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Crystal Structure and Absorption Spectroscopy of a Neodymium(lll) Complex with
Triethylenetetraaminehexaacetic Acid, Ng[Nd(TTHA)] -2.5NaCl0,+7.617H0
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The crystal structure and absorption spectroscopy results of gidN&aTHA)]-2.5NaClQ-7.617H0 compound

are presented. The crystal structure of the complex was determined by X-ray analysis. Crystals are monoclinic,
space groufC2/c, with a = 38.446(8) A b = 10.552(2) A,c = 25.796(5) A8 = 130.51(3}, andZ = 4. The

structure consists of monomeric (triethylenetetraaminehexaacetato)neodymate anions, perchlorate anions, sodium
cations, and water molecules. The Nd(lll) ion adopts a 10-coordinate geometry with six oxygen atoms and four
nitrogen atoms from a ligand molecule, which is best described as a bicapped square antiprism. Absorption
spectra of a single crystal were measured at room and liquid helium temperatures. Intensities bfrtmesitions

were analyzed on the basis of Juddfelt theory. The good correspondence between the spectra of [Nd(TTHA)]

in solution and in the single crystal suggests close similarity of both coordination polyhedra.

Introduction

The ability of polyamino polycarboxylic acids to form

generally stable and readily soluble complexes over the entire

relaxivity in NMR spectroscopy is approximately half that of
(NMG),[Gd(DTPA)] .

However, stability, thermodynamic and structural properties

pH range with a variety of metal ions is the reason for their ©f |"f‘m§‘l§?€i’d? complexes with TTHA have been widely
extensive and diversified application. In this development Studiedi™ since the ligand has been proposed for a variety
ethylenediaminetetraacetic acid (EDTA) played a central role Of analytical uses.

and stimulated interest in the higher homologues, such an

To date, no solid state X-ray structure determination of a

diethylenetriaminepentaacetic (DTPA) or triethylenetetraamine- complex of this ligand with any lanthanide ion is kno#wo
hexaacetic acid (TTHA), in order to develop ligands with an structure determinations have been reported for the C#(#f)d

increased affinity and selectivity for metal ions.

vanady?? complexes. In both cases TTHA has been shown to

Some of these complexes have been utilized as contrast-act as a decadentate ligand forming dinuclear complexes.
enhancing agents in biomedical magnetic resonance imagingHowever, none of these structures is relevant for modeling the

(MRI).Y Among them theN-methylglucamine salt of the
gadolinium-DTPA complex, (NMG)[Gd(DTPA)], has been
used clinically for this purpose for several yearJhis is the

structure of [Ln(TTHA)f~ complexes in solution. For a long
time the opinion prevailed that the TTHA ligand cannot employ
its full potential decadenticity in [Ln(TTHA[ complexes in

reason why lanthanide complexes with this ligand and its solution and that one or more carboxylates remain uncoordinated
variously substituted derivatives have recently become the to the metal iort}12

subject of extensive investigations in solufighand in the solid
statef—10

Even though the Gd(lll) complex with TTHA ligand (see
structurel) has an acceptable toxicity profile, it is not probably
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Studies that were performed recently on [Ln(TTH®)]
complexes in solution indicate several different modes of TTHA
coordination with light and heavy lanthanide ions; however, in
both these cases there is no inner sphere water molecule. While
theH and3C NMR spectra of [La(TTHA)}~ complex indicate
that each carboxylate and amine group of TTHA interacts
directly with La(lll) ion, the fluctional processes observed in
thelH and*C NMR of the Y(lIl) and Lu(Ill) adducts are likely
due to a ligand unwrapping/wrapping dynamiesThese data

suitable as a contrast agent. The first coordination sphere of(11) Yingst, A Martell, A. E.J. Am. Chem. S0d.969,91, 6927.

this compound contains no labile water molecules, so its(
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suggest that as the metal ion size decreases, the steric bulk o
the TTHA ligand interposes causing incomplete metigjand
binding. This allows either multiple 1:1 species to exist in which
the ligand is involved in an unwrapping/wrapping processes or
the coexistence of 2:1 and 1:1 metal:ligand species in solution.
The results from the site-selective excitation spectroscopy and
excited-state lifetime measureméfitss well as from absorption
spectroscopy for [Eu(TTHA)]3~ complex suggest the presence
of two distinct 1:1 species which have identical unquenched
lifetimes.

