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ABSTRACT: Three new Gd™ based coordination polymers
[Gd,(C,HgSO)(S0,)5(H,0),], (1), {[Gd,(HCOO),(S0,);-
(H,0)¢]-H,0}, (2), and [Gd(HCOO)(SO,)(H,0)], (3) were
obtained by modifying gadolinium sulfate. With the gradual increase
of the volume ratio of HCOOH and DMSO in synthesis, the formate
anions begin to coordinate with metal centers; this results in the
coordination numbers of sulfate anion increasing and the contents of
water and DMSO molecules decreasing in target complexes.
Accordingly, spin densities both per mass and per volume were
enhanced step by step, which are beneficial for the magneto-caloric
effect (MCE). Magnetic studies reveal that with the more formate
anions present, the larger the negative value of magnetic entropy
change (—AS,,) is. Complex 3 exhibits the largest —AS, = 4991 J
kg™! K (189.51 mJ em™ K™') for T = 2 K and AH = 7 T among

three new complexes.

B INTRODUCTION

Because of energy shortage and environmental impact issues,
magnetic refrigeration, as an energy-efficient and environment
friendly refrigeration technology, has been proposed as a good
substitute for conventional compressor based refrigeration at
low- and ultra-low-temperatures.’ Since magnetic refrigeration
relies on the magneto-caloric effect (MCE) illustrated by the
change of the adiabatic temperature (AT,4) and the isothermal
magnetic entropy (AS,,) upon application or removal of the
external magnetic field, exploiting magnetic refrigerants with
excellent MCE is particularly important.* Different kinds of
materials have been studied for their MCE, especially the
gadolinium based compounds, because the Gd™ jon has the
largest spin ground state (S = 7/,), which provides the largest
entropy per single ion amounting to R In(2S + 1), neféligible
magnetic anisotropy, and low-lying excited spin states."
High-performing Gd" based compounds in MCE should be
high spin density or low My,/Ng4 (M,, = molecular weight, N4
= number of Gd** ions).>® To achieve this goal, complexes
varying from discrete molecules to high-dimensional frame-
works were reported on the basis of different kinds of ligands.
To date, some Gd™ based compounds with OH~, CO5™,
C,0,%7, CH;CO,”", and HCO,™ as ligands were reported
taking on impressive MCE.>” ™ The representative complex,
[Gd(OH)CO;], reported by Tong et al., exhibits the highest
MCE.” From the complexes reported, it can be found that
ligands with low molecular weight, multinegative charge, and
high coordination number contribute to high magnetic density.
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For this, the sulfate anion rightly satisfies these requests;
however, there are a few examples of MCE about gadolinium
based compounds bridged by sulfate anion. For example,
Gd,(SO,);-8H,0 as a simple paramagnetic salt became an
interesting subject of the very first adiabatic demagnetization
experiments and the attainment of temperature below 1 K.'°
Very recently, Bu et al. reported two polymers based on
[Gd,(OH),]*" units bridged by sulfate with or without
cobridged C,0,>"."" In these results, weak exchange
interactions and relatively high density of metal sulfate lead
to considerable MCE.'!" Therefore, modifying gadolinium
sulfate with other small ligands will achieve high spin density
with large MCE.

On the basis of the strategy mentioned above, the smallest
organic carboxylate, formate, was selected as coligand to modify
gadolinium sulfate. Fortunately, three complexes
[Gdy(C,HSO)(S0,)3(H,0),], (1), {{Gd4,(HCOO),(SO,)s-
(H,0)6]-H,0}, (2) and [Gd(HCOO)(SO,)(H,0)], (3) were
obtained step by step via hydrothermal reaction of Gd,(SO,);-
8H,0 and HCOOH in DMSO. As the amount of formic acid
increases in the synthesis, formate anions begin to coordinate
with metal centers, coordination numbers of sulfate anion are
increasing, and most of the solvent molecules coordinated with
Gd" ions are excluded. Accordingly, low My/Ngy and high
density are obtained step by step. Magnetic studies reveal that
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the more formate anions present, the larger —AS, is, and 3
exhibits the largest —AS,, = 49.91] kg™ K™' (189.51 mJ cm™>
KYatT=2Kand AH=7T.

