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The hydrothermal reaction of (u)-ethyl lactate (Lig-Et) with Scheme 1

Tb(ClO4)3+6H,0 gives colorless block (Lig),Tb(H.0)2(ClOy) (1), in

which 1 displays a laminar 2D framework. Ferroelectric and

magnetic property measurements reveal that 1 probably is the

first example of two “ferroic” metal—organic frameworks. Ferro-

electricity of its analogue, (Lig),Th(D,0)(ClO,) (2), further confirms ferroelectric properties, to date, that we are awarevdtiile

the presence of the ferroelectric deuterium effect. metal coordination compounds (or MOFs) have received
widespread attention in recent years because of the ability
of the organie-inorganic hybrid material to possess the

Magnetism and ferroelectricity (magnetism and ferroelec- US€ful properties of both organic (chromophore, chirality,
tricity coexist in materials called multiferroics) are essential and ta|.lorable) and inorganic (electronic d.and f orbital
to many forms of current technology, and the quest for properties S_UCh as luminescence and magqetlsm) com_p_ounds
multiferroic materials, where these two phenomena are within- a smgle molecular-scale comp_osne. In add'tlon’
intimately coupled, is of great technological and fundamental met_al_—_orgamc cc_)m_ple>_<es offer not only |_ncre_f_ised synthetic
importance:-3 Despite their usefulness, magnetic ferroelec- flexibility for optimization of hyperpolarizability but also

. . . well-defined metal centers and oxidation states, which, in
trics are rare in nature, and most of them are antlferromagnetsturn would provide the ability to fine-tune the electronic

with small responses to an external magnetic field becauseproperties of the surrounding ligandTo this end, as a

ferroglectncny and magnetism tend to be mutually eXCIU?'Ve continuation of systematical investigations on noncentrosym-
and interact wegkly with each other when they_coe‘bqst. metric compound$,we have realized that the homochiral
However, the discovery of anomalously large interplay omnounds should be good candidates, with residual dipole
between ferroeleciricity and magnetlsm in ThMnand moments leading to ferroelectric properties where the layered
TbMn;Os has accelerated such intereMost of the excellent gy ctures with transition-metal or rare-earth ions may mimic
multiferroic compounds are pure inorganic compounds such 5 perovskite structure with magnetic properties because
as BiMnQ; and LaMMnOs (M = Co, Ni, and Cu). Metal— transition-metal ions have unpaired electrons to result in the
organic compounds [or metabrganic framework (MOF)]  occurrence of magnetism while a homochiral ligand ensures
have never been reported to display ferromagnetic andthe MOF to crystallize in an acentric space group. The
hydrothermal reaction of Th(CUx-6H,O with (L)-ethyl

*To whom correspondence should be addressed. E-mail: yeqiong@ |actate (Lig-Et) offers one 2D laminar homochiral MOF,
seu.edu.cn (Q.Y.), xiongrg@seu.edu.cn (R.-G.X.). (Lig)sz(HZO)z(C|O4) (1)1 as shown in Scheme 1.
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Figure 2. Two simplified 2D laminar network representations in which
the cation 2D square Tb(lactagedcts as the sides of the sandwich to
intercalate perchlorate ions along two different crystallographic directions
(the ball stands for the Th ion, while straight line is the lactate ligand).

Figure 1. Asymmetric unit of 2D MOFL in which the local coordination
environment around the Tb ion has a slightly distorted square antiprism
while the perchlorate ion fails to take part in the coordination to the Tb ion
and serves only as a charge balance ion. The color codes green, red, purple-
red, black, and white balls indicate Cl, O, Tb, C, and H atoms, respectively.

Typical bond distances (A): Th103 2.291(19), Th+02 2.320(17), Tht
04 2.325(15), Th+01 2.416(14), Cl+06 1.30(3), Cl+-05 1.39(4).

The IR spectrum of MORL shows that there is a very
strong peak at 1105 criy probably indicating the presence

ofa perchlorate ion, while three strong peaks at 1604, 1470, Figure 3. Temperature dependence of magnetic susceptibilities in the form

and 1434 cm!® are suggestive of a carboxylate ion. As
expected, a broad peak at 3480 ¢mrobably suggests the
presence of water in MOE.2

X-ray crystal structure determination of MAFshows that
the local coordination environment around the Tb ion can

be best described as a slightly distorted square antiprism or

of ymT andym at an applied field of 2 kOe from 1.8 to 300 K for MAF

laminar layer Th(Lig), used as the sides of a sandwich to
intercalate perchlorate ions, results in the formation of a 3D
framework through hydrogen bonds (see the Supporting
Information).

