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Introduction

The relative dielectric constant er varies little with anisotro-
py, with the largest known anisotropic ratio approaching a
value less than 102 and which either sharply drops to 1–2
orders of magnitude or almost vanishes between two differ-
ent directions with increasing phase-transition temperature.
In contrast, conductivity is a strong function of direction
and the best known example of this is the large anisotropic
ratio [dk (=222700 Scm�1)/d? (=0.22 Scm�1)] of electric
conductivity of a layered graphite monocrystal exceeding
105.[1] Consequently, it has remained a significant challenge
to develop large dielectric anisotropy (defined as De= ek
�e? or Fe= ek/e? , in which ek or e? is the real part of the
complex permittivity e=er+ iea, and one of the most impor-

tant physical properties of liquid crystalline compounds that
in essence determine the lower threshold voltage of liquid
crystal displays (LCDs).[2] Evidently, from a structural point
of view, the anisotropic nature of a laminar structure may
be largest between the parallel and perpendicular directions
to the layer. Thus, a way to introduce high dielectric aniso-
tropy is the design of layered compounds. Another consider-
ation is that dielectric permittivity magnitude is also strongly
dependent on molecular polarity. That is to say that a com-
pound with a noncentrosymmetric structure will display
large dielectric constant which can be @1000+ probably
due to their residual dipole moments resulting from an
acentric packing mode.[3] It could thus be envisioned that
the combination of both features would lead to new dielec-
tric properties. To this end and as a continuation of system-
atic investigations in our group on optoelectronic properties
of non-centrosymmetric compounds,[4] we have realized two
homochiral europium compounds possessing residual dipole
moments that lead to large er and in principle in which the
layered structures may display large Fe in accordance to the
above-mentioned criteria.[4c]

Results and Discussion

Hydrothermal or deuteratothermal reaction of Eu-
ACHTUNGTRENNUNG(ClO4)3·6H2O with l-ethyl lactate (Lig-Et) gave the laminar
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Abstract: Hydrothermal (deuterato-
thermal) reaction of l-ethyl lactate
(Lig-Et) with Eu ACHTUNGTRENNUNG(ClO4)3·6H2O gives
colorless block crystals of [Eu ACHTUNGTRENNUNG(Lig)2-
ACHTUNGTRENNUNG(X2O)2] ACHTUNGTRENNUNG[ClO4] (1, X=H; 2, X=D)
both of which possess a two-dimension-
al laminar homochiral framework.
Single-crystal di ACHTUNGTRENNUNGelectric measurements
reveal that 1 and 2 display a giant di-
ACHTUNGTRENNUNGelectric anisotropy approximately ex-
ceeding 100 and large isotopic effect

with about 54% enhancement along
the a axis. Their ferroelectric features
further confirm this respect. Crystal pa-
rameters: 1, C6H14ClO12Eu, Mr=

465.58, monoclinic, C2, a=8.6786(6),

b=8.3965(6), c=10.2153(7) J, b=

92.040(1)8, V=743.92(9) J3, Z=2,
1calcd=2.079 Mgm�3, R1=0.0508, wR2=

0.1239, m=4.448 mm�1, S=1.043;
Flack=0.04(5). 2 : C6H10D4ClO12Eu,
Mr=469.61, monoclinic, C2, a=

8.689(2), b=8.410(2), c=10.224(3) J,
b=92.057(4)8, V=746.7(3) J3, Z=2,
1calcd=2.089 Mgm�3, R1=0.0465, wR2=

0.1150, m=4.432 mm�1, S=1.058;
Flack=0.02(5).
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homochiral metal–organic frameworks (MOFs) [Eu ACHTUNGTRENNUNG(Lig)2-
ACHTUNGTRENNUNG(H2O)2]ACHTUNGTRENNUNG[ClO4] (1) and [Eu ACHTUNGTRENNUNG(Lig)2ACHTUNGTRENNUNG(D2O)2]ACHTUNGTRENNUNG[ClO4] (2), respec-
tively (Scheme 1), in which Fe in both 1 and 2 are @100+

and are stable during the measurement temperature range
which is unprecedented.

The IR spectrum of MOF 1 reveals a very strong peak at
1105 cm�1, which suggests the presence of the ClO4

� ion.
The presence of three strong peaks at 1604, 1470, and
1434 cm�1 is also suggestive of the carboxylate moiety. As
expected, a broad peak at 3480 cm�1 indicates the presence
of water in 1. The peaks in the IR spectrum of 2 are similar
to those of 1, but with the exception of an extra medium
strong peak at 2515 cm�1, indicating the presence of deuter-
ated water.

