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ABSTRACT: The coordination of carbohydrate to metal ions is important because it may be involved in many biochemical
processes. The synthesis and characterization of several novel lanthanide-erythritol complexes (TbCl3·1.5C4H10O4·H2O (TbE(I)),
Pr(NO3)3·C4H10O4·2H2O (PrEN), Ce(NO3)3·C4H10O4·2H2O (CeEN), Y(NO3)3·C4H10O4·C2H5OH (YEN), Gd-
(NO3)3·C4H10O4·C2H5OH (GdEN)) and Tb(NO3)3·C4H10O4·C2H5OH (TbEN) are reported. The structures of these complexes
in the solid state have been determined by X-ray diffraction. Erythritol is used as two bidentate ligands or as three hydroxyl group
donor in these complexes. FTIR spectra indicate that two kinds of structures, with water and without water involved in the
coordination sphere, were observed for lanthanide nitrate-erythritol complexes. FIR and THz spectra show the formation of metal
ion-erythritol complexes. Luminescence spectra of Tb-erythritol complexes have the characteristics of the Tb ion.

■ INTRODUCTION
The interaction between carbohydrates and metal ions is of
increasing interest as it occurs during many important biological
processes involving structural support in membrane systems,
cell−cell adhesion, and transmission of nerve impulses.1−3 The
coordination of carbohydrates to metal ions plays an important
role in biosyntheses, including metal transportation and storage
and the regulation of metalloenzymes.4−7 Metal−carbohydrate
interactions have also been exploited in metal-catalyzed
enantioselective synthesis. Metal−carbohydrate complexes are
used as potential radiopharmaca, cancerostatica, imaging
reagents, and catalysts for the production of hydrogen from
sugars.8−17 Metal-based glyconanoparticles (GNPs) are useful
biofunctional nanomaterials.18 When the concentration of Ca2+

is relatively low, Ca2+ prefers to coordinate with the carbo-
hydrate moiety of mucin in the interactions between metal ions
and glyprotein.19 However, relatively few papers about the
crystal structures of metal−carbohydrate complexes have been

published in the literature because it is hard to prepare these
metal complexes in the neutral state for the weak binding
between metal ions and hydroxyl groups.
Lanthanide ions and calcium ions have relatively stronger

interactions with carbohydrates. Lanthanide compounds are
used as catalysts for the cleavage of RNA and DNA or as
luminescence probes of calcium ion in biology,20−22 or used in
medicine; for example, lanthanum carbonate is used as a
phosphate binder.23,24 Since the applications are related to the
interaction between lanthanide ions and biological ligands, the
study of the binding modes of lanthanide ions with
carbohydrates is of great interest.
Here, erythritol (C4H10O4, denoted as E), one of the

simplest representatives of carbohydrates, was chosen as a
model to study the coordination behavior of hydroxyl groups to
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metal ions. The investigation of the interactions between metal
ions and simple sugars can improve the understanding of metal
ion interactions with sugar residues of biologically important
compounds and, consequently, the physiological role of metal
ions, which needs to assign the binding hydroxyl or other
groups, the changes of hydrogen bonds, and also to characterize
the metal ion coordination of carbohydrates monitoring the
ligand conformation and configuration changes forced by the
complexation processes. Erythritol, galactitol, inositol, cyclo-
hexanetriols and ribose, and so forth are often used as simple
models to study the interactions between metal ions and
carbohydrates.25−39 Different ligands have various coordination
modes, and one ligand may have several coordination modes:
for example, galactitol may be used as two three-hydroxyl-group
donor or two bidentate ligands to form a chain structure; or it
may coordinate to four metal ions with its O-1 to one metal
ion, O-2, -3 to the second metal ion, O-4, -5 with the third
metal ion, and O-6 to the fourth metal ion to form a network
structure.25−30 Erythritol has four hydroxyl groups, and it may
be used as three hydroxyl group donor or two bidentate
ligands.40−45 In this paper, new topological structures have
been observed for lanthanide chloride and nitrate-erythritol
complexes. Because single crystals of metal-sugar complexes are
difficult to prepare, IR spectroscopy is a useful method to
deduce unknown structures, so here the relationship between
IR spectroscopy and structures was also discussed.

■ EXPERIMENTAL SECTION
Materials. TbCl3 was prepared and crystallized from correspond-

ing rare earth oxide of high purity (99.99%) with HCl. Y(NO3)3,
Ce(NO3)3, Pr(NO3)3, Gd(NO3)3, and Tb(NO3)3 were purchased
from a chemical reagent company in Shanghai. Erythritol was pur-
chased from Acros, and was used without further purification.
Preparation of TbCl3·1.5C4H10O4·H2O (TbE(I)), Pr(NO3)3·

C4H10O4·3H2O (PrEN), Ce(NO3)3·C4H10O4·3H2O (CeEN), Y(NO3)3·
C4H10O4·C2H5OH (YEN), Gd(NO3)3·C4H10O4·C2H5OH(GdEN), and
Tb(NO3)3·C4H10O4·C2H5OH (TbEN). 3 mmol erythritol and 3 or 6
mmol metal cholrides or nitrates were dissolved in H2O/ethanol and
heated on a water bath at about 80 °C. Small aliquots of EtOH
(Analytical Reagent) were periodically added to the solution during
the heating process to prolong the reaction time, leading to the
formation of these complexes. Then, the concentrated solutions were
cooled down for crystal l ization. Anal . Calcd for TbE
(TbCl3·1.5C4H10O4·H2O): C, 15.45; H, 3.67. Found: C, 14.90; H,
3.73. Anal. Calcd for PrEN (Pr(NO3)3·C4H10O4·2H2O): C: 9.90; H:
2.91; N: 8.66. Found: C, 9.99; H: 2.87; N: 8.69. Anal. Calcd for CeEN
(Ce(NO3)3·C4H10O4·2H2O): C, 9.92; H, 2.91; N, 8.68. Found: C,
9.88; H, 2.88; N, 8.76. Anal. Calcd for YEN (Y(NO3)3·C4H10O4·
C2H5OH), C, 16.26; H, 3.64; N, 9.48. Found: C, 15.65; H, 3.595; N,
9.395. Anal. Calcd for TbEN: Tb(NO3)3·C4H10O4·C2H5OH: C,14.05;
H, 3.14; N,8.19. Found: C, 13.84; H, 3.16; N, 8.16. Gd(NO3)3·
C4H10O4·C2H5OH: C, 14.09; H, 3.15; N, 8.22. Found: C, 13.93; H,
3.23; N, 8.19.
Physical Measurements. Data for Tb(NO3)3·C4H10O4·C2H5OH