B EXPERIMENTAL SECTION

Materials and Physical Measurements. All the reagents for
synthesis were obtained commercially and used as received. The FT-IR
spectra were recorded from KBr pellets in the range 4000—400 cm ™
on a TENSOR 27 (Bruker) spectrometer. The X-ray powder
diffraction (XRPD) was recorded on a Rigaku D/Max-2500
diffractometer at 60 kV, 300 mA for a Cu-target tube and a graphite
monochromator. Thermogravimetric analysis (TGA) was carried out
on a standard TGA—DTA analyzer under a nitrogen flow at a heating
rate of 2 °C min™' for all measurements. Simulation of the XRPD
spectra was carried out by the single-crystal data and diffraction-crystal
module of the Mercury (Hg) program available free of charge via the
Internet at http://www.iucr.org. Magnetic data were collected on
crushed crystals of the sample on a Quantum Design MPMS XL-7
SQUID magnetometer.

Synthesis of [Gd,(C,HsSO)(SO,)3(H;0),], (1). Complex 1 was
obtained by the following hydrothermal method: A mixture of
Gd,(S0,);:8H,0 (4 mmol), HCOOH (2 mL), and DMSO (6 mL)
was sealed in a Teflon-lined autoclave and heated to 140 °C over 6 h.
After the reaction vessel was maintained for 48 h, it was cooled to
room temperature over 18 h. Colorless block crystals of 1 were
harvested with ca. 40% yield based on Gd. FT-IR (KBr pellet, cm™):
3185, 1650, 1401, 1125, 60S.

Synthesis of {{Gd,(HCOO),(SO,)s(H,0)s]-H,0}, (2). Single crystals
of 2 suitable for X-ray analysis were obtained by the following
hydrothermal method: A mixture of Gd,(SO,);-8H,0 (4 mmol),
HCOOH (3 mL), and DMSO (S mL) was sealed in a Teflon-lined
autoclave and heated to 140 °C over 6 h. After the reaction vessel was
maintained for 48 h, it was cooled to room temperature over 18 h, and
colorless needlelike crystals of 2 were harvested with ca. 25% yield
based on Gd. FT-IR (KBr pellet, cm™): 3385, 1572, 1400, 1136, 606.

Synthesis of [Gd(HCOO)(50,)(H,0)], (3). Complex 3 was obtained
by the following hydrothermal method: A mixture of Gd,(SO,);-8H,0
(4 mmol), HCOOH (4 mL), and DMSO (4 mL) was sealed in a
Teflon-lined autoclave and heated to 140 °C over 6 h. After the
reaction vessel was maintained for 48 h, it was cooled to room
temperature over 18 h. Colorless cone-shaped crystals of 3 were
harvested with ca. 35% yield based on Gd. FT-IR (KBr pellet, cm™):
3366, 156S, 1379, 1347, 1151, 103S, 806, 602.

X-ray Data Collection and Structure Determinations. X-ray
single-crystal diffraction data for complexes 1—3 were collected on a
Rigaku SCXmini diffractometer at 293(2) K with Mo Ka radiation (4
= 0.71073 A) by @ scan mode. The program Rigaku CrystalClear"**
was used for integration of the diffraction profiles. All the structures
were solved by direct methods using the SHELXS program of the
SHELXTL package and refined by full-matrix least-squares methods
with SHELXL.'?® Final refinement was performed by full matrix least-
squares methods with anisotropic thermal parameters for non-
hydrogen atoms on F. CCDC 1012085—1012087 contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif. Details of the X-ray
crystal structure analysis of 1, 2, and 3 are summarized in Table 1.

B RESULTS AND DISCUSSION

Description of Complexes 1-3. [Gd,(SO,);(C,HSO)-
(H;0),], (1). Complex 1 crystallizes in the monoclinic space
group P2,/c. The asymmetric unit of 1 contains two Gd™ ions,
three sulfate anions, two water molecules, and one DMSO
molecule. The Gd1 ion is coordinated by eight O atoms from
five sulfate anions, one water molecule, and one DMSO, while
the Gd2 ion is coordinated by seven O atoms from six sulfate
anions and one water molecule (Figure 1a). The range of Gd—
O bond lengths is 2.289(8)—2.595(7) A. Three sulfate anions
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Table 1. Crystal Data and Structure Refinement for 1-3

