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The synthesis, crystal structures, and characterization (IR, TGA/DSC) of [Nd(C5H6O4)�  
� (H2O)4] �Cl (1) and Pr(C5H6O4)(C5H7O4)(H2O)] �H2O (2) are described. Compound 1 is a one-
dimensional coordination polymer containing double chains incorporating pairs of edge-
sharing NdO9 polyhedra linked by glutarate dianions. A network of O—H�O and O—H�Cl 
hydrogen bonds helps to consolidate the structure. Compound 2 is a three-dimensional coordi-
nation polymer incorporating chains of edge-sharing PrO10 polyhedra. Its glutarate ion adopts 
an extended conformation, whereas its hydrogen glutarate ion takes on a twisted conformation. 
O—H�O hydrogen bonds are seen in the crystal structure, which features small channels oc-
cupied by water molecules. Crystal data: 1, C5H14ClNdO8, Mr = 381.85, monoclinic, P21/c 
(No. 14), a = 8.9763(6) Å, b = 15.9277(11) Å, c = 8.8690(6) Å, � = 112.090(2)�, 
V = 1174.94(14) Å3, Z = 4, R(F) = 0.016, wR(F 2) = 0.037.  2, C10H17O10Pr, Mr = 438.15,  
orthorhombic, Pbca (No. 61), a = 16.3030(7) Å, b = 8.6714(4) Å, c = 19.3899(8) Å, 
V = 2741.1(2) Å3, Z = 8, R(F ) = 0.020, wR(F2) = 0.050. 
 
DOI: 10.15372/JSC20150516 
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INTRODUCTION

Glutaric acid HO2C(CH2)3CO2H (H2glut or C5H8O4) has applications in polymer chemistry [ 1 ] 
and can form liquid crystals [ 2 ]. In its doubly-deprotonated form (glu2–), it is a versatile bridging 
ligand with a flexible backbone and many coordination polymers have been reported in combination 
with both transition metal and rare-earth cations [ 3—8 ]. 

In this paper, as an extension of these studies, we describe the syntheses, characterizations, and 
single crystal structures of two rare-earth glutarate networks: [Nd(C5H6O4)(H2O)4] �Cl (1) and 
[Pr(C5H6O4)(C5H7O4)(H2O)] �H2O (2). 

MATERIALS AND METHODS 

Synthesis of 1. 0.500 mmol (0.179 g) of NdCl3 �6H2O was dissolved in 10 ml distilled water and 
2.00 mmol (0.264 g) of glutaric acid was dissolved in 15 ml ethanol. Five drops of a 1 N NaOH solu-
tion was added to raise the pH of the glutaric acid solution. The solutions were mixed and stirred for  
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1 h at room temperature. The mixture was filtered and kept at room temperature for crystallization. 
After 10 days, pink blocks of 1 were recovered in 43 % yield by filtration and rinsing with ethanol. 
Anal. calc. (%) for C5H15O10NdCl: C 14.57, H 3.63; found: C 15.02, H 3.74. 

Synthesis of 2. 0.500 mmol (0.187 g) of PrCl3 �6H2O was dissolved in 10 ml distilled water and 
2.00 mmol (0.264 g) of glutaric acid was dissolved in 15 ml ethanol. Eight drops of a 1 N NaOH solu-
tion was added to raise the pH of the glutaric acid solution. The solutions were mixed and stirred for 
1 h at room temperature. The mixture was filtered and kept at room temperature for crystallization. 
After 10 days, light green needles of 2 were recovered by vacuum filtration and rinsing with ethanol 
(yield = 48 %). Anal. calc. (%) for C10H16O10Pr: C 27.47, H 3.68; found: C 28.12, H 3.85. 

Physical measurements. The IR spectra of 1 and 2 were recorded on a Perkin—Elmer FTIR 180 
spectrophotometer using KBr pellets over the frequency range 4000—400 cm–1. Elemental analyses 
for C, H, and N were performed on a Varian Micro-Cube Analyzer. Thermal analyses (25—1200 �C) 
were recorded under a continuous N2 flow with a ramp rate of 10 �C �min–1 using a DSC/TGA model 
SDT Q 600, TA Instruments, USA. Alumina crucibles were used for recording the TG-DSC curves. 