was made on a Rigaku R-AXIS RAPID IP spectrometer using
monochromatic Mo Kα radiation (λ = 0.71073 Å) at 293(2) K. The
structure was resolved by direct methods with SHELX-97 and refined
using the full-matrix least-squares on the F2 method. Empirical
absorption corrections were applied and anisotropic thermal
parameters were used for the non-hydrogen atoms and isotropic
parameters for the hydrogen atoms. Hydrogen atoms were added
geometrically and refined using a riding model.46 Data for TbE(I),
PrEN, CeEN, YEN, and GdEN were collected on a Rigaku Saturn 724
spectrometer equipped with graphite-monochromatized Mo Kα
radiation (λ = 0.71073 Å) at 173(2) K. The methods used to resolve
the crystal structures are similar to TbEN. The crystal data and

structure refinements of these metal-erythritol complexes are listed in
Table 1.

The mid-IR spectra were measured on a Nicolet Magna IN10
spectrometer using micro-IR method at 4 cm−1 resolution. Element
analyses were carried out on an Elementar Vario EL spectrometer. The
THz absorption spectra were recorded on the THz time-domain
device of Capital Normal University of China, based on photo-
conductive switches for generation and electro-optical crystal detection
of the far-infrared light. The experimental apparatus for terahertz
transmission measurements has been discussed in detail elsewhere.47

The preparation of the samples was by pressing mixed pellets with
polyethylene powder; the thickness of the samples is about 0.8 mm.
The detection of THz absorption spectra was carried out in N2
atmosphere to avoid the influence of water vapor. The far-IR
spectra of the molecules in the 650−50 cm−1 region were measured
using commonly used Nujol mull method and were taken on a
Nicolet Magna-IR 750 II Spectrometer at room temperature and at
8 cm−1 resolution, 128 scans. The luminescence spectra of TbE(I)
and TbEN were measured on a Hitachi F4500 luminescence
spectrometer.

■ RESULTS AND DISCUSSION
Structure of Lanthanide Chloride-Erythritol Com-

plexes, TbE(I). The FTIR spectra of erythritol, TbE(I), and
GdE were shown in Figure 1. Compared to the IR spectrum of
erythritol, the changes in the IR spectra of TbE(I) and GdE
indicate the formation of new lanthanide chloride-erythritol
complexes. In fact, four lanthanide chloride-erythritol com-
plexes have been obtained;40−45 it is amazing that there is still
one new IR spectrum that can be obtained. For the spectrum
of TbE(I), in the 3800−2600 cm−1 region, 3331, 3216, and
3054 cm−1 bands were observed, which are related to the
hydrogen bond networks after complexation. Weak bands at
2964, 2904, and 2818 cm−1 are related to νCH. The changes in
peak positions and the decrease of relative intensities of νCH
indicate the formation of metal complexes and rearrangement
of CH chain. Usually, δH2O is located at ∼1644 cm−1.48 It has
shifted to 1627 cm−1 corresponding to coordinated water
molecules in TbE(I), which indicate that coordinated water
molecules exist in its structure. The peak positions and relative
intensities of the bands in the 1500−650 cm−1 region change
compared to those of erythritol itself, which indicate the
formation of metal complex. δCH2 has shifted to 1464 cm

−1 for
TbE(I).
In addition, 1081 and 1055 cm−1 bands (mainly νCO

vibrations) in erythritol are shifted to 1094, 1079, 1069, and
1051 cm−1 in TbE(I), which indicates coordination of
hydroxyl groups to the Tb3+ ion. By comparison of the IR
spectrum of TbE(I) in the 1500−650 cm−1 region with other
lanthanide-erythritol complexes, when erythritol has two
coordination modes in one system, their IR spectra usually
have more bands (TbE(I) and NdE(II)), and when erythritol
only has one coordination mode (PrE, PrEN, and TbEN), the
number of the bands in their IR spectra is relatively limited.
For example, for TbE(I), 28 bands at 1464, 1446, 1420, 1389,
1353, 1325, 1302, 1285, 1255, 1248, 1237, 1226, 1207, 1142,
1094, 1079, 1069, 1051, 984, 969, 961, 925, 912, 890, 810,
777, 730, and 682 cm−1 were observed. For NdE(II), 27 bands
at 1470, 1456, 1434, 1415, 1385, 1363, 1351, 1331, 1282,
1271, 1252, 1232, 1216, 1120, 1102, 1075, 1068, 1042, 1031,
987, 964, 924, 895, 875, 817, 777, and 681 cm−1 were
observed. For PrE, only 15 bands at 1469, 1441, 1427, 1399,
1321, 1288, 1243, 1218, 1073, 1058, 1049, 968, 902, 804, and
752 cm−1 were observed. So, we can estimate that one or two
coordination modes appear according to the number of the
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Table 1. Crystal Data and Structure Refinement for TbE(I), CeEN, PrEN, YEN, GdEN, and TbEN

