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Introduction

Since Warburg discovered the magnetocaloric effect (MCE) in
metallic iron in 1881,1 magnetic cooling has been proposed as
an environmentally friendly and energy-efficient cooling
technique.2 Because the maximum MCE of a magnetic mate-
rial usually occurs at the vicinity of the magnetic phase tran-
sition, the control of magnetic ordering is critical for certain
applications.3 At room temperature, the situation is chal-
lenging as there are not many ferromagnets which can order
nearby.4 For low temperatures more options are available
because there is less thermal vibration from the lattice, thus,
not only ferromagnets but also paramagnets can be employed.
The discovery of gadolinium gallium garnet (Gd3Ga5O12; GGG)
and its iron-substituted derivative (Gd3(Ga1�xFex)5O12:GGIG)
have made it possible to have magnetic cooling applications
from 2–20 K,5 but there is still need for improvement (i.e., to
search for better replacements and/or extend the working
region).6

Recently, a new type of nano-scale magnetic material has
emerged in this eld and has proved to be very competitive to
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GGG and GGIG as a low-temperature refrigerant.7–10 Such new
materials have distinct advantages, such as identical size,
stoichiometric composition, and they provide the opportunity
for rational synthesis and modication. The formulae for
synthesizing such magnetic coolers have been reviewed
recently,11 from which it was noticed that much effort has been
focused on enhancing the ground spin state (S) using the
magnetic entropy change (�DSm) equation: �DSm ¼ R ln
(2S + 1), where R is the gas constant. The ion Gd3+ is, therefore,
preferred for its half-lled 4f orbital (S ¼ 7/2) and magnetic
isotropy. But Gd3+ has the disadvantage of a large atomic
weight because the gravimetric �DSm is inversely proportional
to the molecular weight. Moreover, as the internal 4f electrons
are well covered by outer paired electrons the magnetic
communications between the Gd3+ ions are usually weak. As
such, MCE contributed from phase transition is usually minor,
and better Gd(III)-based magnetic coolers (there is no differ-
ence whether this is determined gravimetrically or volumet-
rically) are always commensurate with a high metal/ligand
ratio.

This could be realized by using low molecular mass
ligands or increasing the dimensionality or building Gd(III)-
based coordination polymers.9,10 To achieve this goal, a
ligand with a multi-negative charge and a high coordination
number is important for counterbalancing the positive
charges and meeting the high coordination requirement of
the Gd3+ ions. To date, carboxylate ligands, especially small
acetates and formates are preferred for this purpose,10 and
the large metal/ligand ratio further leads to a high mass
density which is responsible for a greater volumetric MCE.12

Instead of using these carboxylate ligands, in this paper it is
proposed that carbonate ligands are used instead, because
carbonate can be regarded as a condensation product of
carboxylates by reducing the non-coordinating moiety, see
Scheme 1. It was expected that the high negative charge and
multi-coordination sites would make CO3

2� more efficient
than formate and oxalate when binding Gd3+ ions. Moreover,
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Scheme 1 A comparison of carboxylate and carbonate. Arrows are the
available coordination sites.

Table 1 Crystal data and structural refinement

Chemical formula CHGdO4

Formula mass/g mol�1 234.27
Crystal system Orthorhombic
Space group Pnma
Z 4
a/Å 7.0770(7)
b/Å 4.8730(9)
c/Å 8.4353(6)
Unit cell volume/Å3 290.90(6)
Temperature/K 150(2)
rcalcd/g cm�3 5.349
m (Mo Ka)/mm�1 22.608
No. of reections measured 2591
No. of independent reections 356
Rint 0.0305
R1

a (I > 2s(I)) 0.0201
wR2

b (all data) 0.0538
Goodness of t on F2 1.036

a R1 ¼
P

||Fo| � |Fc||/
P

|Fo|.
b wR2 ¼ [

P
w(Fo

2 � Fc
2)2/

P
w(Fo

2)2]1/2.
the coordination topology of CO3
2� based on its triangular

shape shows promise for inducing competing magnetic
interactions between the metal centres, such as geometrical
spin frustration, which is believed to be benecial for
enhancing MCE.11

Driven by these two reasons, a Gd(III) hydroxyl carbonate with
a repeating unit of Gd(OH)CO3 was synthesized. This material
exhibits maximummagnetic entropy change,�DSm, up to 67.1 J
kg�1 K�1 (or 359 mJ cm�3 K�1) and the adiabatic temperature
change (DTad) was up to 24 K for DH¼ 9 T, which is comparable
to the performance of GGG or GGIG.