X-ray crystal structure determination of MOFs 1 and 2
reveal that the local coordination environment around the
Eu ion displays a slightly distorted square antiprism or do-
decahedron with six oxygen atoms from four different lac-

tate ions and two H2O molecules (or D2O) completing the
eight-coordination mode.[5] Thus, each lactate ion links two
Eu ions through one of the two oxygen atoms of the carbox-
ylate moiety and the hydroxyl group that chelates a Eu ion
with the other oxygen atom of the carboxylate group bridg-
ing to another Eu ion. This results in the formation of two-
dimensional layered framework as depicted in Figure 1 (top
right). Careful inspection of Figure 1 (bottom right) shows
that a cation laminar layer of [EuACHTUNGTRENNUNG(Lig)2 ACHTUNGTRENNUNG(X2O)2]

+ (X=H or
D) acts as the sides of a sandwich to intercalate perchlorate
ions, resulting in the formation 3D framework through hy-
drogen bonds (see the Supporting Information). As expect-
ed, the dielectric constants parallel to the [EuACHTUNGTRENNUNG(Lig)2ACHTUNGTRENNUNG(X2O)2]

+

(X=H or D) layer may be quite different from that perpen-
dicular it. Also, there is nothing exceptional about their
bond lengths and angles (Tables1 and 2) found in 1 and 2.

The temperature dependence of the ac dielectric permit-
tivity measurements on an impedance analyzer on single
crystals of 1 and 2 were carried out over the 5–300 K tem-
perature range and at 106 Hz frequency. Electrical contacts
were prepared by using gold paste to attach the 10 mm gold
wires to the single crystal. As shown in Figure 2, the permit-
tivity era of a single crystal of 1 along the a axis (Eka, elec-
tric field (E) approximately parallel to a axis) reveals that
the dielectric permittivity remains unchanged over the 5–
300 K temperature range at a high frequency of 1 MHz, and
maintains a value range of era(1) �14.3–15.4. Surprisingly,

Scheme 1.

Figure 1. Top left: Asymmetric unit of MOF 1 and 2 in which Eu anion has an eight-coordinate local coordination geometry. Top right: two-dimensional
laminar framework of 1 and 2 along the c axis in which the ClO4

� ions are intercalated between two layers and long orange sticks and grey-green balls
stand for l-lactate and Eu atoms. Bottom left: two-dimensional layered representation of 1 and 2 along the a axis. Bottom right: two-dimensional layered
representation of 1 and 2 along the b axis. The blue arrows indicate the electric field directions.
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the dielectric permittivity erc along the c axis sharply increas-
es to reach a value range of erc(1) �2021–2167 with increas-
ing temperature. Thus, the dielectric anisotropy of Fe=erc/
era can be estimated to be about 140. Similarly, the dielectric
permittivity erb along the b axis also sharply increases to
reach a maximal value range, among the three crystallo-
graphic axes, of erb(1) �2121–2266 with increasing tempera-
ture . The dielectric anisotropy of Fe=erb/era is estimated to
reach a maximal value of 147 (Figure 2). To our knowledge,
such giant dielectric anisotropy is unprecedented and this
value remains constant or temperature-independent with re-
spect to the reported maximal dielectric anisotropy of 70–
90, which sharply drops to a normal value or vanishes
beyond the phase-transition temperature.[6] In addition, the
temperature-independent dielectric behavior is similar to
that found in other metal-organic frameworks,[7] non-deuter-
ated organic solid acids,[8] and a homochiral trinuclear NiII

molecule with a dielectric anisotropy of maximal 3.47 due to
its non-laminar structural features.[4c]

As mentioned earlier, laminar compounds in principle dis-
play the largest anisotropy due to their structural nature.
Layered MOF 1 abides by this rule; when E is parallel to
the [Eu ACHTUNGTRENNUNG(Lig)2ACHTUNGTRENNUNG(X2O)2]

+ (X=H or D) ionic layer , as depicted
in Figure 1 (right-hand side), the dipolar moment along the
b and c axes are larger, which leads to a extremely large di-

ACHTUNGTRENNUNGelectric response along the two directions. On the other
hand, when E is perpendicular to the [EuACHTUNGTRENNUNG(Lig)2ACHTUNGTRENNUNG(X2O)2]

+

(X=H or D) ion layer, as shown in Figure 1 (bottom left),
the dielectric constant is much smallest among the three
axes, probably due to the layers in this direction composed
of multi-layers anionic capacitors that are almost too fixed
to move, leading to the smallest dielectric response.