TbE (I) CeEN PrEN YEN GdEN TbEN

CCDC No. 833813 839234 826190 839238 839233 791955

chemical formula C12H34Cl6O14Tb2 C4H14N3O15Ce C4H14N3O15Pr C6H16N3O14Y C6H16GdN3O14 C6H16N3TbO14

formula weight 932.93 484.30 485.09 443.13 511.47 513.14

T, K 173(2) 173(2) 173(2) 173(2) 173(2) 293(2)

cryst syst triclinic orthorhombic orthorhombic monoclinic monoclinic monoclinic

space group P i ̅ P212121 P212121 P21/c P21/c P21/c

a, Å 7.1120(14) 7.8685(16) 7.8595(16) 7.7827(16) 7.8146(16) 7.8085(16)

b, Å 8.7190(17) 13.304(3) 13.291(3) 12.816(3) 12.839(3) 12.923(3)

c, Å 12.492(3) 13.323(3) 13.327(3) 15.132(3) 15.207(3) 15.129(3)

α, deg 69.99(3) 90 90 90 90 90

β, deg 76.44(3) 90 90 100.37(3) 100.68(3) 101.04(3)

γ, deg 66.88(3) 90 90 90 90 90

V, Å3 664.9(2) 1394.7(5) 1392.1(5) 1484.6(5) 1499.4(5) 1498.4(5)

Z 1 4 4 4 4 4

Dcalcd, g cm−3 2.330 2.306 2.315 1.983 2.266 2.275

μ (Mo Kα),
mm−1

5.938 3.356 3.592 4.013 4.507 4.803

F (000) 450 948 952 896 996 1000

crystal size
(mm3)

0.200 × 0.120 × 0.071 0.260 × 0.210 × 0.112 0.350 × 0.330 × 0.150 0.300 × 0.250 × 0.130 0.201 × 0.112 × 0.053 0.30 × 0.20 × 0.15

θ range for data
collection (°)

1.75 to 27.49 2.16 to 27.46 2.16 to 27.49 2.10 to 27.48 2.09 to 27.48 2.09 to 27.53

limiting indices −9 ≤ h ≤ 9, −11 ≤ k
≤ 11, −16 ≤ l ≤ 16

−10 ≤ h ≤ 10, −17 ≤ k
≤ 17, −15 ≤ l ≤ 17

−10 ≤ h ≤ 10, −17 ≤k
≤ 17, −17 ≤ l ≤ 15

−10 ≤ h ≤ 10, −15 ≤ k
≤ 16, −19 ≤ l ≤ 18

−10 ≤ h ≤ 10, −16 ≤ k
≤ 16, −13 ≤ l ≤ 19

−10 ≤ h ≤ 10, 0 ≤ k
≤ 16, 19 ≤ l ≤ 19

reflections
collected/
unique

5879/3033 12346/3178 12278/3186 12922/3398 7002/3401 5270/3243

Rint 0.0226 0.0446 0.0591 0.0636 0.0364 0.1449

completeness to
θmax

99.0% 99.7% 99.9% 99.6% 99.0% 94.0%

absorption
correction

semiempirical from
equivalents

semiempirical from
equivalents

semiempirical from
equivalents

semiempirical from
equivalents

semiempirical from
equivalents

empirical

data/restraints/
parameters

3033/15/187 3178/8/238 3186/11/239 3398/0/239 3401/8/239 3243/15/231

GOF on F2 1.245 1.083 1.080 1.323 1.115 1.005

R1[I > 2σ (I)] 0.0257 0.0199 0.0325 0.0577 0.0379 0.0902

wR2 [I > 2σ (I)] 0.0783 0.0472 0.0713 0.1238 0.0809 0.2285

R1 (all data) 0.0263 0.0200 0.0332 0.0669 0.0425 0.1079

wR2 (all data) 0.0787 0.0473 0.0729 0.1392 0.0835 0.2395

largest diff. peak
and hole
(e·Å−3)

2.950 and −0.893 0.763 and −0.317 1.451 and −0.927 0.768 and −0.694 0.816 and −0.903 2.336 and −3.014

Figure 1. FTIR spectra of erythritol and its two metal complexes, TbE(I) and GdE in the 3800−2600 and 1700−650 cm−1 region.
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bands in the 1500−650 cm−1 region. For the GdCl3-erythritol
complex, a similar IR spectrum can be obtained, which
indicates that other lanthanide ions also can form the fifth
coordination structure.
Structure of TbCl3-erythritol (TbE(I)). The crystal

structure of TbE(I) was shown in Figure 2. All H atoms are

not shown here. Tb3+ is eight-coordinated to three hydroxyl
groups (1, 2, and 4-OH) from one erythritol molecule, two
chloride ions, one water molecule, and two hydroxyl groups
from another erythritol molecule, so erythritol can be used as a
two bidentate ligand or three hydroxyl group donor. Two
coordination modes of erythritol coexist in the structure of
TbE(I), which is consistent with the corresponding IR
spectrum (more bands appear in the 1500−650 cm−1 region).
Tb−O distances are from 2.368 to 2.449 Å; Tb−Cl distances
are 2.6750 and 2.6979 Å, respectively. The hydrogen bond data
show that there are O−H···O and O−H···Cl hydrogen bonds
in TbE(I). For the three hydroxyl group donor erythritol, its
O3 does not coordinate to metal ions, but it can form a
hydrogen bond with O5 via [x, y+1, z] symmetric operation
(O5−H11···O3 distance is 2.652 Å, and the bond angle is
173.4°). Other hydrogen bonds belong to O−H···Cl hydrogen
bonds. Cl3 does not coordinate to metal ions, and Cl3 can form
hydrogen bonds with O6 (2.981 Å), O3 (3.094 Å), O2 (2.983 Å,
via [−x+1, −y, −z+1] operation), O7 (3.102 Å, via [x+1, y, z]
operation). For Cl1, O4−H10···Cl1 (3.197 Å, via [−x+1, −y+1,
−z] operation) and O1−H7···Cl1 (3.068 Å, via [−x+2, −y+1,
−z] operation) were observed. For Cl2, O7−H13···Cl2
(3.190 Å, via [x+1, y, z] operation) exists in the structure. For
the coordinated water molecule, H13−O7−H14, hydrogen
bonds are formed with Cl2 and Cl3. Therefore, extensive
hydrogen bond networks have formed in TbE(I).
The C−O bond lengths are 1.345−1.458 Å, C−C bond

