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A hydrothermal reaction of diphenic acid, NaOH, water and the corresponding lanthanide salt at a pH of

y5.5 gives rise to a new one-dimensional metal–organic coordination polymer, 1
3[M2(H2O)2(C14H8O4)3]

(M ~ Nd, Dy or Y). The structure is built up from a network of distorted dodecahedral MO8 units and the

diphenate anions. The M atoms are connected through an oxygen atom, giving rise to tancoite-like chains, to

which the diphenate anions are grafted completing the one-dimensional structure. Magnetic studies indicate

only paramagnetic behavior in the temperature range 4–300 K for M ~ Dy. The compounds exhibit

photoluminescence at room temperature with the main emission band at 450 nm (lex ~ 338 nm).

Introduction

Synthesis of new materials with novel structures constitutes an
important area of research. Inorganic–organic hybrid com-
pounds prepared using multi-functional benzene carboxylic
acids belong to this class.1–5 The continuing research in this
area has shown that the carboxylates of lanthanides (Ln) are
attractive due to the higher coordination of the Ln ions as well
as for their many interesting properties.6–10 Though the
literature abounds on the report of novel benzene carboxy-
lates,3,5 those formed from specific building units or with a
inorganic core are rare. In many of the benzene carboxylates,
the carboxylate group locks the metal ions in position to form
the clusters. Metal carboxylate clusters have been employed for
the design of porous metal–organic frameworks.3 Recently,
1,4-naphthalenedicarboxylic acid has been used to form new
metal–organic frameworks having cuboctahedral clusters.11,12

We have been interested in the use of diphenic acid for the
preparation of metal–organic frameworks, especially with
lanthanide ions. Interesting building units with unusual
structures have been observed recently by the use of diphenic
acid in the preparation of metal–organic frameworks.13 In
continuation of the same theme, we have now discovered a new
lanthanide coordination polymer, 1

3[M2(H2O)2(C14H8O4)3]
(M ~ Nd, Dy or Y). More importantly, the central metal ions
are locked into position by the carboxylate units to form a
structure that resembles the naturally occurring mineral
tancoite, LiNa2HAl(PO4)2(OH).14 In this paper, we present
the synthesis and structure of this compound along with the
magnetic studies for the Dy compound.

Experimental

All the compounds have been synthesized under identical con-
ditions employing hydrothermal methods. Typically, 0.174 g
of Dy(NO3)3 and 0.252 g of diphenic acid (DPA) were dis-
persed in 5 ml of water. To this, 0.4 ml of NaOH (5 M solu-
tion) was added and the mixture was homogenized at room
temperature for 30 min. The final mixture with composition

1 Dy(NO3)3:2 DPA:4 NaOH:556 H2O, was sealed in a 23 ml
PTFE-lined bomb and heated at 180 uC for 72 h. The resulting
product contained only rod-like colorless crystals and was vacuum
filtered and dried at ambient conditions. The yield of the
product was y80%. Identical composition and procedure were
adapted for the neodymium and yttrium containing com-
pounds, resulting in very high yield (w75%) of single crystalline
product. The compounds were characterized by powder XRD,
IR, TGA and photoluminescence studies. The powder XRD
patterns were recorded on crushed single crystals in the 2h
range 5–50u using Cu-Ka radiation (Rich-Seifert, 3000TT).
The XRD patterns indicated that the products were new
materials; the patterns were entirely consistent with the
structures determined using single-crystal X-ray diffraction.

Infrared (IR) spectroscopic studies have been carried out in
the mid-IR region on KBr pellets (Bruker IFS-66v). The IR
spectra of all the compounds indicated characteristic sharp
lines with very similar bands. Minor variations in the bands
were however seen between the compounds. Observed
bands/cm21: 3639(s) and 3552(s) ~ nsOH (lattice water),
3045(w) ~ nas(C–H)aromatic, 1618(s) ~ d(OH), nas(CLO),
1521(s) ~ (C–C)skeletal, 1406(s) and 1442(s) ~ d(OH),
das(CLO), 1267(w) ~ ds(CLO), 1151(m) ~ d(CHaromatic)in-plane,
762(s) ~ d(CHaromatic)out-of-plane.

