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The solution chemistry of uranyl ion with iminodiacetate (IDA) and oxydiacetate (ODA) was investigated using
NMR and EXAFS spectroscopies, potentiometry, and calorimetry. From the NMR and EXAFS data and depending
on stoichiometry and pH, three types of metal:ligand complex were identified in solution in the pH range 3-7: 1.1
and 1:2 monomers; a 2:2 dimer. From NMR and EXAFS data for the IDA system and previous studies, we propose
the three complex types are [UO,(IDA)(H,0),], [UO2(IDA),J>~, and [(UO,),(IDA),(1-OH);J>~. From EXAFS spectroscopy,
similar 1:1, 2:2, and 1:2 complexes are found for the ODA system, although *C NMR spectroscopy was not a
useful probe in this system. For the 1:1 and 1:2 complexes in solution, EXAFS spectroscopy is ambiguous because
the data can be fitted with either a long U-N/Ogper value (ca. 2.9 A) suggesting 1,7-coordination of the ligand or
a U—C interaction at a similar distance, consistent with terminal bidentate coordination. However, the NMR data of
the IDA system suggest that 1,7-coordination is the more likely. The stability constants of the three complexes
were determined by potentiometric titrations; the log /3 values are 9.90 + )% 16.42 + 371 and 10.80 + )7 for the
1:1, 1:2, and 2:2 uranyl-IDA complexes, respectively, and 5.77 + 352, 7.84 + 02 and 4.29 + 537 for the 1:1, 1:2,
and 2:2 uranyl-ODA complexes, respectively. The thermodynamic constants for the complexes were calculated
from calorimetric titrations; the enthalpy changes (kJ mol~%) and entropy changes (J K~ mol™1) of complexation
for the 1:1, 1:2, and 2:2 complexes respectively are the following. IDA: 12 £ 2,230+ 8;8 £2, 151 +9; -33
3,283 + 11. ODA: 26 + 2,198 + 12; 20 + 2, 106 + 8; —24 + 2; —219 + 8.
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Introduction

The solution chemistry of uranyl ion with carboxylate
ligands has been studied using a number of different methods

including

chemistry of uranyl ion with a variety of ligands including
water, carbonate, chloride, fluoride, and sulfatealthough

potentiometry, calorimetry, and NMR spectros- 117.
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systems involving carboxylate ligands have been less ex-NaOH. Buffered ligand solutions were obtained by exact neutraliza-
tensively studied’1° On the basis of NMR, EXAFS, and tion of calculated amounts of acid with standard carbonate-free
other spectroscopic results, a variety of structures have beerNaOH (Fisher, AR grade) standardized against potassium hydrogen
proposed for uranyicarboxylate complexes in aqueous phthalatg (Aldrich, ACS af:idimetric standard). All so.luti.ons used
solution, including dimers and trimers, with the carboxylate " Potentiometry and calorimetry were adjusted to an ionic strength
ligands acting both as terminal and bridging ligands and of 0.1 M using sodium perchlorate (BDH, AR grade) as the

S ; background electrolyte.
coordinating through one or both O atoms in the carboxylate 15 .
group?0-2* For example, Kakihana et &. studied the The >N-labeled HIDA used inN NMR was prepared from

; . f i ith I boxvli ids i 15N-labeled glycine (Sigma & Aldrich, 98 atom %) and chloroacetic
interaction o _urany_'on with several carboxylic 6_10' SN acid (Lancaster) and separated from other species by cation
aqueous solution using NMR and IR spectroscopies. Theyexchange (Amberlite IR-120, hydrogen form, 570 cm)3 The

proposed that, in their system, acetate and tricarballylate product was purified by recrystallization from water and character-
coordinate to uranyl through both O atoms in the carboxylate ized. Anal. Found: C, 36.00; H, 5.29: N, 10.53. Calcd for
groups, while glycolate, lactate, tartrate, and citrate coordinate C;H,15NO,: C, 35.82; H, 5.2215N, 11.19%). Mass spectrometry
through one O atom from each carboxylate group and the O(m/z): 133, 100%; 134, 4%; 267, 5%. Mass spectrometry for
atom from the alcohol groups. Allen et ‘dlsuggested the  commercial HIDA from Aldrich (m/2): 132, 100%; 133, 5%; 265,
formation of a dimeric complex in uranytartrate systems, 3% *C NMR: 50.167 and 172.125 pprN NMR: see later,
with the ligands coordinating to each uranyl ion through one Figure 1a. RO (Fluorochem Limited, 99.9 atom % D) was used

s i 13C and >N NMR experiments, and pH was
carboxylate oxygen and the-hydroxyl groups bridgin as solvent in all : P : PR
Y Y9 y yl-group ging adjusted with NaOD (Sigma, 99atom % D) or DCI (Aldrich,
between the metal centers.