Figure 3 shows the temperature dependence of the

dodecahedron, where six O atoms come from four different magnetic susceptibility in the form gf,T vs T for MOF 1.

lactate ions while two water molecules completed the eight-

coordination mode (Figure 2)Thus, each lactate ion links

two Tb ions using one of the two O atoms of carboxylate
and hydroxy groups to chelate the Th ion while the other O
atom of carboxylate bridges another Tb ion to result in the
formation of a 2D-layered framework, as depicted in Figure
2. A careful investigation of Figure 2 reveals that a cation

(8) Synthesis of 1 The hydrothermal reaction of }-ethyl lactate (1.0
mL) in the presence of Th(Cl-6H,O (1 mmol) with 1.5 mL of
water in a sealed Pyrex tube at 130 for 2—4 days gave colorless
block compoundl in 50% vyield based on Th(CUp-6H,O after
cooling down. IR (cm?): 3480 (s, br), 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 (w). Anal. Calcd
for CeH14ClO12Th: C, 15.24; H, 2.96. Found: C, 15.30; H, 3.01. TGA
suggests that MORL can be stable before ca. 20C (see the
Supporting Information)Synthesis of 2 The hydrothermal reaction
of (L)-ethyl lactate (1.0 mL) in the presence of Th(G)&6H.0 (1
mmol) with 1.5 mL of deuterated oxide ¢D) in a sealed Pyrex tube
at 110°C for 2—4 days gave colorless block compougdn 45%
yield based on Th(Clg)s-6H,0 after cooling down. IR (cmt): 3466

(s, br), 2980 (vw), 2937 (vw), 2515 (m), 1602 (vs), 1465 (m), 1433
(m), 1358 (m), 1313 (w), 12413 (w), 1107 (vs), 934 (w), 868 (w),
777 (w), 628 (W), 567 (w), 451 (w). Anal. Calcd forsi10D4ClO12-
Th: C, 15.11; H, 2.10. Found: C, 15.18; H, 2.07.

Crystal data ofl: CgH14ClO12Th, M = 472.54, monoclinicC2, a =
8.635(2) A,b = 8.3357(19) Ac = 10.187(2) A = 92.002(43, V
=732.83) B, Z=2,D, = 2.142 Mgm~3, R1 = 0.0473, wR2=
0.1341,u = 5.062 mm?%, S= 1.092; Flack parameter 0.08(4).
Crystal data oR: CgH10D4ClO12Th, M = 476.57, monoclinicC2, a
=8.6580(15) Abp = 8.3628(18) Ac = 10.2187(18) A = 91.933-
(2)°, V=739.5(2) B, Z= 2, D, = 2.140 Mgm~3, R1 = 0.0460,
WR2=0.1009,« = 5.016 mm!, S= 1.055; Flack parameter 0.01-
(4).

€]

~

The magnetic property from thg,T vs T curve seems too
complicated to fit by any equation. As seen in Figure 3, the
xmI curve of MOF 1 slowly decreases from ca. 10.7
emuK-mol~ at 300 K to a minimum of 10.5 emki-mol*

at 41 K with temperature cooling and then gradually
increases, basically returningto avalue of 10.6.36-&mmuol *

at 6 K, and subsequently goes down sharply to 9.8
emuK-mol™ at 1.8 K. Such magnetic behavior has been
recently reported for dinucluer [E(H,0),]»4H,0 (L =
salicylic acid) and [EX(L)(HL)(NO3)s(HCOO)]:3MeOH [L

= 1,3,5-tris(imidazol-1-ylmethyl)-2,4,6-trimethylbenzer®].
The temperature dependence of magnetic behavior also
seemingly indicates ferromagnetic coupling between thé Th
ions in MOF 1.

Given that productl crystallizes in a chiral space group
(C2) while it also adopts a polar space group, its optical
properties were investigated. Preliminary studies of the
powdered sample indicate thihts second-harmonic-genera-
tion-active, with approximately 1 times that of KBPThe
space groupLC?2 is associated with the point grod, one
of the 10 polar point groups required for ferroelectric
behavior. Experimental results indicate that MQFdoes
indeed display ferroelectric behavior. Figure 4 clearly shows

(10) (a) Costes, J.-P.; Clemente-Juan, J. M.; Dahan, F.; Nicedé¢ ;
Verelst, M.Angew. Chem., Int. EQ002 41, 323. (b) Zhang, Z.-H.;
Song, Y.; Okamura, T.; Hasegawa, Y.; Sun, W.-Y.; Ueyamdnbtg.
Chem.2006 45, 2896.
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Figure 4. Electric hysteresis loop of a pellet of powders of MQF
observed by an RT6000 ferroelectric tester at room temperature (the different

curves stand for different hysteresis loops at different voltage measurements).