Thermogravimetric analysis (TGA) has been carried out
(Mettler-Toledo, TG850) in nitrogen atmosphere (flow rate ~

50 ml min21) in the temperature range 25–900 uC (heating
rate ~ 2 uC min21). The studies indicate two weight losses. The
initial weight loss of 5.3% around 200 uC corresponds to the loss
of some adsorbed and the bound water (calc. 3.4%). The second
weight loss of 63.45% was quite sharp at 425 uC and
corresponds to the loss of the diphenate (calc. 66.29%). The
total observed weight loss of 68.8% corresponds very well with
the calculated weight loss of 69.6%. The calcined sample was
crystalline and the powder XRD lines matches well with the
corresponding lanthanide oxide. A small portion (300 mg) of
the Dy sample was heated at 200 uC for 1 h to investigate
whether binding of the water molecules was reversible. The
powder XRD pattern recorded after the heating, reveal that the
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sample is crystalline with additional uncharacterized lines,
indicating the possible collapse of the structure with the loss of
bonded water.

A suitable single crystal of each compound was carefully
selected under a polarizing microscope and glued to a thin glass
fiber. Crystal structure determination by X-ray diffraction was
performed on a Siemen’s Smart-CCD diffractometer equipped
with a normal focus, 2.4 kW sealed tube X-ray source (Mo-Ka
radiation, l ~ 0.71073 Å) operating at 40 kV and 40 mA. An
empirical absorption correction based on symmetry equivalent
reflections was applied using the SADABS program.15 The
structure was solved and refined using the SHELXTL-PLUS
suite of program.16 All the hydrogen atoms of the carboxylic
acids and the bound water molecules were located in the
difference Fourier maps. For the final refinement the hydrogen
atoms on the carboxylic acid were placed geometrically and
held in the riding mode. Final refinement included atomic
positions for all the atoms, anisotropic thermal parameters for
all the non-hydrogen atoms and isotropic thermal parameters
for all the hydrogen atoms. Full-matrix least-squares refine-
ment against |F2| was carried out using the SHELXTL-PLUS16

suite of programs. Details of the structure solution and final
refinements for the compounds 1

3[M2(H2O)2(C14H8O4)3] (M ~
Nd, Dy and Y) are given in Table 1 and the selected bond
distances in Table 2.

CCDC reference numbers 218557–218559.
See http://www.rsc.org/suppdata/jm/b3/b310778g/ for crys-

tallographic data in CIF or other electronic format.

Results and discussion

All the three compounds are isostructural and for the descrip-
tion of the structure we consider the dysprosium compound. The
asymmetric unit, shown in Fig. 1, consists of two Dy atoms, each
of which lies on the crystallographic two-fold axis with a site-
occupancy (SOF) of 0.5. The Dy atoms are coordinated to eight
nearest-neighbor oxygen atoms and have a distorted dodecahe-
dral arrangement. The oxygen atoms, in turn, are connected to
the carbon atoms of the carboxylate group, except O(4), which is
a terminal water molecule. The Dy–O distances are in the range
2.267(3)–2.582(3) Å (av. 2.393 Å) and O–Dy–O bond angles are
in the range 52.30(10)–148.79(10)u (av. 101.8u). There are two

types of diphenates present in the structure; acid-1 is formed by
the carbon atoms C(1)–C(14) with C(1) and C(14) being the
terminal carboxylate groups, while acid-2 is formed by the
carbon atoms C(21)–C(28) with the C(23)–C(23*) bond
positioned on a two-fold axis and C(21) as the carboxylate
group. The torsion angles between the two benzene rings for
acid-1 are 115.5u [C(2), C(7), C(8) and C(9)] and 118.8u [C(13),
C(8), C(7) and C(6)] and for acid-2 are 56.56u [C(22), C(23),
C(23) and C(22)] and 58.21 [C(24), C(23), C(23) and C(24)],
respectively. The angle between the two phenyl rings of the
diphenic acid, calculated from the mean plane, is 69.18u for
acid-1 and 56.88u for acid-2. Though both the acids are
connected to three Dy31 ions, the connectivity between the acid
and the Dy ions are different (Fig. 2). While acid-1 is connected
to two Dy(2) and one Dy(1) through one bis-bidendate and two
monodendate connections, acid-2 is connected to two Dy(1)
and one Dy(2) through essentially monodendate connectivity.
The C(1) carboxylate groups of acid-1 has bis-bidendate
connectivity with Dy(2) and also connects Dy(1) through O(1),
which shows three-coordination (two Dy and one C). The Dy
atoms also show differences in their connectivity with the
diphenic carboxylates. Thus, Dy(1) is connected to two acid-1
and two acid-2 units and possesses two terminal water
molecules [O(4)], while Dy(2) is connected to four acid-1 and