. . . . . . 99.5 atom % D) solutions.
The interactions of uranyl with iminodiacetic acidABA) Procedures. NMR SpectroscopyAll samples were prepared

and oxydiaceticziczi;j (!DDA) have previously been studied by adding the required amount of NaOD or DCI to the IDA (or
to some extent; 1:1 chelates have been proposed, and 1s\japeled IDA) ligand, mixing thoroughly, and then adding the

the relatively high values of the formation constants suggest required amount of uranyl solution in this order, to prevent
tridentate coordination of the ligands through the two precipitation. The concentration of uranyl was 0.107 M where it
carboxylate groups and the central nitrogen or oxygen &om. was used. The concentration of ligand was 0.107 or 0.214 M as
However, there have been no detailed NMR or EXAFS required. The pH values were measured using a UNICAM 9460
studies of the aqueous chemistry of these ligands with uranyl.ion-selective meter and a Mettler-Toledo InLab40 combination pH
Here we report the spectroscopic characterization of uranyl ~€lectrode. The values reported are direct meter readings without

IDA/ODA complexes in solution and determination of correction for deuterium isotope effects. TheNMR spectra were
solution thermodynamic parameters measured using a Bruker Avance 400 MHz spectrometer and

referenced to internal dimethyl sulfoxidé & 2.71 ppm relative
to TMS 6 = 0.00 ppm). For low-temperature spectra 4% pure
methanol in methanal, was used to calibrate the temperature to

Chemicals Aqueous uranyl nitrate (BDH AR grade) solutions ~ Within +0.1 K3t Th$513c NMR (referenced externally to TMS,

were prepared and standardized using ICPOES. Aqueous solutions= 0-00 ppm) and™N NMR (referenced externally to liquid

of H,IDA (Aldrich, AR grade) and HODA (Lancaster, AR grade) ammonlg,é = 0.0Q ppm) spectra were measured at room temper-
were standardized potentiometrically with standard carbonate-free ure using a Varian Inova 300 spectrometer at 75.469 MHz and a

Varian Inova 400 spectrometer at 40.546 MHz, respectively. For
15 i
(14) Moll, H.; Reich, T.; Hennig, C.; Rossberg, A.; Szabo, Z.; Grenthe, I. th_e N NMR the spegtrum of the ligand Wa? measured on th_ree
Radiochim. Act200Q 88, 559. widely different occasions to check the precision of the chemical

(15) Docrat, T. I.; Mosselmans, J. F. W.; Charnock, J. M.; Whiteley, M.  shifts. The deviation is+0.1 ppm, showing that the absolute

W.; Collison, D.; Livens, F. R.; Jones, C.; Edmiston, M.ldorg. ; ; ; i ati ;
Chem.1999 38, 1879, chemical shifts can be used in the characterization of species,

(16) Vallet, V.; Wahlgren, U.; Schimmelpfennig, B.; Moll, H.: Szabo, z.;  together with the number of signals.
Grenthe, LInorg. Chem.2001, 40, 3516. Extended X-ray Absorption Fine Structure (EXAFS) Spec-

an j'%ﬁé#{; ggg' B;QE'#:;%%?;’féézzanonato' P. L. Bismondo, A yrosc0py. Solution samples were prepared at different metal:ligand

(18) Allen, P. G.; Shuh, D. K.; Bucher, J. J.; Edelstein, N. M.; Reich, T.; ratios and pH values and were purged with carbonate-free N

Experimental Section

Denecke, M. A.; Nitsche, Hinorg. Chem.1996 35, 784. ) Station 16.5 of the CCLRC Daresbury SRS facility, operating at
19 %%isg'“%%%s' J.F.W.; Bailey, E.; Schofield JPSynchrotron Radiat. ¢4 2.0 GeV with ca. 180 mA current, was used for data collection.
(20) Nunes,' M. -|i_; Gil. V. M. S.: Xavier, A. VCan. J. Chem1982 60, The monochromator was a channel cut Si(311) crystal, detuned to

1007. _ ' _ 50% of the maximum intensity to minimize harmonic contamina-
(21) é\lsunleSS. M. T.; Gil, V. M. S.; Xavier, A. Vinorg. Chim. Actal984 tion. The data were collected in fluorescence mode using a 32-
22) Ndneé, M. T.: Gil, V. M. Slnorg. Chim. Actal986 115, 107. element semiconductor detector. Four scans were mea_sured for each
(23) Nunes, M. T.; Gil, V. M. Slnorg. Chim. Acta1987, 129, 283. sample. The EXAFS data for all samples were calibrated and
(24) Kozowski, H.; Wieczorek, H.; Jeowska-TrzebiatowskanBrg. Chim. background was subtracted using the EXCA¥Bnd EXBACK3?

Acta 1981, 51, L107.
(25) Kakihana, M.; Nagumo, T.; Okamoto, M.; Kakihana JHPhys. Chem.

