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I

Magnetic resonance imaging (MRI) is currently in clinical use as a 
powerftil diagnostic probe. The images of living tissue produced by this 
technique are largely composites of NMR signals from the multitude of water 
protons contained within the body. The image clarity is dependent upon long 
nuclear relaxation times, termed “high relaxivities.” Not all tissue, because of 
low relaxivity problems, produces a coherent, clear magnetic resonance image. 
This problem is solved by a proposed class of compounds called MRI contrast 
agents. MRI constrast agents are designed to decrease the relaxation times of 
nearby nuclei via dipolar interactions, thereby intensifying the nuclear 
magnetic resonance image. The pathway for electronic relaxation of an ion 
with a half-filled f-shell is inefficient,1 hence promoting extended electronic 
relaxation times. The gadolinium (III) cation has a 7s*4f7 electronic 
configuration Table 1). Its seven unpaired f-electrons, and spherical electronic 
distribution are characteristics that result in gadolinium having a high 
relaxivity.3

Besides having a high relaxivity, an MRI contrast agent must also be a 
stable compound so as not to toxically interact itself, or dissociate, producing 
constituents that go on to form toxic compounds in the body. Coordinating a 
multidentate ligand to a metal ion more or less surrounds the metal with the 
ligand ring structures (Figs. 1-6), thereby repressing characteristic reactions 
(possible toxicity) of the metal.* Complexes involving rare earth metal ions owe 
the stabilities they possess to ionic dipole-dipole attractions, not covalent 
bonding.4 This allows the rare earth chelates to influence and lengthen proton



2

relaxation behavior by virtue of its own high relaxivity via dipole interaction, 
without forming covalent bonds.

The trivalent gadolinium cation forms stable complexes with two such 
multidentate ligands: ethylenediaminetetraacetic acid (abbreviated henceforth 
as EDTA), and diethylenetriaminepentaacetic acid (abbreviated henceforth as 
DTPA). Another important characteristic of an MRI contrast agent, termed 
selectivity, is its ability to localize in certain areas of the body, thus highlighting 
a target tissue. The structures of both [Gd(EDTAXHjO)n]_ (abbreviated 
henceforth as GdEDTA) and (Gd(DTPAXHaO)]*- (abbreviated henceforth as 
GdDTPA) (Figs. 1-6) show the many carboxylate groups that make these 
complexes hydrophilic. The presence of these charged or hydrogen-bonding 
groups, coupled with the lack of any large hydrophobic groups, ensure their 
interaction with plasma proteins, other macromolecules, and membranes will 
be minimal.3 These types of compounds have a non-sel^ctive cellular 
distribution, meaning their localization in tissues does not reflect specific 
cellular processes.3 Hence these compounds show no special selectivity. 
However, their extracellular distribution (lack of selectivity) does not mean 
these complexes have no use as MRI contrast agents. Studies have been done 
using GdDTPA to allow imaging of the kidneys for structural and functional 
information,* 8 the status of blood flow to a tissue,7’8 brain lesions,9 and the 
imaging of tissues that have an increased extracellular volume, e.g. tumors 
and abscesses.8’ *• 18 Several studies have been done comparing the formation 
constants of the metal chelates,a-34-37 and more specifically, the rare earth 
chelates1*17’9**81 of the DTPA and EDTA ligands. After its introduction in the 
1940s11,the EDTA ligand gained interest ten years later, when it was
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discovered that EDTA brought about improved separations of the rare earth 
metal ions by precipitation procedures,13*14 and by ion-exchange techniques.14*13 
Papers reporting the NMR spectra of metal EDTA chelates,31 and the EPR 
spectra of GdEDTA33 have been published. Its sodium salts are referred to in 
the literature by several trade names: Versene, Sequestrene, Trilon B, 
Complexone II,' III or IV.3

This paper describes the synthesis and characterization of two 
gadolinium chelate compounds, GdEDTA, 1-3; GdDTPA, 4; and the 
tetrasodium salt of the EDTA ligand, NajEDTA, 6. The synthesis of Na4EDTA is 
presented as a reference for possible fixture deuterated studies.

The syntheses of GdEDTA were carried out in aqueous solutions using 
three different sources of Gd (IID cation; the oxide, nitrate, and chloride. The 
reactions were as follows:

1) GdtOs + 2EDTA — > 2[Gd(EDTAXHlO)n]'

2) Gd(NOt)s * 5HjO + Na2H2EDTA —> [Gd(EDTAXH20)J* + (5 -  n)H20

3) GdClj * 6HaO + Na2H2EDTA — > [Gd(EDTAXHaO)n]' + (6 -n )H aO

The synthesis of GdDTPA was carried out in aqueous solution using the 
oxide as the source of Gd (ID) cation:

4) GdsOs + 2DTPA — > 2tGd(DTPAXH20))a'
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The air-sensitive synthesis of Na«EDTA was carried out by combining the 
alkali metal salt of an alpha amino add (glycine) and ethylenediamine:

6) 4NaOOCCHa + NHCHaCHjNHa — >
NH2 H

NaOOCCHj CHjCOONa
'^NCH,CHaN /  + 4NH,(g)

NaOOCCiC \jH*COONa
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Results

The reaction of gadolinium oxide with ethylene-diaminetetraacetic acid, 
combined in a 1:1 molar ratio of metal ion to ligand, in a refluxing 0.075 M 
aqueous solution for 45 hours resulted in a white-beige precipitate, 
[Gd(EDTAXH20 ) ,]-, 1, in 73.79% yield after drying at 110*C. The 
microanalytical results (Fig. 6) were slightly low for hydrogen, but otherwise 
compared well with similar preparations (Table 2). The smaller amounts of 
hydrogen than evidenced in the literature may be explained by fewer water 
molecules in the primary coordination sphere. The infrared spectrum was 
recorded (Fig. 13) and showed a strong, broad band at 1584 cm*1 which was 
attributed to the complexed carboxyl groups (Figs. 1-3); and a much weaker 
band at 1719 cm*1 which was attributed to uncomplexed carboxyl groups 
(Fig. 2, 3).