The studies on NMR-relaxivity measurements and the results
from the fluorescence water countiigand energy transféf
indicate that Gd(lll) and Tb(lll) ions are fully coordinated by
the TTHA ligand above pH 8 to form monomeric species,
whereas below this pH value oligomeric species exist in solution.

Also CPL (circularly polarized luminescence) studies of Eu-
(1) and Tb(lll) complexes with TTHA show that only the
[Eu(TTHA)]®~ complex is chiral and significantly stable to
racemizatiort?

In this paper we report the solid-state X-ray structure and
absorption spectroscopy of the [Nd(TTHA)]trisodium salt.
Additionally, we report absorption results for some transitions
of the [Nd(TTHA)E~ complex in solution to make a comparison
between the structures of Nd(lll) coordination polyhedron in
agueous solution and crystalline state.

Experimental Section

Materials and Sample Preparation. A stock solution of neody-
mium perchlorate was prepared fromJ9d (99.9% Merck). The Nd-
(I ion concentration was determined complexometrically using
Xylenol Orange as an indicator. The stock solution of TTHA (98%
Aldrich) was prepared by half-neutralization with NaOH. Single
crystals of [Nd(TTHA)f~ complex were grown from aqueous-
methanolic solution. Equimolar quantities of neodymium perchlorate
and NaHs;TTHA were mixed together to get 25 mL of starting solution
with an Nd(Ill) concentration of 0.15 M. Next, the solid NaGl@as
added to the solution in the molar proportion Nagh(l11) = 10:1.
The final pH was 4.50. The solution was slowly evaporated to dryness
by heating at 40C and then dissolved in 20 mL of the 1:1 mixture of
water to methanol (solution I). A beaker with the aqueerethanolic
[Nd(TTHA)]3~ solution was covered by Parafilm and after a year a
few single, pink-violet, parallelepiped crystals were grown, which were
very resistant to air and humidity.

The Nd(IIl) ion concentration in the single crystals was determined
complexometrically (1.6707 M). The refractive indexf the crystal
was assumed to be 1.50 and that of the solution medium to be 1.33.

Anal. Calcd (fOUnd) for Nde(ClgH24012N4]‘2.5NaC|Q'7.6Hzo:

C, 18.88 (18.92); H, 3.43 (3.90); N, 4.89 (4.72).
An aqueous [Nd(TTHA)J™ solution (hereinafter solution Il) was
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Table 1. Crystallographic Data for
Nag[Nd(TTHA)] -2.5NaClQ-7.617HO

empirical formula: GgHasg 23412 5NaNas sNAOzg 617
fw =1144.9
temperature: 293(2) K
wavelength: 0.710 73 A
space group (No.)C2/c (15)
unit cell dimens:

a=38.446(8) A

b=10.552(2) A

c=25.796(5) A

p =130.51(3}
V =7956(3) &
Z=4
Omeass= 1.90 Mg/n#, by flotation in CHCI/CHzBr
Oeaica= 1.911(1) Mg/ni
abs coeffucac= 1.66 mn1?t
final Rindices | > 30(1)]: R(F) = 0.0352,Ry(F?) = 0.0752
no. of independent reflcns: 652R{; = 0.0311]
refinement method: full-matrix least-squaresFén
weights usedw = 1/0%(F?)
data/restraints/params: 6521/22/604
goodness-of-fit on & 3.267
largest diff peak and hole+1.135 and-0.977 e A3

