1).

also been unable to include other bridging ligands in the
structure. The bridging between the Ni and Ln ions is
completed by three pivalates using either the 2.11 or the 2.21
coordination modes.

The alternating arrangement of the Ln and P atoms forms a
{LnsP;} six-membered ring, which connects to its centrosym-
metric-related counterpart through six 2.11 pivalates. The Gd--
Gd separations within the {Gd,;P;} six-membered rings in 1—5
fall into the range 6.05—6.57 A, whereas those between the
{Gd;P;} rings are shorter, in the range 3.9—4.9 A. In the
yttrium cages 6—9 the analogous Y---Y ranges are 5.9—6.50 and
3.138—4.60 A, respectively. If the P atoms are treated as part of
the core of these cages, the resulting {NicLnsPs} units resemble
the Wells—Dawson polyoxometalate (Figure lc right). This
complements the paramagnetic “Keggin” ions that have been
reported."

Magnetism. The magnetic behavior of 1—9 has been
studied on polycrystalline samples (Figure 2 and Figure S3
(Supporting Information)). At room temperature 1—5 all have
T values (where yy is the molar magnetic susceptibility)
close to the sum of the calculated value (54.1 emu K mol™) for
sixS=1,g=22andsix S = /s, g = 2.00 centers. Upon cooling,
xmT changes little down to about 50 K, before increasing slowly
to a maximum at around 15 K. Magnetization (M) versus
applied field (H) measurements at low temperature all saturate
at around S$ g (Figure 2b and Figures S3 and S$ (Supporting
Information)), consistent with the maximum possible value for
full alignment of spins.

Compounds 6—9 were studied in order to understand the
magnetic interactions in and between the {Ni;} moieties. The
behaviors of the four compounds are very similar (Figure 3 and
Figure S4 (Supporting Information)). At room temperature the
T value is slightly above that calculated for six S = 1 centers

13705

with g = 2.2 (7.26 cm® K mol ™), with observed values of 7.8,
8.2,7.9,and 7.9 cm® K mol™ for 6—9, respectively. In each case
the yT value increases smoothly to a maximum at near 10 K,
before falling at lower temperatures. Low-temperature M vs H
studies show a steady increase up to 7 T, tending toward
saturation at slightly above 12 yy (Figure 3 and Figures S4 and
SS (Supporting Information)).

The behavior of 6, 7 and 9 was modeled using PHI
software'" with Hamiltonian (1), fitting y,,T vs T and M vs H
simultaneously. Data and fits for 8 were reported previously.*

3
+ A2§3) - 2]2(§1§3) +D Z Sizz + gHs

i=1

el (1)

Hamiltonian (1) assumes an isosceles triangle (see above)
with the first term being the isotropic exchange interaction
between Ni(1)---Ni(2) and Ni(2)---Ni(3) and the second term
that between Ni(1)--Ni(3), the chemically unique edge (Figure
3, inset). The third and fourth terms are the axial zero field
splitting (ZFS) and Zeeman terms, respectively, of each Ni
center. No meaningful simultaneous fits to yyT vs T and M vs
H could be obtained without inclusion of the ZFS terms or with
an equilateral model. For simplicity the ZFSs are taken as
collinear and identical for all three Ni ions. Best statistical fits
(Figure 3) to the experimental data were found using the
parameters in Table 3.

The two {Ni,} triangles are treated as noninteracting, i.e. the
results of Hamiltonian (1) are simply multiplied by a factor of
2. In each case we find two ferromagnetic and one
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Table 3. Magnetic Data for 1-9

R group in RPO;*~

Me Ph hexyl CH,Ph  octyl
Gd complex 1 2 3 4 S
Y complex 6 7 8 9
Ji/em™ (for Y complex) 2.4 4.8 2.83 4.5
J»/em™ (for Y complex) -1.0 -35 -118 27
D/cm™ (for Y complex) 62 43 5.7 5.8
g (for Y complex) 228 232 228 227
-AY,/Jkg”' K! (for Gd 32 27.9 282 26.5 26.6
complex)”
—AY, /I mol K™ (for Gd 1161 1117 1142 1055 1154
complex)”

“Calculated for a AH = 0—7 T, at 3 K.

antiferromagnetic interaction within the {Ni;} triangles. The
unique interaction (J,) is presumably for the significantly
shorter Ni(1)---Ni(3) edge ,which has a correspondingly much
smaller Ni(1)—O—Ni(3) angle of ca. 104—105°: cf. the 118—
121° angles found for the other two edges (Table 4).

Table 4. Ni(i)-*OH-Ni(j) Angles (deg) (See Figure 3 Inset)
in the {Ni;} Moiety

a B 4
methyl 104.4(2) 119.2(2) 119.5(2)
benzyl 104.2(1) 120.4(2) 118.7(2)
hexyl® 103.50(4) 119.3(4) 119.93(4)
octyl 104.2(3) 120.8(3) 118.0(3)

“Average distance of the two molecules in the asymmetric unit cell.

The magnitudes of D obtained for 6—9 seem at first
surprisingly large for {NiO4} coordination environments
(Table 3). However, these environments are far from

homoleptic, and the ligand fields at Ni are likely to be strongly
axial, dominated by the short Ni--p;-OH interactions of
1.960(6)—2.009(7) A, with the remaining O donors from
phosphonate and carboxylate in the range 1.975(8)—2.229(3)
A (see Figure S7 and Table S1 (Supporting Information)).
Even small deviations from regular octahedral environments
can give rise to significant ZFS values for Ni."”

