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ABSTRACT: Three multinuclear gadolinium(III) clusters containing the nicotinate (nic) 

ligand, [Gd2(nic)6(H2O)4] (1), [Gd4(µ3-OH)4(Hnic)5(H2O)12](ClO4)8·7H2O (2), and [Gd4(µ3-

OH)4(nic)6(H2O)6]2(ClO4)4·4H2O (3) were synthesized and characterized. Potential applications 

of these Gd(III) clusters as high-field magnetic resonance imaging（MRI）contrast agents 

were evaluated. The longitudinal relaxivities (r1) of 1-3 in water at 7 T were determined to be 

10.45±0.16, 9.28±0.06, and 2.04±0.29 mM−1s−1 on a per Gd ion basis, respectively. In 1% 

agarose solution, the r1 values increased slightly to 10.37±0.31, 10.74±0.11, and 4.60±0.29 

mM−1s−1 for 1-3, respectively. The ability to tune the number of inner-sphere water molecules, 

cluster sizes, organic ligands, and Gd coordination modes in such Gd(III) clusters provide 

interesting opportunities to further enhance the MR relaxivities for potential MRI applications. 

Introduction 

Magnetic resonance imaging (MRI) has become one of the 
most important techniques in modern diagnostic medicine 
because of its ability to non-invasively produce three-
dimensional images of biological specimens with a deep tissue 
penetration and at a high spatial resolution.1 In MRI, image 
contrasts result from differences of water relaxation time and 
proton density between adjacent tissues.2 To enhance the image 
contrast, Gd(III) chelates3 are typically employed as contrast 
agents to reduce the longitudinal relaxation times (T1) of water 
molecules. Gd(III) contrast agents effectively increase the 
sensitivity of MRI, allowing reliable diagnosis of diseased 
states that are typically not discernible in the non-contrast 
enhanced MR images. The effectiveness of a Gd(III) chelate as 
a contrast agent is determined by its ability to relax water 
protons, as expressed by the longitudinal relaxivity (r1) which is 
the slope of the linear dependence of 1/T1 vs. Gd concentration 
in mM.4 Clinically used Gd(III) contrast agents, such as Gd-
DPTA,5, 6 are mononuclear compounds with a tightly bound 
chelating ligand and one to two coordinated water molecules.7-

10 These Gd contrast agents however tend to have modest r1 
relaxivities, particularly at high magnetic field strengths. As a 
result, significant amounts of Gd chelates need to be 
administered in order to afford adequate image contrasts 
between normal and pathological tissues in the clinic.11 
Significant research efforts have therefore been devoted to the 
development of more efficient MRI contrast agents, for 
example, based on dendrimers8, 12-14 and fullerenes,15, 16 Gd2O3 
nanoparticles,17, 18 nanoscale metal-organic frameworks19-22, 
and other nanoparticles containing a high density of Gd 
chelates, in the past few years. 
Metal clusters have attracted considerable attention in 
coordination and materials chemistry, and can be prepared by 
modular and metal-directed self-assembly methods.23-29 Many 
of these large yet molecular species30-35 possess beautiful 

structures as well as interesting optical and magnetic properties. 
Some of these metal clusters have potential applications as MRI 
contrast agents. For example, Pan and co-workers described 
that Mn12-acetate [MnIII/IV

12O12(CH3CO2)16(H2O)4] could be 
coated with a polymeric shell via ligand-exchange to afford 
contrast agents with large r1 and r2 relaxivities of 5.2±0.12 
mM−1s−1 and 10.7±0.24 at 1.5T, respectively.36 Duan et al. 
reported the use of hexanuclear gadolinium-based octahedron 
(Gd-PT1) as selective MRI contrast agents for detecting 
glucosamine and observed enhanced r1 relativity (64.8 mM−1s−1 
on per a Gd ion basis, 400 MHZ, 298K) owing to the rigid 
facial bridging ligands.25 In this work, we report the synthesis 
and characterization of three Gd clusters based on the nicotinate 
(nic) ligand, Gd2(nic)6(H2O)4 (1), [Gd4(µ3-OH)4(Hnic)5-

(H2O)12](ClO4)8·7H2O (2)37 and [Gd4(µ3-OH)4(nic)6-
(H2O)6]2(ClO4)4·4H2O (3).  We further examined their MR 
relaxivities using a 7 T scanner, and studied the influences of 
the number of Gd ions and coordinated water molecules as well 
as the size of the clusters on their MR relaxivities (Figure 1). 