AR(F) = 3|Fo — Fel/3|Fcl; R(F?) = [YW(Fo? — FAHIW(F2)F 2

in pairs. Also the geometry of the CI3 perchlorate ion was constrained
to form the tetrahedron. The occupancy factors of Na5, Na51 and
separately OW8, OW81, OW82 were refined, at the same time being
constrained to sum up to 1 in each case. The calculations were
performed with SHELX% and SHELXL-93*programs. Other details
of data collection and the structure refinement are given in Table 1.
Spectroscopic Measurements.All absorption measurements of
solutions and a single crystal were performed on a Cary 5-U¥-
near-IR spectrophotometer in the region 30820 nm. The crystal
of good optical quality was checked by X-ray diffraction and recorded
perpendicularly to the c axis using a spectrophotometer equipped with
helium flow cryostat at 293 and 4 K.
The intensities of the 4f4f transition @) and values of theQ,
parameters were calculated from the following Ju@delt?>2¢relation:

8r’mar

Pl
3h(23 + 1),

; Q, (U "y )2 1)
=2,4,6

P denotes the oscillator strengtp,= (n? + 2)%9n, n is the refrac-
tive index, J is the total quantum number of the ground state,
(frd||UW)|fry' T is the reduced matrix element of the unit tensor
operatorU® tabulated by Carnaltt al.?” andQ2; are empirical least-
squares-fitted parameters.

Results and Discussion

also prepared for a comparison of the spectral properties between an Crystal Structure. The geometry of the first coordination

aqueous-methanolic solution with high concentration of Nd(lll) ion,
and an aqueous solution with low concentration of the metal.

The concentration of Nd(Ill) in the solution Il was 2.229 1072
M, with a ligand-to-metal ratio 1.2:1, and the final pH 7.65.

X-ray Analysis. A suitable crystal was cut from a larger one, and
mounted on a Kuma KM4 diffractometer with geometry and a
graphite monochromator. The unit cell parameters were determined
from angular settings of 25 reflections witl# between 19 and 25
The stability of data collection was monitored with three control
reflections remeasured every 100 intensities. The data were correcte

sphere of the Nd ion is presented in Table 2. The structure
consists of the complex and perchlorate anions, sodium cations,
and water of hydration. The complex is monomeric with 10-
coordinate Nd cation wrapped up with triethylenetetraamine-
hexaacetate ligand. The environment of the metal consists of
four nitrogen and six carboxylate oxygen atoms located at typical
distances from the metal and forming a distorted bicapped square
antiprism, with N1 and N4 being the caps, and 08, 010, 012,

N3 and 02, 04, 06, N2 forming the respective bases. An

for Lorentz and polarization factors, but not for absorption or extinction. ORTEF® view of the complex anion is presented in Figure 1.
The position of the neodymium ion was found from a Patterson map; The structure is held together by a network of hydrogen bonds
other atoms were found from subsequent difference Fourier syntheses.
The C-bonded hydrogen atoms were placed from geometry, whereas(23) Sheldrick, G. MActa Crystallogr.1990,A46, 467. ]
the O-bonded ones were located on a difference Fourier map, not all (24) Sheldrick, G. M. SHELXL-93-Program for Crystal Structure Refine-
of them found. The structure was refined with the full-matrix least- ment, University of Gttingen, 1993.