The reaction of gadolinium nitrate with an equimolar amount of the 
disodium salt of ethylenediaminetetraacetic acid in reluxing 0.10 M aqueous 
solution for 18 hours resulted in a white precipitate, [Gd(EDTA)(H20)n]~, 2, in 
57.67% yield after drying at 110’C. The microanalytical results (Fig. 7) were 
slightly low for hydrogen, but otherwise compared well for similiar 
preparations (Table 2). The smaller amounts of hydrogen may be explained by 
fewer molecules in the primary coordination sphere. The infrared spectrum 
was recorded (Fig. 14) and showed a strong, broad band at 1588 cm*1 which was 
attributed to complexed carboxyl groups (Figs. 1-3), and a much weaker band at 
1716 cm'1 which was attributed to uncomplexed carboxyl groups (Figs: 2,3).

The reaction of gadolinium chloride with an equimolar amount of the 
disodium salt of ethylenediaminetetraacetic acid in refluxing 0.10 M aqueous
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solution for 18 hours resulted in a white precipitate, [GdiEDTAXHgO),,]-, 3, in 
65.04% yield after drying at 110*0. The microanalytical results (Fig. 8) were 
slightly high in carbon and nitrogen and low in hydrogen when compared to 
similiar preparations (Table 2). The numbers presented in Table 2 are atomic 
ratios based on the atomic ratio for gadolinium being 1.00. Therefore, a high 
ratio for gadolinium could masquerade as high ratios for carbon and nitrogen. 
This believed excess in gadolinium could indicate the presence of 4:3 or 2:1 
metal ion to ligand polynuclear contaminants. The smaller amounts of 
hydrogen may be explained by fewer water molecules in the primary 
coordination sphere. The infrared spectrum was recorded (Fig. 16) and showed 
a medium, broad band at 1583 cm*1, which was attributed to complexed 
carboxyl groups (Figs. 1-3); and a very weak band at 1714 cm*1 which was 
attributed to uncomplexed carboxyl groups (Figs. 2,3).

The reaction of gadolinium oxide with diethylenetriaminepentaacetic 
acid, combined in a 1:1 molar ratio of metal ion to ligand, in a refluxing 0.16 M 
aqueous solution for 11.5 hours resulted in a white precipitate, 
[GdfDTPAXHjO)]2*, 4, in 97.42% yield after drying in vacuo for three days. The 
microanalytical results (Fig. 9) show a slight excess of carbon and nitrogen 
(Table 2). As indicated, the atomic ratios in Table 2 are based on gadolinium's 
being equal to 1.00. Hence, the high values for carbon and nitrogen are 
interpreted as actually being escalated values for gadolinium. This excess in 
gadolinium may be attributed to the presence of 2:1 metal to ligand polynuclear 
contaminants. The infrared spectrum was recorded (Fig. 16) and showed a 
strong, broad band at 1688 cm*1 which was attributed to complexed carboxyl 
groups (Figs. 4 ,6), and a much weaker band at 1715 cm*1 which was attributed
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to uncomplexed carboxyl groups (Fig. 5). The results of the syntheses and 
characterization of compounds 1-4 are summarized in Table 5.

The reaction of ethylenediamine in a four molar excess of the sodium 
salt of glycine in a 30% aqueous solution under positive nitrogen gas flow 
resulted in the evolution of ammonia gas and a white precipitate, Na4EDTA, 5, 
in 37.50% yield after being dried in vacuo for three days. The microanalysis 
(Fig. 10) is considerably low in carbon (22.51% error) and extremely high in 
nitrogen (97.69% error) indicating the presence of high concentrations of other 
species. The infrared spectrum reflects this (Fig. 17). Medium absorbance 
bands were recorded at 3367 cm-1, 3332 cm*1, 3275 cm*1, and 3198 cm*1; a strong, 
broad band was recorded at 1585 cm-1, a medium band at 1343 cm-1, and a broad 
band stretching across 897-833 cm-1. These bands reflect possible primary 
amine, and amide formation (Table 4).

The infrared spectra of both the purified EDTA and DTPA ligands were 
recorded for reference (Figs. 18,19) and as an aid to spectra interpretation.
Both compare well with findings in the literature (Table 3). The resulting 
crystal structures of the two uncomplexed ligands, EDTA and DTPA, are also 
provided for reference (Figs. 20, 21).
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Discussion

The microanalyses for all of the GdEDTA compounds were all slightly 
low for hydrogen in comparison to Bimiliar preparations in the literature 
(Table 2). However, the comparative literature preparations were carried out at 
room temperature, not in a 98-100'C refluxing, aqueous solution. Temperature- 
dependent electronic absorption spectra for the metal-EDTA complexes of Sm3+, 
Eu3+, and Gd3+ recorded by Geier, Karlen and Zelewsky32 were interpreted as 
showing that the number of coordinated water molecules decreases at higher 
temperatures. It is on the basis of this study, that iae lower values of hydrogen 
are thought to correspond to fewer water molecules in the primary 
coordination sphere.