1987 91, 6128. (30) Kawashiro, K.; Morimoto, S.; Yoshida, Bull. Chem. Soc. Jpri983
(26) Cassol, A.; Di Bernardo, P.; Portanova, R.; Magnorinbrg. Chim. 56, 792.

Acta1973 7, 353. (31) Van Geet, A. LAnal. Chem197Q 42, 679.
(27) Rajan, K. S.; Martell, A. EJ. Inorg. Nucl. Chem1964 26, 789. (32) Dent, A. J.; Mosselmans, J. F. K. Guide to EXCALIBCCLRC
(28) Portanova, R.; Di Bernardo, P.; Cassol, A.; Tondello, E.; Magnon, L. Daresbury Laboratory: Warrington, England, 1992.

Inorg. Chim. Actal974 8, 233. (33) Dent, A. J.; Mosselmans, J. F. M. Guide to EXBACKCCLRC
(29) Lai, T.; Chen, TJ. Inorg. Nucl. Chem1967, 29, 2975. Daresbury Laboratory: Warrington, England, 1992.
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Figure 1. 15N NMR spectra at different pH values of (from left to right) (a) iminodiacetic acid, (b) the 1:1 urdb¥ system, and (c) the 1:2 uranyl

IDA system.

programs, and data were analyzed with EXCUR¥@8ing Rehi-
Albers theory?® Phase shifts were calculated using Hedin

was charged with ligand solution and fitted into a twin ampule
calorimetric unit (model 2277, Thermometric UK). The syringe was

Lundqvist potentials and von Barth ground states. Single scatteringcharged with NaOH solution. After equilibration at 2& and

was used in the analysis. Fits to the small peaks—i A of the
Fourier transform were assigned to be significant if Bvealue
(goodness of fit) dropped by 5% or more with their inclusion. Full
cluster multiple scattering calculations were also carried out, but
although there was a superficially better fit for the peak at ca. 3.6
A, the overall goodness of fit and the best fit parameters were

dynamic calibration, 15x 0.010 cni aliquots of NaOH were
injected into the reaction ampule via a cannula. In parallel,
microscale potentiometric titration equipment was employed to
measure the pH value of the solution at each titration point. For
the measurement of the enthalpy changes of uraigdnd com-
plexation, the reaction ampule was charged with ,(ND3),

essentially unaffected. The crystal structures of uranyl complexes solution (in 0.10 M NaCl@), and titrated with buffered ligand

with IDA and ODA, which had been determined previously by
X-ray crystallography? were used as models in the analysis.
Potentiometric Titrations. All titrations were carried out at 25
°C under an Matmosphere, using a UNICAM 9460 ion-selective
meter and a UNICAM CE1 combination pH electrode. The required
amounts of the acid form of the ligand and NagEalutions were
added slowly with stirring to a known amount of L@®O3),
solution Muo,mo,, = O cn? when determining the protonation
constants of ligands). The solution was made up to 50.00with
deionized water and maintained at the ionic strength of 0.1 M
NaClQ,. The cell was sealed and slowly titrated with standard
NaOH solution in 0.100 cfincrements until a slight excess of
NaOH over HIDA or H,ODA had been added. The data obtained
from the titration were analyzed with the BEST progrém.

Refinement was continued until no combination of adjustments gave

rise to a lower value.o is a goodness of fit parameter, calculated

solution using increments of 0.010 &mThe pH value of the
solution at each point was measured separately using microscale
potentiometric titration under identical experimental conditions. The
heat of dilution was measured by incremental addition of the titrant
into the reaction ampule, which was charged with 0.10 M
background electrolyte only but no titrand.

Results and Discussion

Spectroscopic InvestigationsNMR and EXAFS spec-
troscopies were used to identify the dominant complexes in
aqueous solution at specific stoichiometries and pH values
and to provide information on their structures.

NMR Spectroscopy of Uranyl Complexation with IDA.
The >N NMR spectra for IDA and the 1:1 uranylDA and

from the weighted sum of the squares of the difference between 1:2 Urany-IDA systems are shown in Figure 1. TH&

observed and calculated pH values.
Calorimetric Titrations . For the measurement of the enthalpy

NMR spectra of IDA at different pH values show the effect
of proton removal (Figure 1a). THEN signal shifts from

changes associated with protonation of ligand, the reaction ampule[HsIDA] * (31.9 ppm, pH 1.21) to [HDA] (34.7 ppm, pH

(34) Binsted, N.CCLRC Daresbhury Laboratory EXCURV98 Program
CCLRC Daresbury Laboratory: Warrington, England, 1998.

(35) Rehr, J. J.; Albers, R. C. ®hys. Re. B 199Q 41, 8139.

(36) Jiang, J.; Sarsfield, M. J.; Renshaw, J. C.; Livens, F. R.; Collison, D.;
Charnock, J. M.; Helliwell, M.; Eccles, Hnorg. Chem.2002 41,
2799.

