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COMMUNICATION        

Spectroscopic and computational characterization of DTPA-
transplutonium chelates: evidencing heterogeneity in the heavy 
actinide(III) series
Gauthier J-P. Deblonde,[a] Morgan P. Kelley,[b] Jing Su,[b]  Enrique R. Batista,[b] Ping Yang,[b] Corwin H. 

Booth,*[a] and Rebecca J. Abergel*[a,c] 

Abstract: The chemistry of trivalent

transplutonium  ions  (Am3+,  Cm3+,  Bk3+,  Cf3+,  Es3+…)  is  usually

perceived  as  monotonic  and  parallel  to  that  of  the  trivalent

lanthanide  series.  Herein,  we  present  the  first  extended  X-ray

absorption fine structure (EXAFS) study performed on a series of

aqueous heavy actinide chelates, extending past Cm. The results

obtained on diethylenetriaminepentaacetic acid (DTPA) complexes

of trivalent Am, Cm, Bk, and Cf  show a break to a much shorter

metal-oxygen  nearest-neighbor  bond  lengths  in  the  case  of  Cf3+.

Corroborating those results,  density functional  theory  calculations,

extended to Es3+,  suggest  that  the shorter  Cf-O and Es-O bonds

could arise from the departure of  the coordinated water molecule

and contraction of the ligand around the metal relative to the other

[MIIIDTPA(H2O)]2- (M  =  Am,  Cm,  Bk)  complexes.  Taken  together,

these  experimental  and  theoretical  results  demonstrate

inhomogeneity  within  the  trivalent  transplutonium  series  that  has

been insinuated and debated in recent years, and that may also be

leveraged for future nuclear waste reprocessing technologies.

The actinide series has irrevocably changed the world since it
has been filled with the transuranium and then transplutonium
elements  between  1940  and  1961.[1,2] Sixty  to  seventy  years
later, and in light of tremendous progress in the synthesis of new
elements up to Og (Z = 118),[3] the four transplutonium elements
from Am (Z = 95) to Cf (Z = 98) are still the heaviest atoms for
which  bulk  chemistry  experiments  can  be  performed.  The
presence of those elements in nuclear waste[4–6] and the need for
pure heavy actinide targets for the generation of  super heavy
elements[7] call  for  a  more  in-depth  understanding  of  their
coordination  chemistry.  Nonetheless,  the  limited  availability  of
Am or Cm research isotopes and the rarity of purified isotopes of
Bk or Cf, combined with their highly radioactive nature, hamper
the acquisition of fundamental data in this region of the periodic
table.
In  contrast  to  the  lanthanide  (Ln)  series,  transplutonium
chemistry studies are scarce and most of the data have been
acquired using tracer techniques or computational approaches. [8]

Among the trivalent actinides (An), Cm is undoubtedly the most
studied,  owing  to  its  luminescent  properties[9–12] and  the

availability of its long-lived isotope 248Cm (t1/2 = 3.49x105 y) to a
handful  of research institutions. A fair number of studies have
also been performed on Am[13–18] due to its moderately long-lived
isotopes  241Am (t1/2 = 433 y) and  243Am (t1/2 = 7 388 y). Studies
beyond Cm are more difficult to conduct, as (i)  249Bk (t1/2 = 330
days), the sole Bk isotope available for research purposes, is
produced rarely and in minute amounts, and (ii) the only two Cf
isotopes accessible for chemistry are relatively short-lived and
emit alpha particles, hard gamma rays, and neutrons (249Cf, t1/2 =
352 y; 252Cf, t1/2 = 2.6 y).[2] The aqueous chemistry of the Am-Cf
series  has  long  been  overlooked  and  considered  to  be
homogeneous  with  the  +III  oxidation  state  dominating  in
solution, where the affinity for a given ligand is mainly governed
by the size of the metal ion, similar to what is observed in the Ln
series, but with a slightly greater degree of covalency.
Recent solid-state studies,[19,20] performed at the milligram scale

with Am, Cm, Bk, and Cf,
showed  that  the  Bk3+

dipicolinic  acid  (HDPA-)
complex  shares
crystallographic  features
with  its  Cf3+ analogue,
whereas  the  ligand-field
effect on Bk3+ is similar to
that on Cm3+.  Within  the