Table 1 Crystal data and structure refinement parameters for
1
3[M2(H2O)2(C14H8O4)3 (M ~ Nd, Dy and Y)

Structure parameter Nd Dy Y

Empirical formula C21H14NdO7 C21H14DyO7 C21H14YO7

Mr 522.56 540.82 467.23
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2/c (no. 15) C2/c (no. 15) C2/c (no. 15)
a/Å 20.9868(6) 20.9794(7) 20.9371(5)
b/Å 21.5521(7) 21.3829(7) 21.3218(4)
c/Å 8.3126(3) 8.2116(3) 8.1858(2)
b/u 103.950(1) 104.089(1) 104.179(1)
V/Å3 3650.6(2) 3572.9(2) 3542.95(14)
Z 8 8 8
Dc/g cm23 1.902 2.011 1.752
m/mm21 2.888 4.227 3.337
Total data collected 7631 7408 7296
Unique data 2624 2560 2551
Observed data

[I w 2s(I)]
2172 2115 1807

Rmerge 0.0312 0.0289 0.0584
R1 [I w 2s(I)]a 0.0216 0.0242 0.0378
wR2 [I w 2s(I)]b 0.0524 0.0601 0.0702
R1 (all data)a 0.0284 0.0315 0.0709
wR2 (all data)]b 0.0546 0.0631 0.0816
aR1 ~ S||Fo| 2 |Fc||/S|Fo|. bwR2 ~ {S[w(Fo

2 2 Fc
2)2]/S[w(Fo

2)2]}1/2;
w ~ 1/[s2(Fo)2 1 (aP)2 1 bP], P ~ [max.(Fo

2,0) 1 2(Fc)
2]/3, where

a ~ 0.0284 and b ~ 0.0 for Nd, a ~ 0.0307 and b ~ 5.7019 for
Dy, and a ~ 0.0245 and b ~ 3.3433 for Y.

Table 2 Selected bond distances (Å) in 1
3[M2(H2O)2(C14H8O4)3] (M ~

Nd, Dy and Y)

Nd Dy Y

M(1)–O(1) 2.342(2) 2.267(3) 2.243(3)
M(1)–O(1)#1 2.342(2) 2.267(3) 2.243(3)
M(1)–O(2) 2.508(2) 2.435(3) 2.418(3)
M(1)–O(2)#1 2.508(2) 2.435(3) 2.418(3)
M(1)–O(3) 2.502(2) 2.438(3) 2.418(3)
M(1)–O(3)#1 2.502(2) 2.438(3) 2.418(3)
M(1)–O(4) 2.561(3) 2.464(3) 2.434(4)
M(1)–O(4)#1 2.561(3) 2.464(3) 2.434(4)
M(2)–O(1) 2.635(2) 2.582(3) 2.572(3)
M(2)–O(1)#2 2.635(2) 2.582(3) 2.572(3)
M(2)–O(5) 2.362(2) 2.276(3) 2.269(3)
M(2)–O(5)#2 2.362(2) 2.276(3) 2.269(3)
M(2)–O(6) 2.369(2) 2.289(3) 2.363(3)
M(2)–O(6)#2 2.369(2) 2.289(3) 2.363(3)
M(2)–O(7) 2.459(2) 2.387(3) 2.254(3)
M(2)–O(7)#2 2.459(2) 2.387(3) 2.254(3)
O(1)–C(14) 1.259(4) 1.268(5) 1.270(5)
O(2)–C(21)#3 1.246(4) 1.252(5) 1.265(5)
O(3)–C(1) 1.278(4) 1.281(5) 1.284(5)
O(4)–H(51) 0.943(10) 0.946(11) 0.943(10)
O(4)–H(52) 0.942(10) 0.945(10) 0.943(10)
O(5)–C(14)#4 1.256(4) 1.255(5) 1.265(5)
O(6)–C(1) 1.245(4) 1.244(5) 1.250(5)
O(7)–C(21) 1.258(4) 1.264(5) 1.255(5)