(37) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability
ConstantsVCH: New York, 1988.

2.12) to [HIDA] (37.1 ppm, pH 4.54) with a sudden drop
in chemical shift for [IDAF~ (25.9 ppm, pH 10.22) indicating

a change from quaternary to tertiary nitrogen in accord with
protonation constant dat&Similar changes if®N chemical

(38) Farkas, E.; Enyedy, E. A.; Micera, G.; Garriba,FBlyhedron200Q
19, 1727.
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Figure 3. Structures for the species proposed in solutior= Xl for IDA
and O for ODA.
2Jun = 16.4 Hz) which are coupled and reside on magneti-
cally equivalent carbons, consistent with the presence of a
pH 5.10 chelate ring system with the GHbrotons in magnetically
distinct axial and equatorial conformations. From previous
L a6 . oo )
studies’® we suggest that this species is a 1:1 complex
(Figure 3,A) with tridentate IDA, coordinating through one
pH 235 O atom from each carboxylate group and the central N atom.
JL_ There is an additional peak at3.99 ppm in théH NMR

spectra, indicating the presence of at least one other species.
This broad signal moves upfield and broadens as the pH
increases from 2.35 to 5.10. The line width is too great for
a this signal to be just free ligand exchanging protons, so it is
Figure 2. (a) 'H spectra of the 1:1 uranylDA system and (b) the 1:2  probably due to exchange between complexed and free

uranyIDA system at 268 K. Spectra are referenced to internal dimethyl . 15 - . :
sulfoxideo — 2,71 ppm, and the peak at— 5.15-5.20 ppm is residual ligand. Also,’>N NMR, as discussed earlier, shows that this

T T T T T T T T T T T T T T
5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 ppm

water. complexation process is unlikely to involve the nitrogen
atom. As the pH is increased pas#.00, all of the signals
shift values with changing acidity are observed for glyéhé. start to broaden, suggesting the establishment of another

The *H and*3C NMR spectra show the expected shifts of equilibrium involving free ligand. No diagnostic signal for
signals upfield as the pH is increased, consistent with fastthe 2:2 dimeric species, proposed from EXAFS spectroscopy
proton exchange and giving a weighted average chemical(see later, Figure 3C) can be identified in théH NMR
shift for all the IDA species. spectra.

The 1N NMR spectra for the 1:1 uranylDA system at The doublets observed in thel NMR spectra of the 1:1
varying pH values are shown in Figure 1b. Coordinated IDA System are also seen in the 1:2 urafpA system at pH
(6 = 53—54 ppm) has a distinctive chemical shift compared 2.76-4.02 (Figures 2b and Supporting Information S5 and
to noncoordinated ligandd(= 34—37 ppm); such a large  S6), suggesting the presence of the same 1:1 tridentate
shift downfield is evidence for coordination of the central Species. At a given pH value and in the low pH region (pH
nitrogen atom to the uranyl ion. TH&l NMR spectra for < 4), the broad peak in thé1 NMR spectra of the 1:2 system
this system (Figures 2a and Supporting Information-S1  is larger, relative to the size of the resolved doublets, and
S4) provide further evidence for this. The spectra taken at shifted upfield relative to the equivalent signal in the 1:1
—5 °C reveal two resolved doublets (4.77 and 4.16 ppm, System. This is indicative of more free ligand in the system

(free ligand at pH 2.769 = 3.67 ppm). All of the signals

(39) Blomberg, F.; Maurer, W.; Rerjans, HProc. Natl Acad. Sci. U.S.A.  Observed in the 1:2 system broaden above pH 4.00 and then

1976 73, 1409. _ sharpen again above pH 7.00, resulting in another set of two
(40) Cooper, R. A Lichter, R. L. Roberts, J. l.Am. Chem. S0d973  qoyblets (4.83 and 4.20 ppm) which are slightly downfield
(41) Leipert, T. K.; Noggle, J. HJ. Am. Chem. S0d.975 97, 269. from those observed at lower pH and a broad peak365

1236 Inorganic Chemistry, Vol. 42, No. 4, 2003



Uranyl lon with Iminodiacetate and Oxydiacetate

Table 1. Species Proposed in UranyIDA Solution and the Assigned Chemical Shifts

chem shifts) (ppm)
15C
species 1H CH, 15N c=0 CH,
HsIDA* 4.0 31.9
HoIDA 3.8 34.7 171.0 49.1
HIDA~ 3.6 37.1
IDAZ- 34 25.9 181.8 54.2
1:1 complex: N coordinating 42,48 53:64.1 184.8 57.7
1:1 complex: N noncoordinating 4.0 35.8-37.1 172.5-173.2 50.2-51.6
(rapid exchange with proligand)
1:2 complex: N coordinating 42,48 52.4 184.2 56.7
1:2 complex: N noncoordinating 3.7 38.9 171.6 49.2