HDPA- complexes, a linear trend is observed along the An III-O
bond  lengths  determined  from  single  crystals  of  Am3+,  Cm3+,
Bk3+,  and  Cf3+ (Figure  S1).  This  trend  is  similar  to  that
extrapolated  from  independent  EXAFS  studies  previously
performed  on  aqueous  solutions  of  An3+ in  weakly  or  non-

complexing media (Figure S1 and Table S3).[16,21–27] The use of a
very  rigid,  sterically  constrained,  prone  to  hydrogen-bonding,
and  relatively  weak  chelator  such  as  HDPA- likely  results  in
limited  interactions  with  actinide  ions  and  prevents  subtle
structural differences within the An3+ series from being revealed. 
Here, we selected diethylenetriaminepentaacetic acid (DTPA) as
a  model  ligand  to  examine  bond  trends  in  solution  for  the
trivalent series of transplutonium elements (Scheme 1). DTPA is
a hard donor chelator with three tertiary amine nitrogens and five
unconstrained  carboxylate  binding  units  that  can  act  as  a
relatively  flexible  octadentate[28] or  nonadentate[29] ligand,

Scheme  1.  Left:  structure  of  H5DTPA.  Right:  [AnIIIDTPA]2- complex,  with
coordinating atoms represented as balls and all others as sticks. Hydrogen
atoms are hidden for clarity.[a] Dr. G. J-P. Deblonde, Dr. C. H. Booth, Prof. R. J. Abergel
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depending  on  the  metal  center.  Beside  the  use  of  its  Gd3+

complex as a contrast agent for magnetic resonance imaging,[30]

DTPA is of primary importance in the nuclear chemistry field for
multiple reasons. It is, as of today, the only compound approved
by the U.S. Food and Drug Administration for use as a counter
poisoning  drug  in  the  case  of  internal  contaminations  with
actinides.[31] Further,  DTPA and  its  derivatives  are  studied  for
industrial  processes  that  aim  at  recycling  nuclear  waste  and
separating An from Ln fission products as, for example, in the
TALSPEAK process.[32] In the frame of this study, DTPA is also
convenient because it is one of the rare ligands for which the
crystal  structures  of  several  Ln3+ complexes  have  been
determined,[28,29,33–38] in  addition  to  two  EXAFS  data  sets [39,40]

available on the Eu3+ and Gd3+ chelates. DTPA was also chosen
in this study because it exhibits high stability constants with the
An3+  ions (log  β110 ≈ 23 at 25ºC)[41] but its affinity for tetravalent
ions is not strong enough to spontaneously oxidize Bk3+ to Bk4+,
as recently observed for more powerful  chelators such as the
hydroxypyridinonates.[42] Hence, the entire aqueous trivalent Am-
Cf series can be studied in the presence of DTPA.

Figure  1.  EXAFS data  and  fit  results  for  aqueous  solutions  of  An III-DTPA
complexes (An = Am, Cm, Bk, or Cf). Upper panel: results in k-space. The raw
(unfiltered) data reveal error bars estimated by the standard deviation of the
mean of between 12 and 49 traces. The filtered data and fit in the upper panel
are back-transformed over the fit range (see ESI for details). Note that the fit in
k-space is properly compared to the filtered data, not the unfiltered data. The
differences between unfiltered data and the filtered data at low k are primarily
due  to  the  low-r  region  of  the  r-space  data.  The  peaks  near  1  Å  in  the
transform are likely due to so-called “Atomic XAFS” (AXAFS), [43] and so are
excluded from the fit  range.  Lower  panel:  corresponding Fourier  transform
(FT) of the data and fit. Data errors are calculated in the same way as in the
upper panel. Ordinates have been shifted for clarity.

Surprisingly, no experimental structural data is available on the
AnIII-DTPA systems: no crystal structure has been reported and
no EXAFS study has been performed, to date. Moreover, to the
best of our knowledge, no EXAFS study has ever been done on
any Bk or Cf chelate. Thus far, two experimental EXAFS studies
have been reported on Cf3+[22,23], only one on Bk3+[21], and all three
were performed on the aqua ions (in dilute HCl or HClO4). This
work therefore represents the first case study of  the aqueous
complexation  of  Am3+,  Cm3+,  Bk3+,  and  Cf3+ by  an  organic
molecule  probed  by  EXAFS  spectroscopy,  providing  an
unprecedented  perspective  for  comparing  coordination  trends
within  the  series.  Seeking  a  more  thorough  understanding  of
these  AnIII-DTPA  systems,  density  functional  theory  (DFT)
computations were also performed on the series and extended
to Es, the chemistry of which remains challenging to investigate
experimentally.