. : : (25) Judd, B. RPhys. Re. 1962,127, 750.
squares method with all ordered non-hydroggn atoms'anlsotr'oplc and(26) Ofelt, G. S.J. Chem. Phys1962,37, 511.
with disordered and hydrogen atoms isotropic. The (isotropic) tem- (27) Carnall, W. T.; Fields, P. R.; Rajnak, K. Phys. Chem1968, 49,
perature factors of Na5, Na51 and OW8, OW81 were constrained 4424,
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Figure 1. ORTEP view of the complex anion, together with the atom
numbering scheme. The thermal ellipsoids are drawn at 30% probability. | |
The sodium cations, perchlorate ions and solvating water were omitted B 0.4 I
for the sake of clarity. £ |':
0 1
Table 2. Selected Bond Lengths (A) and Angles (deg) 2 F],
Nd—08 2.430(3) Ng-02 2.537(3) < AT
Nd—06 2.434(4) Ne-N3 2.724(4) I E L
Nd—04 2.491(4) Ne-N1 2.742(4) S
Nd—010 2.521(3) NetN2 2.763(4) .‘wmb
Nd—012 2.524(4) Ne-N4 2.823(4) o0 et T Nag)
08—-Nd—06 126.7(2) 06-Nd—N3 63.8(2) B40  BE0 B0 B0 B2D
08—Nd—04 69.3(2) 04-Nd—N3 130.9(2)
06—Nd—04 129.1(2) 016Nd—N3 119.5(2) nm
08-Nd—-010 73.7(2) O12Nd—N3 84.8(2) Figure 2. Absorption spectra for the [Nd(TTHA)] complex in
06-Nd—010 153.3(2) O2Nd-N3 147.9(2) aqueous solution (- - -), in aquecusiethanolic solution —) and of
04-Nd-010 71.1(2) 08 Nd—N1 118.1(2) the single crystal €) at 293 K: (a) of thelgs — 4Gsp,Grp
08-Nd—012 132.1(2) O6Nd—N1 67.9(2) “hypersensitive” transition; (b) of thélo, — 4Fy, transition. (For the
06-Nd—012 67.0(2) O4Nd—N1 63.3(2) aqueous solutiotggy = 2.219x 1072 M, pH = 7.65, andd = 2 cm,
8‘1181\"3'50352 132’;((5)) gigmg_mi %éggg for the aqueousmethanolic solutiorenguy = 1.87 x 1072 M, pH =
-~ : N : 4.5, andd = 0.5 cm, and for the sing| {( =1.6707 M, and
08—Nd—02 1422(2)  02Nd-N1 60.6(2) 4 0046 om) em, and for the single crystals an
06—Nd—02 89.3(2) N3-Nd—N1 118.0(2) ' :
04—Nd—02 79.3(2) 08-Nd—N2 63.7(2) , o
010-Nd—02 76.7(2) 06-Nd—N2 76.2(2) Apart from that a high similarity between spectra of the
012-Nd—-02 67.7(2) O4-Nd—N2 71.1(2) [Nd(TTHA)]3~ complex in the liquid and solid phases is seen.
0O8-Nd—N3 69.2(2) 016-Nd—N2 130.4(2) However, a comparison between absorption spectra of the
012-Nd—N2 141.2(2) 016-Nd—N4 59.2(2) [Nd(TTHA)] 3~ complex in solution and the single crystal reveals
02—Nd—N2 125.1(2) O12Nd—N4 59.9(2) different crystal field splitting, which is seen for tHg, —
N3—Nd—N2 67.8(2)  O2-Nd—-N4 111.0(2) 2Py, transition (Figure 3). The splitting of tig, term given
gé_mg_mi (75‘21'2(2) N3-Nd—N4 64.9(2) for the solution Il (Figure 3a) exceeds the number of optical
—Nd~ 6(2) - NINd—N4 - 169.3(2) I d for the Nd(lll) ion from th h Thi
06—Nd—N4 106.9(2) NZ-Nd—N4 124.0(2) ines expected for the Nd(lll) ion from the group theory. is
04—Nd—N4 123.6(2) confirms previous results for [Eu(TTHA)] that above pH 6.00

two different 1:1 species of the same excited state lifetime exist

and electrostatic interactions. Some of the sodium and per-in equilibrium-s
chlorate ions, as well as the water molecules, are disordered. Our absorption spectroscopy results for thg[Nd(TTHA)] -

Absorption Results. The most sensitive transition for the

2.5NaClQ-7.617H0O crystal are consistent with the X-ray

changes of the lanthanide ion direct environment is the so calledstructure. The appearance of a single sharp peak dfghe~
“hypersensitive” transition. It is interesting how this transition P2 transition for the crystalta4 K (Figure 4a), as well as a

is reflected for the [Nd(TTHAJ~ complex in solution and a

splitting of the*Fs/, term into two optical lines, 11503 and 11568

single crystal. Such a comparison was made for the “hyper- M™%, is indicative of a single Nd(lll) site.

sensitive™lg;» — 4Gs2,2Gy/ and the*lg, — 4F3), transitions of

Nd(lll) ion and are presented in Figure 2. . . ( d . .
Solution spectra shown in Figure 2 were recorded for the Single Nd(lll) ion placed in a position with the;Gite symmetry.

starting solution | and solution Il. Also those for solution |

The number of Stark components for the remaining transitions
for the crystal &4 K is notaccordant with that expected for a

The three most intensive absorption bands in the visible region

after crystallization (not shown here) were taken. There were Of the [Nd(TTHA)F" crystal 4 4 K are shown in Figures 4b
no essential differences between the oscillator strength valuesand 5. Itis clearly seen that there are more optical Ilnles what
and the shapes of absorption bands of those three solutionscould be expected from the relevant multiplicitids+ />.