Experimental section
Synthesis of Gd(OH)CO3

Method A. A mixture of GdCl3$6H2O (0.1 mmol), malono-
nitrile (0.2 mmol) and deionized water (5 mL) was sealed into a
23 mL Teon-lined autoclave and heated at 180 �C for 72 h,
followed by cooling to room temperature in air. Colourless
crystals were washed with deionized water and dried in air (yield
50% based on Gd).

Method B. GdCl3$6H2O (2.0 mmol) and Na2CO3 (2.0 mmol)
were mixed in H2O (40 mL) and stirred for 15 minutes at room
temperature. The slurry was sealed into a 50 mL Teon-lined
autoclave and heated at 170 �C for 72 h, followed by cooling to
room temperature at a rate of 3 �C h�1. Colourless, block sha-
ped crystals were isolated and washed with deionized water
(yield 52.8% based on Gd).

IR data of Gd(OH)CO3 (KBr cm�1): 3459 (s), 2521 (w), 2340
(w), 1825 (s), 1790 (s). The calculated analysis for CHGdO4 was:
C 5.13, H 0.43; the experimental analysis was: C 5.31, H 0.56.

X-ray crystallography

Powder X-ray diffraction measurements were performed on
ground polycrystalline samples at room temperature on a D8
X-Ray Diffractometer (Bruker) with Cu Ka radiation. Single-
crystal diffraction data was recorded at 150(2) K on an R-AXIS
SPIDER Image Plate diffractometer (Rigaku) with Mo Ka
radiation, solved by direct methods and rened using
SHELXTL program (Georg-August-Universität Göttingen).13a

The metrical symmetry and space group data were conrmed
using the PLATON program (University of Glasgow).13b

Crystal data and structural renement data are listed in Table
1. Further details on the crystal structure may be obtained in
the ESI (Tables S1 and S2†) and from the Fachinforma-
tionszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen,
Germany (fax: (+49)7247-808-666; e-mail: crysdata@z-
karlsruhe.de), by quoting the depository number CSD-426257
(Gd(OH)CO3).
Physical measurements

The magnetic measurements of the polycrystalline samples
were performed using a MPMS XL-7 SQUID (Quantum Design)
magnetometer. Low temperature magnetic susceptibility was
measured on the polycrystalline samples synthesized using
method B. Low temperature specic heat was studied on a
Quantum Design PPMS® using the 3He option with the stan-
dard relaxation technique.
Density functional theory (DFT) calculations

DFT calculations were performed with CASTEP code.14a The
crystal structure of Gd(OH)CO3 determined from single-crystal
X-ray diffraction was employed for theoretical studies without
further geometrical optimization. Ultra-so pseudopotentials
were utilized to describe the electron ion interactions. Exchange
and correlation were described by a Perdew–Burke–Ernzerhof
function in the generalized gradient approximation (GGA)
scheme.14b A kinetic energy cut-off of 600 eV was used for plane-
wave expansions in the reciprocal space. The Monkhorst–Pack
grid was set to 5 � 5 � 5 in the Brillouin zone of the 1 � 2 � 1
supercell.14c Our spin-polarized calculations predicted that
Gd(OH)CO3 is a magnetic insulator even without adding on site
repulsion, U, on Gd, which can be seen from the total and
partial DOS plots calculated for the ferromagnetic state of
Gd(OH)CO3 in Fig. S4,† so we did not use the DFT plus U
method.14d
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Fig. 2 The coordination environment of (a) Gd3+ and (b) CO3
2�.

Colour codes: Gd, green; O, red; C, grey; H, light grey.
Results and discussion
Synthesis

There are two hydrothermal methods for the synthesis of
Gd(OH)CO3. Method A involves the decomposition of malo-
nonitrile (NC–CH2–CN). It is easy for cyano groups to be
hydrolysed into carboxylates and amines in the hydrothermal
condition (R–CN / R–CONH2 / R–COO� + NH4

+). The
former product can be further decomposed to CO3

2� via
decarboxylation and thus, the Gd(OH)CO3 precipitates out.
The amine can act as a buffering agent to prevent the rapid
hydrolysis of Gd3+ into Gd(OH)3 or other products. Method B
which involves the direct reaction of Gd3+ ions and carbonates
is also very efficient.
Fig. 3 The 1D Gd3+–OH� zigzag chain along the a axis. Colour codes:
Gd, green; O, red and purple; C, grey; H, light grey.
Crystal structure