A series of aqueous samples of AnIII-DTPA was prepared at pH
7-8 to  ensure deprotonation of  the ligand and formation of  a
single  species  in  solution (i.e. [AnIIIDTPA]2-).[41,44] The  samples
were  triply  contained  in  a  slotted  aluminum  sample  holder
allowing the EXAFS spectra to be measured at beamline 11-2 of
the  Stanford  Synchrotron  Radiation  Lightsource (SSRL).  The
high photon flux and availability of a 100-element Ge detector at
SSRL,  the  optimization  of  the  procedure,  and  prolonged
acquisition  times  (up  to  12  hours)  facilitated  the  collection  of
EXAFS data at the LIII edges using only 1.7 μg of 249Bk, 3.3 μg of
249Cf, 10.9 μg of 248Cm, and 27.1 μg of 243Am.
Figure  1 shows  the  experimental  and  fitted  LIII edge  EXAFS
spectra  of  the  AnIII-DTPA  complexes  as  well  as  their
corresponding Fourier transforms. A complete description of the
data reduction procedures, fitting methods,[45–49] and full results,
are  given  in  the  ESI.  Qualitatively,  the  EXAFS  signals  are
reasonably  well  described  by  a  fitting  model  based  on  the
calculated  AnIII-DTPA  structures.  Here,  we  focus  on  the  5
nearest neighbor An-O pair distances. The fit  model assumes
scattering shells around the An3+ ion that correspond to reported
LnIII-DTPA crystal structures and the DFT calculations reported
here for AnIII-DTPA species. The nearest neighbors correspond
to the five  carboxylate  groups of  the  DTPA ligand, which are
closely followed by three nitrogens from the tertiary amines of
the ligand. The EXAFS fits indicate that the An-O bond length
varies between 2.36(1) and 2.42(2)  Å for the four studied An3+

(Table 1), while the An-N distances vary from 2.58(2) to 2.71(3)
Å (Table S2). An additional oxygen atom to model either a water
molecule  or  bidendate  carboxylate  coordination  was  also
included to complete the nonadentate coordination (see below),
with a fitted bond length between 2.4 and 3.0 Å (Table S2). Its
inclusion did not significantly affect the other fit results. The An-O
bond distances in the DTPA complexes are more sensitive to the
nature of the metal center compared to the nitrogen atoms since
the position of the latter is constrained by the geometry of the
ligand. For example, across the Ln III-N (Ln = Nd to Yb) series, no
clear  trend  is  observed,  with  the  bond  lengths  comprised
between  2.55  and  2.80  Å  i.e. all  are  equal  within  the
experimental uncertainties (Figure S2). Similarly, no clear trend
is observed for the AnIII-N bonds of the DTPA complexes derived
from EXAFS. 
In contrast, a clear gap, significantly larger than the experimental
uncertainty, is observed between the M-O bonds of the Am, Cm,
Bk complexes and that of Cf. The AnIII-O bond distance evolves
as follows: 2.41(1), 2.41(1), 2.42(2), and 2.36(1) Å for Am, Cm,
Bk, and Cf, respectively (Table 1 and Figure 2). As mentioned
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above, the previously published crystal structures of nine Ln III-
DTPA  compounds  (Table  S4)[28,29,33–38] can  be  used  as  a
benchmark for their An counterparts. In the Ln3+ complexes, the
metal is always nona-coordinated by 5 carboxylate oxygens, 3
nitrogens,  and  one  extra  oxygen  coming  from either  a  water
molecule or a bidentate carboxylate. Two independent EXAFS
studies[39,40] have also determined the M-O bond lengths for the
GdIII-DTPA  and  EuIII-DTPA  species  and  are  in  excellent
agreement with the crystallographic studies, validating our use
of  EXAFS  for  characterization  and  allowing  for  direct
comparisons with reported crystal structures (Figure 2).

Figure  2.  M-O bond  lengths  of  trivalent  lanthanide (Ln)  and actinide  (An)
complexes of  DTPA.  Blue diamonds:  single  crystal  X-ray structures.  Black
triangles (Ln) and orange circles (An): aqueous solution EXAFS. Two different
structures were reported for the Dy III and YbIII complexes. Ionic radii taken from
Lundberg et al.[50,51] For clarity, the abscises of EXAFS data for EuIII and GdIII

have been shifted by +0.001 Å-1. See SI for numerical values.