(28) Johnson, C. K.; ORTEPIReport ORNL-51380ak Ridge National

Laboratory: Oak Ridge, TN, 1976.

Moreover, we can observe some components which are grouped
in doublets. This increase of the number of the lines may be
brought about either by the cooperative ion-pair effect, or by
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Figure 3. *lg, — 2Py, transition for the [Nd(TTHA)}~ complex: (a)
in the aqueous solutiortgqy = 2.219x 102 M, pH = 7.65,d = 2
cm); (b) of the single crystal at 293 Ky = 1.6707 M,d = 0.0145
cm).

420 430

the electror-phonon coupling? The first effect may be
neglected, because of long Nd(HNd(III) distances in the
crystal (the shortest are 9.515(8) A). The electrphonon
coupling can be effected through a resonance of particular Stark
components with vibrational modes associated with the lattice
and/or internal ligand modes. The outer sphere disorder can
also contribute to the additional splitting of electronic lines.

Detailed results of spectral intensities of the sNal-
(TTHA)]-2.5NaClQ-7.617H0 single-crystal spectra are pre-
sented in Table 3.

Our earlier studies on holmiuiti* and neodymiur? com-
plexes showed that if in a solution a thermodynamically stable
species with a structure similar to that in the solid state is
present, then the intensities of the “hypersensitive” transition
should be similar. This conclusion seems to be true also in
our case.

The oscillator strength value of tHy, — *Gs/2,2G7;2 Nd-

(1) ion transition is 1935.43x1078 for solution Il. Our
previous results on Nd(I#%33 complexes also indicated the
importance of checking thélgp, — *F7/2,Ss2 and 4o, —
4Fs/2,*Hgp transition intensities in a solution and in a single
crystal, respectively. If there is a significant difference between
them, then at least one of the species existing in the solution
should display a different symmetry as compared to that in the
crystal.

(29) Caro, P., Moune, O. K., Antic-Fidancev, E., Lemaitre-Blaise, JM.
Less-Common Mef.985,112,135.

(30) Mondry, A.Inorg. Chim. Actal989,162 131.

(31) Mondry, A.; Bukietyska, K.Inorg. Chim. Actal991,186, 135.

(32) Mondry, A.; Starynowicz, PJ. Alloys Compd1995,225, 367.

(33) BukietyTska, K.; Mondry, A.; Pham Ngoc, T.; Starynowicz,PAlloys
Compd.1995, 225, 52.
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Figure 4. Absorption spectra for the [Nd(TTHAJY] single crystal at

4 K of the following transitions: (&l — 2Pz (b) *lorz — *Gs/2,°Gr2
(Cnagny = 1.6707 M,d = 0.0145 cm).

Table 3. Oscillator Strength ValuesPty, Pcad and 2, parameters
for the Na[Nd(TTHA)]-2.5NaClQ-7.617HO Single Crystal at 293
and 4 K

T=293K T=4K
transition(s)yez— 10Pexp 10Pcarc 10Pexp

“Far 328.84 288.43 223.95

4Fsiz, *Horz 946.19 913.29 639.98

F23Ss1 863.75 937.54 531.36

“Forz 70.40 73.55 36.59

Hyap, 22.57 20.26 14.59

4Gs/22Gr12 2076.51 2089.36 1319.92

2K 1312, *Grjo, “Geyz 856.77 686.82 624.30

2K15/2, 2G9/2, (2D,2F)3/2, 4G11/2 28391 15891 26734
Py 61.73 73.18 47.28

D5y, 11.52 5.38

4Dy, “Dssa, 211/2, “D1sa 1359.62  1416.95  1005.08
107°Q; [cm?] 457+ 0.42

10°°Q, [cm?] 5.82+ 0.39

107°Q6 [cm?] 6.84+ 0.54

rms x 107 8.39

The oscillator strengths for [Nd(TTHA3T in solution are
1030.57x 1078 and 936.76x 1078 for the 4|9/2 - 4F7/2,4Sg/2
and®lg, — *Fs2,*Hg/2 transitions, respectively.