The microanalyses of GdEDTA, 3, and GdDTPA, 4, both showed a slight 
excess of gadolinium. Electronic absorption studies indicate the formation of 
(2:1)28-29-38-37 and (4:3) 29-33 rare earth (metal:EDTA) complexes, although they 
are reported to be much less stable than the 1:1 complex. Specifically for the 
analogue complexes of neodymium,29 the bimetallic complexes form in two 
distinct solution types: (1) concentrated acidic (1.7 M, pH = 5 for Nd2EDTA) and 
(2) dilute alkaline (0.035 M, pH » 12.5 for Nd2EDTA; 0.03 M, pH « 9.8 for 
NdgDTPA). Hydroxide ions promote the opening of part of the chelate rings.
The presence of the negatively charged OH- group in the coordination sphere of 
the rare earth metal leads to partial neutralization of the positive charge of 
Gd8*, and therefore weakens the electrostatic interaction between Gd8? and the 
ligand. Hence, the bond between the metal ion and the ligand is labilized, and 
the formation of bimetallic compounds becomes possible.29 The concentrations
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of the solutions for preparations 3 and 4 were 0.10 M and 0.16 M respectively; 
i.e., less than the concentrations for solution (1) by a factor of 10, and thus not 
providing the high concentration environment that promotes the formation of 
bimetallic compounds. Unfortunately, the pH of the solutions was not 
measured -  a large oversight -  so it is not known if conditions similiar to 
solution (2) existed. Despite the fact that it is not known whether the 
appropriate conditions for the formation of bimetallic compounds existed, the 
formation of bimetallic chelate compounds for LnjEDTA,2®-83 (Ln » Lanthanide) 
and LnjDTPA,23-M' 29>3<-37 is well documented, and the formation of trace 
amounts of GdaEDTA and GdjDTPA in preparations 3 and 4,respectively, 
definitely provides an explanation for the high amounts of gadolinium found in 
the microanalyses of compounds 3, and 4. Careful monitoring of the pH of the 
reaction solution will help prevent the formation of these bimetallic 
compounds. Suggested conditions3* for GdEDTA involve a 0.036 M solution, 
pH = 3-6; for GdDTPA, a 0.030 M solution, pH ■  2-8.

The infirared spectra for GdEDTA compounds 1-3 and GdDTPA, 4, 
(Table 6) all evidence two distinct absorptions in the carbonyl region. In 1963, 
Busch and Bailar38 synthesized one hexadentate and two pentadentate 
Co(III)EDTA compounds, and recorded their individual infirared spectra. The 
hexadentate complex showed only one, strong absorption band in the carbonyl 
region. However, both pentadentate complexes exhibited two bands in the 
carbonyl region; absorption in the 1660*1620 cm*1 region, and a weaker, 
shoulder-type band in the 1730*1710 cm*1 region. Busch and Bailar assigned the 
two types of bands present for pentadentate complexes to complexed carboxyl 
groups (the stronger, larger band), and uncompiexed carboxyl groups (the
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weaker band) (Figs. 1-5). The differing intensities of the bands indicate that 
there are more complexed than uncomplexed carboxyl groups present in the 
compounds. Comparing the spectra of GdEDTA compounds 1-3 to that of 
EDTA (Table 6), complexing of the carboxyl groups shifts the carbonyl band 
toward lower frequencies, from 1692 —> 1683-1688 cm-1; while the band 
associated with the free carboxyl group is shifted to higher frequencies 
1692 —> 1714-1719 cm-1. Comparing the spectra GdDTPA, 4, to that of DTPA 
(Table 6), complexing of the carboxyl also shifts the carbonyl band to lower 
frequencies, from 1693 —> 1588 cm-1; while the band associated with the free 
carboxyl group is also shifted to higher frequencies, from 1693 —> 1716 cm*1. 
Complex formation is thought to result in a greater localization of electrons in 
the carbonyl group, thereby shifting the characteristic infrared absorption band 
toward longer wavelengths (shorter frequencies).8* One year later, Moeller, 
Moss and Marshall33 published infrared absorption studies of LnEDTA 
chelates (Ln * Nd, Y, Sm) exhibiting the same set of two types of bands in the 
carbonyl region. Their results, compared with the infrared absorption bands 
recorded for compounds 1-4, are presented in Table 5. They also attributed the 
bands to coordinated (1610-1600 cm*1), and uncoordinated (1715-1690 cm-1) 
carboxyl groups, and go on to make the assumption that the sixth coordination 
position of Ln3+ is occupied by a water molecule. These studies, and the fact that 
the infrared spectrum presented for compounds 1-4 (Figs. 13-15) exhibit the 
same phenomenon, are strong evidence for the presence of uncomplexed 
carboxyl groups in the GdEDTA and GdDTPA compounds prepared. However, 
the findings presented in this paper are by no means conclusive that the 
compounds prepared have a penta- or tetradentate structure. The crystal



structure for the analogous NdDTPA complex indicates that the ligand is 
pentadentate, leaving one coordination site open to be filled by a water 
molecule."

However, the structure of GdEDTA compounds is not well defined. As 
already mentioned, the infrared studies88’ 88>40>48 give evidence of two types of 
carboxyl groups. However, an X-ray study41 of LnEDTA complexes indicates 
that GdEDTA is hexadentate, and transitional in coordination between a nine- 
coordinate SmEDTA having three water molecules in the primary coordination 
sphere, and an eight-coordinate TbEDTA having only two water molecules in 
the primary coordination sphere. This study indicates that the ligand’s 
number of attachments to the metal is not affected by the loss or gain of water 
molecules, since it predicts that not only do the four carboxyl groups fit around 
the rare earth metal ion, but up to three water molecules as well (Fig. 22). This 
X-ray study presents no explanation for the wealth of infrared data indicating 
the presence of two types of carboxyl groups, already mentioned. It is not clear 
what the exact structure of GdEDTA is. The infrared spectra presented in this 
paper, along with the correlated literature,88’ *•> 40« 48>48 give strong evidence that 
one or more of the carboxyl groups is not bonded to the metal. The 
thermodynamic,2’ **> 45>86 polarographic,8 absorption,82 infrared,88>"• 40>42*48 and 
formation constant18 data give strong evidence that the number of coordinated 
water molecules, n, is either two or three -  one study indicating that n ■  2 at 
high temperatures, and n « 3 at lower temperatures.82 For a more thorough, 
historical summary of the research on the structure of GdEDTA, see 
Appendix D.
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The lowering of the C=0 stretching frequency was interpreted by Morris 
and Busch,40 as an indication of covalent, or ionic bonding. According to their 
studies, if a carboxyl group is linked to some group, Z (in this case, Z « Gd):