The powder X-ray diffraction pattern of Gd(OH)CO3 has been
known for decades as it has been listed in JCPDF (#43-0604,
unindexed) with a provisional formula of Gd2O(CO3)2$H2O.
However, such an assignment cannot explain the high thermal
stability of this material, which is up to �700 K.15a Without
single-crystal X-ray data, the exact structure remains contro-
versial and the crystallization into orthorhombic P212121 (ref.
15b) and hexagonal P�6 (ref. 15c) space groups have also been
reported. Our single-crystal diffraction data analysis reveals that
Gd(OH)CO3 crystallizes in the orthorhombic space group Pnma
via the hydrothermal synthesis described previously, without
producing the other phases, as shown in Fig. 1.

In the crystal structure, each asymmetric unit contains half
of the chemical formula. The Gd3+ ion is 10-coordinated with six
oxygen atoms from three chelating CO3

2� groups, two oxygen
atoms from two mono-dentate CO3

2� groups, and the other two
oxygen atoms are from two OH� groups. The Gd/O separations
range from 2.29 to 2.75 Å (Fig. 2a). The CO3

2� groups are m5-
bridging with two m3-O and one m-O atoms bound to adjacent
Gd3+ ions (Fig. 2b), and the hydroxyl groups are m-bridging
between Gd3+, forming one-dimensional (1D) zigzag [–Gd–(m-
OH)–Gd–(m-OH)]n chains along the a axis with a Gd/Gd sepa-
ration of 3.82 Å (Fig. 3).
Fig. 1 Powder XRD pattern of as-synthesized Gd(OH)CO3 compared
to the simulation from the single crystal structure and JCPDF #43-
0604.

Fig. 4 The inter-chain structure supported by CO3
2� viewed (a) along

the a axis and (b) aside from the b axis. TheOH� groups are omitted for
clarity and the opposite carbonates are highlighted with yellow and
blue triangles. Colour codes: Gd, green; O, red; C, yellow, light blue
and grey.
The network structure of Gd(OH)CO3 can be depicted in two
ways depending on the building units used. One way is to use
the [–Gd–(m-OH)–Gd–(m-OH)]n chains as building units. Each of
them is interlinked with six neighbours into a three-dimen-
sional (3D) network (Fig. 4a). However, the six linking directions
are inequivalent. Four of them are only directed by a pair of m3-O
atoms from the m5-CO3

2� groups in adjacent ab-plane. The other
two directions are extended in the ab-plane. As shown in Fig. 4b,
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the zigzag [–Gd–(m-OH)–Gd–(m-OH)]n chains are alternatively
linked by opposite carbonate groups. Thus, the other way to
describe the 3D structure is to use the ab planes as building
units, which contain exactly the formula [Gd(OH)CO3]n.

The dense inorganic structure of the Gd(OH)CO3 framework
without solvent-accessible porosity gives rise to a large density
of 5.349 g cm�3, which is benecial for the volumetric MCE.
Furthermore, it was found that the hydroxyl groups in the
structure are m-bridging rather than m3-bridging, and such a
bridging mode may weaken the magnetic coupling between the
Gd3+ ions, thus this structure is extremely favourable for a
cryogenic magnetic cooler.

Magnetic properties

Variable temperature magnetic susceptibility measurements
were performed on a polycrystalline sample of Gd(OH)CO3 in an
applied dc eld of 0.05 T (Fig. 5a). At room temperature, the cmT
value is 7.84 cm3 K mol�1, which is in good agreement with the
spin-only value expected for a free Gd3+ ion with g ¼ 2 (7.875
cm3 K mol�1). Upon cooling, the cmT essentially stays constant
until approximately 30 K, which is then followed by a gradual
decrease to the minimum of 4.68 cm3 K mol�1 at 1.8 K. The
inverse magnetic susceptibility (1/cm) obeys the Curie–Weiss
law with C ¼ 7.86 cm3 K mol�1 and q ¼ �1.05 K, indicating a
weak antiferromagnetic coupling. Surprisingly, despite the
large proportion of OH� in the polymeric structure, the overall
Fig. 5 (a) Temperature-dependencies of the magnetic susceptibility
product, cmT, and the inversemagnetic susceptibility, 1/cm, at 1.8–300
K with a dc field of 0.05 T. The black solid line represents the least-
square fit for the Curie–Weiss law. (b) Magnetization versus the dc field
in the temperature range of 1.8–8.2 K.
magnetic coupling characterized by the Weiss constant q is
weaker than in many molecular clusters and cluster-organic
frameworks comprising Gd3+. Such a behaviour not only arises
from the difference between the m-OH� and the m3-OH