Symmetry transformations used to generate equivalent atoms: #1 2x,
y, 2z 1 1/2; #2 2x, y, 2z 2 1/2; #3 x, y, z 1 1; #4 x, y, z 2 1.

Fig. 1 ORTEP plot17 showing the connectivity in 1
3[Dy2(H2O)2-

(C14H8O4)3]. Thermal ellipsoids are given at 50% probability.
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one acid-2 units. The various structural parameters observed in
1
3[M2(H2O)2(C14H8O4)3] (M ~ Nd, Dy and Y), are as

expected for this bonding and agree with those reported in the
literature for benzene carboxylate compounds.6–10

The structures of the title compounds consist of a network of
distorted LnO8 dodecahedra and the diphenate anions. The
Ln atoms are connected together through a central oxygen,
O(1), which has three-coordination, forming one-dimensional

infinite Ln–O–Ln chains. The carboxylic acid groups are
connected to the Ln ions completing the one-dimensional
structure. The view of the structure in the bc plane is shown in
Fig. 3. As can be noted, the connectivity appears to be such
that the carboxylates are grafted on to the central Ln–O–Ln
core. The diphenic units hang from the central chain into the
inter-chain spaces. Looking down the chain axis (ab plane), the
structure reveals that there are no direct p...p interactions
between the diphenic groups of adjacent chains.

What is most remarkable about the present structures is the
striking similarity to the naturally occurring mineral tancoite.
Tancoite chains, generally, have the composition, [M(TO4)2L]n
(M and T are cations of different coordination, usually
octahedral and tetrahedral, L ~ anionic ligand, e.g., O22,
OH2 or F2).14 Tancoite-like structures have been observed in
many one-dimensional phosphates,18 and recently Attfield and
co-workers have isolated a aluminum diphosphonate possess-
ing the tancoite structure.19 In the present compounds, the
tancoite structure can be generated as follows: M ~ Ln ions,
T ~ the C atoms of the carboxylate unit and L ~ three-
coordinated oxygen atoms. The observation of tancoite chains
in a carboxylic acid is, indeed, noteworthy. In Fig. 4, the
tancoite core observed in the present compounds is compared
with that observed in iron phosphates. The present structures
are somewhat similar to the ytterbium naphthalenedicarb-
oxylate, [Yb2(NDC)3(H2O)?(H2O)2]n (CUmof-9), reported
recently.12 In Cumof-9, all the Yb atoms are connected only
through the carboxylate units and there are no Yb–O–Yb
bridges. In the present compounds the presence of the three-
coordinated oxygen atoms gives rise to infinite one-dimen-
sional Ln–O–Ln bridges.

In order to evaluate the possible effects of the tancoite-type
connectivity on the magnetic properties, we have performed
magnetic investigations on the Dy compound using a SQUID
magnetometer. Most of the tancoite related compounds,
formed using magnetic ions such as Fe, generally exhibit
anti-ferromagnetic behavior.20 The results of the magnetic
studies on the Dy compound are presented in Fig. 5. The
magnetic susceptibility indicates only paramagnetic behavior
up to the lowest temperature investigated. The variation of 1/x
vs. temperature is shown as an inset in Fig. 5. The dotted line
is the Curie–Weiss fit to the data with hp ~ 21.5 K. Assuming
the crystal field splitting to be small, the 9 electrons in the

Fig. 2 Veiws showing the connectivity between the diphenate anion
and Dy: (a) acid-1 and (b) acid-2.