0II-c-o-z

the carboxylate resonance will increase as the ionic character of the 0  -  Z link 
increases. Since an increase in carboxylate resonance imparts enhanced 
single-bond character to the carbonyl group, it causes a lowering of the 
frequency of the CsO stretching vibration. Sawyer and McKinnie43 went further 
and quantified this relationship by stating that chelates with complexed CsO 
stretching frequencies of 1610 cm*1 or less are considered to be ionically bonded. 
The complexed carboxylates of compounds 1-4 all absorb at frequencies lower 
than 1610 cm*1, indicating tho bonding in these compounds is ionic in nature.

The microanalysis of compound 6 (Fig. 10) clearly indicates that 
NafEDTA was not the only product formed in appreciable amounts. The 
infrared spectrum (Fig. 17) also clearly shows this. There are two possible 
interferring side reactions proposed to explain the infirared spectral results.

The first involves the reaction of the carboxyl group with tho evolving 
ammonia gas, producing ammonium methanoate, reaction (1), which upon 
heating, results in the elimination of water and the formation of the amide, 
reaction (2):u>46



13

(1) CHsCOO-Na* + NH3 —> CH3COO-NH44
(2) CH3C02**NIV —> CH3CONHa + HjO

The infrared spectrum of compound 5 shows three distinct bands in the 3367- 
3276 cm*1 region. The infrared spectra of amides48 exhibit three bands in this 
region: the asymmetric N-H stretch 3660-3420 cm*1, the symmetric N-H 
stretch 3200-3060 cm*1, and the hydrogen-bonded N-H stretch 3200-3060 cm*1 
(Table 4, compare row 1 with row 4). Amide infrared spectra also contain a 
strong absorption band at 1690-1660 cm*1, corresponding to the C*0 stretch. 
Figure 17 shows a very strong band at a much lower frequency of 1685 cm*1. 
However, the broadness of the band could possibly obscure the C=0 band of 
amides at the higher frequency. Adding sufficient sodium hydroxide to adjust 
the pH of the aqueous solution of the sodium salt of glycine to approximately 9.5 
will help to prevent the formation of amides.11

Figure 17 also shows strong evidence for a second interferring side 
reaction, primary amine formation. The broad band from 897-833 cm*1 is easily 
recognizable as the strong, broad absorbance band characteristic of out-of-plane 
bending in primary amines49 (Table 4, compare row 1 with row 2). Also, the 
strong absorbance previously mentioned at 1585 cm*1 falls into the 1640- 
1660 cm*1 strong absorbance region attributed to in-plane bending in primary 
amines. The primary amine could form from the amide according to reaction
(3) , a Hofmann rearrangement:47

(3) CHgCONH* —> CHsNHt + CO*
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The weak band at 3198 cm*1 (Fig. 17) could be attributed to water of 
crystallization, evidenced in the infrared spectrum of Na^EDTA80 (Table 4, 
compare row 1 with row 6). Other Na*EDTA bands that compare well with the 
absorptions present in Figure 17 are 1697 cm*1 (0»C»0) and 1326 cm-1 (C02-).

Two precursors’infrared spectra -  ammonium ion4* (row 3), and 
ethylenediamine*1 (row 6) -  are also listed in Table 4 and could be responsible 
for the bands in the 3300*3030 cm*1 region (+NH4 stretch vibration) and 3340,3280 
cm-1 region (-NH2, -CH2).



Conclusion

GdEDTA and GdDTPA compounds were prepared by the reactions of the 
oxide, nitrate, and chloride of the Gd3+ cation with EDTA acid, or its disodium 
salt, and the gadolinium oxide with DTPA acid. The hydrogen content of the 
GdEDTA compounds was lower than that of literature preparations that were 
carried out at room temperature, evidence for fewer water molecules in the 
primary coordination sphere. The microanalyes for GdEDTA, 3, and the 
GdDTPA, 4, compounds show evidence of the formation of bimetallic 
contaminants. The infrared spectra of the GdEDTA and GdDTPA compounds 
all strongly indicate the presence of two different types of carboxyl group in the 
structure of each separate compound. The infrared spectra also indicates the 
bonding in these compounds is ionic in nature. The air-sensitive preparation of 
the tetrasodium salt of EDTA by the reaction of the sodium salt of glycine with 
ethylenediamine resulted in the extensive formation of contaminants. The 
infrared spectrum of the products obtained from this reaction showed evidence 
of amide and primary amine formation.



The synthesis of ethylenediaminetetraacetic add tetrasodium salt was 
conducted under a positive flow of nitrogen using a mercury/mineral oil 
bubbler. All water used in syntheses and purifications was freshly boiled using 
the distillation apparatus shown in Figure 23.

Gadolinium (III) chloride hexahydrate, gadolinium (III) nitrate 
pentahydrate, gadolinium (III) oxide, glydne sodium salt hydrate (all 
Aldrich), ethylenediamine (Mallinckrodt), and ethylenediaminetetraacetic acid 
disodium salt (Sigma) were used without further purification. 
Ethylenediaminetetraacetic add (Aldrich) was purified by dissolving in 
concentrated ammonium hydroxide, predpitating with dilute add, boiling ih 
distilled water and recrystallizing, 62 (see Appendix A, section I for fiirther 
details of this purification). Triethylenediaminepentaacetic acid (Aldrich) was 
recrystallized from distilled w ater83 (see Appendix A, section II for further 
details of this purification).