Crystal structure determinations. Intensity data for 1 (pale pink block, 0.32�0.15�0.14 mm) 
and 2 (pale green needle, 0.30�0.05�0.05 mm) were collected at room temperature using a Bruker  
Apex II CCD diffractometer (MoK� radiation, � = 0.71073 Å). Multi-scan absorption corrections 
(transmission-factor ranges for 1 and 2 = 0.317—0.561 and 0.411—0.840 respectively) were made 
with SADABS [ 9 ] during data reduction. The structures were routinely solved by direct methods with 
SHELXS-97 [ 7 ] in space group P21/c for 1 and Pbca for 2 and the structural models were developed 
and refined against �F �2 using SHELXL-97 [ 10 ]. For both structures, the C-bound H atoms were geo-
metrically placed (C—H = 0.97 Å) and refined as riding atoms. The water H atoms were located in 
difference maps and refined as riding atoms in their as-found relative positions. The carboxylic acid H 
atom in 2 was located in a different map and its position freely was refined. The constraint 
Uiso(H) = 1.2Ueq(carrier) was applied in all cases. Molecular graphics were generated with ORTEP-3 
[ 11 ] and ATOMS [ 12 ]. Crystal data for 1 and 2 are summarized in Table 1 and full details are avail-
able as supplementary material (CIF format). 

T a b l e  1  

Crystallographic and data collection parameters 

Parameters 1 2 

Empirical formula C5H14ClNdO8 C10H17O10Pr 
Formula weight 381.85 438.15 
Crystal system Monoclinic  Orthorhombic  
Space group P21/c (No. 14) Pbca (No. 61) 
a, b, c, Å 8.9763(6), 15.927(11), 8.8690(6) 16.3030(7), 8.6714(4), 19.3899(8) 
�, deg. 112.090(2) 90 
V, Å3 1174.94(14) 2741.1(2) 
Z 4 8 
	calc, g/cm3 2.159 2.123 

, mm–1 4.666 3.605 
Data scanned  10837 21847 
Unique data  2902 3409 
RInt 0.025 0.030 
R(F) 0.016 0.020 
wR(F 2) 0.037 0.050 
Min, max �	, e/Å3 –0.65, +0.75 –0.91, +0.71 
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RESULTS 

Infrared spectra. The IR spectrum of 1 shows strong, sharp bands at 1640 cm–1, 1528 cm–1, and 
1437 cm–1, which we attribute to the bridging symmetric, bidentate symmetric, and asymmetric 
stretching vibrations of the carboxylate group respectively [ 13 ]. These assignments are consistent 
with the different bonding modes of the glutarate ion in the crystal structure of 1 (vide infra). The C=O 
stretch in free glutaric acid occurs at 1699 cm–1. A strong, very broad band centered around 3350 cm–1 
in 1 corresponds to the O—H vibrations of hydrogen bonded water molecules and a cluster of weak, 
overlapped bands around 645 cm–1 can be tentatively assigned to Nd—O bond vibrations [ 14 ]. 

The corresponding carboxylate peaks for 2 occur at 1661 cm–1, 1530 cm–1, and 1435 cm–1 respec-
tively. The very broad water stretch is centered around 3340 cm–1 and a group of weak, overlapping 
peaks corresponding to Pr—O bond vibrations occur around 660 cm–1. 

Thermal analysis. TGA for 1 showed thermal stability to about 110 �C, followed by a weight 
loss of 18 %, which was completed by 240 �C. This is in good agreement with a decomposition 
scheme that loses the four water molecules from 1 (calc. = 19 %). The residue is stable until about 
350 �C, at which point it starts to lose a further �32 % weight over a broad temperature range to 
�1200 �C (the limit of operation of the instrument). The calculated total mass loss to give a residue of 
NdOCl is 49 %. 

TGA for 2 showed an 8 % weight loss between �80 �C and 150 �C (presumed loss of all water; 
calc. = 8 %), a further loss of 15 % between 200 �C and 350 �C (intermediate unknown) and then be-
tween 400 �C and 1200 �C (the limit of operation of the instrument), another 32 % weight loss (total 
loss = 55 %). The calculated weight loss for 1 transforming to 1/2 Pr2O3 is 63 %. 