lengths are 1.400−1.530 Å, O−C−C bond angles are 105.6−
118.8°, and C−C−C bond angles are 114.0−116.5°. The C−C
bond length is 1.51 Å, C−O bond lengths are 1.39 and 1.47 Å,
O−C−C bond angle is 107°, and C−C−C bond angle is 113°
for erythritol itself.49 Compared with erythritol itself, after
complexation the three hydroxyl group donor erythritol is not
symmetric. For TbE(I), the O−C−C bond angles are 106.6°,
106.9°, 109.5°, 112.1°, 108.7°, 110.7°, 104.5°, 109.9°, and
105.0°; the bond angle of C(6)−C(5)−C(5)#1 is 114.2°, bond
angle of C(1)−C(2)−C(3) is 114.4°, and bond angle of C(4)−
C(3)−C(2) is 115.8°, respectively, which indicates the
coordination of metal ions. Because O3 does not coordinate
to a metal ion, the torsion angle of C(1)−C(2)−C(3)−O(3) is
−177.6°, close to −180°, and the torsion angle of C(1)−C(2)−
C(3)−C(4) is −50.4°.

For lanthanide chloride-erythritol complexes, four coordina-
tion structures have been observed in the references.40−45 The
first coordination mode is that the Ln3+ ion coordinates with
four hydroxyl groups from two erythritol molecules, four water
molecules, and one chloride ion, the coordination number is 9,
and the formula is LnCl3·C4H10O4·6H2O, including LaCl3,
PrCl3, NdCl3, EuCl3, and TbCl3-erythritol complexes.40 The
second one was observed in the europium chloride−erythritol
complex (2EuCl3·2C4H10O4·7H2O); its characteristic is the
presence of binuclear europium ions with different coordina-
tion structures: one Eu3+ ion is 9-coordinated with five Eu−O
bonds from water molecules and four from hydroxyl groups of
two erythritol molecules, and another Eu3+ is eight-coordinated
with two water molecules, two chloride ions, and four hydroxyl
groups from two erythritol molecules.41 The third one is
NdCl3·2.5C4H10O4·C2H5OH; Nd

3+ is nine-coordinated to eight
hydroxyl groups from three erythritol molecules and one
chloride ion.42 The fourth structure is ErE (ErCl2·C4H9O4·
2C2H5OH); Er3+ is eight-coordinated with three hydroxyl
groups of one erythritol molecule, two hydroxyl groups from
another erythritol molecule, two ethanol molecules, and one
chloride. For one erythritol molecule, it provides three hydroxyl
groups to one erbium ion and two hydroxyl groups to another
erbium ion. Among them, one hydroxyl group is coordinated to
two metal ions, which loses its hydrogen atom and becomes an
oxygen bridge. Therefore, erythritol becomes C4H9O4.

43 Here,
the fifth structure (TbE(I)) has been obtained. For such a
simple molecule, five topological structures can be observed,
which indicate the complexity of the interactions between
lanthanide ions and carbohydrates.
For alkaline-earth metal ion, three calcium chloride-erythritol

complexes have been obtained.40 For transition metal ions, two
CuCl2-erythritol complexes were observed.45 Here, for
lanthanide chloride-erythritol complexes, five coordination
structures have been observed, which indicate that the
interactions between lanthanide and erythritol are more
complicated. Compared to Ca2+ or Cu2+, lanthanide ions
often have high coordination number (8 or 9 here), several
hydroxyl groups are coordinated to metal ions, and more
extensive hydrogen bond networks can be obtained in the
lanthanide complexes.

Structures of Lanthanide Nitrate-Erythritol Com-
plexes. The FTIR spectra of PrEN, CeEN, YEN, GdEN,
and TbEN were shown in Figure 3. The IR bands and possible
assignment were listed in Table 2. Their spectra belong to two
kinds of structures: one is water-involved and the other one
does not have water. The structures of PrEN and CeEN having
water molecules are newly observed. The FTIR spectra of YEN,
TbEN, and GdEN are similar to the spectra of NdEN and
EuEN, whose structures were determined.40,44

PrEN and CeEN have very similar IR spectra, which indicate
that they should have similar structures. The obvious
characteristic of their IR spectra is that there is δH2O located
at 1633 cm−1, which indicate the existence of water molecules
in PrEN and CeEN. The νOH vibrations are located at 3573
and 3333 cm−1 for PrEN and 3571 and 3331 cm−1 for CeEN,
which are related to hydrogen bond networks in their
structures, including weak hydrogen bond and relatively
stronger hydrogen bonds, respectively. One of the νOH
bands is located at ∼3571 cm−1, which indicates that there may
be an uncoordinated hydroxyl group. νCH vibrations are weak
bands, which is similar to other metal-sugar complexes. Most
of the bands in the 1500−1250 cm−1 region are related to

Figure 2. Crystal structure of TbE(I).
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nitrate ions. Here, all three nitrate ions are coordinated to
metal ions, and the bands at ∼1483, 1444, and 1388 cm−1 may
be related to νas(NO2) and δCH2 and the bands at ∼1353,
1330, and 1308 cm−1 may be related to νs(NO2).