To confirm such giant dielectric anisotropy existing in
MOF 1, the dielectric permittivities of the deuterated MOF
2 along the three crystallographic axes was measured
(Figure 3). The dielectric permittivity along the a axis is also
the smallest, reaching a value range of era(2) �22.4–23.7.
This allowed the deuterated effect {defined as
[era(2)�era(1)]/era(1)} to be estimated to be in the range of
54–57% enhancement. However, the deuterated effect
along other two crystallographic axes essentially vanished.
Despite this, the dielectric constants of MOF 2 along the c
and b axes are still slightly larger than those of MOF 1
along these axes, reaching erc(2)�2259–2397 and erb(2)
�2317–2383, respectively.

On the basis of the above results, it suggests that H�(D�)
bonds between H2O and the ClO4

� ion are very strong

Table 1. Bond lengths [J] and angles [8] for MOF 1.[a]

C1�C2 1.51(3) C2�O1 1.37(2)
C2�C3 1.48(2) C3�O4 1.18(2)
C3�O2 1.279(19) Cl1�O5#1 1.267(10)
Cl1�O5 1.267(10) Cl1�O6 1.273(13)
Cl1�O6#1 1.273(12) Eu1�O2#2 2.303(11)
Eu1�O2#3 2.303(11) Eu1�O3#4 2.389(10)
Eu1�O3 2.389(10) Eu1�O4 2.424(11)
Eu1�O4#4 2.424(11) Eu1�O1#3 2.456(11)
Eu1�O1#2 2.456(11) O1�Eu1#5 2.456(11)
O2�Eu1#5 2.303(11)

O1-C2-C3 108.6(15) O1-C2-C1 112.7(13)
C3-C2-C1 110.4(14) O4-C3-O2 123.4(15)
O4-C3-C2 122.2(15) O2-C3-C2 114.5(15)
O5#1-Cl1-O5 103.2(10) O5#1-Cl1-O6 106.6(7)
O5-Cl1-O6 109.3(8) O5#1-Cl1-O6#1 109.3(8)
O5-Cl1-O6#1 106.6(7) O6-Cl1-O6#1 120.6(13)
O2#2-Eu1-O2#3 88.4(8) O2#2-Eu1-O3#4 97.5(5)
O2#3-Eu1-O3#4 149.4(4) O2#2-Eu1-O3 149.4(4)
O2#3-Eu1-O3 97.5(5) O3#4-Eu1-O3 92.5(5)
O2#2-Eu1-O4 133.6(4) O2#3-Eu1-O4 78.9(4)
O3#4-Eu1-O4 75.3(4) O3-Eu1-O4 76.9(4)
O2#2-Eu1-O4#4 78.9(4) O2#3-Eu1-O4#4 133.6(4)
O3#4-Eu1-O4#4 76.9(4) O3-Eu1-O4#4 75.3(4)
O4-Eu1-O4#4 139.4(5) O2#2-Eu1-O1#3 78.6(5)
O2#3-Eu1-O1#3 62.1(4) O3#4-Eu1-O1#3 148.6(4)
O3-Eu1-O1#3 77.9(5) O4-Eu1-O1#3 129.5(4)
O4#4-Eu1-O1#3 71.7(4) O2#2-Eu1-O1#2 62.1(4)
O2#3-Eu1-O1#2 78.6(5) O3#4-Eu1-O1#2 77.9(5)
O3-Eu1-O1#2 148.6(4) O4-Eu1-O1#2 71.7(4)
O4#4-Eu1-O1#2 129.5(4) O1#3-Eu1-O1#2 124.6(7)
C2-O1-Eu1#5 123.8(10) C3-O4-Eu1 139.6(10)

[a] Symmetry transformations used to generate equivalent atoms: #1
�x+2, y, �z+1; #2 x+1/2, y+1/2, z ; #3 �x+3/2, y+1/2, �z+2; #4;
�x+2, y, �z+2; #5 x�1/2, y�1/2, z.