ppm (Figures 2b and Supporting Information S6). In‘ie

Table 2. Best Fit Parameters, Occupancy, and Debyéller Factor

spectra (Figure 1c) in this pH range, there are two broad (29* (A?) for U Ls-Edge EXAFS of UranytIDA/ODA Systems

peaks at~38 ppm and~53 ppm. These data are consistent

1:1 urany+IDA at pH = 2.39

1:1 urany-ODA at pH= 1.90

with the presence of 1:2 uranylDA complexes (Figure 3, (R=33.3) (R=36.1)
D—F), with one or both IDA ligands coordinating through ~shell _occ (&) 20% (A%  occ r (A 20% (A?
one O atom from each carboxylate group and the central N 1 20 1.77+£0.02 0.004 20 1.7#002 0
atom, in dynamic equilibrium with 1:2 complexes with IDA 2 ‘1‘ S g-gi 8-33 g-gig ‘1‘ 8 g-gi g-gg 3-81‘11
coordinating through the carboxylate groups only. The : : : — :
doublets at 4.83 and 4.20 ppm each display a small shoulder. 11 “ra”y(;'zgjte‘;"' =439 11 Uranygojglaé)r’”: 3.42
These shoulders are at the same chemical shift (4.77 and hell R ' o7 (A2 A : o7 (A7
4.16 ppm) as the doublets observed in both uratiyA Shell oce A o (A oce rA i a)
systems at lower pH values, suggesting that the 1:1 tridentate ; i 8 ;;;)i 8:% 8:8(1)2 i 8 ;:;g g:gg 8_013
complex present at lower pH values exists as a minor species 3 1N 2544002 0004 10 258002 0.01
at higher pH. 4 4C 342£0.03 0017 4C 3.4%003 0.017
These!H NMR titration experiments illustrate the necessity _°> 1Y 433£005 0008 1U 43#005 001
for careful examination of solutions over the whole pH range. 1:2 urany-IDA atpH=6.09  1:3 urany-ODA at pH=4.36
Changes in speciation occur within quite narrow pH ranges, (R=286) (R=289)
and the full picture is required to interpret the data correctly. Shell_occ  r(&)  20*(A) occ  r(A) 20° (A?)
In summary, we suggest the following species (Table 1) 1 20 178002 0003 20 17&002 0
in solution, based on these NMR data and our previous % g(N) g:g’fi 8:35 g:géz ‘218 g:g& g:gg 8:814
studies on the solid-state structu?és'he °C NMR data 4 4C 3174003 001 4C 32%0.03 0018
are not as informative as tieN and*H NMR data but are 5 4C 338:003 0004 4C 34%003 001

totally consistent with the following hypothesis. In the 1:1  a0ccupancy is the number of atoms in the sHeR5 %.R is a measure
uranyIDA system, the main species in solution up to pH of the overall goodness of fit.

5 are free ligand and 1:1 complexes with coordination of
IDA either tridentate through the two carboxylate groups and
the central nitrogen atom or bidentate through the two
Kﬁ;ﬁ”ﬁggﬁ;ﬁ:ﬁ;ir]r:%hsbl?\lles)?ge?n_plrr??r?;taltzlgnu;ﬂgls studies, selected systems were studied using EXAFS to

IDA system, the same species as suggested for the 1:1 systerﬂ‘aterrlnlne the uratm#hm ct:)oo:df[?anon er:wronments of tth de.
are present at lower pH values. At higher pH values éH compiexes present. The best it parameters are presented in

4) the main species are 1:2 complexes, with each carboxylate-r"’u:)Ie 2, and possible structures for the urafflA/ODA

group coordinating to uranyl through one O atom and with Eqmple;(e_ls_hsugg(e:;esd by t?ese pgrasmeterst. arel |Iflustra:§d n
the central N atoms either coordinating or noncoordinating. \gure 5. The spectra are in supporting Information

. . Figure S10.
The uranyl-ODA system was studied usifg¢ NMR - )
spectroscopy, but no observable change of chemical shifts 1:1 Complexes (A, B) In the 1:1 uranytIDA/ODA

occurred under the experimental conditions investigated. Thissolunons atlow pH (2.39 an_d 1'9_0_' respecnv_ely), monomeric
may be a result of a very dynamic process taking place 1:1 complexes have been identified. The first coordination

which is fast compared to the time scale of the NMR experi- shell comprises the two oxygen atoms of the "”e".’“ yranyl

ment. Two possible processes are protonatgprotonation group, at 1.77 A from the central uranium atom, within the

or the breaking and re-forming of the-Depe bond. The normal range of U-O distance for the uranyl ion. The second
ether . .

second possibility is consistent with the suggestion of shell comprises four oxygen atoms, two from the carboxylate

Choppin et af? that the U-Ogner bond could be relatively ~ 9MOUPs In IDA/ODA a.nd wo, presumably, from water
more labile than the UN bond and therefore a stronger molecules. The equatorial-tD distances are 2.41 A for IDA

interaction of uranyl with the central nitrogen in IDA may
occur than with the ether oxygen in ODA.