50 The bands
in the 1250−850 cm−1 region related to νCO, νCC, δCOH,
δCCH, and νNO also shifted compared to erythritol, which
shows the coordination of hydroxyl groups to metal ions.
Also, the bands are not complicated such as in TbE(I), which
indicates that maybe only one coordination mode appears for
erythritol.
For three structures without water, YEN, GdEN, and TbEN,

the νOH bands in the salt spectra were broadened. The bands
at 3591, 3521, and 3382 cm−1 for YEN, 3591, 3517, and
3374 cm−1 for TbEN and 3592, 3512, and 3363 cm−1 for
GdEN were observed. The OH stretching vibrations can be
assigned to the H-bonds formed between the hydroxyl groups
and nitrate ions. The existence of the bands at ∼3590 and
∼3517 cm−1 indicates that there may have been uncoordinated
hydroxyl groups. The free erythritol exhibited four bands at
2971, 2957, 2928, and 2911 cm−1 assigned to the stretch
vibrations of the CH group (νCH). The bands shifted in the
three complexes and the intensities became weaker upon coor-
dination (Figure 3). For the three metal complexes, the peak
positions of νCH are similar. The intensity of νCH is decreased
and the vibrations of OH have masked the CH bands.

The bands at ∼1687 and ∼1627 cm−1 are related to defor-
mation of COH (uncoordinated OH). In the 1550−1200 cm−1

region, the bands located at 1484, 1464, and 1455 cm−1

for YEN; 1513, 1479, and 1472 cm−1 for GdEN; and 1514,
1480, 1468, and 1454 cm−1 for TbEN may be related to
νasNO2 and δCH2. In addition, 1335 and 1299 cm−1 for
YEN; 1332, 1316, and 1290 cm−1 for GdEN; and 1329, 1321,
and 1292 cm−1 for TbEN may be related to νsNO2.

48,50 The
bands split into several bands after complexation, indicating
the coordination of nitrate ions and the decrease of nitrate
ion symmetry. The peak positions are similar for the three
compounds, but different with metal nitrates. The changes of
the bands have reflected the coordination of nitrate ions, and
three similar spectra indicate that three compounds have the
same structures.
The bands in the 1250−850 cm−1 region may be assigned

mainly to CO, CC, COH, CCH, and CCO vibrations of
erythritol and N−O vibrations of nitrate ions.48,50 The
changes of these bands also indicate the formation of
lanthanide nitrate−erythritol complexes. Especially for the
stronger bands in the region, 1081 and 1055 cm−1 bands for
erythritol itself assigned mainly to C−O stretching
vibrations48,50 are shifted to 1080, 1052, 1043, and 1015 cm−1

for TbEN; 1080, 1051, 1043, 1027, and 1014 cm−1 for
GdEN; and 1080, 1045, 1029, and 1016 cm−1 for YEN,
respectively, which indicates the coordination of hydroxyl

Figure 3. FTIR spectra of lanthanide nitrate-erythrtiol complexes, PrEN, CeEN, YEN, GdEN, and TbEN.
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groups to metal ions. More bands appear in this region, which
shows the change of the conformation of erythritol, the
decrease of its symmetry. The band at 1015 cm−1 in TbEN,
1014 cm−1 in GdEN, and 1016 cm−1 in YEN becomes the
strongest peak in the region. The 968 cm−1 band for
erythritol itself is shifted to 966, 965, or 967 cm−1 for TbEN,
GdEN, and YEN, respectively.
Although the coordination mode of erythritol is the same for

the metal complexes with and without water (coordination
with 1, 2, and 3-OH), their IR spectra in the 1500−650 cm−1

region are different, maybe because the changes of con-
formation of erythritol induced by complexation are various.
The IR results indicate that the hydroxyl groups of erythritol
and nitrate ions took part in the metal-carbohydrate
interaction and there may have one uncoordinated hydroxyl
group; the hydrogen-bond network rearranged upon sugar
metalation; the conformation of erythritol skeleton changed
as a result of salt formation. From the similarity of FTIR
spectra of YEN, TbEN, GdEN, EuEN, and NdEN, the
coordination structures of Y, Gd, and Tb-complexes can be
deduced from the structures of NdEN and EuEN:40,44 Y3+,

Tb3+, or Gd3+ is also ten-coordinated with three hydroxyl
groups from one erythritol molecule, three bidentate nitrate
ions, and one ethanol molecule. Different lanthanide ions can
form similar complexes with a ligand.

Crystal Structures of Lanthanide Nitrate-Erythritol
Complexes. The crystal structures of CeEN (Ce-
(NO3)3·C4H10O4·2H2O) and TbEN (Tb (NO3)3·C4-
H10O4·C2H5OH) shown in Figure 4 represented the structures
with water and without water, respectively. For PrEN and
CeEN, Ln3+ is 11-coordinated to three hydroxyl groups from
one erythritol molecule, six oxygen atoms from three nitrate
ions, and two water molecules. Ce−O distances are from 2.493
to 2.824 Å, and Pr−O distances from 2.476 to 2.830 Å,
respectively. According to the hydrogen bonds data, there are
O−H···O and O−H···N hydrogen bonds. Hydroxyl groups of
erythritol form hydrogen bonds with oxygen atoms of nitrate
ions and hydroxyl group of erythritol; coordinated water
molecules form hydrogen bonds with oxygen and N atoms of
nitrate ions and hydroxyl group of erythritol. For uncoordi-
nated hydroxyl group of erythritol, O4, hydrogen bonds are
formed with the hydroxyl group of erythritol, coordinated

Table 2. IR Bands, FIR, THz Spectral Data, and Possible Assignments for Lanthanide Nitrate-Erythritol Complexesa

E PrEN CeEN YEN GdEN TbEN possible assignments48,50−57

3573 3571 3591 3592 3591 νOH

3521 3512 3517 νOH

3271 3333 3331 3382 3363 3374 νOH

3263 νOH

3251 νOH

3238 νOH

2971 2975 2974 2975 νasC(1)H2, νasC(4)H2

2957 2937 2937

2928 νC(2)H, νC(3)H

2911 νsC(1)H2, νsC(4)H2

2820

2717

2663

1687 1687 1687 δCOH

1633 1633 δH2O

1629 1626 1627 δCOH

1513 1514 νasNO2

1482 1483 1484 1479 1480 νas(NO2), δCH2

1457 1464 1472 1468 δC(1)H2, δC(4)H2

1417 1444 1444 1455 1454 νas(NO2), ωC(1)H2,
ωC(4)H2,δCO(1)H,
δCO(4)H

1387 1388 1393 νas(NO2)