1 2 3
chemical formula  C,H,,Gd,0;S,  C,H,Gd,05S;  CH;GdO,S
fw 716.80 1323.48 316.34
cryst syst monoclinic monoclinic tetragonal
space group P2,/c C2/c P4,

a (A) 9.1707(18) 19.439(4) 6.9095(10)
b (A) 17.328(3) 12.991(5) 6.9095(10)
c (A) 9.7449(19) 9.7163(19) 11.591(2)
f/deg 111.77(3) 93.31(3) 90.00
V/A3 1438.1(6) 2449.5(12) 553.37(19)
z 4 4 4

D (g cm™) 3.311 3.589 3.797

u (mm™) 9.801 11.251 12.34

F (000) 1296.0 2440.0 580.0
reflns collected 12 308 12 669 4829

indep reflns 2529 2789 969

obsd reflns 2427 2596 965

Ry 0.083 0.070 0.043
GOF 1.044 1.101 1.066

T/K 293(2) 293(2) 293(2)
R19/wR2? 0.0528/0.1274 0.0301/0.0726 0.0250/0.0597

“R = YIE| — IFI/YIE R, = [X[w(F,> — F2)*]/ Tw(F,2)*]V

Gd1C

Gd2D

Figure 1. (a) Coordination environment and linkage modes of sulfate
anions, DMSO, and Gd™ ions in 1 (all H atoms omitted for clarity).
Symmetry codes: (A) —x + 1, =y +2, —z; (B) —x + L,y — '/, —z +
1/2; (C) X, _y+3/21z_ 1/2; (D) —x + 1;)’+ 1/21 —z+ I/ZJ (E) x, =y +
Yzt B)l=x,="s+y, = =5 (G) 1 =%y +y,-/r— 2
(b) Polyhedron views of the 2D structure as well as the particular 1D
chain of complex 1.
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take different coordinated modes. The first one takes u,#"
mode coordinated to Gd1, Gd2E, Gd1A, and Gd2 ions by O1,
02, 03, and O4. The second one bridges Gd1A, Gd2D, Gdl,
and Gd2A ions in the y,-7":7* bridging mode. The last one acts
as a tridentate ligand, and links Gd1, Gd2D, and Gd2A with the
31" mode. Selected bond lengths of 1 are given in Supporting
Information Table S1. In complex 1, O6 and O6A bridging
Gd1 and Gd1A give a dimer, while Gd2 ions and sulfate anions
give a particular 1D chain (Figure 1b). These 1D chains are
connected by the dimers via sulfate anions to form the 2D
structure (Figure 1b).

{[Gd,(HCOO),(50,)5(H,0)¢l-H,0}, (2). Complex 2 crystal-
lizes in the monoclinic space group C2/c. The asymmetric unit
of 2 contains two Gd™ ions, a formate anion, two and a half
sulfate anions, three coordinated water molecules, and half a
lattice water molecule. As shown in Figure 2, the Gdl ion

Gd1B

Gd2

Gd1D

Gd1iC

Gd2J
Gd1E
Figure 2. Coordination environment and linkage modes of sulfate
anions, formate anions and Gd™ ions in 2 (all H atoms omitted for
clarity). Symmetry codes: (A) —x +'/,, =y + /5, —z; (B) x, =y + 1, 2
+ 15 (C) =x+ 'y =y + %/ =z (D) x = '/ y + /5 2 (B) —x +
Yoy +'w—z="5 B) =x+ 'y + "y =2+ "5 (G) —x+ 1,y
—z+'/5 (H) —x + 1/2;)’ =Yy =z ="y (1) —x + 1/2;)’ =y —z+
Y MDay =y +Lz="5 K x+'py="zL) —xy')-z

possesses a distorted GdO, coordination environment
coordinated by five sulfate anions, two formate anions, and

one water molecule. The Gd2 ion takes a distorted GdOg
square antiprism, coordinated by five sulfate anions, one
formate anion, and two water molecules. Three sulfate anions
taking the 4,-' mode coordinate to four different Gd™ ions by
four oxygen atoms. In complex 2, the formate anion adopts the
us-n* coordination mode coordinated to Gd1, Gd2I, and Gd1A
ions by O11 and O12. The range of Gd—O bond lengths is
2.306(4)—2.595(4) A (Supporting Information Table S1).
There is a particular Gd4 cluster linked by two formate anions
(Figure 2). These Gd4 clusters are connected by the
tetradentate sulfate anions to form a 2D layer (Figure 3a).
Furthermore, these 2D layers are connected by tetradentate
sulfate anions along the a axis, forming a beautiful reticular
structure presented in Figure 3b with lattice water filing in the
channels. Compared with 1, the coordinated number of sulfate
anions increases, and the DMSO molecules are crowded out by
formate anions.