 
Figure 1. Molecular parameters that influence relaxivity: 
rotation (τR), water exchange (τM) and hydration number (q). 
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Experimental 

Materials and General Methods. Nicotinic acid, nitric acid, 
gadolinium oxide, perchloric acid, sodium hydroxide, and 
gadolinium oxide were obtained from commercial sources. Other 
solvents were of reagent grade and used without further purification. 
Elemental analyses were performed on an Elemental Vario EL 
analyzer. Thermogravimetric analysis (TGA) results were obtained 
on a SDT Q600 Thermal Analyzer. HR-MS spectra were recorded on 
a Bruker En Apex ultra 7.0T FT-MS apparatus. X-ray powder 
diffraction patterns were obtained on a Rigaku Ultima IV XRD.   

Synthesis of Gd2(nic)6(H2O)4 (1).  The cluster 1 was prepared by a 

method that was modified from the procedure reported by Hong et 

al.38 10 mL of H2O was added to a mixture of GdCl3∙6H2O (750 mg, 

2 mmol) and nicotinic acid (490 mg, 4 mmol). 650 mg of NaN3 

(10.0 mmol) was added to the solution, followed by the addition of 

300 µL of 2M HNO3. The mixture was transferred to a Teflon-lined 

high pressure reactor and then heated at 180 ºC for three days. The 

reactor was slowly cooled at 1 ºC per 10 min to room temperature, 

and the mixture was filtered. Colorless crystals of 1 were obtained 

after the solution was allowed to stand at room temperature for two 

days. Yield: 0.1 g (13.4%, based on nicotinic acid). Anal. Calcd for 

C36H32Gd2N6O16: C, 38.6%; H, 2.86%; N, 7.50%. Found: C, 37.43%; 

H, 3.14%; N, 7.27%. IR (KBr): 3505(m), 1645(s), 1597(s), 1573(w), 

1547 (m), 1476(m), 1433(s), 1405(s), 1195(m), 1166 (w), 1114(w), 

1093(m), 1028(m), 976(w), 864m), 853(m),759(vs), 702(vs), 634(m), 

566(m), 567(m) cm−1. F.W. = 1119.18. 

Synthesis of [Gd4(µµµµ3333-OH)4(Hnic)5(H2O)12](ClO4)8∙7H2O (2). The 

cluster 2 was synthesized in the same way as that reported by Kong 

et al.39 Block-shaped colorless crystals of 2 were obtained. Yield: 0.2 

g (8.2% based on nicotinic acid). Anal. Calcd for 

C30Cl8H67Gd4N5O65: C, 14.28%; H, 2.34%; N, 2.53%. Found: C, 

14.47%; H, 2.22%; N, 2.91%. IR (KBr): 3388 (m), 2861(w), 

2025(w), 1643(s), 1593(s), 1417(s), 1352(w), 1305(w), 1089(s), 

940(w), 835(w), 750(s), 688(s), 672(m), 627(s), 560(m) cm−1.  F.W. 

= 2450.47. 

Synthesis of [Gd4(µµµµ3333-OH)4(nic)6(H2O)6]2(ClO4)4 ∙4H2O (3). The 
cluster 3 was synthesized by a method that was modified from the 
procedure reported by Kong et al .39 Nicotinic acid (0.62 g, 5 mmol) 
in 5 mL of deionized water was titrated with NaOH (1.0 M) to reach 
a pH of 8, which was then added dropwise to the solution of 10 mL 
of Gd(ClO4)3 (1.0 M) that have been dropwise added a freshly NaOH 
(1.0 M) solution to the point of incipient but permanent precipitation 
at 90 °C. After stirring at 90°C for one additional hour, the resulting 
white epinephelos mixture was quickly filtered while hot. The 
mixture was allowed to stand at room temperature for two days to 
afford block-shaped colorless crystals.  Yield: 0.13g (8.8% based on 
nicotinic acid). Anal. Calcd for C72H88Gd8Cl4N12O64: C, 24.4%; H, 
2.48%; N, 4.74%. Found: C, 24.90%; H, 2.32%; N, 4.84%. IR (KBr): 
3388(m), 1617(s), 1566(s), 1476(w), 1409(s), 1195(m), 1158 (m), 
1097(m), 1030(m), 973(w), 842(m), 759(s), 698(vs), 636(m), 563(w) 
cm−1. F.W. = 3545.34. 