1366 1353 1353 νs(NO2), γC(2)H, γC(3)H,
δCO(2)H, δCO(3)H

1331 1330 1335 1332 1329 νs(NO2), δCO(1)H,
δCO(4)H, δCCH

1316 1321 νs(NO2)

1308 1309 1308 1299 1290 1292 νs(NO2)

1272 δCCH

1256 1254 1254 1233 1234 1234 twC(1)H2, twC(4)H2,
δCCH, δCOH

1217 1211 1211 δCO(2)H, δCO(3)H, δCO
(1)H, δCO(4)H, γC(2)
H, γC(3)H

1125 1125 1117 1115 1113

1095 1093 1093

1081 1087 1087 1080 1080 1080 νCO(2), νCO(3), νCO(1),
νCO(4)

E PrEN CeEN YEN GdEN TbEN possible assignments48,50−57

1055 1051 1052

1047 1046 1045 1043 1043 νCO(2), νCO(3), νCO(1),
νCO(4), δCO(1)H, δCO
(4)H

1038 1038 1029 1027 νCO, νNO

1003 1003 1016 1014 1015 νCO, νNO

968 960 959 967 965 966 ρC(1)H2, ρC(4)H2

918

884 879 878 874 873 873 νCC, ρC(1)H2, ρC(4)H2

865 833 832

817 818 816 815 815 γNO2

806 805

710 743 742 750 747 748 τOHinter, δNO2

694

616 635 616 608 δCCO

534 526 544 539 536

488 498 433 τO(1)H, τO(4)H

429 395 398 393 τO(1)H, τO(4)H

421

378 367 364 375 372 371 νMO

341 339 330 325 330 νMO

299 293 295 309 303 309 νMO

274 269 267 271 269 νMO

240 238 231 221 νMO

188 183 180 199 189 177 νMO

172 165 νMO, δOMO

150

137 137 137 137 129 νMO

105 105 105 105 101 100

76 75 80 80 74 crystal lattice vibration,
hydrogen bonds

67 60 59 67 54

70 74 74 77 72 73 crystal lattice vibration,
hydrogen bonds

64 66 63

61 59 59 59 55 53

35 35 45 45

Table 2. continued
aAbbreviations: ν, stretching; δ, in-plane bending; γ, out-of-plane bending; ω, wagging; ρ, rocking; τ, torsion; s, symmetric; as, asymmetric.
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water, and O and N atoms of nitrate ion (O1−H8···O4, 2.739 Å,
via [x−1/2, −y+3/2, −z+2] operation, O15−H14···O4, 2.854 Å,
via [−x+1/2, −y+2, z−1/2] operation, O4−H7···O10, 2.796 Å,
via [x+1, y, z] operation, O4−H7···N2, 3.537 Å, via [x+1, y, z]
operation). Compared with erythritol, the bond angle of
C(1)−C(2)−C(3) is 115.1° in PrEN and 115.3° in CeEN; and
C(4)−C(3)−C(2) is 112.8° in PrEN and 112.3° in CeEN,
respectively, which reflects the changes of the conformation of
erythritol.
For Tb(NO3)3·C4H10O4·C2H5OH, the ten-coordinated

Tb3+ binds to three hydroxyl groups of one erythritol
molecule, three bidentate nitrate ions, and one ethanol
molecule. YEN and GdEN have the same structures as
TbEN. The crystal structures confirm previous IR results.
Y−O distances are from 2.358 to 2.594 Å; Gd−O distances
are from 2.398 to 2.596 Å; and Tb−O distances are from
2.373 to 2.581 Å, respectively. By comparison of the
coordination number and M−O bond distances in TbE
and TbEN, Tb3+ is 8-coordinated and Tb−O distances are
from 2.368 to 2.449 Å in TbE and Tb3+ is 10-coordinated
and Tb−O distances are from 2.373 to 2.581 Å. The results
indicate that, when the coordination number is higher, the
M−O distances are longer. In the references, La−O distances
are from 2.531 to 2.925 Å in 2La(NO3)3·C4H10O4·8H2O,43

Eu−O distances are from 2.421 to 2.600 Å in Eu(NO3)3·
C4H10O4·C2H5OH,44 and Nd−O distances are from 2.455 to
2.620 Å in Nd(NO3)3·C4H10O4·C2H5OH.40 The Ln−O bond
distances have small differences and the changes of Ln−O
distances are consistent with lanthanide contraction.
Erythritol is not symmetric after complexation with Y3+,

Gd3+, and Tb3+ ions. The coordination of metal ion has
influence on the conformation of erythritol; for example, for
the ligand erythritol, C−C−C bond angle is 112.9°;49 after
complexation, the angles become 118.4° and 111.4° in TbEN,
116.8° and 113.0° in GdEN, and 116.3° and 112.8° in
YEN. The angles are 116.5° and 113.0° in NdEN, and 116.6°
and 113.7° in EuEN, respectively. The results show that
the changes of the conformation of erythritol induced by the
coordination of different lanthanide ions have little differ-
ence. La ion is 11-coordinated and it has larger differences
compared with other lanthanide ions in 2La(NO3)3·
C4H10O4·8H2O.