Melting point determinations were performed on a Buchi Glasapparate- 
fabrik Flawil melting point apparatus. All infrared spectra were performed on 
a Perkin Elmer 599B Infrared Spectrophotometer as nujol mulls on sodium 
chloride plates. Microanalyses were performed by the UIUC School of 
Chemical Sdences Microanalytical Laboratory.

Infirared band descriptions include the following abbreviations:
(sh) sharp, (st) a strong, (m)» medium, (w) a weak, (b) & broad.

Ethvlanediaminatfttraacatato«n«aauogadolinium(III). 1: gadolinium
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(III) oxide (6.4351 g, 0.01499 mol) was put in a 600 ml round bottom flask along 
with 400 ml of water. EOTA (8.7674 g, 0.03000 mol) was added to the flask to 
provide a 1:1 mole ratio gadolinium tripositive ion:EDTA ligand. The flask was 
equipped with a magnetic stir bar and a reflux condenser, placed in a mineral 
oil bath, and allowed to reflux at 98-100*C for 45 hours. The milky-beige 
solution was distilled down to ca. 50 ml and then placed in an ice bath. The 
beige-white precipitate was vacuum filtered using a fine glass frit, and washed 
with three 30 ml aliquots of cold water. The product was dried in a 110'C oven 
overnight. Yield: 73.79%. Anal. Calcd: C, 25.86; H, 3.25; N, 6.03; Gd, 33.86. 
Found: C, 26.47; H, 3.32; N, 6.13; Gd, 35.56.
IR (nmol): (CO conpioxtd) 1684 cnv1 (st, b); (CO unm&piiMd) 1719 cm*̂  (w).

Ethvlenediaminetetraacetato«n-aauogadolinium(III). 2: 
extremely hygroscopic gadolinium (III) nitrate pentahydrate crystals (13.0027 
g, 0.03000 mol) were combined with 300 ml of water in a 500 ml round bottom 
flask. An equimolar amount of EDTA disodium salt (10.0867 g, 0.03000 mol) 
was added to the flask along with a magnetic stir bar. Hie flask was equipped 
with a reflux condenser, placed in a mineral oil bath, and allowed to reflux at 
98-100'C for 18 hours. The cloudy white solution was concentrated down to ca. 
30 ml and placed in an ice bath. The product was vacuum filtered using a fine 
glass frit, washed with three 30 ml aliquots of cold water, and dried in a 110'C 
oven overnight, after which it displayed a yellowish caste to it. Yield: 57.67%. 
Anal- Calcd: C, 25.86; H, 3.25; N, 6.03; Gd, 33.85. Found: C, 26.66; H, 3.07; N, 
6.20; Gd, 34.82. IR (nmol): (CO comply) 1688 cm1 (st, b);
(CO---- ri— i) 1715 cm*1 (w).
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Ethvlenediaminetetraacetato-n-aauogadolinium(III).3: extremely 
hygroscopic, yellowish-clear gadolinium (III) chloride hexahydrate crystals 
(11.1660 g, 0.03004 mol) were combined with 300 ml of water in a 500 ml round 
bottom flask. An equimolar amount of NajEDTA ligand (10.0904 g, 0.03001 mol) 
was added. The flask was equipped with a magnetic stir bar and a reflux 
condenser, placed in a mineral oil bath and allowed to reflux at 98-100*C for 18 
hours. The milky-white solution was concentrated to ca. 30 ml and allowed to 
cool in an ice bath. The white powder was Altered using a fine glass frit, 
washed with three 30 ml aliquots of cold water, and dried in a 110'C oven 
overnight. Yield: 65.04%. Anal. Calcd: C, 26.86; H, 3.25; N, 6.03; Gd, 33.85. 
Found: C, 28.44; H, 3.23; N, 6.59; Gd, 34.81.
IR (ntyol): (CO «,mpi„ed) 1583 cm*1 (st, b); (CO ,.̂ . . Pi ^ )  1714 cm-1 (w).

DiethvlenetriamineDentaacetatoaauogadolinimn(III).4: gadolinium 
(III) oxide (2.9682 g, 0.008188 mol) and 100 ml of water were combined in a 500 
ml round bottom flask equipped with a magnetic stir bar. To provide a 1:1 ratio 
Gd3+ ion:DTPA ligand, diethylenetriaminepentaacetic acid (6.3989 g, 0.01627 
mol) was added to the flask. The flask was equipped with a reflux condenser 
and allowed to reflux at 98-100*C for 11.5 hours. The solution was concentrated 
down to a white sludge; and vacuum dried, while gently warming, until the 
compound was completely dry (ca. 3 days). Yield: 97.42%. Anal. Calcd: C,
29.73; H, 3.92; N, 7.43; Gd, 27.80. Found: C, 28.82; H, 3.93; N, 8.13; Gd, 26.56. IR
(ntyol): (CO compUxed) 1588 cm*1 (st, b); (CO uneompiwwd) 1716 cm*1 (w).