that there is an electric hysteresis loop, which is a typical
ferroelectric feature, with a remanent polarizatiey) of ca.
0.25uC-cm~2 and a coercive field&) of 0.2 kV-cm™%. The
saturation spontaneous polarizatioBs)(of 1 is ca. 1.0
uC-cm~2, which is smaller than those of the typical ferro-
electrics KDP Ps = 5.0 uC-cm2) and triglycine sulfate
(TGS; Ps= 3.0uC-cm™?) but larger than that of NaK1,0g
4H,0 (Rosal saltPs = 0.25uC-cm™2). To further confirm
the ferroelectric behavior of MOE, we have performed the
synthesis and crystal structure determination of ({Tig}
(D20)2(ClOy) (2), in which a medium peak at 2515 cfn
suggests the presence of@while other typical peaks of
ClO,~ and carboxylate groups are basically identical with
those of MOFL1 (see the Supporting Information). Crystal
structural determination reveals that MQFs isostructural

to that of MOFL1. Figure 2S in the Supporting Information
also clearly shows that there is an electric hysteresis loop,
which is a typical ferroelectric feature, with a remanent
polarization P;) of ca. 0.90uC-cm~2 and a coercive field
(Ec) of 0.33 kV-=cm™L. The saturation spontaneous polariza-
tion (Ps) of 2is ca. 2.03:C-cm2. Thus, the deuteration effect
of Pr and Ps should be 3.6 and 2.03 times that of nondeu-
terated MOFL, respectively. On the other hand, the smaller
coercive field is comparable to those found in the organic
compounds and polymets. Thus, to the best of our
knowledge,1 represents the first example of MOFs that
exhibit ferromagnetic and ferroelectric properties that coexist.

(11) (a) Ye, Q.; Wang, X.-S.; Zhao, H.; Xiong, R.-€hem. Soc. Re
2005 34, 208. (b) Xiong, R.-G.; Xue, X.; Zhao, H.; You, X.-Z,;
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M.; Huang, X.-F.; Xiong, R.-G.; Xue, Z. Linorg. Chem.2005 44,
3618. (e) Wang, X.-S.; Tang, Y.-Z.; Huang, X.-F.; Qu, Z.-R.; Che,
C.-M.; Chan, P. W. H.; Xiong, R.-Gnorg. Chem.2005 44, 5278.
(f) Ye, Q.; Tang, Y.-Z.; Wang, X.-S.; Xiong, R.-@alton Trans.
2005 1570. (g) Qu, Z.-R.; Zhao, H.; Wang, X.-S.; Li, Y.-H.; Song,
Y.-M,; Liu, Y.-J.; Ye, Q.; Xiong, R.-G.; Abrahams, B. F.; Xue, Z. L.;
You, X.-Z. Inorg. Chem.2003 43, 7710.
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(13) (a) Fu, D.-W.; Song, Y.-M.; Wang, G.-X.; Ye, Q.; Xiong, R.-G;
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D.-W.; Xiong, R.-G.; Cui, Y.-P.; Akutagawa, T.; Chan, P. W. H.;
Nakamura, TAngew. Chem., Int. EQ007, 46, 6852. (c) Zhao, H.;
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W. H. Chem—Eur. J. 2007, website available.
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Figure 5. (a) Dielectric permittivity &) of powdered samplé as a function

of the temperature. The measurements were only taken at a high frequency
of 1 MHz because there is no fluctuation during measurement (the different

curves stand for the different dielectric constants measured at different

frequencies from 1) 1075, 103, 1035, 10¢, 1045, 10°, 10>5to 1(F Hz starting

from the bottom)3 (b) Dielectric permittivity €) of powdered sampl@

as a function of the temperature. The measurements were only taken at a
high frequency of 1 MHz because there is no fluctuation during measurement

(the different curves stand for the different dielectric constants measured

at different frequencies from 201075, 1%, 1035, 10¢, 10*5, 1(P, 10°5to

10P Hz starting from the bottom?

On the other hand, their ferroelectric properties should be
associated with relatively high dielectric constants. To verify
that both MOFsL and 2 possess high dielectric constants,
the powdered samples were measured at different frequencies
and temperatures, as shown in Figure 5. From Figure 5a,b,
it can be seen that MOF%s and 2 both display relatively
high dielectric constants, reaching at ca. 13 and 15, respec-
tively. In addition, we can estimate the deuterium effect on
permittivity, being about 15%=(15 — 13)/13].

In summary, a 2D laminar multiferroic MOF was prepared
through employment of esterification under hydrothermal
reaction conditions. This class of materials provides a new
impetus to examining the potential applications of MOFs as
multiferroic materials.
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