[Gd(HCOO)(SO,)(H;0)],, (3). Complex 3 crystallizes in the
tetragonal P4, space group, and the asymmetric unit of 3
contains a Gd" ion, a formate anion, a sulfate anion, and one
water molecule (Figure 4). As shown in Figure 4, the Gd" ion
is present in a distorted GdOgy polyhedron, coordinated by
three formate anions, four sulfate anions, and one water
molecule. The range of Gd—O bond lengths is 2.319(9)—
2.675(11) A (Supporting Information Table S1). The sulfate
anions coordinate to four different Gd™ ions with four oxygen
atoms. In complex 3, the formate anions adopt a ys-17* mode
that bridges Gdl, Gd1E, and Gd1H. As shown in Figure Sa,
Gd" ions are bonded by bridging O atoms from formate anions
to construct a helical chain. Neighboring helical chains with the
same chirality are connected by formate anions to form a chiral
metal formate framework. The tetradentate sulfate anions also
linked the gadolinium to construct a 3D net, which enhances
the metal framework (Figure Sb). Compared with 2, only one
coordinated water molecule was left.

From the description above, the structure of 3 has two parts:
one is the gadolinium—formate framework, and the other is the
gadolinium—sulfate framework. It is interesting that formate
anions and Gd™ ions in the 3D formate—gadolinium structure
can be considered to be 3-connected nodes and give a (10*)-b
(ths) topology net (Supporting Information Figure S3).
Similarly, if sulfates and Gd™ ions in sulfate—gadolinium
structure are treated as 4-connected node, a (4%.8*) (uoc)
topology net is constructed by sulfate anions and gadolinium

Figure 3. (a) 2D layer assembled by Gd4 clusters and sulfates of 2 (water molecules and H atoms are removed for clarity). (b) Polyhedron view of

the 3D structure of 2 along the ¢ axis.
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Gd1l

Gd1J

Gd1G

Figure 4. Coordination environment and linkage modes of sulfate
anions, formate anions, and Gd™ jons in 3 (all H atoms omitted for
clarity). Symmetry codes: (A) —x, =y + 1,z + '/5; (B) =y + 1, x + 1, z
+150@C) =y +Lx,z+"/ ;D) x—1,y,2z (E)y, —x+1,z-"/,;
(F) —x, =y + 1,z— 1/25 (G>)’— L, —x+1,z— l/45 (H)x+ 1;}62; (I)
- X% Z+ 1/45 (J) X, 1 )z (K) Y =%z — 1/4? (L) x, =yt l: z.

ions (Supporting Information Figure S4). When the whole
framework is considered, formate anions, sulfate anions, and
Gd™ jons can be considered as the 3-, 4-, and 7-connected
nodes, respectively. Then, the whole framework could be
simplified as a 3-nodal (3, 4, 7)-connected network with the
Schlifli symbol of (42.6) (4°.6%) (4°.6'°.8*) (Figure 6)."
Herein, we need to further summarize the process of
obtaining three new Gd™ based coordination polymers bridged
by sulfate. As is shown in Figure 7, the design and synthesis of
three new Gd" based coordination polymers is realized step-
by-step. In 1, the water and DMSO molecules coordinate to
Gd"™ centers as terminal groups with the My,/Ngq of 1 being
358.4, so the extension of the 2D network is impossible. When
the volume ratio of HCOOH and DMSO was augmented,
complex 2 was obtained in which the number of coordination
water molecules is decreased and DMSO molecules are
crowded out by formate anions. Subsequently, complex 2
extends itself into the 3D framework with the My;/Ngq of 2 of
330.9, which is smaller than that of 1. However, complex 2 is
not the end, because there are still too many water molecules,
which are not good for MCE. With the hope of obtaining

Figure 6. Schematic view of the (3, 4, 7)-connected network topology
of 3. Gd atoms are shown as blue, the yellow spheres represent sulfate
anions, and bright green spheres represent formate anions.

considerable Myy/Ngq, the volume ratio of HCOOH and
DMSO continues to be augmented. As expected, most of the
water molecules are crowded out by formate anions, which
result in the smallest Myy/Ngq with a value of 316.3 among the
three complexes. When augmenting the volume ratio of
HCOOH and DMSO further, there are not any complexes
obtained. From the sketch map, it is clear to find that the more
formate present in raw material, the lower My,/Ngq is. In
complex 1, water and DMSO molecules coordinate with Gd™,
which is not good for low Myy/Ng4. In complex 2, the DMSO
molecules are crowded out by formate anions, which is
beneficial to lower My,/Ngq. In complex 3, not only the DMSO
molecules but also most water molecules are crowded out by
formate anions, which gives the lowest My;/Ngq among these
three polymers.

