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In this study, two new isomorphic binuclear compounds, [Ln(m-NAP)4(NAP)2(phen)2] �H2O (1)
and (2) (Ln¼Eu, Tb, NAP¼N-acetyl-N-phenylglycinate; phen¼ 1,10-phenanthroline), have
been synthesized and characterized by infrared spectroscopy, elemental analysis, and X-ray
crystallography. These compounds crystallize in a triclinic form with space group P�1 with
a¼ 11.7519(11), b¼ 13.4293(12), c¼ 14.0686(13) Å, V¼ 1992.7(3) Å3, and Z¼ 1. Single-crystal
X-ray structural analysis reveals that 1 is binuclear, assembled into a 3-D supramolecular
network with self-complementary double hydrogen-bonding interactions and aromatic �–�
interactions. Fluorescence properties of 1 and 2 are also discussed.

Keywords: Ln-based compounds; Crystal structure; Fluorescent properties; Thermal stability

1. Introduction

Design and synthesis of rare-earth organic–inorganic hybrid materials have provoked
extensive interest in supramolecular chemistry and crystal engineering, although the
Fexibility of the coordination sphere of lanthanide ions makes design difEcult compared
with the predictability of the coordination geometry of the transition metals [1–3]. The
coordination ambivalence, coupled with the tendency of lanthanides to adopt high
coordination numbers and the rigidity of the organic ligands employed, makes f-block
metals attractive for structures dictated by the different size of the lanthanide ions,
resulting in interesting molecular topologies and crystal packing motifs [4–11]. These
materials take advantage of the best properties of organic and inorganic components
for potential applications as functional materials with optical, magnetic, catalytic, and
electrical conductivity properties [12]. Consequently, a number of investigations on
lanthanide coordination polymers have been published recently [13, 14].
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Carboxylate ligands play an important role in constructing metal organic frameworks
(MOFs) based on lanthanides, adopting diverse binding modes such as terminal
monodentate, chelating to one metal center, bridging bidentate in syn–syn, syn–anti, or
anti–anti conEguration to two metal centers, and also supramolecular contacts such
as hydrogen bonding, �–� interactions, etc. [15]. The N-substituent N-acetyl-
N-phenylglycinate (NAP) (see scheme 1a) is a very important carboxylate in coordina-
tion chemistry. NAP possessed one hydroxyl, one carboxylate, and a phenyl ring, which
could provide network structures via dative bonds and also noncovalent contacts, such as
hydrogen bonding and aromatic stacking, potentially providing various coordination
modes to form both discrete and polymeric metal compounds under appropriate
conditions. Rare-earth N-protected amino acids show novel networks and properties [16,
17]. However, metal–organic coordination polymers built from N-substituted amino
acids attract less attention than carboxylate-containing ones. We were inspired to add
auxiliary co-ligands to the reaction mixture to construct lanthanide coordination
polymers. Herein, two isomorphic binuclear compounds, [Eu(m-
NAP)4(NAP)2(phen)2] �H2O (1) and [Tb(m-NAP)4(NAP)2(phen)2] �H2O (2), were syn-
thesized and characterized by elemental analyses, infrared (IR) spectroscopy, Fuorescent
measurements, and single-crystal X-ray diffraction analysis.

2. Experimental

2.1. Materials and methods

All chemicals were of analytical reagent grade and used as received. Fourier transform
infrared spectroscopy (FT-IR) spectra were recorded from KBr pellets from 4000
to 400 cm�1 on a Bruker EQUINOX-55 spectrometer. Fluorescence spectra were

Scheme 1. Scheme for NAP and coordination modes in 1 and 2.
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performed on a Hitachi F-4500 fluorescence spectrophotometer at room temperature.
Elemental analysis was determined with an Elementar Vario EL III elemental analyzer.
Thermal analyses were performed on a NETZSCH STA 449C instrument from room
temperature to 500�C with a heating rate of 10�Cmin�1, under nitrogen flow.

2.2. Synthesis

2.2.1. Preparation of [Eu(k-NAP)4(NAP)2(phen)2] EH2O (1). The solution of 10mL
H2O dissolved Eu(NO3) � 6H2O (0.50mmol) was added dropwise into an ethanol
solution containing phen (0.50mmol) and the mixed solution was stirred for 0.5 h. Then
15mL of H2O solution containing NAP (1.50mmol) and NaOH (1.50mmol) was added
to the above solution, and the mixed solution was stirred for 4 h. Single crystals were
obtained after the filtrate stood at room temperature for 20 days. Yield 88.4% (based
on NAP). Anal. Calcd for C84H80N10O20Eu2 (%): C, 59.29; H, 4.74; and N, 8.23.
Found (%): C, 59.25; H, 4.71; and N, 8.20. IR(KBr, cm�1): 3430m, 2950w, 1750 s,
1600 s, 1545w, 1480m, 1300 s, 1190w, 1168w, and 1000w.