In order to understand the interaction between Ni---Gd and
Gd---Gd within the clusters, the magnetization curve for six
noninteracting Gd" ions was calculated using the Brillouin
function and added to the experimental data for the {NigYPs}
cages. These curves were then compared with the experimental
data for the analogous {NigGd¢P,} compounds (Figure 4). For
cages 3—S5 the curves agree well; hence, the Ni---Gd interactions
must be negligible. However, the magnetization curve of 1 is
slightly higher than that calculated from 6 plus six Gd". This
suggests that weak ferromagnetic Ni--Gd interactions are
operating in 1 but not in 3—S§.

The rapid magnetization observed for the {NigGd¢P4} cages,
due to the ferromagnetic coupling, with achievement of full
spin alignment, led us to study the magnetic entropy changes
for these processes (Table 3 and Figure S6 (Supporting
Information)). The maximum magnetic entropy change value
per mass was achieved for the methylphosphonate derivative 1,
with a value of 32 J kg™ K™': this is entirely predictable, as 1
has the lowest molecular weight. However, this does not appear
to be the only factor, as the increase is greater than predicted
purely on the grounds of mass change.

Comparing the molar magnetic entropy change for each case,
we can clearly see that the molar magnetic entropy is higher for
1 (116.1 J mol™* K™*), followed by 5 (1154 J mol™* K™'), 3
(1142 J mol™ K™*), 2 (111.7 J mol™ K™'), and 4 (105.5 ]
mol™" K™') (Table 3). On examination of the magnetic
behavior of these compounds it is clear that the two MePO5*~
cages differ from the other cages. In the {NigY(P4} cages, the

) : .

- J;a:j:.j:d:tlid-'—d

/‘r) —3—Ni Y, + 6Gd" q
40+ r’;l)’ —a— Exp Ni,Gd,
Js] o
s

204 ‘*j ]
olf -

0 1 2 3 4 5 6 7
H/T

60 — s
50 _g=8-3-3-0=0=0=0=4

"

9

—3—Ni,Y, + 6Gd" i
404 i;f -0 Exp Ni,Gd, ]
1

—~
-~
Z 304

10

T T T T

0 1 2 3 4 5 6 7
H/T

b)

60 T T r T
50 P el
] 4 ]
> —3—MNi,Y, + 6Gd"
404 (ffl/ —0— Exp Ni,Gd,
= i 4 A
g 304 ;{
20{ 8 ]
0 T T T T T T T
0 1 2 3 4 5 6 T
H/T
d)
60 T T T T
50- PO o m sy
q/ - e 4
b —0—NiY, + 66d"
407 :fff ~0—ExpNi,Gd, |
$ ¢
Jso{ o
E I"I’I'r Il
204 p
§
olf |
0 r‘ T T T T T T T

H/T

Figure 4. Comparison between experimental 2 K magnetization data for {NigGdsP} (red curves) and those for the analogous {NiYsP} cage plus
the Brillouin function for six Gd" ions (black curves): (a) cages 1 and 6; (b) cages 3 and 7; (c) cages 4 and 8; (c) cages § and 9.
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Ni---Ni exchanges are found to be smaller in 6 in comparison
with 7—9, while in the {NigGdsPs} cages there is evidence for
ferromagnetic interactions in 1 and not in 3—5 (see Figure 4).
A weak ferromagnetic interaction between Ni and Gd could
explain the increase in magnetic entropy found in 1 being larger
than would be predicted purely on molecular weight
considerations. Ferromagnetic interactions are ideal for MCE,
as these interactions allow saturation of the magnetization at
lower magnetic fields; however, in order to allow faster
demagnetization of the molecule after the removal of the
applied field, weak ferromagnetic interactions are preferable.

The variations observed are very small, and there is a danger
of making too much of a very subtle change: i.e., even if there is
a Ni-Gd ferromagnetic exchange, it is barely observable. It
does seem that MePO,’ is subtly different from the other
phosphonates, and perhaps this is due to the electron-releasing
nature of the methyl group leading to greater electron density
on the phosphonate and hence stronger superexchange.

B CONCLUSIONS

A family of 3d—4f cages has been synthesized that resemble the
Wells—Dawson ion. The structure seems insensitive to the
phosphonate used. The magnetic entropy change of the cluster
was improved through the reduction of the molecular mass
using methylphosphonate; however, the increase seems slightly
greater than would be expected if it were entirely due to mass
change. Analysis of magnetization data suggests a weak
ferromagnetic interaction between Gd and Ni, which could
account for this difference.

The structural chemistry of phosphonate cages is intriguing.
The coordinative flexibility of phosphonates allows the metal
sites to adopt multiple different structures, and it is possible
that the use of solvathermal methods favors a high-symmetry
core in the structures. By regarding the P center as a “metal”
center, we can describe this compound as akin to the Wells—
Dawson ion. The question of whether there is a more general
correlation between phosphonate cages and polyoxometalates
is worth exploring. For example, while phosphonates support a
{Ni,} cage containing a truncated tetrahedron similar to the
Keggin ion,l3b in that structure the P centers are not regarded
as part of the polyhedron. Comparing the structures of these
two extensive families of polymetallic cages might be
instructive.

B ASSOCIATED CONTENT

© Supporting Information

Figures and CIF files giving crystallographic data, additional
views of the crystal structures, a schematic of the bonding
modes adopted by the ligands in the structure, and the
magnetic measurements on all compounds. This material is
available free of charge via the Internet at http://pubs.acs.org.
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