Ethvlenediaminetetraacetatotetrasodium(I). 5: a 3-necked round bottom 
flask, equipped with a magnetic stir bar, reflux condenser, gas inlet, and 
subaseal, was placed in a mineral oil bath (Fig. 24). The flask was flushed with 
nitrogen gas for ca. 10 min. while warming.500 ml of a 30% glycine sodium salt 
hydrate (14.5691 g, 0.1501 mol) aqueous solution was added to the flask and 
stirred under positive pressure. The solution was allowed to begin refluxing. 
Using a syringe, ethylenediamine (2.51 ml, 0.03754 mol) was injected into the 
reaction flask through the subaseal. NHgg) evolved out of the reaction flask 
through the mercury bubbler without any visible indication. The reaction was 
allowed to reflux for 9 hours under a steady stream of nitrogen gas. The 
solution was then vacuum distilled (Fig. 25) to a white sludge. The reflux 
condenser and subaseal were replaced with glass stoppers, and the gas inlet 
attached to a vacuum equipped with a liquid nitrogen trap. The product was 
vacuum dried to a fine white silt (ca. 3 days). Yield: 37.50%. Anal. Calcd: C, 
31.59; H, 3.18; N, 7.37. Found: C, 24.48; H, 3.85; N, 14.57. IR (niyol): 3367 cm1 
(m, sh); 3332 cm-1 (m); 3275 cm-1 (m); (complexed water) 3198 cm-1 (w); (CO) 1585 
cm-1 (st, b); 1343 cm-1 (m); (NH) 897-833 cm-1 (st,br) -seo Table 4 for a thorough 
analysis of the IR spectrum.
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I. Purification of ethylenediaminetetraacetic acid
All water used in these purifications was freshly boiled using the 

distillation apparatus shown in Figure 23. Concentrated ammonium 
hydroxide and concentrated nitric acid (both Mallinckrodt) were used without 
further purification.

A sample of EDTA (16.6522g, 0.05698 mol) was put in a 250 ml 
erlynmeyer flask and dissolved in a minimum of concentrated ammonium 
hydroxide (11.5 ml, 0.1725 mol). Water (200 ml) was added to concentrated 
nitric add (35.3 ml, 0.5648 mol) to produce a 2.824 M solution of aqueous nitric 
add. 26 ml of2.824 M HN03 was added to the flask to predpitate the EDTA 
sample out of solution. The EDTA was vacuum filtered using a fine glass frit. 
The filtrate was saved and treated with 10 ml of2.824 M HNO3, The resulting
predpitate was filtered and the filtrate was again treated with 10 ml of 2.824 M 
HNO*. This method of filtration, then predpitation, was repeated twice until 
all the EDTA was predpitated out of solution. The EDTA was again dissolved 
in a minimum of concentrated NH4OH (12.4 ml, 0.1860 mol) and predpitated 
out stepwise with 2.824 M HNO3 as already detailed. The EDTA was then 
placed in a 250 ml round bottom flask along with 100 ml of water and a 
magnetic stir bar and allowed to reflux for 30 hours to remove any mineral 
adds. The sample was filtered and recrystallized from water (the solubility of 
EDTA in boiling water was recorded to be ca. 0.026 M). The resulting beige 
powder was vacuum filtered using a fine glass frit, washed with 60 ml of cold 
water, and dried in a 110‘C oven overnight. Recovery; 91.47% Anal. Calcd: C, 
41.10; H, 5.62; N, 9.58. Found: C, 41.06; H, 5.64; N,9.63. IR (nujolMassodated



OH) 2653 cm1 (w); (C=0 type A) 1692 cm1 (m); (C02H) 1345 cm1 (w), 
1313 cm*1 (w).

A - 3

II. Purification of diethylenetriaminepentaacetic acid
DTPA (11.7229 g, 0.02978 mol) was put in a 1-liter round bottom flask 

along with water (500 ml), and a magnetic stir bar and allowed to reflux 
overnight. The solution was distilled down to ca. 30 ml, placed in an ice bath 
and the resulting white powder vacuum filtered using a fine glass frit. The 
sample was dried in a 110'C oven overnight. Recovery: 87.69% Anal. Calcd: 
C, 42.75; H, 5.89; N, 10.68. Found: C, 42.29; H, 5.76; N, 10.55.
IR (nujol): (O O  type A) 1730 cm*1 (w), 1693 cm*1 (w); (C*0 type B) 1631 cm*1 (m).
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Atomic size relationships and electronic configurations of the lanthanides, plus scandww and yttrium. This table 
illustrates the "Lanthanide Contraction,’  i.e., in the lanthanide series, as atomic number titcreases, atomic radii 
decreases (ref. 4).

Table 1

N am e Sym bol
Experimental
Configuration

Atomic
Number

Radius of Ln*+ 
Empirical Calculated

Scandium Sc 3d14s2 21 0.83 0.68
Yttrium Y 4d, 5s2 39 1.06 0.82
Lanthanum La 5d»6S* 57 1.22 1.00
Cerium Ce 4P6S2 58 1.18 0.93
Praseodymium Pr 41® 6s2 59 1.16 0.91
Neodymium Nd 4P6s* 60 1.15 0.90
Samarium Sm 4P6S2 62 1.13 0.87
Europium Eu 4fr6s2 63 1.13 0.37
Gadolinium Gd 4f75d»6s? 64 1.11 0.86
Terbium Tb 4P6S2 65 1.09 0.84
Dysprosium Dy 4f*°6s2 66 1.07 0.83
Holmium Ho 4f116s2 67 1.05 0.82
Erbium Er 4f126S2 68 1.04 0.81
Thulium Tm 4fl46s2 69 1.04 0.81
Ytterbium Yb 4f,46S* 70 1.00 0.79
Lutetium Lu 4fM5d, 6s2 71 0.99 0.78
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Table 2
Comparison of experimental atomic ratios of GdEDTA and GdDTPA with 
theoretical, and literature values

Compound C H N Gd

GdEDTA, 1 9.75 14.58 1.94 1.00

GdEDTA, 2 10.04 13.78 2.01 1.00

GdEDTA, 3 10.72 14.50 2.13 1.00

NdEDTAM 10.0 17.4 2.05 1.0

10.03 16.4 1.96 1.0

SmEDTA33 9.6 17.1 1.91 1.0
9.8 16.0 1.92 1.0

YEDTA» 9.26 18.2 1.73 1.0
9.67 15.8 —- 1.0

GdEDTA 
theoretical 
Fig. 1

10 18 2 1

GdDTPA, 4 14.20 23.07 3.43 1.00

GdDTPA 14 22 3 1
theoretical 
Fig. 5



Table 3
Experimental and literature infrared absorption bands for purified ligands, EDTA 
and DTPA.