2.2.2. Preparation of [Tb(k-NAP)4(NAP)2(phen)2] EH2O (2). The preparation method
of 2 is similar to that of 1 except that Eu(NO3) � 6H2O was replaced by Tb(NO3) � 6H2O.
The yield of the colorless transparent single crystals is 88.4% (based on NAP). Anal.
Calcd for C84H80N10O20Tb2 (%): C, 59.29; H, 4.74; and N, 8.23. Found (%): C, 59.26;
H, 4.72; and N, 8.20. IR(KBr, cm�1): 3450 s, 2970w, 1745 s, 1580 s 1540w, 1485m,
1295 s, 1175w, 1160w, and 1050w.

2.3. X-ray crystallography

Crystal structure determinations of 1 and 2 were performed on a Bruker Smart APEX II
CCD diffractometer with graphite-monochromatedMo-K� radiation (�¼ 0.71073 Å) at
298(2)K. The structure was solved by direct methods and successive Fourier difference
synthesis (SHELXS-97) [18] and refined by full-matrix least-squares on F 2 with
anisotropic thermal parameters for all non-hydrogen atoms (SHELXL-97) [19].
Corrections for Lp factors were applied. Hydrogens of water were located in the
difference Fourier map and other hydrogens were placed in calculated positions; all
hydrogens were refined using a riding model in their as-found relative positions.
Crystal data and details on refinements for 1 and 2 are summarized in table 1. Selected
bond distances and angles are listed in table 2. Hydrogen-bonding data of 1 are listed
in table S1.

3. Results and discussion

3.1. Crystal structure

Single-crystal X-ray structural analysis reveals that 1 and 2 are isostructural, and thus
only the structure of 1 is described here in detail. As shown in figure 1, each Eu(III) is
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nine-coordinate with a N2O7 donor set by two nitrogens from phen and seven
carboxylate oxygens from five NAP ligands. The Eu–O and Eu–N distances range from
2.3929(19) Å to 2.611(2) Å (table 2), similar to those observed in the reported dinuclear
Ln compounds [20]. The longest Eu–O distance is associated with one carboxylate
oxygen of a coordinated NAP which bridges two Eu centers with Eu � � �Eu separation of
3.894 Å. Two Eu(III) ions are bridged by four carboxylates, forming the binuclear unit.
The binuclear units are arranged in a head-to-tail fashion to facilitate formation of
self-complementary double O–H � � �O hydrogen-bonding interactions between carbonyl
oxygens of NAP anions and oxygens of lattice waters (table S1), resulting in a 1-D chain
structure along the c-axis (figure 2). The two phen ligands of each binuclear unit are
extended outward in two different directions and they play a very important role in
self-assembly via aromatic �–� interactions to form high-dimensional motifs. As shown
in figure 3, the binuclear unit, with the terminal phen ligands out from the sides,
is arranged in a corner-to-corner fashion (centroid–centroid distances of 3.66 Å),
which forms a 2-D layer structure. As a result, the 2-D layers are further assembled into a
3-D supramolecular network and water stabilizes the crystal lattice (figure 4).

Each NAP exhibits three different modes of coordination of carboxylates. One
carboxylate is bidentate chelating (�2)–�1 to coordinate to one Eu(III) (scheme 1b). The
other car–boxylate is bidentate bridging (�1)–(�1)–�2 to two metals, forming the
binuclear unit (scheme 1c). Another carboxylate is bidentate chelating and mono-
dentate bridging (�2–�2)–�2 mode (scheme 1d). Such diverse coordination modes of
carboxylates occurring are relatively scarce.

3.2. Spectroscopic properties

IR spectra were performed as KBr pellets from 4000 to 400 cm�1 (see Supplementary
material figures S1 and S2). The IR spectrum of 1 shows strong asymmetric stretches

Table 1. Crystal data and structure refinement for 1 and 2.