Crystal structure of 1. Compound 1 is a one-dimensional coordination polymer: its asymmetric 
unit (Fig. 1) contains one Nd3+ ion, one doubly-deprotonated C5H6O2

4
�  glutarate ion, a chloride ion, 

and four water molecules. When symmetry-generated oxygen atoms are considered, the neodymium 
ion is coordinated by nine O atoms arising from two O,O-bidentate glutarate ions, an O-monodentate 
glutarate ion, and four water molecules. The mean Nd—O bond distance is 2.493 Å (the next-nearest O 
atom is farther than 4.25 Å distant) and the bond valence sum (BVS) [ 15 ] for the metal ion is 3.28 Å 
(expected value = 3.00 Å). If it is not assumed to be irregular, its coordination geometry can be just 
described as an extremely distorted capped square anti-prism [ 16 ] (Fig. 2), with the square faces de-
fined by O2/O3i/O5/O6 and O3ii/O4ii/O7/O8 (Table 2, symmetry codes): the dihedral angle between 
 

 
 
 
 

 
 

Fig. 1. Asymmetric unit of 1, with atoms added to 
complete the Nd coordination polyhedron, showing 
50 % displacement ellipsoids. The O—H�Cl hydro-
gen bond is shown as a double-dashed line. Symme-
                         try codes as in Table 2 

 
 

Fig. 2. Nd1 coordination polyhedron in 1.  
Symmetry codes as in Table 2 
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T a b l e  2  

Selected bond lengths (Å) and angles (deg.) for 1 

Nd1—O6 2.4433(15) O5—H5A�Cl1 0.83 2.36 3.1909(17) 172 
Nd1—O3i 2.4791(15) O5—H5B�Cl1iii 0.87 2.33 3.1579(18) 158 
Nd1—O8 2.4824(16) O6—H6A�O1iv 0.84 1.90 2.733(2) 172 
Nd1—O1 2.5229(14) O6—H6B�Cl1iv 0.89 2.24 3.0930(16) 162 
Nd1—O4ii 2.5484(14) O7—H7A�O4iv 0.86 1.91 2.767(2) 172 
Nd1—O7 2.4677(15) O7—H7B�Cl1ii 0.84 2.36 3.1854(16) 166 
Nd1—O5 2.4818(16) O8—H8A�O2v 0.81 1.91 2.679(2) 158 
Nd1—O2 2.4838(15) O8—H8B�Cl1iii 0.85 2.31 3.1020(17) 156 
Nd1—O3ii 2.5313(15)      
C1—O1 1.260(2) C1—C2—C3—C4 –70.1(3)    
C5—O4 1.249(2) C2—C3—C4—C5 169.90(19)    
C1—O2 1.268(2)      
C5—O3 1.282(2)      

 

 
 

For the hydrogen bonds, the four values correspond to the D—H, H�A, and D�A sepa-
rations (Å) and the D—H�A angle (deg), respectively.  
Symmetry codes:  i 1–x, 1–y, 1–z;  ii x, y, z+1;  iii x, 1/2–y, z+1/2;  iv –x, 1–y, 1–z;  v 1–x,  
1–y, 2–z. 

 
them is 7.35(5)�. The faces are displaced by –1.5556(8) Å and 0.8500(8) Å respectively from the metal 
atom, and O1 serves as the capping atom. It is notable that all the water O atoms lie on one side of the 
coordination sphere. 

The glutarate ion in 1 is twisted: the C1—C2—C3—C4 fragment has a gauche conformation and 
the C2—C3—C4—C5 fragment has an anti conformation (Table 2). The dihedral angle between the 
C1/O1/O2 and C5/O3/O4 carboxylate groups at each end of the ion is 84.00(16)�. 

The bonding modes of the two carboxylate groups of the glutarate ion are different: the C1/O1/O2 
group is chelating bidentate to a single metal ion and the C5/O3/O4 group is bridging bidentate (O,
2-
O�) to two metal ions. The displacements of the chelated metal ions from the C1 and C5 carboxylate 
groups are –0.119(9) Å and –0.200(9) Å respectively. The C—O bond lengths of the C1-containing 
carboxylate group are almost the same length, whereas the C—O lengths for the C6 grouping are dis-
tinctly different (Table 2), with the longer C6—O3 bond representing the 
2-O atom, which is consis-
tent with the previous results [ 6 ]. In the ligand, the terminal C—Cc (c = carboxylate) bond lengths 
(mean = 1.496 Å) are slightly shorter than the intermediate bond lengths (mean = 1.520 Å), which fol-
lows the trend seen in an analysis of bond lengths in the Cambridge Database [ 17 ]. 