FIR and THz Spectra of the Lanthanide-Erythritol
Complexes. FIR and THz are effective methods to determine
the formation of metal−ligand complexes.54−57 The FIR and
THz spectra of erythritol and these lanthanide−erythritol
complexes are shown in Figures 5 and 6. The corresponding
band positions of lanthanide nitrate−erythritol complexes are
listed in Table 2. As shown in the figures, in the 650−50 cm−1

region the bands of TbE(I) are located at 527, 479, 414, 393,
350, 285, 245, 218, 203, 177, 136, and 102 cm−1. After
complexation with Tb ion, new bands are observed compared
to erythritol; most of them are related to Tb−O vibrations.
Tb3+ is nine-coordinated in TbE(I). Each M−O is located in
different environment, so several bands can be observed and
some bands masked for the degeneration. The bands near 200
cm−1 are usually regarded as M−O vibrations for metal−
sugar complexes;54 therefore, the bands at 245, 218, 203, and
177 cm−1 for TbE(I) belong to M−O vibrations. 136 and
102 cm−1 bands may be related to Tb−Cl vibrations. Other
bands may be related to M−O−H, M−O−C, or O−M−O
deformation. Also, the peak positions and relative intensities
of the bands in TbE(I) are changed compared to erythritol
itself.
For PrEN and CeEN, the bands at 183 and 180 cm−1 can

be assigned to M−O vibrations. The bands are diffused
for PrEN because of the influence of water. PrEN and
CeEN have similar FIR spectra, which indicate that they
should have the same coordination structures. For three metal
complexes without water, they have more than ten bands in
the region as shown in Figure 5. The three FIR spectra are
similar in peak position and relative intensities because of the
similarity of their structures. The bands at 269, 221, 177, and
129 cm−1 for TbEN; 231 and 189 cm−1 for GdEN; and
238 and 199 cm−1 for YEN may be related to M−O
vibrations. Other bands in the region may be related to M−O
vibration and deformation of OMO.48,50 Also, the bands of
YEN, TbEN, and GdEN in this region are different from
those of erythritol itself, which confirms the formation of
metal complexes.
Considering that some M−O vibrations are related to oxygen

atoms of nitrate ions, we compared the Fourier self-
deconvolution (FSD) results of TbE with TbEN. The FSD
results are consistent with second derivative results. Many
bands appear in their FSD results, which are related to each
M−O vibration. Compared the two FSD spectra, 368, 328, 307,

Figure 4. Crystal structures of CeEN and TbEN: (a) The structure
and atom numbering scheme of Ce(NO3)3·C4H10O4·2H2O; (b) the
structure and atom numbering scheme of Tb(NO3)3·C4H10O4·C-
2H5OH.
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and 269 cm−1 bands may be related oxygen atoms of nitrate
ions in the 400−100 cm−1 region.
The THz absorption bands of TbE(I) are located at 1.78 and

2.14 THz. For PrEN and CeEN having similar structures; the
two compounds also have similar THz bands: 1.05, 1.78, and
2.22 THz for PrEN and 1.06, 1.76, and 2.23 THz for CeEN
were observed, and the two spectra are different from those of
erythritol itself.57 Also, 1.76, 1.99, and 2.31 THz for YEN; 1.35,
1.64, and 2.17 THz for GdEN; and 1.35, 1.60, 1.88, and 2.19
THz for TbEN were observed for three compounds without
water. The FIR and THz spectra confirm the formation of these
metal complexes and show that YEN, TbEN, and GdEN have
similar structures, and PrEN and CeEN have the same
structure.
To clarify the bands in the THz region, second derivatives

were performed using Omnic 5.0 software for the THz
spectrum of each sample, and the results show that the main
bands and some relatively minor bands were emphasized in the
second derivatives results in the 87−7 cm−1 region. The main
bands were observed for each sample, which has good
agreement with the corresponding THz absorption spectrum.
For TbE(I), the main bands at 59, 71, and 80 cm−1 were
observed; the bands at 21, 49, and 54 cm−1 also can be

observed in the second derivative results. For CeEN, main
bands are observed. For PrEN, the bands at 35, 59, and
74 cm−1 are also observed, and the band at 74 cm−1 has three
child bands located at 70, 74, and 78 cm−1. For YEN, the bands
at 21, 27, and 45 cm−1 are weak peaks in the THz spectrum,
but they are emphasized in the second derivative results. For
GdEN, except for 45, 55, 72, and 80 cm−1 bands observed in
the THz absorption spectrum, the band at 64 cm−1 is
emphasized in the second derivatives results. For TbEN, the
main bands at 45, 53, 63, and 73 cm−1 are observed, and a
weak band at 81 cm−1 also can be identified. The results show
that second derivative methods help with observing the THz
bands. These bands in the THz region are related to crystal
lattice vibration and hydrogen bonds, and so forth. For these
metal complexes, the bands become broader compared to
erythritol, maybe because after complexation the coordination
structures have formed complicated, extensive hydrogen bond
networks and some of them may be similar, so the bands
become broader.

Luminescence Spectra of TbE(I) and TbEN. The
luminescence spectra of TbE(I) and TbEN are shown in
Figure 7, including their excitation and emission spectra. Here,
terbium ion shows its characteristic emission spectrum in

Figure 5. FIR spectra of erythritol and lanthanide-erythritol complexes in the 650−50 cm−1 region.
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TbE(I) and TbEN. The assignments of the peaks in the emis-
sion spectrum of TbE(I) and TbEN are as follows: ∼490 nm
(5D4→

7F6), ∼542 and 546 nm (5D4→
7F5), ∼585 nm

(5D4→
7F4), ∼621 nm (5D0→

7F3).
58 The 583 nm band has

a shoulder peak in TbE(I). The 544 nm band splits into 542
and 546 nm peaks in TbEN because Tb3+ is located at an
asymmetric ligand field. Two Tb3+ ions have similar emission
spectra, but the relative intensities of the peaks have some
differences, which show that transition probability changes and
reflects the influence of a different coordination sphere. Their
excitation spectra are also similar to some extent; for example,
319, 340, 351, 368, and 376 nm bands can be observed for TbE,
and TbEN has the similar band positions at 318, 341, 353, 369,
and 380 nm. The similarity may be because they have the same
ligand. The results indicate that lanthanide-erythritol complexes
have characteristic luminescence properties of lanthanide ions,
but their luminescence intensities are weaker than some
lanthanide chelates, for example, several TbCl3-carboxylic acid
complexes.59