Compound 1 2

Empirical formula C84H80N10O20Eu2 C84H80N10O20Tb2
Formula weight 1853.50 1867.42
Crystal system Triclinic Triclinic
Space group P�1 P�1

Unit cell dimensions (Å, �)
a 11.7519(11) 11.779(6)
b 13.4293(12) 13.423(7)
c 14.0686(13) 14.115(7)
� 65.0620(10) 64.968(5)
� 86.1970(10) 86.193(7)
� 81.8020(10) 81.908(6)
Volume (Å3), Z 1992.7(3), 1 2001.9(18), 1
Calculated density (g cm�3) 1.545 1.549
Absorption coefficient (mm�1) 1.639 1.831
	 range for data collection (�) 1.77–25.50 1.59–25.01
Goodness-of-fit on F 2 1.048 1.090
Final R indices [I42
(I)]a R1¼ 0.0277,

wR2¼ 0.0663
R1¼ 0.0389,
wR2¼ 0.0676

R indices (all data) R1¼ 0.0299,
wR2¼ 0.0674

R1¼ 0.0557,
wR2¼ 0.0757

aR¼�||FO|�|FC||/�|Fc| and wR2¼ [�[w(FO
2
�FC

2)2]/�[(FO
2)2]]1/2.
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�as(COO�) and symmetric stretches �s(COO�) at 1750, 1600 and 1545, 1480 cm�1,
respectively, indicating that carboxylates are either coordinated to the metal in a
monodentate [21] or bis(chelating bidentate) [22], consistent with the observed X-ray
crystal structure of 1. The solid-state luminescent properties of 1 and 2 were
investigated. The emission spectra at excitation wavelength of 380 and 360 nm exhibit
characteristic emissions of Eu3þ and Tb3þ, respectively. The emission spectra

Table 2. Selected bond lengths (Å) and angles (�) for 1 and 2.

1

Eu1–O2 2.611(2) Eu1–O3#1 2.3929(19)
Eu1–O3 2.4815(19) Eu1–O7 2.505(2)
Eu1–O4 2.3550(19) Eu1–O8 2.439(2)
Eu1–O5A 2.3996(19) Eu1–N4 2.598(2)
Eu1–N5 2.560(2)

O4–Eu1–O3#1 72.85(7) O4–Eu1–O5#1 139.06(7)
O3A–Eu1–O5#1 73.33(7) O4–Eu1–O8 131.38(7)
O3A–Eu1–O8 97.02(7) O5A–Eu1–O8 75.18(7)
O4–Eu1–O3 76.05(7) O3–Eu1–O3#1 73.99(7)
O5A–Eu1–O3 72.99(7) O8–Eu1–O3 148.18(7)
O4–Eu1–O7 78.89(7) O3A–Eu1–O7 76.54(7)
O5A–Eu1–O7 114.47(7) O8–Eu1–O7 52.70(7)
O3–Eu1–O7 145.73(6) O4–Eu1–N5 82.68(7)
O3A–Eu1–N5 142.54(7) O5A–Eu1–N5 137.86(7)
O8–Eu1–N5 78.16(8) O3–Eu1–N5 127.34(7)
O7–Eu1–N5 71.13(7) O4–Eu1–N4 132.05(7)
O3A–Eu1–N4 151.70(7) O5A–Eu1–N4 78.38(7)
O8–Eu1–N4 76.23(8) O3–Eu1–N4 97.12(7)
O7–Eu1–N4 117.06(7) N5–Eu1–N4 63.86(7)
O4–Eu1–O2 72.26(7) O3A–Eu1–O2 119.70(6)
O5A–Eu1–O2 106.21(7) O8–Eu1–O2 142.41(7)
O3–Eu1–O2 50.76(6) O7–Eu1–O2 139.21(7)
N5–Eu1–O2 77.04(7) N4–Eu1–O2 67.62(7)

2

Tb1–N4 2.542(4) Tb1–N5 2.579(4)
Tb1–O1#2 2.373(3) Tb1–O1 2.464(3)
Tb1–O2 2.608(3) Tb1–O4 2.422(3)
Tb1–O5 2.497(3) Tb1–O7 2.337(3)
Tb1–O8A 2.387(3)

O7–Tb1–O1#2 73.36(10) O7–Tb1–O8#2 139.77(10)
O1A–Tb1–O8#2 73.34(11) O7–Tb1–O4 131.38(11)
O1A–Tb1–O4 97.28(11) O8A–Tb1–O4 74.89(11)
O7–Tb1–O1 76.32(10) O1–Tb1–O1#2 73.95(11)
O8A–Tb1–O1 73.31(10) O4–Tb1–O1 148.20(11)
O7–Tb1–O5 78.37(11) O1A–Tb1–O5 76.27(10)
O8A–Tb1–O5 114.41(11) O4–Tb1–O5 53.30(11)
O1–Tb1–O5 145.26(10) O7–Tb1–N4 81.71(11)
O1A–Tb1–N4 142.34(12) O8A–Tb1–N4 138.14(12)
O4–Tb1–N4 78.40(11) O1–Tb1–N4 127.07(11)
O5–Tb1–N4 71.31(11) O7–Tb1–N5 131.91(11)
O1A–Tb1–N5 151.23(12) O8A–Tb1–N5 77.92(12)
O4–Tb1–N5 76.05(12) O1–Tb1–N5 96.84(11)
O5–Tb1–N5 117.80(11) N4–Tb1–N5 64.63(13)
O7–Tb1–O2 71.91(10) O1A–Tb1–O2 119.99(9)
O8A–Tb1–O2 106.92(11) O4–Tb1–O2 141.96(11)
O1–Tb1–O2 51.22(9) O5–Tb1–O2 138.57(11)
N4–Tb1–O2 76.33(11) N5–Tb1–O2 67.59(11)