Such a good correlation between the relevant values for the
solution and the single crystal can testify that the symmetries
of the species in solution are similar. This confirms also the
results given by Holz and Horrocksfor [Eu(TTHA)]®~ based
on lifetime measurements and site selective-excitation spec-
troscopy. Even for a solution for which the observation of a
single emission lifetime led to the conclusion that only 1:1
species was present, two peaks were observed fofRhe~
5Dy transition.

As can be seen from Table 3, a decrease in intensity of almost
all transitions in the single crystal with decreasing temperature
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Figure 5. Absorption spectra for the [Nd(TTHAJ] single crystal at
4 K for the following transitions: (aflo, — *F712°Ssrz; (b) *loz —
“Fs/2,*Hor2 (CNd(III) = 1.6707 M,d = 0.0145 cm).

785

from 293 b 4 K is observed. It can be attributed to a change
in the ground state population and/or by the vibronic mechanism.
Table 3 also lists the JuddDfelt Q; parameter values. Itis
commonly believed that, of the thré&g, parameters2; is the
most sensitive to the influence of the metal ion environment.

Therefore it seems reasonable to compare it with data for other

single crystals of Nd(lIl) ion compounds investigated so far.
Thus, theQ, value for the NgNd(TTHA)]-2.5NaClQ-7.617H0
is distinctly higher than that for theggNd(NTA)>H,0]-5H,0%4
but very similar to that for the (erf{Ndx(c-pic)g]-6H.0 single
crystaf* (where enH = ethylenediammonium and-pic =
a-picolinate= 2-pyridinecarboxylate).

The direct environment of Nd(lll) ion in the case of the
[Nd(NTA),]3 single crystal is composed of one water molecule,

Mondry and Starynowicz

six carboxylic oxygen atoms, and two nitrogen atoms, whereas
in [Ndx(a-pic)s]>~ the coordination sphere consists of five
carboxyl oxygen atoms and four nitrogen atoms. Although
coordination numbers of these compounds are different, which
implies a shorter metalligand distance as well as a lower
energy of theflg;, — 2Py; transition for [Nd(a-pic)e]?~ (23 266
cm~1),34it seems that the overall electron-donor abilities of those
two different ligands are similar, and this is probably a reason
for the good correspondence betwd&enparameter values and
oscillator strength values of the “hypersensitive” transition in
these compounds. The much higher vale for [Ndy(o-
pic)g]?~ ((10.504 0.66) x 10?° cn?)24 than for [Nd(TTHA)E-

is probably brought about by the difference among the sym-
metries of the complexes and among the overall covalency
effects.

Conclusions

We succeded in getting a crystal of Nd(lIl) ion with the next
after DTPA linear homologue of EDTAtriethylenetetra-
aminehexaacetic acid (TTHA). The crystal structure of thg-Na
[Nd(TTHA)]-2.5NaClQ-7.617H0 has been determined using
X-ray diffraction.

The full coordination potential of the ligand was utilized in
the mononuclear compound giving rise to the Nd(IIl) ion
coordination number of 10. The coordination polyhedron of
Nd(lll) ion may be described as a bicapped square antiprism
and consists of six carboxylate oxygen atoms and four amine
nitrogen atoms with an average N@ distance of 2.49(5) A
and an N&-N distance equal to 2.76(4) A. This structure
confirms the model of a structure of light lanthanide-ofTHA
species in solution, assumed by Holz and Horrdéks.

Our results from electronic absorption spectroscopy confirm
the fact that the main species in solution has a coordination
polyhedron very similar to the one found in the crystal.

Presently we are investigating another, dimeric complex of
Nd(I1) with TTHA with different spectroscopic propertiés.
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