X-ray Crystal Structure Determination. The X-ray diffraction data 
of 1 and 3 were collected on Agilent Supernova with Mo-Kα 

radiation (λ = 0.71073 Å) at 100 K. Absorption corrections were 
applied by using the multiscan program CrysAlis Red. The 
structures were solved by direct and Fourier methods and refined by 
full-matrix least squares based on F2 using the SHELX and Olex2 
software. Detailed crystal data and refinement parameters are listed 
in Table S1. 

Measurement of r1 relaxivities. To measure the r1 relaxivities of 1-

3, samples with different Gd(III) concentrations were dispersed in 

Mill-Q water or in 1% agarose solution. The Gd(III) concentrations 

were measured by inductively coupled plasma-mass spectrometry 

(ICP-MS). The samples were scanned (at 300 K) on both 0.5 T and 7 

T MRI scanners. T1-weighted MRI phantom images of the three 

samples are performed on a 7T MRI scanner. 

Results and discussion 

Synthesis. Cluster 1 was synthesized in 13.4% yield by first 
hydrothermally treating a mixture of nicotinic acid, GdCl3, and 
NaN3 in the presence of a small amount of HNO3 followed by 
crystallization at room temperature over a period of two days.38 
Clusters 2 and 3 were prepared in low yield (about 8%) by first 
heating appropriate mixtures at 90 °C, followed by crystallization at 
room temperature. Such a ligand-controlled hydrolytic approach has 
been previously established for Gd cluster synthesis.40, 41 The 
structures and compositions of 1-3 have been established by single-
crystal X-ray crystallography, powder X-ray diffraction, and 
elemental analysis. Cluster 2 was prepared by a one-pot synthesis 
method whereby an aqueous solution of NaOH was added dropwise 
into the mixture containing both the nicotinic acid ligand and the Gd 
salt. In contrast, cluster 3 was obtained by a two-step procedure. The 
pH of the ligand aqueous solution and the lanthanide perchlorate was 
adjusted individually to appropriate values before they were mixed. 
The one-pot synthesis produced the tetranuclear cluster of [Gd4(µ3-
OH)4(Hnic)5(H2O)12](ClO4)8∙7H2O, while the two-step synthesis 
afforded [Gd4(µ3-OH)4(nic)6(H2O)6]2(ClO4)4∙4H2O. Cluster 3 
slightly differs from [Gd4(µ3-OH)4(nic)6(H2O)8]2(ClO4)4∙3H2O 
which was previously described by Long et al. The pyridyl nitrogen 
atoms of the nic ligands in cluster 2 was protonated, while the nic 
ligands in cluster 3 were completely deprotonated.  

X-ray Single Crystal Structures. Single-crystal X-ray 
diffraction analyses reveal that 1 is a neutral dinuclear 
compound that crystallizes in the monoclinic space group P21/c. 
In 1, each Gd3+ ion is coordinated to eight oxygen atoms 
(Figure 2), with two oxygen atoms coming from a chelating 
nicotinic acid ligand, four oxygen atoms coming from four 
bridging nicotinic acid ligands, and two oxygen atoms from two 
water molecules.42 Each Gd ion is thus coordinated to two 
water molecules in 1. In addition, there are two crystallization 
water molecules for each molecule of 1 in the crystals. 
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Figure 2. X-ray single-crystal structure of [Gd2(nic)6 (H2O)4] (1) 
with thermal ellipsoids at the 50% probability level. Hydrogen atoms 
are removed for clarity.  Each Gd(III) ion has two coordinated water 
molecules.  
 
The structure of 2 was previously reported by Kong et al.37 Briefly, 
the [Gd4(µ3-OH)4]

8+ cationic core adopts a distorted cubane structure 
(Figure 3). Two Gd ions (Gd1 and Gd2) have two coordinated water 
molecules whereas two other Gd ions (Gd3 and Gd4) have four 
coordinated water molecules. All of the pyridyl nitrogen atoms of the 
nicotinate ligands in 2 are protonated to maintain charge balance. 

 
Figure 3. X-ray single-crystal structure of [Gd4(µ3-OH)4(Hnic)5-

(H2O)12](ClO4)8∙7H2O (2) with thermal ellipsoids at the 50% 
probability level. Perchlorate anions, crystallization water molecules, 
and hydrogen atoms are removed for clarity. 
 