Symmetry codes: #1: �x, �yþ 2, �zþ 1; #2: �xþ 1, �yþ 1, �zþ 1.
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Figure 3. The 2-D layer via hydrogen bonding and phen� � �phen stacking in 1 in the bc plane.

Figure 1. Coordination environment of Eu(III) in 1. Hydrogens and solvent molecules are omitted for
clarity. Symmetry code; #1:�x, �yþ 2, �zþ 1.

Figure 2. View of the hydrogen bonding 1-D chain in 1 along the c-axis.
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principally arise from transitions originating at the 5D0 and 5D4 levels, respectively.

Both complexes show strong Fuorescent emission at room temperature. Compound 1

exhibits several characteristic emission bands for f–f transitions of isolated

europium(III) ions in the visible region excited at 380 nm (figure 5a). These emission

bands are 595 (5D0!
7F1), 620 (5D0!

7F4), and 698 nm (5D0!
7F2). The strongest

emission is attributed to the hypersensitive 5D0!
7F2 transition at 698 nm, which is

typical of Eu(III). Under excitation at 360 nm, 2 displays characteristic emissions for

isolated terbium(III) (figure 5b) with four emission bands at 490 (5D4!
7F6), 545

(5D4!
7F5), 583 (5D4!

7F4), and 620 nm (5D4!
7F3); the strongest emission

corresponds to 5D4!
7F5. The strong emission in fluorescence spectra of the two

compounds could be accounted for by the supramolecular interactions in such

structures, which suggest that energy transferred from the ligand to the metal centers is

quite effective and can sensitize the lanthanide emission.

3.3. Thermogravimetric analysis

Thermal stabilities of 1 and 2 have been investigated by thermogravimetric and

differential thermogravimetric (TG-DTG) techniques. Compounds 1 and 2 are
isostructural, and the thermogravimetric curve of 1 is discussed here

(see Supplementary material figure S3). The TG analysis shows that weight loss of 1

begins at 80�C, with two lattice waters lost from 80�C to 150�C (Calcd 1.9%; found,

1.9%) with derivative weight peaking at 120�C. The second weight loss occurs at 150–
250�C, attributed to consecutive removal of phen moieties (Calcd 19.8%; found, 17.1%)

with derivative peaking at 225�C. The remaining framework is decomposed through two

consecutive weight losses beginning at 250�C and not ending until 500�C. The total

Figure 4. The extended 3-D structure viewed along the b-axis.
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weight loss at 500�C is 65.1%, (Calcd 63.5%), and the final residual is expected to be

europium(III) oxide.

4. Conclusion

Ln-carboxylate coordination polymers could have structural motifs with various
topologies and useful functional properties. Many rare-earth complexes based on

Figure 5. Solid-state emission spectra of (a) 1 and (b) 2 at room temperature upon excitation at 380 and
360 nm, respectively.

Binuclear lanthanides 3731

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
0
1
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



aliphatic polycarboxylate and aromatic acids have been constructed and exhibit
interesting properties [23–28]. In this contribution, we chose N-substituent amino acids
and isolated two isomorphic binuclear compounds 1 and 2. The compounds show
similar 2-D supramolecular layer structures via hydrogen bonding and �–� interactions
and display strong characteristic emission of rare-earth coordination polymers.
Compared to reported rare-earth complexes based on rigid conjugated aromatic acid
ligands [29], the emission intensity of the isomorphic compounds based on NAP is
weak, which indicates that the energy transfer from NAP to lanthanide(III) is inefEcient
in energy transfer. Subsequent work will focus on the structures and photochemical
properties of new coordination complexes constructed by conjugated polycarboxylate
acid ligands with the special configurations and different metal ions.

Supplementary material

Crystallographic data for the structural analysis have been deposited with the
Cambridge Crystallographic Data Centre, CCDC nos 628725 and 628728 for 1

and 2. Copies of this information may be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB21EZ, UK (Fax: þ44-1223-336033;
Email: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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