Magnetic Studies. Magnetic susceptibility data was
collected for crystalline samples of 1—3, and the phase purity
of these samples was confirmed by XRPD in Supporting
Information Figure S1. Also, TGA results indicate 1 and 3 are
stable until about 280 °C, while complex 2 begin losing the
lattice and coordinated water molecules at about 110 °C, see
Supporting Information Figure S2. The data for 1 collected in
the 2—300 K temperature range under external field 1 kOe is
shown in Figure 8a corresponding to one Gd" ion. As the
temperature decreases, the yyT values stay almost constant at

Figure S. (a) Chiral framework of 3 and the helical chain in 3 (sulfate anions and water molecules are removed for clarity). (b) Polyhedron view of

the 3D structure of 3.
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Figure 8. Thermal variation of T vs T, 1/yy vs T plots, and magnetization data in applied different fields between 2 and 10 K: (a, b) 1, (c, d) 2, (e,

f) 3.

high temperatures and decrease sharply below 25 K. The data
follows the Curie—Weiss law (yy = C/(T — 0)), giving the best
fitted parameters C = 7.95 cm® K mol ™, # = —0.09 K for 1. The
C value is consistent with the expected value of one
magnetically isolated Gd™ ion (S = 7/, g = 2.0). Also, the
very small negative Weiss constants may be related to complex
magnetic correlations, which are very weak anyhow.

The field-dependent magnetizations of 1 at different
temperature between 2 and 10 K are shown in Figures 8b
and 9a. The shapes of the magnetization of 1 also suggested
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weak magnetic interactions between the adjacent metal ions.
Also, as shown in Figure 9a, the magnetization at different
temperatures appears almost as a superposition suggesting that
1 is an isotropic complex. The weak magnetic interactions and
large metal/ligand mass ratio make 1 a promising candidate for
low-temperature magnetic cooling, as magnetic entropy change
AS,, a key parameter in evaluating the MCE, can be derived
from the Maxwell relations by integrating over the magnetic
field change, AS,(T)ay = [[OM(T, H)/oT]y dH."* The
entropy changes at various magnetic fields and temperatures are
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Figure 9. (a) M vs HT" data in applied different fields between 2 and 10 K, for complex 1; (b) experimental —AS, obtained from the magnetization

data of 1 at various fields and temperatures.

summarized in Figure 9b, with an impressive value of 42.88 J
kg™! K" for T=2Kand AH =7 T. The —AS,, of 1 is smaller
than the theoretical value of 48.24 J kg~' K™' for one uncoupled
Gd" ion (judged by 2R In(2S + 1), where R is the gas constant
and S is the spin state). The gap between the experimental data
and the theoretical value may originate from the antiferro-
magnetic interactions in 1.

The magnetic susceptibility data that of 2 and 3 was collected
in the 2—300 K temperature range under external field 1 kOe as
shown in Figure 8ce corresponding to one Gd™ jon,
respectively. For 2 and 3, as the temperature decreases, the
xmT values stay almost constant at high temperatures and
decrease sharply below 25 K, suggesting weak antiferromag-
netic (AF) coupling between the Gd™ ions. The data follows
the Curie—Weiss law (yy = C/(T — 0)), giving the best fitted
parameters, C = 7.40 cm® K mol™", # = —0.056 K for 2, and C =
8.00 cm® K mol™', § = —0.25 K for 3 (Figure 8c,e). The C
values are consistent with the expected values of one
magnetically isolated Gd™ ion (S = 7/, g = 2.0). Also, the
very small negative Weiss constants may be related to weak
magnetic interactions between the metal ions.