� bridges,
but is also due to the competing magnetic interactions medi-
ated by the CO3

2� groups.
The isothermal magnetization from 1.8 K to 8.2 K were also

measured (Fig. 5b). The magnetization increases steadily with
the applied dc eld and reaches the saturation value of 7.0 Nb at
1.8 K and 7 T, which is in good agreement with the expected
value for a Gd3+ ion (s ¼ 7/2, g ¼ 2). The large magnetization
values, together with the low molecular weight and high mass
density, make this material a promising candidate for cryogenic
magnetic refrigeration, where the isothermal entropy change
can be calculated by applying the Maxwell equation (Fig. 6):

DSmðTÞ ¼
ðH
0

½vMðT ;HÞ=vT �HdH

In general, the �DSm values increase gradually as the
temperature is reduced, but rise progressively with increasing
applied elds, reaching a maximum of 66.4 J kg�1 K�1 (355 mJ
cm�3 K�1) at T ¼ 1.8 K and DH ¼ 7 T, which is close to the
theoretical limiting value of 73.8 J kg�1 K�1 (395 mJ cm�3 K�1)
calculated from R ln(2s + 1)/Mw with s ¼ 7/2 and Mw ¼ 234.3 g
mol�1. This result is quite exciting, however, the peak of �DSm
is still not reached at the aforementioned temperature, indi-
cating the necessity of further investigation in the sub-Kelvin
region.
Heat capacity

To further investigate the MCE of this material, low temperature
heat capacity (C) measurements were performed in the applied
elds from 0 to 9 T (Fig. 7). Clearly, the higher temperature
region is dominated by a lattice contribution arising from the
thermal vibration, which ts well to the Debye's model and yield
the Debye temperature (qD) of 313(3) K with rD¼ 7.16 Such a high
Debye temperature compared to that obtained with other
Fig. 6 Temperature-dependencies of �DSm for selected DH obtained
frommagnetization. The data with field variation below 1 T are omitted
for clarity.

http://dx.doi.org/10.1039/c4ta01646g


Fig. 7 Temperature-dependencies of the heat capacity normalized to
the gas constant at selected applied fields. The dotted line represent
the lattice contribution. Inset: temperature-dependencies of the
entropy obtained from the heat capacity.

Fig. 8 (a) Temperature-dependencies of �DSm obtained from
magnetization (+) and heat capacity (C) for selected DH. (b)
Temperature-dependencies of DTad for selected DH.

Fig. 9 Comparison of the maximum �DSm with selected DH for
Gd(OH)CO3(+), Gd(HCOO)3 (;),10d {[Gd6O(OH)8(ClO4)4(H2O)6]
(OH)4}n (:),9g GGG (C) and the recently reported molecule-based
magnetic refrigerants (-, DH ¼ 7 T).
molecule-based materials is indicative of the rigid frameworks
consisting of strong chemical bonds and light ligand atoms.10

This is very important to yield a large DTad in the adiabatic
demagnetization process, where the lattice vibration is forced to
compensate for the variation of magnetic entropy.

At lower temperatures, the heat capacity is dominated by the
eld-dependent magnetic contribution, which shows a broad
Schottky type feature caused by the splitting of the 8S7/2 multiplet.
A small sharp anomaly is observed in the zero eld at approxi-
mately 0.7 K but is suppressed by the applied elds, indicating
the emergence of a phase transition. This can be attributed to the
long range magnetic interactions mediated by the polymeric
network, which is further demonstrated to be antiferromagnetic
by a downturn on the cmT curve (Fig. S1†). Such a behaviour is
also observed in the recently reported Gd(HCOO)3 of around 0.8
K,10d however, the entropy content associated with the magnetic
transition is quite low and it makes little impact on the cooling
capability as we can see below.

From the experimental C, the entropy can be obtained by a
numerical integration using:

SðTÞ ¼
ðT
0

CðTÞ=TdT

The experimental value of C were subsequently extrapolated,
and a constant value base on the high temperature saturation
value of magnetic entropy (Sm,sat ¼ R ln(2s + 1) ¼ 2.08 R),
Fig. S2† was added to the zero-eld entropy to compensate for
the experimental inaccessibility to absolute zero.10a Thus, the
isothermal magnetic entropy change (DSm) and the adiabatic
temperature change (DTad) can be derived from the S–T curves
(inset of Fig. 7) by vertical and horizontal subtraction,
respectively.4

The maxima of the temperature-dependencies of�DSm keep
rising and shi to higher temperatures with increasing applied
elds (Fig. 8). Indeed, the�DSm,max for DH¼ 1 T is already up to
26.2 J kg�1 K�1 (140 mJ cm�3 K�1), and it increases sharply
when higher elds are applied, namely 54.4 J kg�1 K�1 (291 mJ
cm�3 K�1) for DH ¼ 3 T and 67.1 J kg�1 K�1 (359 mJ cm�3 K�1)
for DH ¼ 9 T (Table 2).