Fig. 3 The structure of 1
3[Dy2(H2O)2(C14H8O4)3] in the bc plane. The

arrow indicates the tancoite chain (shown as open bonds).

Fig. 4 (a) The tancoite chain core observed in 1
3[Dy2(H2O)2-

(C14H8O4)3]. (b) The tancoite chain observed in the iron phosphate,
[NH3CH2CH2CH(NH3)CH2CH3]213

1[FeF(HPO4)2]22.

J. Mater. Chem., 2003, 13, 2937–2941 2939



4f-orbitals of Dy31 ion would give rise to a spin of S~ 5/2. Since
the hp value is quite small, we have employed a dimer model with
two S ~ 5/2 spins. The magnetic energy levels can be written as
ES ~ SSJ/2[S(S1 1) 2 17.5] with S values ranging from 0 to 5.
The magnetic susceptibility for the S~ 5/2 dimer can be written
as xdimer ~ g2mB

2/KBT[SS{S(S 1 1)exp(ES/kBT)}/SSexp(ES/
kBT)], S ~ 0, 1,... , 5. In Fig. 5, we have fitted this dimer
susceptibility with the experimental xm, varying the exchange
constant, J, and the Lande factor, g. The dimer model appears to
be quite good over all the temperature range investigated, with g

~ 2.7 and J~21.2 K, as expected. The lowest magnetic gap is
1.2 K (2J) from the dimer model and the small J value indicates
that the Dy magnetic moments are very weakly coupled. It is to
be noted that the Lande factor, g, here is the spin-only value.

From the above, it appears that the net interaction SJDy–Dy

between Dy moments are so small that each Dy spin can be
assumed to be free even at very low temperature. This is
perfectly justified since the dimer model with very small
superexchange value fits fairly well with the magnetic data even
at the lowest temperature (4 K). Although the Dy spin is
moderately large (S ~ 5/2) and can be assumed to be almost
classical, the dipolar coupling is quite small due to the large
nearest neighbor Dy–Dy spacing (y4.4 Å). In fact, with a S~
5/2 magnetic dipole, the dipolar coupling turns out to be little
smaller than the magnetic exchange coupling. Since the energy
scales are quite small, it is difficult to rule out the dominant
term, both being of the order or smaller than 1 K. However,
with negligible super-exchange interactions, the paramagnetic
nature of the Dy spins is well expected down to temperatures of
the order of the exchange energy scale. Thus, it appears that
only at very low temperature that the magnetic dipole or the
spin–orbit coupling effects would be important. However, this
effect requires knowledge about the strength of Coulombic
terms, which in turn depend on the degree of delocalization of
both the 4f orbitals and the electrons in them.

The optical properties of the benzene carboxylates have been
investigated since they involve the 4f orbitals, which are
generally well shielded from their chemical environments by 5s2

and 5p6 electrons. The f–f transitions are parity forbidden,
which leads to unfavorable excitation of the lanthanide ions.
Diffuse reflectance UV-vis spectra for the DPA, and the as-
synthesized compounds show similar absorption features.
These are essentially two bands for the acid and the polymers,
the lower wavelength band of the polymers appearing to have
higher intensity compared to the acid. This, probably, indicates
that there is charge-transfer from the O atoms of the
carboxylates to the 4f orbitals of the lanthanide ions.

Photoluminescence studies, carried out in the solid state at
room temperature, show that both the acid and the polymers
show photoluminescence (Fig. 6). The main emission peak for
the acid and the polymer is located at the same position, at
y450 nm. While the emission band for the acid may be
attributable to the p* A n transitions, that of the coordination
polymer is attributed to the intra-ligand fluorescent emission.
In addition, the polymers also exhibit additional emission
bands when excited at 338 nm. These bands correspond to
some of the expected 5D4 A 7Fn transitions.

In summary, the synthesis, structure and magnetic studies of
a series of new one-dimensional coordination polymers of
lanthanide diphenates has been accomplished. Optical studies
indicate that the compounds show good photoluminescence
behavior. While the presence of the tancoite-like structure is
noteworthy, the absence of magnetic ordering is intriguing.
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