The field-dependent magnetizations of 2 and 3 at different
temperatures between 2 and 10 K are shown in Figure 8df.
Like that of 1, the shapes of the magnetization also suggested
weak magnetic interactions between the adjacent metal ions in
2 and 3. Also, as shown in Figures 10a and 11a, the M versus
HT' plots at different temperatures appear as almost a
superposition suggesting that 2 and 3 are isotropic polymers.
Compared with the My/Ngq = 358.4 in 1, the value of Myy/
Ngq in 2 and 3 is smaller (330.87 for 2 and 316.3 for 3). The
weak magnetic interactions and large metal/ligand mass ratios
make 2 and 3 promising candidates for low-temperature

T 45
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Figure 10. (a) M vs HT" data in applied different fields between 2 K
and 10 K, for complex 2; (b) Experimental —AS,, obtained from the
magnetization data of 2 at various fields and temperatures.
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Figure 11. (a) M vs HT" data in applied different fields between 2 and
10 K, for complex 3. (b) Experimental —AS, obtained from the
magnetization data of 3 at various fields and temperatures.

magnetic cooling. The magnetic entropy changes of 2 at various
magnetic fields and temperatures are summarized in Figure
10b, with an impressive of 43.40 J kg™' K" for T =2 K and AH
= 7 T. The value of 2 is smaller than the theoretical value of
5225 J kg™! K™! for one uncoupled Gd"™ ion. The magnetic
entropy changes of 3 at various magnetic fields and
temperatures are summarized in Figure 11b, with an impressive
of 49.91 Jkg™' K™' for T = 2K and AH = 7 T, which is smaller
than the theoretical value about 54.71 J kg™ K™' of 3.

With the decrease of the mass of the complexes per one Gd™
ion in 1-3, the maximum theoretical value for entropy change
is increased. The maximum experimental value of the entropy
change has the same tendency, but all the maximum
experimental values do not reach the theoretical value,
especially that for 2. That may be due to the complex magnetic
interactions between the metal ions in 2, despite the excellent
studies about the relationship between exchange coupling and
the magneto-caloric effect.'> However, it is hard to evaluate the
relationship between magnetic interactions and MCE, due to
the high dimensionality and low symmetry of complexes 1-3.
For the same reason, the accurate value of coupling constants
cannot be obtained, so there is only a brief discussion about the
effect of magnetic coupling on the entropy changes. Compared
with the interactions conducted by the sulfate anions, the
magnetic coupling conducted by the u_,-O bridges of the
formate may be much more important for 2 and 3. In 2 there
are primarily two magnetic exchange pathways conducted by
formate: double y_,-O bridges O12 and O12A link Gdl and
GdIA with a bond angle Gd1-012—GdI1A of 114.7° and
Gd1---Gd1A distances of about 4.2 A; single y_,-O bridge O11
links Gd1 and Gd2I with bond angle Gd1-011-Gd2I of
134.2° and Gd1--Gd2I distances of about 4.6 A. From the
density functional calculations, it is proposed that the maximum
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ferromagnetic interactions are present with a Gd—O—Gd angle
of 120°, and increasing or decreasing the angle from this point
enhances the antiferromagnetic contribution.'>* Thus, a weak
ferromagnetic interaction is conducted by the double p_,-O
bridges. The connected detail of the doubly y_,-O bridged Gd,
dimer is very like that in the [{Gd(OAc);(H,0),},]-4H,0, in
which obtained maximum entropy changes were close to the
theoretical value for the weak ferromagnetic interactions
conducted by the H-bonds between the dimers, which enhance
the —AS_.>*'>° However, in 2 the Gdl dimer is antiferro-
magnetically coupled with two Gd2 ions, which reduce the
—AS,, greatly and lead to obvious difference between
theoretical and experiment values, while in 3, the Gd™ jons
bridged by the p_,-O with Gd—O—Gd2 angles are about 135—
138° but with long Gd--O distances (2.5—2.7 A) and Gd---Gd
distances (4.7—4.9 A). Those long distances favor very weak
magnetic interactions; for this, the obtained largest entropy
change is much close to the theoretical value.