These coordination modes result in [001] double chains of stoichiometry [Nd(glu)(H2O)4]+ in the 
crystal of 1 (Fig. 3), in which the NdO9 polyhedra are linked by their common O3i

�O3ii edge and the 
Nd1�Nd1v separation is 4.1751(3) Å. Pairs of glutarate ions fuse the adjacent Nd2O16 units into the 
[001] chains which are cross-linked by O—H�O hydrogen bonds (Table 2) into (010) sheets. The 
chloride ions in 1 occupy the regions between the (010) sheets and each one accepts five O—H�Cl 
hydrogen bonds (Table 2) from nearby water molecules to provide structural cohesion in the [010] 
direction. There are no possible metal—chloride-ion interactions in 1: the shortest Nd�Cl separation 
is greater than 4.6 Å. 

Crystal structure of 2. Compound 2 is a three-dimensional coordination polymer: its asymmetric 
unit contains one Pr3+ ion, one doubly-deprotonated C5H6O2

4
�  glutarate (glu2–) ion, one singly-

deprotonated C5H7O4
� hydrogen glutarate (Hglu–) ion, and two water molecules (Fig. 4). 
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In the extended structure, the Pr1 atom is coordinated by ten oxygen atoms (Table 3) with a mean 
separation of 2.581 Å and a BVS of 3.13 Å. These O atoms arise from two bidentate ligands, five 
monodentate ligands, and one coordinated water molecule (O9). The coordination geometry about the 
metal ion is well described as a bicapped square anti-prism [ 18 ] (Fig. 5), with O1ii/O9/O3iii/O7v and 
O2/O8iv/O4i/O5 forming the square faces: the dihedral angle between them is 3.04(6)�. Pr1 lies 
roughly equidistant from the square faces, by –1.2280(9) Å from the first and 1.2723(9) Å from the 
second. The capping O1 and O4iii atoms display the two longest Pr—O bond distances (Table 3) and 
the O1—Pr1—O4iii bond angle is 174.98(5)�. 

The glu2– and Hglu– species in 2 have different conformations: the C1 (glutarate) dianion is in an 
extended conformation, whereas the C6 (hydrogen glutarate) anion is twisted, with the C—C—C—C 
 

 
 
 
 

 
Fig. 4. Asymmetric unit of 2 (50 % displacement ellip-
soids) expanded to show the complete metal coordina-
tion sphere. The hydrogen bonds are shown as double-
         dashed lines. Symmetry codes as in Table 3 

 
 

Fig. 5. Pr coordination sphere in 2. Symmetry  
codes as in Table 3 

 

 

Fig. 3. Fragment of an [001] double 
chain in 1 showing the edge-shared 
               NdO9 polyhedra 
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 T a b l e  3  

Selected bond lengths (Å) and angles (deg.) for 2

Pr1—O4i 2.4377(17) Pr1—O1ii 2.4416(17) C1—C2—C3—C4   169.1(2) 
Pr1—O3iii 2.5289(17) Pr1—O8iv 2.5444(18) C6—C7—C8—C9     61.1(4) 
Pr1—O2 2.5482(18) Pr1—O9 2.5509(18) C2—C3—C4—C5 –173.5(2) 
Pr1—O7v 2.6536(19) Pr1—O5 2.6554(18) C7—C8—C9—C10   179.3(2) 
Pr1—O1 2.6946(18) Pr1—O4iii 2.7508(18)   
C1—O2 1.250(3) C1—O1 1.277(3)   
C5—O3 1.258(3) C5—O4 1.272(3)   
C6—O5 1.244(3) C6—O6 1.282(3)   
C10—O8 1.230(3) C10—O7 1.294(3)   

 

O6—H1�O7v 0.78(3) 1.69(4) 2.464(3) 173(4) 
O9—H2�O5ii 0.82 2.02 2.833(3) 175 
O9—H3�O10iv 0.82 1.95 2.760(3) 175 
O10—H4�O3 0.81 2.06 2.851(3) 163 
O10—H5�O7 0.81 2.52 3.166(3) 138 

 
 

 

For the hydrogen bonds, the four values correspond to the D—H, H�A and D�A sepa-
rations (Å) and the D—H�A angle (deg), respectively.  
Symmetry codes: i 3/2–x, 1–y, z–1/2;  ii 3/2–x, y–1/2, z;  iii x, 1/2–y, z–1/2;  iv x+1/2, y, 
1/2–z;  v 1–x, y–1/2, 1/2–z. 

 
part of the chain incorporating the carboxylic acid group gauche and the equivalent grouping incorpo-
rating the carboxylate group anti (Table 3). The dihedral angle between the C1/O1/O2 and C5/O/3O4 
planes is 31.69 (18)�; that between the C6/O5/O6 and C10/O7/O8 planes is 39.1(4)�. 