Compound IR exper (cnv*) IR liter, (cm*1) Assignment
EDTA 2653 2659 associated OH80

1692 1704 CO Type A«

1345 1345 c o 2h»

1313 1316 COjH80

DTPA 1730 1731 CO Type AM

1693 1700 CO Type A«

1631 1634 CO Type B«



Graphical analysis of the infrared spectrum obtained torn the obviously 
contaminated Na4EDTA sample.

Table 4

3f

1 Sample

» 0 O T-1 31

3347
3332

3275
319

OOOcm-1 Z  

a

500 Z WO on -1 1!

1

500 cm -i t 
1
999

1343

^  cm*1 5  

997-933

r -n h 2
2 primary amine 40

3550-3429

3490*3320 1940->1999 990-990

3 ammonium ion 3300-3!130

O

4 R-5-NH2  
amide48

3550-3420

3450-3329

3200-3050
1949-•1004

1420.1400

NHjCKfeC^NH;

5 ethylenedianiine51
3340

3290

Ns^EDTA* 3434

319 f

IS

______________1

97

1~  i

cm



Summary of the synthesis and characterization results, with literature comparisons. The infrared bands of purified 
EDTA and DTPA are provided for reference.

Table 5

Compound Source of 6<f Ligand
Reaction
Tim# Yield tfirmroQ d m i

GdEDTA, 1 GcfeOa EDTA 45 hours 73.78% (CO
(CO tnoonpliwd

1564cm-1 (stb) 
1719 cnr1 <w)

GdEDTA. 2 Qdp«y3*5HjP NsfeEDTA 18 hours 57.67% fC^OflOMThM^
(GO wHooH&umd

1588car1 (stb) 
1715cm-1 (w)

GdEDTA, 3 QdOs-eHzO HatfEBTA 18 hours 65.04%
(CO unooMpiMsdl

1583cnr1 (stb) 
1714 cur1 (w)

GdDTPA,4 QtfcOs EDTA 11.5 hours 97.42% (COeonplBMd$ 
(CO ynoonplnsd^

1588cnr1 (st, b) 
1715 cm-1 (w)

Na*EDTA,5 -na- -na- 9 hours 37.50% -see table 6

NdEDTA33
(CO mooMphnpd)

1800 cnr1 
1672 cm-1

YEDTA33 (COconpinsd)
(CO UROOM̂ paMBd}

1610 cnr1 
1715 cm-1

EDTA (CO Type A) 1692 cm*1

DTPA (CO Type A) 1893 cm*1
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Hawitontf QdEDTA
Qd 35,30%
O 28.73%
C 2856%
N 629%
H 2.72%

M.W. -  445.4634 g/mol

comptoxad
carboxyl

Figure 1
Hexadentate configuration of GdEOTA and corresponding slamonlal parcsnt composition. A ll of ths 
carboxyl groups in this configuration are complsxsd; an example Is labeled (ref. 31).

Partadaniato QriPnTA
Qd 3355%
0  31.00%
C 2550%
N 603%
H 325%

M.W. -  464.4885 g/mol

N p u  uneomplaxad 
y V /n 2 carboxyl

GH«

COOH

complex*! S '  
watar /

Pentadertate configuration of QdEDTA and corresponding elemental percent composition. 
Exarajii of oomplexed and uncomplexed carboxyl groups, and a comptexed water molecule are 
labelM(ref.3l).

»
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IfitOdftDtalfijQflEQIA.
Qd 32.62%
0  33.09%
C 2434%
N 5.79%
H 3.75%

M.W. « 483.5096 gftnol

compUxad

o h 2

uncomplaxad
carboxyl

N /
—  COOH

COOH

Flour# 3
Tetradentate configuration of QdEDTA and oorraapondlng elemental percent composition. Examples 
of oomplexed and unoomplexed carboxyl groups, and oomplexed water molecules are labeled (ref. 31).
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uncompltxadcarboxyl

Hexadentate GdDTPA

M.W.

Gd 28.72%
0 29.22%
C 30.71 %
N 7.87%
H 3.68%

a547.5761 g/mol

h o o c c h 2

complaxadcarboxyl

/
o h , c o o h

Flour* 4
An example ol the hexadentate configuration of QdOTPA and corresponding elemental percent 
composition. Examples of complexed and uncomplexed carboxyl groups are labeled (ref. 26).

Penladentate GdDTPA 
Gd 27*0%
0  31.12%
C 20.73%
N 7.43%
H 302%

M.W. -  565.5913 g/mol

complexedcarboxyl

complexed water

0  «  ^ C H 2
c ° ._c * 2 /

A n a
unoomplaxad carboxyl

N

C H , CH

HOOC COOH

Pentadentatsoonflgurmion of GdDTPA and oorreepondtog elemental percent composition. Examples 
of oomptexed end uncomplexed ceiboxyt groups, end a complexed water molecule are labsled (ref. 26).
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Figure 6
Analysis of the product GdEDTA obtained Irom the following reaction: 
G d,0,+ 2EDTA •-> 2QdEUTA
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Figure •
A n tly tlt of the product QdEOTA obtained from the following reaction: 
GdCI,‘ 6HtO + Na,EDTA •■> QdEOTA
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Analysis of the product QdDTPA obtained from the following reaction: 
GdjO,+ 2DTPA ->  2QdOTPA
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Analyst of tho product Na4EDTA obtained from I ha following reaction; 
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Figure 12
Analytic of DTPA after purification.
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V.'AVf>IUM&K(CM,5

IR spectrum of the product GdEDTA obtained from the fottowing reaction:
G dQ tO Jt • S H fi + HaJEDTA — > GdEDTA
The comptaxed ca rtray l groups escMbi absorption at 1588cm1, and the uncomplexed carboxyl groups show a much motor absorption 
at ITIScmr1. Hole the presence of coordtated water (see Figs. Z  3).