Table 2. Bond lengths [J] and angles [8] for MOF 2.[a]

C1�C2 1.50(2) C2�O1 1.406(19)
C2�C3 1.48(2) C3�O4 1.207(19)
C3�O2 1.282(17) Cl1�O6 1.296(11)
Cl1�O6#1 1.296(11) Cl1�O5 1.299(11)
Cl1�O5#1 1.299(11) Eu1�O2#2 2.334(10)
Eu1�O2#3 2.334(10) Eu1�O3 2.385(10)
Eu1�O3#4 2.385(10) Eu1�O4 2.420(10)
Eu1�O4#4 2.420(10) Eu1�O1#3 2.451(10)
Eu1�O1#2 2.451(10) O1�Eu1#5 2.451(9)
O2�Eu1#5 2.334(10) O3�D3 A 0.9377
O3�D3B 0.9732

O1-C2-C3 107.3(11) O1-C2-C1 112.9(12)
C3-C2-C1 111.3(13) O4-C3-O2 122.2(14)
O4-C3-C2 120.2(13) O2-C3-C2 117.6(14)
O6-Cl1-O6#1 120.5(12) O6-Cl1-O5 108.0(7)
O6#1-Cl1-O5 108.3(6) O6-Cl1-O5#1 108.3(6)
O6#1-Cl1-O5#1 108.0(7) O5-Cl1-O5#1 102.3(11)
O2#2-Eu1-O2#3 87.9(6) O2#2-Eu1-O3 148.8(4)
O2#3-Eu1-O3 98.3(4) O2#2-Eu1-O3#4 98.3(4)
O2#3-Eu1-O3#4 148.8(4) O3-Eu1-O3#4 92.0(5)
O2#2-Eu1-O4 133.9(3) O2#3-Eu1-O4 78.5(4)
O3-Eu1-O4 77.2(3) O3#4-Eu1-O4 75.2(4)
O2#2-Eu1-O4#4 78.5(4) O2#3-Eu1-O4#4 133.9(3)
O3-Eu1-O4#4 75.2(4) O3#4-Eu1-O4#4 77.2(3)
O4-Eu1-O4#4 139.9(5) O2#2-Eu1-O1#3 77.5(4)
O2#3-Eu1-O1#3 63.2(3) O3-Eu1-O1#3 78.2(4)
O3#4-Eu1-O1#3 148.0(3) O4-Eu1-O1#3 130.2(3)
O4#4-Eu1-O1#3 70.9(3) O2#2-Eu1-O1#2 63.2(3)
O2#3-Eu1-O1#2 77.5(4) O3-Eu1-O1#2 148.0(3)
O3#4-Eu1-O1#2 78.2(4) O4-Eu1-O1#2 70.9(3)
O4#4-Eu1-O1#2 130.2(3) O1#3-Eu1-O1#2 124.8(6)
C2-O1-Eu1#5 123.9(7) C3-O2-Eu1#5 127.5(10)
Eu1-O3-D3 A 111.4 Eu1-O3-D3B 109.5
D3 A-O3-D3B 110.2 C3-O4-Eu1 138.5(10)

[a] Symmetry transformations used to generate equivalent atoms: #1
�x+2, y, �z+1; #2 x+1/2, y+1/2, z ; #3 �x+3/2, y+1/2, �z+2; #4
�x+2, y, �z+2; #5 x�1/2, y�1/2, z.
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along the a axis and this feature results in the formation of a
larger deuterated effect taking place when two H2O mole-
cules are replaced by two D2O molecules.[9] The dielectric
anisotropies (Fe= erb(2)/era(2) and Fe=erc(2)/era(2)) of
MOF 2 still exceed 100, although they are slightly smaller
than that of MOF 1. Thus, laminar homochiral Eu–MOF re-
ported in this work exhibits unprecedented huge and stable
dielectric anisotropy.

According to the Claussius–Mossotti equation,
[(er�1)/ ACHTUNGTRENNUNG(er+2)]=4pNAb1/3M in which NA, b, 1, and M are
AvogadroSs number, molecular polarizability, density, and
molecular weight, respectively. Generally, er of MOF 2
should be slightly larger than that of MOF 1 after deutera-
tion according to this rule. Furthermore, as giant dielectric
anisotropy may come from molecular polarizability anisotro-
py, the dielectric constant er along different crystallographic
directions should be written as [(2Cb+1)/ACHTUNGTRENNUNG(1�Cb)] according
to the Claussius–Mossotti equa-
tion in which C (=4pNA1/3M)
is a constant. Since b is a vector
in a crystal, bij should be writ-
ten as:

The dielectric vector erij = [(2Cbij +1)/ ACHTUNGTRENNUNG(1�Cbij)]. The mo-
lecular polarizability (b11) when E is parallel to the a axis is
much smaller than those of b22 and b33 (E parallel to the b
and c axes), probably due to E being perpendicular to the
layer of [EuACHTUNGTRENNUNG(Lig)2ACHTUNGTRENNUNG(X2O)2]

+ , as this layer has larger shielding
effect to E resulting in the smallest polarizability. However,
the [EuACHTUNGTRENNUNG(Lig)2ACHTUNGTRENNUNG(X2O)2]

+ layer is parallel to E along b and c
axes and the ionic polarizability of ClO4

� and [Eu ACHTUNGTRENNUNG(Lig)2-
ACHTUNGTRENNUNG(X2O)2]

+ reach a maximum values, leading to the sharp in-
crease of b22 and b33. Thus, the observed dielectric response
should obey the order erc�erb @era.