Among reported molecule based magnetic cryogens,
magnetic entropy changes above 40.0 J kg™ K™ are limited,
as listed in Table 2."°7>* Magnetic entropy changes of the three
new style molecule based magnetic cryogens are all above 40.0 J
kg™' K. Also, it is more competitive when considered from
the volumetric aspect: 141.98 mJ cm™ K™ for 1, 155.76 m]

Table 2. Comparison of —AS, ™ (Larger Than 35.0 J kg™’
K ! with AH < 7 T) among Gd" Containing Complexes
Associated with Potential Magnetic Refrigeration

—AS,
U kf—l K—l] _Asnsmax
complex AH) [m] cm™ K]
4
[Gd(OH)CO,],”* 66.4 (7 T) 355
[Gd(0,CH),],0 559 (7 T) 2157
[CI;‘?4()($l4(—I§106))3(]”f‘iC)OI_lIPé(MZ—CZOQ (pa- 5149 (7 T) 190.46
2 2V )41y
[Gd,(SO,),(u5-OH),(H,0),],'" 5129 (7 T) 198.85
3 4991 (7 T) 189.51
[Gd(C,0,)(H,0),CI]® 48.0 (7 T) 144
[Gd6(OH)g(suc)s(H,0),],-4nH,0” 48.0 (7 T) 144
[Gd(OAC)s(HZO)o.s]nsa 477 (7°T) 106.28
{[Gds(ﬂﬁ'o)(ﬂs‘OH)s(M'é 46.6 (7 T) 206.81
Cl0,),(H,0)s](OH),},'
[Gd, )™ 4612 (7 T) 90.03
[Gd(HCOO)(0AC),(H,0),],"” 459 (7 T) 110.02
[Gd(OAc);(MeOH)],** 450 (7 T) 96.71
[Gd(C,0,)(C,0,)05(H,0),],> 44 (77T) 127.56
[Gd(C,0,)(OH)(H,0),]," 438 (7 T) 104.38
[Gd,e]"® 436 (7 T) 120.7
[Gd(cit)(H,0)],* 43,6 (7 T) 115.23
2 4340 (7 T) 155.76
1 4288 (7T) 141.98
[Gd,(OH),(suc),(H,0)],-2nH,0™ 4.8 (7T) 120
{[Gd(OAc);(H,0),]},-4H,0% 416 (7 T) 82.78
{[Gd,(IDA),]-2H,0},* 40.6 (7 T) 100.69
[Gdse),"* 39.66 (7 T) 91.34
3d—4f
{[Mn(H,0),][MnGd(oda),;],-6H,0},*°  50.1 (7 T) 114.28
[ColoGd4z]9 4126 (7 T) 112.64
[Ni;,Gdy]° 363 (7 T) 83.49
[Cu;Gdg], 35.76 (7 T) 90.36
4d—4f
[Mo,Gd,,]** 353 (7 T) 76.99
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cm ™K' for 2, 189.51 mJ em™ K™ for 3 (Table 2). Magnetic
studies reveal that the more formate ions present, the larger
MCE is. Complex 3 exhibits the largest —AS,, with 49.91] kg™
K™ (189.51 mJ cm™ K™') for T =2 K and AH = 7 T among
three complexes. Indeed, evaluating molecule based magneto-
caloric materials from a volumetric aspect is meaningful for
practical application.”® The —AS,, value of complex 3 is close to
the value of two complexes [Gd,(SO,),(u;-OH),(H,0),], and
[Gd4(14-SO4)3(13-OH),4(1,-C,0,) (1,-H,0) (H,0),]-H,0
(MCE, —AS,™ = 51.29 J kg”' K™, the former, —AS_ ™™
51.49 J kg™ K7, the latter)."" In these two polymers, the light
py-hydroxyl anion is beneficial to high magnetic density.
However, two complexes mentioned above were obtained by in
situ reaction, which is difficult to control. Therefore, choosing
the low-molecular-weight ligands, such as formate, to modify
gadolinium sulfate is a new and feasible strategy for the
construction of molecule based magnetic coolers.

H CONCLUSION

Three new gadolinium based coordination polymers were
obtained by modifying gadolinium sulfate. When the volume
ratio of HCOOH and DMSO is increased in the synthesis, the
contents of the formate in those complexes are also improved,
which enhanced the spin densities and optimized the MCE.
The values of the magnetic entropy changes of those complexes
are all above 40.0 J kg™' K™', and complex 3 shows the largest
—AS,, of 4991 Jkg™' K™' (189.51 mJ cm™ K™') for T=2 K
and AH =7 T. The successful synthesis of 1, 2, and 3 not only
enriches the existing field of molecular magnetic coolers, but
also confirms the potential of developing other outstanding
complexes with remarkable MCE.
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