The  ionic  radii  of  nona-coordinated  Ln3+ and  An3+ ions  have
recently been revisited by Lundberg et al.[50,51] and the Am3+-Cf3+

series fits between the ionic radii of Nd3+ and Eu3+. As depicted in
Figure 2, a smooth decrease in the MIII-O distance is observed
across the Ln-DTPA series, although the reported values from
NdIII to DyIII are identical within the experimental error. The bond
lengths  for  the  Am3+,  Cm3+ and  Bk3+ complexes  are  slightly
shorter but statistically in the same range as their isometric Nd3+

and Sm3+ analogues. In contrast, the Cf3+ system departs from
the  other  An3+ chelates,  displaying  MIII-O  bond  lengths
significantly shorter than those expected from the two Ln ions of
similar  size,  Sm3+ and Eu3+,  but  in  the  same range as  those
observed with the much smaller Er3+ ion. The difference between
Bk3+ and Cf3+ systems is significantly more important than the
differences  observed  between  corresponding  adjacent  Ln3+

chelates, and cannot be attributed to a simple decrease in the
actinide ionic radius. These results represent the first example
where  a  strong  distinction  can  be  made  between  the
macroscopic  solution chemistry  of  Cf3+ and that of  the  lighter
An3+ ions. 

The crystallization methods reported in the literature [28,29,33–38] for
the  LnIII-DTPA  compounds  could  not  be  applied  to  the
transplutonium  systems  due  to  the  large  amount  of  metal
needed. However, the geometry of the AnIII complexes could be
optimized computationally.  The corresponding  Es  system was
probed as well, even though EXAFS experiments are currently
not possible due to the limited availability of this element. Table

1 gives the comparison between the computed and measured
AnIII-O distances. 

Table 1. Comparison of the average M-Ocarboxylate bond lengths (in Å) computed
for the AnIII-DTPA systems and the results obtained by EXAFS.

 Computed
[AnIIIDTPA]2-

Computed
[AnIIIDTPA(H2O)]2-

EXAFS
results

Americium 2.42 (2)[a]

2.42[c]

2.44 (2)[a]

2.44 (1)[b]

2.44 (4)[c]

2.44 (3)[d]

2.412 (6)

Curium 2.41 (1)
2.41[c]

2.44 (3)[a]

2.44 (1)[b]

2.43 (4)[c]

2.405 (5)

Berkelium 2.39 (1) 2.42 (3)[a]

2.42 (1)[b]

2.42 (2)

Californium 2.382 (7)
2.37[c]

2.41 (3)[a]

2.408 (9)[b]

2.39 (4)[c]

2.36 (1)

Einsteinium 2.38 (1) 2.41 (3)[a]

2.404 (7)[b]

/

[a]: Structures optimized without constraints, resulting in intramolecular H2O-
DTPA  hydrogen  bonding.  [b]:  Structures  without  intramolecular  hydrogen
bonds (see SI, pages S7-S9); optimized using constraints. [c]: Leguay et al. [44]

[d]: Roy et al.[52]. Both [c] and [d] are optimized without constraints and resulted
in intramolecular hydrogen bonding.

Cm3+ luminescence lifetime measurements[40] on aqueous DTPA
samples at pH 3.6 to 13.0 and data treatment using Kimura’s
method[53] suggested the presence of 1.4 to 1.8 water molecules
around  the  metal.  Nonetheless,  recent  DFT  calculations
indicated that the dihydrated complex, [AnIIIDTPA(H2O)2]2-, is not
stable.[44] Moreover,  all  LnIII-DTPA  crystal  structures  contain
either  one  or  zero  water  molecules.  Therefore,  DFT
optimizations using an implicit water solvent were performed for
the [AnIIIDTPA]2- and [AnIIIDTPA(H2O)]2- species. Both series of
computed structures show a decrease in the MIII-O bond across
the  transplutonium  series  and  the  results  are  in  excellent
agreement  with  previous  DFT calculations  performed  on  the
Am3+,  Cm3+,  and  Cf3+ systems.[44,52]. The computational  results
converged  toward  shorter  AnIII-O  bond  lengths  for  the  non-
hydrated complex. For the Am3+,  Cm3+,  and Bk3+ chelates, the
experimental data are within the uncertainty of the methods so
that we cannot assert whether the complex is hydrated or not.
Nonetheless,  both  tested  configurations  give  similar  AnIII-O
bonds, within 0.02 Å for the Am, Cm, and Bk species, in close
agreement with the EXAFS results.
Experimentally,  the  difference  between  the  BkIII-O  and  CfIII-O
bonds is 0.06 Å. The best match for the short CfIII-O bond length
(2.36(1) Å) is obtained for the species [CfIIIDTPA]2- with a value
of 2.382(7) Å, compared to 2.41(1) Å for [CfIIIDTPA(H2O)]2-. DFT
calculations yield a difference of only 0.01  Å if  the Bk and Cf
species were both  [AnIIIDTPA(H2O)]2- and  0.03  Å if  they were
both [AnIIIDTPA]2-. The highest gap between the BkIII-O and CfIII-
O  (0.038  Å)  is  obtained  when  considering  the  non-hydrated
species for  Cf  and the mono-hydrated  species  for  the  lighter
elements. The optimized geometries of the Es3+ complexes are
nearly  identical  to  those  of  the  Cf  species,  and  based  upon
comparison  of  the  other  computed  structures  with  EXAFS
measurements, we would predict Es3+ to primarily form the eight
coordinate  [EsIIIDTPA]2- complex.  The effects  of  intramolecular
H2O-DTPA  hydrogen  bonding  on  the  [AnIIIDTPA(H2O)]2-
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structures  have  been  noted  by  Roy  et  al.[52] and  are  further
described in the ESI  (pages S8-S9).  The  average M-Ocarboxylate