Because of the advantages of high spin density (Gd3+ takes
up 67% (mass fraction) in the formula CHGdO4) and mass
density (5.349 g cm�3), the performance of Gd(OH)CO3 is
excellent in both the gravimetric and volumetric results (Fig. 9).
Indeed, it not only surpasses the former reported records with
a �DSm,max of 60.3 J kg�1 K�1 ([Mn(glc)2(H2O)2])7g and 144 mJ
cm�3 K�1 ([Gd6(OH)8(suc)5(H2O)2]n$4nH2O),9h but also exceeds
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Table 2 Magnetic entropy change for selected molecule-based
materialsa

Complexref. DH (T)

�DSm,max

(J kg�1 K�1) (mJ cm�3 K�1)

3d type
{MnIII

6MnII
4}
7a,b 7 13.0 20.9

{MnIII
11MnII

6}
7c 7 13.3 21.8

{MnIII
6MnII

4}
7b 7 17.0 26.2

{MnII
4}
7d 5 19.3 33.3

{FeIII14}
7e 7 20.3 42.2

{MnIII
6MnII

8}
7b 7 25.0 42.5

[MnII(Me-ip)(DMF)]n
7f 8 42.4 66.7

[MnII(glc)2(H2O)2]
7g 7 60.3 112

3d–4f type
{CoII4Gd

III
10}

8k 7 32.6 54.3
{CuII5Gd

III
4}
8c 9 31.0 61.7

{NiII12Gd
III

36}
8e 7 36.3 83.5

{CoII10Gd
III

42}
8h 7 41.3 113

{[MnII(H2O)6][MnIIGdIII-
(oda)3]2$6H2O}n

8j
7 50.1 114

4f type
{[GdIII36(NA)36(OH)49(O)6(NO3)6-
(N3)3(H2O)20]Cl2$28H2O}n

9c
7 39.7 91.3

{[GdIII2(IDA)3]$2H2O}n
9d 7 40.6 101

[GdIII(OAc)3(H2O)0.5]n
10b 7 47.7 106

[GdIII(HCOO)(OAc)2(H2O)2]n
10c 7 45.9 110

[GdIII(C4O4)(OH)(H2O)4]n
9e 9 47.3 113

{GdIII48}
9i 7 43.6 121

[GdIII(HCOO)(bdc)]n
9b 9 47.0 125

[GdIII6(OH)8(suc)5(H2O)2]n
9h 7 48.0 144

{[GdIII6O(OH)8(ClO4)4-
(H2O)6](OH)4}n

9g
7 46.6 207

[GdIII(HCOO)3]n
10d 7 55.9 216

[GdIII(OH)CO3]n (this work) 3 54.4 291
5 61.7 330
7 66.4 355

a Me-ip ¼ 5-methylisophthalate, DMF ¼ dimethylformamide, glc ¼
glycolate, oda ¼ oxydiacetate, NA ¼ nicotinate, IDA ¼ iminodiacetate,
bdc ¼ benzenedicarboxylate, suc ¼ succinate.

Fig. 10 (a) A (a 2b c) supercell of Gd(OH)CO3 showing the exchange
pathways by OH� (purple chains) and CO3

2� (blue and yellow trian-
gles). Colour codes: Gd, green; O, red and purple; C, grey; H, light grey.
(b) Magnetic coupling interactions J1–J4 between Gd3+ ions.
the recently reported values of {[Gd6O(OH)8(ClO4)4(-
H2O)6](OH)4}n (�DSm,max ¼ 207 mJ cm�3 K�1)9g and Gd(HCOO)3
(�DSm,max ¼ 215.7 mJ cm�3 K�1).10d

Because the use of a high magnetic eld may not be suitable
in all circumstances from the technical and economic view-
point, the cooling capability under modest elds is of great
importance. In this research Gd(OH)CO3 is also found to be
excellent, e.g., it already surpasses commercial GGG whose
�DSm,maxz 24 J kg�1 K�1 (173mJ cm�3 K�1) for DH¼ 3 T.5 This
prominent feature, along with the remarkable DSm and DTad
obtained in a higher applied eld, further highlights the
promising cooling power and energy efficiency of Gd(OH)CO3.
DFT calculation