Figure 15
!R spectrum of the product GdEDTA obtained from the foflowring reaction:
GdClj* G H fi + NSijEDTA — > GdEDTA
Tlie conytexed carboxyl groups exhtt absorption at 1583cm'. end the unconytoed rartoxyi groups show a much weaker hbso«ption at 1714CHT1. Note the presence of coofifnaied water (see Figs. 2,3).
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WAVENUMBER {CM}

IR spectrum of the product GdDTPA obtained from the Mowing reaction:
GdyQ3+2DTPA — > 2GdOTPAThe cogyytoadcaitoxytqroî exfitoa absorption at l58acOT\ and tfieuncofnpiexedcgtxacyi groups show a fnuctiiM»nir«r nlinipMwi 
at l7i5cnr\Notoftw presence of coordrated water (see Figs. 5).
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Figure 17
!R spectrum of the product Na4EOTA obtained from the Mowing reaction:
^NHjCHjCO-Na • XHjO + NK^CHjCHjNHj —> M^EDTA ♦  4NH,
The cartoxyf groups show a strong absorption at 1585 cnr\ N-H stretch (an impurity) shows i s  characteristic bread band tom 
897-633 cnr\ Note the presence of coordviated water (see Table 4 tor a complete analysis of this spectrum).



Figure 18
IB spectrum of EDTA after purification. Associated OH axfiMs absorption at 2653 cm % Type A carboxyl groups extribi absorption 
at 1692 cm’, and CO,H exWbts weak absorption at 1345 cm* and 1313 cm1 (see Figure 20).
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Figure 19
IR spectrum of DTPA after purification.
Type A carboxyl groups extubft absorption at 1730 cm* and 1693 cm*. Type Bcartroxyt groups extribd absorption at 1631 car* 
(see fig. zx).
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Figure 20
The elhylenediamlnetetraaceUo add UgaixJ, having only Type A carboxyl 
oroupe (ref. 64).
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Figure 21
The rlaihylaoelrtamlnapanliBOillc add Ugand. Examplea of Type A and 
•no lyfWDcarooxyi group* ore t r o w  irvv. q*j«
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In the early 1950s, Wheelwright, Speddlng and Schwarzenbach18 
proposed, from their study of the formations constants of rare earth-EDTA 
cholates, that the rare earth chelates of La through Qd were hexadentate, and 
those of the heavier Tb through Lu were pentadentate. This was concluded 
from what they termed the "gadolinium break,” or complete change in the slope 
of their plot of the log of La-EDTA (La ■  Lanthanon) formation constants versus 
the atomic numbers of the lanthanide series. It was concluded that the 
smaller atomic radii, according to the lanthanide contraction (Table 1), could 
not accomodate all four, but instead only three of the bulky carboxylate groups 
of the EDTA ligand (Figs. 2,3). However, models of the Fisher-Hirschfelder 
type strongly suggested that a hexadentate structure would be considerably 
sterically strained.4

In that same time period, Moeller, Moss and Marshall88 published 
infrared studies of rare earth-EDTA chelates showing the presence of two 
varieties of carboxyl group. They postulated the presence of one uncoordinated, 
and three coordinated carboxyl groups; and predicted that the sixth 
coordination position was occupisd by a water molecule (Fig. 2). Pecsok 
published polarographic studies of metal-EDTA chelates that also favored the 
tetradentate structure.8

Some six years later, Betts and Dahlinger44 published a thermodynamic 
study that exhibited the same gadolinium break for enthalpies and entropies of 
formation for rare earth-EDTA chelates. They interpreted their date as 
indicating that the rare earths La-Gd form pentadentate complexes (Fig. 2) 
and Tb-Lu form tetradentate complexes (Mg. 8) with the EDTA chelate -  
AiMnriilitf aoraratintf th# ra n  a irth i into tho Mino two aoriot tin t
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Wheelwright, Spedding, and Scharzenbach did. Prik explained the gadolinium 
break that was also evidenced in his thermodynamic data90 by stating that the 
ligand field for complexes of elements with incomplete f-shells, such as Nd and 
Sm (see Table 1), would make them more exothermic. However, the crystal 
field splittings for 4f levels are of the order of 100 cm*1, which would correspond 
to a contribution later determined to be negligible.60

Although Betts' and Dahlinger’s method introduced very large 
cumulative errors into their data and calculations, Mackey, Powell, and 
Spedding's later,66 more accurate study showed the exact same trends and 
gadolinium break. However, Mackey, Powell, and Spedding gave no 
hypothesized reason for the rare earths falling into two apparent series in their 
thermodynamic study, and furthermore, extensively refitted the idea that the 
two series are evidence of a change in the number of coordination sites of the 
EDTA ligand. Moeller and Ferrus concurred,46 and stated that variations in 
enthalpy and entropy of formation are better correlated with a gradual 
weakening of the bond between the metal ion and a donor carboxyl group as 
cation radius decreases, than with a complete rupture of such a bond in a 
particular place in the rare earth series.

Kolat’s and Powell’s data67 on the add dissodation constants of rare 
earth chelates also indicate no change in the number of coordinated positions 
occupied by the ligand.