The molecular structure of 3 consists of a dimer of [Gd4(µ3-
OH)4(nic)6(H2O)6] 

2+ as shown in Figure 4. There is an inversion 
center residing at the center of the dimer. The Gd4(µ3-OH)4 cubane 
core is encapsulated by six nicotinate ligands. These ligands display 
two different coordination modes: five of them use their carboxylate 
groups to bridge two Gd3+ ions whereas the sixth one uses its 
carboxylate group to bridge two Gd3+ ions of one Gd4(µ3-OH)4 
cubane core and uses its pyridyl N atom to coordinate a Gd3+ ion in 
the other Gd4(µ3-OH)4 cubane core (as shown for Gd4 and Gd3 in 
Figure 4). 

 
 
Figure 4. X-ray single-crystal structure of [Gd4 (µ3-

OH)4(nic)6(H2O)6]2(ClO4)4∙4H2O (3) with thermal ellipsoids at the 
50% probability level. Perchlorate anions and hydrogen atoms are 
removed for clarity. 
 
Gd1, Gd2, and Gd3 centers in 3 are thus 8-coordinate, by binding to 
three oxygen atoms from the bridging nicotinate ligands, three µ3-
OH groups, and two water molecules. The Gd4 center is seven-
coordinate and binds to three oxygen atoms from the bridging 
nicotinate ligands, three µ3-OH groups, and one pyridyl atom of the 
bridging nicotinate ligand. The structure of 3 is related to, but 
distinct from an octanuclear Gd complex with the formula of 
[Gd4(µ3-OH)4(nic)6(H2O)8]2(ClO4)4∙3H2O that was reported earlier.37 
 
Characterization of Clusters 1-3 by PXRD, TGA and ESI-MS. 
We have used PXRD to verify the phase purity of the clusters. As 
shown in Figures 5a-c, the experimental PXRD patterns of 1-3 
generally match the PXRD patterns that were simulated from their 
single crystal structures well, indicating that the bulk phase of these 
clusters are identical to those of the single crystals chosen for X-ray 
diffraction studies. We note a slight peak shift in PXRD pattern of 
3 from the simulated pattern, which can be attributed to 
different temperature between the single crystal X-ray and 
PXRD experiment as well as possible partial loss of lattice 
solvent molecules in the powdery samples for PXRD. Indexing 
the PXRD pattern of 3 gives similar lattice parameters to those 
determined from single crystal data (Table S3, Figure S7).  
Thermogravimetric analyses (TGA) were also performed on clusters 
1-3. As shown in Figure 5d, the TGA curves for 1-3 display an initial 
weight loss 6.4%（calcd 7.9%）for 1, 12.5%( calcd 13.9%) for 2, 
and 8.1% (calcd 9.0%) for 3 at the room temperature to 300 ℃ 
temperature range, which correspond to the loss of guest and 
coordinated water molecules. When the temperature is higher than 
300 °C, clusters of 1-3 were rapidly decomposed to form Gd2O3 with 
remaining weight of 32.5% (calcd 32.4%) for 1, 30.1%( calcd 29.6%) 
for 2, and 40.0% (calcd 40.9%) for 3 at 900 ℃. 
We have also tried to characterize the clusters using electrospray 
ionization-mass spectrometry to ensure that the clusters remain intact 
when they are dissolved in aqueous solutions. As shown in Figure S1, 
the ESI-MS spectrum (positive ion mode) of 1 gave the most intense 
peak at m/Z=1049.00, which corresponding to the fragment of  
[Gd2(nic)6+H]+. This assignment was further confirmed by the 
isotopic distribution pattern of the [Gd2(nic)6+H]+ fragment. As 
shown in Figure 6a and 6b, the experimental and theoretical isotopic 
distribution patterns match extremely well. 
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The ESI-MS spectra of 2 and 3 indicate that the clusters have 
undergone extensive fragmentation during the electrospray 
ionization process. We have not been able to unambiguously 
assign the major peaks in their ESI-MS spectra. Instead, we 
resorted to dynamic light scattering (DLS) to probe the species 
resulted from the dissolution of 2 and 3 in aqueous solutions. 

 
Figure 5．．．． a-c) PXRD patterns of cluster 1 (a); cluster 2 (b), 
and cluster 3 (c). PXRD pattern of the as-synthesized sample 
(black), simulated from single-crystal structure (red). d) TGA 
curves for cluster 1(black); cluster 2(red); cluster 3(blue). 