Based on above experimental results and the references,
four coordination modes of erythritol have been observed
as shown in Figure 8. To compare the coordination of
different metal ions, the topological coordination structures
of the metal complexes are listed in Table 3. The results

indicate that lanthanide ions often have higher coordina-
tion numbers, and for Ca2+ and Cu2+, erythritol has two
bidentate ligands or can be uncoordinated, but for
lanthanide ions, different coordination modes of erythritol
can be observed, which make the topological structures
complicated. The differences in coordination modes of
erythritol may be related to the charge and radius of metal
ions. Erythritol is a relatively simple ligand. Lanthanide ions
have high coordination number, so they can accept three
hydroxyl groups from one erythritol in their coordination
sphere.
Compared to another ligand, galactitol, it coordinates to

lanthanide ions as two three-hydroxyl-group donors, but it has
two coordination modes with alkaline-earth metal ions.25−29

For example, for Ca2+, one metal ion coordinates to one or two
hydroxyl groups of one ligand. Galactitol has six hydroxyl
groups, which results in the complicated coordination between
galactitol and alkaline-earth metal ions. The coordination
difference between erythritol and galactitol (erythritol has
several coordination modes with lanthanide ions; galactitol has
two coordination modes with alkaline-earth metal ions) are
from the different chain and various metal ions.
When comparing lanthanide chloride and nitrate-erythritol

complexes, lanthanide nitrate-erythritol complexes often have

Figure 6. THz spectra of these metal complexes.
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higher coordination number (10 or 11 here) than lanthanide
chloride-erythrtiol complexes because NO3

− ions are used as
bidentate ligands. There are three chloride ions: they can
coordinate to metal ions or be hydrogen bonded. For three

nitrate ions, they are coordinated to metal ions, which make

the coordination number high. For ZnEN, nitrate ions are

monodentate ligands. For galactitol, nitrate ions can coordinate

to metal ions or hydrogen bond; even all three nitrate ions may

be hydrogen-bonded.60 The results show that different ligands

have various coordination modes; the ligand (erythritol), solvent

(water or ethanol), and anions (Cl− or NO3
−) are competitively

coordinated to metal ions, which makes the interactions between

metal ions and carbohydrates complicated. At the same time,

extensive hydrogen bond networks form and the metal com-

plexes have various structures.

Figure 8. Four coordination modes of erythritol with metal ions.

Figure 7. Luminescence spectra of TbE(I) and TbEN.

Table 3. Summary of the Coordination Modes of the Metal-Erythritol Complexesa

stoichimetry examples C. N.
space
group OH

coordination mode of
erythritol H2O ethanol Cl− NO3

−

2CaCl2·C4H10O4·4H2O CaE(I) 7 P21/c 2 a 2 3a

CaCl2·C4H10O4·4H2O CaE(II) 8 C2/c 4 a 4 0
CaCl2·2C4H10O4·4H2O CaE(III) 8 Fddd 8 a 0 0
MCl2·C4H10O4 CuE(I), MnE 6 C2/c 4 a 0 2
CuCl2·C4H10O4 CuE(II) 4 P1̅ 2 a and uncoordinated 0 2
LnCl3·C4H10O4·6H2O PrE, NdE 9 P1̅ 4 a 4 1
ErCl3·C4H10O4·2C2H5OH ErE 8 C2/c 5 c 0 2 1
2 EuCl3·2C4H10O4·7H2O EuE 9 P2/c 4 a 5 0

8 4 a 2 2
NdCl3·2.5C4H10O4·C2H5OH NdE(II) 9 P1̅ 8 a, d 0 1
TbCl3·1.5C4H10O4·H2O TbE(I) 8 P1̅ 5 a, d 1 2
Ca(NO3)2·C4H10O4 CaEN 8 C2/c 4 a 2
Zn(NO3)2·C4H10O4 ZnEN 6 Cc 4 a 2
2La(NO3)3·C4H10O4·8H2O LaEN 11 P1̅ 2 a 3 3
Ln(NO3)3·C4H10O4·2H2O CeEN, PrEN 11 P212121 3 b 2 3
Ln(NO3)3·C4H10O4·C2H5OH YEN, NdEN, EuEN, GdEN, TbEN 10 P21/c 3 b 1 3

aC. N., coordination number; Coordination modes of erythritol are as shown in Figure 8.
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■ CONCLUSION
New lanthanide ion-erythritol complexes were prepared and
characterized using X-ray diffraction, FTIR, FIR, THz, and
luminescence spectra. Two erythritol, one as two bidentate
ligands, the other one as three hydroxyl group donor, coexist in
the structure of the TbCl3-erythritol complex (TbE(I)). Four
coordination structures were already observed for lanthanide
chloride-erythritol complexes, but there is still one new
structure (TbE(I)), which indicates the complexity of the
coordination between hydroxyl groups and metal ions.
Erythritol is a three-hydroxyl-groups donor in lanthanide
nitrate-erythritol complexes, but two topological structures
were observed depending on the existence of water or ethanol
molecules and different lanthanide ions. Pr and Ce nitrate-
erythritol complexes have water included in the coordination
sphere; Y, Nd, Eu, Gd, and Tb ions can form complexes
without water molecules. FTIR spectroscopy provides
information about the coordination, the change of the ligand
and hydrogen bonds; FIR spectra are related to M−O
vibrations; THz bands are mainly lattice vibrations and
hydrogen bonds; luminescence spectra are related to energy
level transition. Combined with crystal structure results, these
spectra demonstrate detailed information on the structure and
coordination of these metal-carbohydrate complexes.
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