Determination of Structures of Uranyl Complexes in
Solution by EXAFS. To confirm the existence of the
uranyIDA/ODA complexes predicted by these NMR

(42) Choppin, G. R.; Rao, L. F.; Rizkalla, E. Radiochim. Actal992
57, 173.
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and 2.38 A for ODA, which are normal. The last shell can in the normal equatorial JO range. However, as with the
be fitted with one nitrogen atom at 2.92 A in the case of the 1:1 complexes, fitting the third shell with two nitrogen atoms
IDA sample and one oxygen atom at 2.91 A in the case of at 2.91 A in IDA and two ether oxygen atoms at 2.90 A in
the ODA sample or with one carbon atom at 2.92 A in both ODA or two carbon atoms at 2.92 A in either case gives
cases. Normally, EXAFS cannot distinguish among nitrogen, very similarR-factors. There are several possible rationaliza-
oxygen, and carbon in the molecule, but in this caseRhe tions for this result. First, the absence of a formatN/
value (goodness of fit parameter) was decreased by ca. 10%0emer bond within the eight-membered chelate ring may
by using N to fit the IDA data and O to fit the ODA data, reduce steric crowding at the uranium center and accom-
although neither of these can be distinguished from carbon.modate the motion of ligand atoms of the ring in the solution
These distances are longer than the normal equatoriéd U phase. Second, the distance of 2.9 A may represent a
or U—O distances but would be reasonable for a@ dynamically averaged distance arising from the presence of
distance in a complex formed by terminal bidentate coor- a nonbonding W-N/Ogyer interaction arising from one
dination through a single carboxylate grotipdowever, the bidentate and one tridentate IDA/ODA ligand, as identified
NMR data discussed earlier show a significant interaction for the ODA ligand in [(CH),NH(CH,),NH(CHs),][UO,-
between U and N and the presence of chelate rings containingdODA),].%8 In the EXAFS analysis, the eight carbon atoms
methylene carbon atoms with inequivalent protons. There- belonging to the two IDA/ODA ligands form two groups of
fore, terminal bidentate coordination is unlikely. The peak four with different distances to uranium. This is consistent
at 3.6 A is ascribed to multiple scattering in the uranyl unit. with either of these two possible geometries. Third, as noted
Therefore, the EXAFS analysis is consistent with the above, in fluid solution the IDA/ODA ligands may be
presence of monomeric 1:1 uramf{DA/ODA complexes anchored to uranium by 1,7-bidentate coordination through
in low pH aqueous solution, in which the uranyl group is the carboxylate oxygen atoms, but the nitrogen and ether
coordinated by one IDA/ODA and two water molecules, oxygen atoms may instantaneously present a range-&4/U
although the mode of coordination of the ligand cannot be Oger distances from complex to complex.
defined unambiguously. From the NMR and EXAFS data, as well as previous
2:2 Complexes (C) The 2:2 uranytIDA/ODA dimeric studies on the solid-state structuf@43the following com-
complexes isolated in the solid state were found in the 1:1 plexes are suggested (Figure 3). In the 1:1 uranyl-IDA/ODA
solutions at intermediate pH values (4.39 for IDA and 3.42 system, free ligand and complexes of the typesndB are
for ODA), although these species were not predictable from dominant at low pH, while typ€ is present in the pH range
the NMR data and their existence in solution should be 4—5. In the 1:2 uranyl-IDA/ODA system, below pH 4
viewed with a degree of caution. This could arise either from complex typesA andB occur. As the pH is raised, there is
the presence of an equilibrium between 1:1 and 2:2 speciesa transformation via a complex of tyji& to give predomi-
which favors the 2:2 species at higher pH, but the 2:2 nantly 1:2 uranyl-IDA/ODA complexes of the typ&s—F.
complex is never dominant because of the onset of precipita-A trace of 1:1 complex is still observable above pH 7.
tion, or from the signal of the 2:2 uranylDA complex Stability Constants of Uranyl Complexation with IDA
overlapping with that of the 1:1 complex. In these species, and ODA. Experimental and fitted potentiometric titration
two uranyl groups are bonded together by fwehydroxo  curves of the ligands and of solutions containing 1:2 molar
bridges, and each IDA/ODA ligand is tridentate to one uranyl ratios of uranyl ion to the respective ligand are illustrated in
center. The total coordination number for each uranium atom sypporting Information Figure S11. Plots of the difference
is seven. The B0, U=N/Oetne; and U-C distances are in - petween the experimental and fitted curves for the 1:2
very good agreement with those obtained from X-ray yranyt-ligand solutions are shown in Supporting Information
crystallographic study of the 2:2 dimeric compleXe3he Figure S12.
U—U distances, determined by solution EXAFS analysis, are The model used to fit the data for the 1:2 uranlijand