bond  lengths  in  structures  optimized  without  these  hydrogen
bonds are  shown in Table  1,  and result  in a  decrease in M-
Ocarboxylate bond variance.

In order to further elucidate the addition of the water molecule to
the  [AnIIIDTPA]2- species,  the  free  energies  of  water  addition
(ΔGwater) following reaction 1 were calculated (Table 2). 

[AnIIIDTPA]2- + (H2O)9 →  [AnIIIDTPA(H2O)]2- +
(H2O)8

(1
)

Table 2. Calculated free energies  for the addition of water to
the [AnIIIDTPA]2- complexes ΔGwater (kcal/mol) (reaction 1).

Am Cm Bk Cf Es

ΔGwater -1.51 -1.82 -1.03 0.28 0.25

Calculated  ΔGwater values were determined using implicit water
solvation  at  high  pressure,  with  corrections  for  basis  set
superposition  error  and  spin-orbit  coupling;  details  for  all
implemented  corrections  are  provided  in  the  ESI  (page  S7).
Water  clusters  were  used  to  more  accurately  represent  the
energy  of  water  molecules  in  solution.[54,55] Computed  ΔGwater

values for Am and Cm complexes are grouped closely together,
approximately  1.7  kcal/mol  lower  in  energy  than  Cf  and  Es.
ΔGwater for Bk is intermediate between Cm and Cf, but is still >1
kcal/mol more favorable than Cf.  This indicates that the three
earlier actinide complexes are more likely to have an associated
water molecule than the two later complexes. It is important to
note that ΔGwater for the Am, Cm, and Bk complexes is negative,
while ΔGwater for the Cf and Es complexes is positive, suggesting
the addition of the water molecule to the [AnIIIDTPA]2- (An = Am,
Cm, Bk) complexes is probable, while the Cf and Es complexes
are more likely to be  [AnIIIDTPA]2-. However, the ΔGwater values
for  all  five  complexes  are  quite  close  to  0,  indicating  that  a
dynamic  equilibrium  of  water  binding  can  be  established  in
solution at room temperature. Based on the calculated ΔGwater

values,  we would  expect dynamic simulations to  show longer
resonance times of the water in the 1st solvation shell of Am and
Cm than Cf  and Es.  Ab-initio molecular dynamics simulations
are  likely  needed to  definitively  answer  this  question, but the
timescales necessary to simulate water exchange events around
AnIII ions  in  bulk  solution  are  beyond  current  computational
capabilities.[56]

In conclusion, the solution chemistry of heavy actinide chelates
(AnIII-DTPA, with An = Am, Cm, Bk, and Cf) was probed for the
first  time  by  EXAFS  spectroscopy.  The  results  show  Cf III-O
distances about 0.06  Å shorter than for the lighter An3+ ions; a
gap  beyond  expectation  by  analogy  to  the  Ln  series.  DFT
calculations  corroborate  the  experimental  findings  and  also
show a pivot in the AnIII-DTPA series, where the Cf3+ and Es3+

complexes exhibit much shorter M-O bonds compared to their
Am3+,  Cm3+,  and  Bk3+ analogues.  The  shrinkage  of  the  AnIII-
O(carboxylate) bonds is explained by the departure of a water
molecule in the Cf and Es complexes, whereas the most likely
species  for  Am,  Cf,  and  Bk  is  [AnIIIDTPA(H2O)]2-.  This
explanation is further supported by the calculated energies of
water  addition.  The  use  of  multidentate,  strong,  and  flexible
ligands, such as DTPA, appears instrumental to magnify subtle
differences in the trivalent actinide series. This class of chelates

could be leveraged for separating Cf from the adjacent actinides
and for future works on elements heavier than Pu.
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