The bonding modes of the ligands in 2 are quite different: the C1 species is bridging bidentate  
(O, 
2-O�) from both its carboxylate groups, whereas the C6 species is simple monodentate from its  
—CO2H group and bridging monodentate from its —CO2

� group. In the C1 species, the metal ions are 
displaced by 0.477(11) Å and 0.401(11) Å from their chelating C1 and C5 groups respectively. 

The C—O bond lengths in the ligands in 2 are of some interest: for the C1 group of the glutarate 
ion, the 
2-O atom has the longer C—O bond (by about 0.027 Å), which is equivalent to the situation 
in compound 1, but for the C5 group, the 
2-O atom actually has the slightly shorter C—O bond, by 
some 0.014 Å. In the hydrogen glutarate ion, the difference between the nominal C6=O5 double-bond 
and C6—O6H single-bond is 0.038 Å, which is considerably less than the mean value of 0.094 Å from 
a survey of carboxylic acid structures in the literature [ 19 ]. Finally, in the C10 grouping, the C—O 
bonds show the greatest difference in length, of some 0.064 Å, despite their O atoms having the same 
bonding modes! The last of these may in part be explained by the fact that O7 accepts a short and (pre-
sumably) strong O—H�O hydrogen bond from the C—OH group, with O�O = 2.464(3) Å. 

In the crystal of 2, the PrO10 polyhedra share an edge (via O4i
�O4iii) to generate [010] chains 

(Fig. 6) with Pr1�Pr1vi (vi = 3/2–x, y–1/2, z) = 4.3800(3) Å. The bridging ligands link the [010] chains 
into a three-dimensional coordination network incorporating small [010] channels which are occupied 
by the O10-water molecules (Fig. 6). 

DISCUSSION 

So far as we can ascertain, the one-dimensional polymeric crystal structure of 1 is a new structure 
type. A closely related compound is [Nd(C5H6O4)(H2O)4] �Cl �2H2O [ 20 ], in which essentially the 
same polymeric chains as seen in 1 incorporate both chloride ions and two uncoordinated water mole-
cules per formula unit into the inter-chain voids. 
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Fig. 6. Unit-cell packing for 2 viewed down [010] showing the small 
channels occupied by water molecules. The face-sharing PrO10 poly- 
                            hedral chains propagate along [010] 

 
Compound 2 is isostructural with its lanthanum congener [ 21 ], in which the mean La—O dis-

tance is 2.624 Å, which is the expected trend based on the lanthanide contraction effect [ 22 ]. 
Our survey of 49 rare-earth-glutarate crystal structures (including series of isostructural com-

pounds) in the Cambridge Database (version 5.34 with two updates) revealed that 29 glutarate ions 
adopt a gauche-anti conformation [ 23 ] (i.e. the modulus of one C—C—C—C torsion angle lies in the 
range �55—70� and the other is greater than �160�), 17 have an anti-anti conformation, and just one 
[Pr(C5H6O4)(H2O)2Cl]n [ 24 ] has a gauche-gauche conformation. Two isostructural compounds 
[M2(C8H4O4)(C5H4O4)2(H2O)2]n (M = Dy, Sm; C8H4O4 = benzene 1,3-dicarboxylate) [ 25 ] could not 
be classified, with one gauche torsion angle and one of about 120�, which corresponds to an eclipsed 
conformation. 

CONCLUSIONS 

The new rare-earth glutarates [Nd(C5H6O4)(H2O)4] �Cl (1) and [Pr(C5H6O4)(C5H7O4)(H2O)] �H2O 
(2) have been prepared in the form of single crystals and their structures were determined. Compound 
1 is a new structure type, although it is closely related to a compound that also contains uncoordinated 
water molecules. Compound 2 is isostructural with its lanthanum analogue and its mean metal—ligand 
bond length follows the expected trend of the lanthanide contraction. 
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