As shown in Figure S3 and S4, DLS data indicate the presence of 
hydrodynamic diameter peaks centering at 0. 9 nm and 1.8 nm for 2 
and 3, respectively. These DLS hydrodynamic diameters are 
consistent with the molecular dimensions of 2 and 3: the short and  

 
Figure 6.The measured mass spectrum (a) and simulated (b) isotopic 
distributions of 1 (The shorter isotope peaks at 1048.50 m/z 
belong to the [Gd4(nic)12+2H] 2+ which might have formed 
during the ionization events of the ESI-MS experiments). 
 
long dimensions of 2 are 0.6 and 1.7 nm, respectively, and the short 
and long dimensions of 3 are 0.9 and 2.7 nm, respectively.  The DLS 
data thus support the notion that clusters 2 and 3 remain intact upon 
dissolution in aqueous solutions. 
 
r1 Measurements and T1-Weighted MRI Phantom Images. With 
seven unpaired electrons in each Gd ion, we expect that the 
synthesized Gd clusters to exhibit strong ability to relax water 
protons. We determined the longitudinal relaxivity (r1) values of 1-3 
at both 0.5 T and 7 T. Each type of the clusters was prepared by 
dissolving them in 1% agarose solution with total Gd concentrations 
of 0.025, 0.1, 0.2, and 0.4 mM. As shown in Figure 7a, the T1-
weighted signal intensities in a 7 T scanner increase as the Gd 
concentration of the clusters increase, indicating that all of the 
clusters have the ability to enhance MRI contrasts with T1-weighted 
pulse sequences. At 7T, the r1 values for 1-3 are 10.45±0.16, 
9.28±0.06, and 2.04±0.29 mM-1·s-1 in water through the linear fit 
in Figure 7b, respectively.  In 1% agarose solution, the r1 values 
increased slightly to 10.37±0.31, 10.74±0.11, and 4.60±0.29 
mM−1s−1 for 1-3, respectively. The r1 values of the cluster 1 and 
2 in 1% agarose are significantly higher than that of Gd-DTPA 
(r1=3.30±0.25 mM-1·s-1 at 7T) which we have determined under the 
same conditions.  As expected, the r1 values for 1-3 decrease as the 
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field strength increases; at 0.5 T, the r1 values are 11.00±0.25, 
10.08±0.22, and 2.09±0.32 mM-1·s-1 for 1-3 in water, respectively 
(Figure S5). The two Gd clusters of the 1 and 2 show high r1 
relaxivities at 7 T, and they exhibit interesting relaxivity 

 
Figure 7．．．．The phantom study (a) and relaxivity values r1(b) of the 
three clusters performed on a 7 T MRI scanner. 
 
trends due to their different coordination environments. As described 
in the Solomon–Bloembergen–Morgan equations, the key factors 
contributing to the inner-sphere relaxivity include the rotational 
tumbling time (τR), the number of inner-sphere water molecules (q), 
and the residence lifetime of inner-sphere water molecules (τm). A 
larger relaxivity value will result when inner-sphere water have 
greater access to the paramagnetic metal center (i.e., shorter τm) and 
the inner-sphere relaxivity is linearly proportional to the number of 
inner-sphere water molecules (q).43 Since the molecular weights of 
the cluster ions range from 1119 to 3075 for 1-3, their tumbling rates 
in water should be relatively fast.  We do not expect that the 
differences in tumbling rates of these clusters will significantly 
influence their r1 values.  Instead, the number of coordinated water 
molecules and the steric hindrance around the water coordination 
sites for 1-3 should have significant impacts on their r1 values. 
Cluster 2 has the largest average number of coordinated water 
molecules per Gd (qave=3), whereas cluster 3 has the smallest 
average number of coordinated water molecules per Gd (qave=1.5).  
As a result, the r1 value for 2 is much higher than that of 3. Although 
2 has a larger average number of coordinated water molecules per 
Gd than 1 (qave=2), their r1 values are essentially identical.  X-ray 
structure comparisons indicate that the water coordination sites in 1 
are more open than those in 2, and as a result, the τm value for 2 
should be smaller, which compensate for its smaller qave value. 
 

Conclusions 

We have prepared and characterized three gadolinium 
nicotinate clusters of different sizes.  These Gd clusters of the 
cluster 1 and 2 have very high relaxivities at 7T when 
compared to the clinically used Gd-DTPA.  Because of the 
ability to tune the number of inner-sphere water molecules, 
cluster sizes, organic ligands, and Gd coordination modes in 
such Gd(III) clusters, we believe that Gd clusters provide 
interesting opportunities for designing new multinuclear MRI 
contrast agents for potential biological and biomedical imaging. 
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