To provide clarication of the magnetic interactions between
the Gd(III) ions, a theoretical calculation using the DFT-GGA
method with CASTEP code was performed.14 Four different Gd–
O–Gd coupling interactions, J1–J4, between Gd3+ ions in a (a 2b
c) supercell (Fig. 10 and S3a†) are considered. J1 is the intra-
chain exchange mediated by both OH� and CO3

2� groups, while
J2–J4 are the inter-chain exchange through CO3

2� only. To
determine the values of these exchange parameters, ve ordered
spin states were built (Fig. S3b–f†) and the energy differences
were calculated according to the following Hamiltonian:

Ĥ ¼ �
X
i\j

JijSiSj

where Jij (¼ J1, J2, J3, J4) is the magnetic exchange-coupling
constants between the spin sites i and j, and Si and Sj are the
spin angular momentum operators at the spin sites i and j,
respectively.

By applying the energy expressions obtained for spin dimers
with N unpaired spins per spin site (in the present case, N ¼ 7),
the total spin exchange energies per unit cell of the ve spin
states are written as:

EFM ¼ (�4J1 � 6J2 � 3J3 � 4J4) � N2/4

EAFM1 ¼ (�4J1 + 6J2 + 3J3 � 4J4) � N2/4

EAFM2 ¼ (4J1 � 6J2 + 3J3 � 4J4) � N2/4

EAFM3 ¼ (4J1 + 6J2 � 3J3 � 4J4) � N2/4

EAFM4 ¼ (�4J1 � 2J2 � J3 + 4J4) � N2/4

http://dx.doi.org/10.1039/c4ta01646g


Table 3 Geometrical parameters associated with spin exchange
paths, J1–J4, in a double unit cell (a 2b c) of Gd(OH)CO3 and values of
J1–J4 calculated from the DFT-GGA method

Exchange

Distance (Å) Type of Gd–O–Gd bridges J (cm�1)

Gd–O–Gd m-OH�
m-O
(CO3

2�)
m3-O
(CO3

2�) U ¼ 0

J1 3.825 1 0 2 �0.163
J2 5.128 0 0 1 �0.041
J3 4.207 0 0 2 0.076
J4 4.885 0 1 0 �0.073
By mapping the relative energies of the ve ordered spin
states determined from the GGA calculations, the values (in
cm�1) of J1, J2, J3, and J4 obtained were �0.163, �0.041, 0.076
and �0.073, respectively (Table 3). To check whether these
values were reasonable, the Weiss constant q calculated from
the J values obtained and the experimental t were compared.
According to the mean eld theory14 q and J are related by:

q ¼ sðsþ 1Þ
3kB

X
i

ziJi

where the summation runs over all the nearest neighbours of a
given spin site, and zi is the number of nearest neighbours
connected by the spin exchange parameter Ji. Thus, q can be
approximated as:

qz
63ð2J1 þ 2J2 þ 2J3 þ 2J4Þ

12kB

The q value obtained was �3.0 K, which ts well with the
experimental result of �1.05 K because the GGA calculations
usually overestimate the spin exchange interaction.17a From the
above calculations, it can be seen that all the spin interactions
are very weak because of the internal nature of 4f electrons,
which were also observed in other gadolinium compounds.17b,c

The negative value of J1 accounts for the strongest antiferro-
magnetic interaction along the Gd3+–OH� chains, which
dominate the magnetic states of Gd(OH)CO3. However, the
positive J3 shows non-negligible inter chain ferromagnetism.
Moreover, the antiferromagnetic J2 and J4 lead to competing
exchange-coupling interactions in the triangular J2–J2–J4
substructure, and thus on the bc plane.17d Usually, spin-
competition may lead to a large number of degenerate spin-
states and delay the magnetic ordering, which is benecial to
enhancing the MCE.
Conclusions

In this study, the single-crystal structure and the experimental
evaluation of the magnetocaloric effect of a polymeric coordi-
nation material, the orthorhombic Gd(OH)CO3, was demon-
strated by magnetization and heat capacity measurements. It
was found that it makes no difference whether low or high elds
are used, the MCE of Gd(OH)CO3 compares well to the
commercially available material, GGG, which makes it a
promising material for cryogenic magnetic cooling
applications.
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