In addition, the giant dielectric anisotropy should be asso-
ciated with a strong ferroelectric property. Figure 4 clearly
shows that there is an electric hysteresis loop that is a typi-
cal ferroelectric feature with a remnant polarization (Pr) of
approximately 0.025 mCcm�2 and coercive field (Ec) of
around 0.15 kVcm�1. The saturation spontaneous polariza-
tion (Ps) of 1 is about 0.1 mCcm�2, which is smaller than that
typical for ferroelectric materials, for example, KH2PO4

(Ps=5.0 mCcm�2) and triglycine sulfate (Ps=3.0 mCcm�2),
but still smaller than that of NaKC4H4O6·4H2O (Rosal salt,
Ps=0.25 mCcm�2). Figure 4 (bottom) also clearly shows that
there is an electric hysteresis loop, which is a typical ferro-

Figure 2. Top: Permittivity (er) of MOF 1 as a function of temperature
upon application of E approximately parallel to the a, b, and c crystal
axes directions. The measurements were made at a high frequency of
1 MHz. Bottom: Anisotropic ratio as a function temperature.

Figure 3. Top: Permittivity (er) of 2 with temperature upon application of
E approximately parallel to the a, b, and c crystal axes directions. The
measurements were made at a high frequency of 1 MHz. Bottom: Isotop-
ic effect [(22.11–14.35)/14.35=54%] along the a axis.
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electric feature with a Pr of about 0.09 mCcm�2 and an Ec of
around 0.24 kVcm�1. The Ps of 2 is approximately
0.203 mCcm�2. Thus, deuteration effect of Pr and Ps should
be 3.6 and 2.03 times than that of non-deuterated MOF 1,
respectively. Thus, the ferroelectric features further confirm
the giant permittivity and dielectric anisotropy.

In conclusion, the present work provides an insight in the
search for high dielectric anisotropy; from structure to func-
tion by crystal engineering design. In generally, the laminar
and homochiral MOF will display larger permittivity aniso-
tropy.

Experimental Section

Synthesis of 1: The hydrothermal reaction of l-ethyl lactate (1.0 mL) in
the presence of Eu ACHTUNGTRENNUNG(ClO4)3·6H2O (1 mmol) and water (1.5 mL) sealed
Pyrex tube at 110 8C for 2–4 days gave colorless block compound 1 in
50% yield based on Eu ACHTUNGTRENNUNG(ClO4)3·6H2O after cooling down. IR: ñ =3480
(br s), 2980 (vw), 2937 (vw), 1603 (vs), 1470 (m), 1434 (m), 1359 (m),
1315 (w), 1241 (w), 1105 (vs), 933 (w), 870 (w), 781 (w), 628 (w), 570 (w),
452 cm�1 (w); elemental analysis calcd (%) for C6H14ClO12Eu: C 15.46, H
3.01; found: C 15.38, H 3.04.

Synthesis of 2 : The deuteratothermal reaction of l-ethyl lactate (1.0 mL)
in the presence of EuACHTUNGTRENNUNG(ClO4)3·6H2O (1 mmol) and deuterated oxide
(D2O; 1.5 mL ) sealed Pyrex tube at 110 8C for 2–4 days gave colorless
block compound 2 in 45% yield based on Eu ACHTUNGTRENNUNG(ClO4)3·6H2O after cooling
down. IR: ñ =3466 (br s), 2980 (vw), 2937 (vw), 2515 (m), 1602 (vs), 1465
(m), 1433 (m), 1358 (m), 1313 (w), 1241 (w), 1107 (vs), 934 (w), 868 (w),
777 (w), 628 (w), 567 (w), 451 cm�1 (w); elemental analysis calcd (%) for
C6H10D4ClO12Eu: C 15.33, H 2.13; found: C 15.28, H 2.08.
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Figure 4. An electric hysteresis loop of a pellet of powders of MOF 1
(top) and 2 (bottom) was observed with an RT66 ferroelectric tester at
room temperature.
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