4.33 A for the IDA complex and 4.31 A for the ODA jations incorporated the three types of complex (1:1, 1.2,

complex, Io_nger_than the resul_ts obtaine_d crystallographically and 2:2) found by NMR and EXAFS spectroscopies. Other
for these dimeric complexes in the solid state (3.85(1) and models including protonated and (in the case of IDA)

3.76(1) A for the IDA and ODA complexes, respectively). ,yiyrarionic ligands were tried, but in most cases the fitting
This difference is consistent with a relaxation of the structure process did not converge to a stable solution. Even in the
in the solution phase, which ;uggests that the physical staterases where it did, the improvement in overall goodness of
anc}i hence the local surr]r_oundmg_s of the complex, affects theg a5 not significant and certainly insufficient to justify
pz-hydroxo bridging. This U distance suggests an-@ the inclusion of the extra (protonated) species without
distance of~2 A which, although substantially less than the  g004ro5c0pic evidence for their presence in solution. Ad-

equivalent distance in the solid state, is still greater than the yi0n- support for the proton displacement model used here

sum of the relevant van der W.aals radi. _is obtained from the extensive liberation of protons on
1:2 Complexes (D-F). The 1:2 complexes are found in - complexation to uranium, which could not occur if the

the 1:2 uranytIDA solution at pH= 6.09 and in the 1:3  ;ompjexes were protonated. The protonation and stability
uranyODA solution at pH= 4.36. The U-O distances in

the Ura”Y' group are typical. The distance fro_m the four (43) Battison, G. A.; Sbrignadello, G.; Bandoli, G.; Clemente, D. A.; Tomat,
oxygens in the second shell to the central uranium also fall G.J. Chem. Soc., Dalton Tran$979 1965.
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Table 3. Protonation/Stability Constants and Thermodynamic Constants of Neutralizationl@AM ;ODA and Uranyt-IDA/ODA Complexe$

complex logB AH (kJ mol?) AS(J K™t mol™) ref

[HIDA] - 9.34 —34+1 63 44, 48
9.524 597 —37+2 58+ 7

H2IDA 11.95 —5+2 33 44

12.06+ 092 -5+2 32+7
[H3IDA] * 13.77 44, 4%
13.73+ 052

UO,IDA 8.96 27, 44
9.90+ %8 1242 230+ 8

[UO(IDA)2]* 16.42+ 03 8+2 151+ 9

[(UO2)z(IDA) 2(OH)]* 10.80+ 053 -33+3 —-283+ 11

[HODA]~ 3.93 3.2 82.8 46, 47
3.94+ 3% 2605 84+ 2

H,ODA 6.72 -16 47.3 46, 47
6.67+ 0o —2.3+05 444+ 3

UO,0DA 5.11 2
577+ 0% 26+ 2 198+ 12

[UO2(ODA),]2~ 754 o
7.84+ 028 20+2 106+ 8

[(UO2)(ODA)(OH)]*~ 4.29+ 0% —24+2 —219+8

0.90

aResults are for this study unless otherwise stat@®.°C, | = 0.1 M KNOs. €25°C, | = 0.1 M NacClQ.

constants computed for all species are given in Table 3 andon the uranyt-ODA system compared with the uraryiDA
compared with values in the literatute?’ system, and small differences between constants obtained

The logp values for the 1:1 IDA complex (9.90) are rela- from this work and those in the literature probably arise from

tively high compared to the lo@ values for other 1:1
uranyk-carboxylate complexes (6.36 (oxalaté§5.43 (ma-
lonate)?**° and 8.65 (glyciné}), suggesting that IDA

behaves as a tridentate ligand in this 1:1 complex, coordinat-

differences in experimental conditions. Di Bernardo €t al.
have given 10.03 as the Igbvalue for a complex formulated
as [UQ(HODA)(ODA)] .

Di Bernardo and co-workers have used their stability

ing through the two carboxylate groups and the central constants for the uranylDA/ODA system&2 to suggest
nitrogen atom. The value found here for the 1:1 complex is that the coordinating ability of the nitrogen atom in IDA is

a little higher than the published ones, probably becausegreater than that of the central (ether) oxygen atom in ODA.
different models were used in the computation. Few stability However, the supporting evidence is not very strong. First,
constants have been published for the 1:2 complex since mosti20DA is a stronger Bragnsted acid thanlBIA, so ODA?~
workers have interpreted the data in terms of a monomericis a weaker conjugate base. The identity of the heteroatom

1:1 uranyt-IDA chelate only.

The stability constant for the 1:1 uraryDDA complex
is lower than that for the 1:1 uranylDA complex, although

clearly affects the carboxylate donors in this pair of ligands,
so it may not be valid to separate out the effects of the central
N and Quer because the carboxylates are not a constant.

the EXAFS data suggests that ODA is also tridentate in the S€cond, although the Gibbs free energy change on com-

1:1 complex. The lower stabilities of the uramf®DA
complexes compared to the uraryDA complexes may

plexation, as measured by the stability constant, is more
favorable for IDA than for ODA, this does not necessarily

reflect the difference in ligand basicities as is seen, for provide information concerning the relative energies of the

example, in the uranylglycine and glycolic acid examples.

The protonation constant of glycolic acid, &g = 3.62, is
lower than that of glycine, for which log; = 9.83. On

coordination to uranyl, the weaker glycolic acid gives lower
stability constants (log; = 2.40) than the glycine complex
(log 1 = 8.65)#651-%4 Fewer studies have been carried out

(44) Martell, A. E.; Smith, R. M.Critical Stability ConstantsPlenum
Press: New York, 1974; Vol. 1,

(45) Kugler, G. C.; Carey, G. Hlalanta197Q 10, 907.

(46) Martell, A. E.; Smith, R. M.Critical Stability ConstantsPlenum
Press: New York, 1977; Vol. 3.

(47) Miyazaki, M.; Shimoishi, Y.; Miyata, H.; Tai, K. J.J. Inorg. Nucl.
Chem.1974 36, 2033.

(48) Havel, JCollect. Czech. Chem. Commur869 34, 3248.

(49) Rajan, K. S.; Martell, A. EJ. Inorg. Nucl. Chem1967, 29, 523.

(50) Vanni, A.; Ostacoli, G.; Roletto, Ann. Chim. (Rome)969 59, 847.

(51) Farooq, O.; Malik, A. U.; Ahmad, N.; Rahman, S. M.J-Electroanal.
Chem. Interfacial Electrocheni97Q 24, 464.

(52) Verdier, E.; Bennes, R. Chim. Phys1969 66, 1225.

(53) Ahrland, SActa Chem. Scand.958 7, 485.

U—N and U—Ocgterbonds since\G contains both enthalpic
and entropic components. This issue has been further
explored in the following calorimetric study, in which the
stability constants obtained here were employed.
Thermodynamic Properties of Uranyl Complexes with
IDA and ODA. The titration of uranyl using partially
neutralized HIDA (1 IDA2, 0.5 H, 1.5 Na’; Supporting
Information Figure S13) shows that there are two steps in
the reaction. The first part is the endothermic complexation
of uranyl with IDA. The second part is exothermic because
the neutralization of protons gives out more heat than the
complexation of residual uranyl absorbs. In the case of ODA
(Supporting Information Figure S13), because complexation
is strongly endothermic, the overall reaction is always
endothermic, even though the neutralization of protons gives

(54) Magnon, L.; Tomat, G.; Bismondo, A.; Portanova, R.; Croatto, U.
Gazz. Chim. Ital1974 104 967.
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out some heat. With allowance for the neutralization of three types of metal:ligand complexes have been identified
protons, uranyl complexation with ODA is therefore more in solution: 1:1 and 1:2 monomeric; 2:2 dimeric. Because
endothermic than with IDA. The calculated thermodynamic the EXAFS spectra for the three kinds of complexes are
constants for uranyl complexation with IDA and ODA are distinct, it can be concluded that EXAFS is diagnostic of
reported in Table 3 and show that, for the 1:1 and 1:2 these three different compositions, although it cannot dis-
complexes, the complexation reactions are stabilized by tinguish unambiguously between terminal bidentate and 1,7-
entropy changes, while the enthalpy components opposecoordination in the monomeric complexes. However, the
coordination, a common trend in the coordination chemistry NMR data provide strong evidence for the 1,7-coordination
of uranyl in aqueous solutior?®5557 Compared with other  mode.

carboxylate ligands, the high stability constants and com-  The stability constants of the uramyiDA/ODA com-
parableAH values reflect the generally larger positiS  plexes were measured by potentiometric titration, and their
values. Thus, Di Bernardo et &have given a\Svalue for  thermodynamic constants by calorimetric titration. A three
1:1 uranyt-IDA complexation of 161 J K* mol™* at 25°C, species model incorporating all the complex types identified
| =0.1 M (NacClQ), but theirAH value is—2.2 kJ mof™. spectroscopically (1:1 and 1:2 monomers; 2:2 dimer) was
This is unusual, since most reactions of uranyl with pro- ;seq o determine the stability constants and thermodynamic
ligands are endothermic and accompanied by positive en-n,rameters. As is common with uranyl chemistry in aqueous
thalpy changes (but see belof)The less positivé\H and oy tion, the complexation reactions for the 1:1 and 1:2
more positiveAS in uranyt-IDA complexation compared .ot IDA/ODA complexes are endothermic and stabilized
to urany-ODA complexation could be explained in terms by entropy changes. However, the formations of the 2:2

of a greater covalency in tN cqmpared with &-Oetner dimers are unusual as the reactions are exothermic.
bonds? In contrast to the monomeric complexes, the enthalpy
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