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ABSTRACT: Trivalent actinides generally exhibit ninefold coordi Tenfold Coordination of Actinides in Solution
nation in solution. 2,6 Bis(5,6 dipropyl 1,2,4 triazin 3 yl)pyridine
(nPr BTP), a tridentate nitrogen donor ligand, is known to form
ninefold coordinated 1:3 complexes, [An(nPr BTP);]** (An = U,
Pu, Am, Cm) in solution. We report a Cm (III) comglex with tenfold
coordination in solution, [Cm(nPr BTP),(NO,)]**. This species
was identified using time resolved laser fluorescence spectroscopy
(TRLFS), vibronic side band spectroscopy (VSBS), X ray photo

electron spectroscopy (XPS), and density functional theory (DFT).
Adding nitrate to a solution of the [Cm(nPr BTP);]** complex in
2 propanol shifts the Cm(III) emission band from 613.1 to 617.3
nm. This bathochromic shift is due to a higher coordination number
of the Cm(III) ion in solution, in agreement with the formation of
the [Cm(nPr BTP);(NO;)J** complex. The formation of this
complex exhibits slow kinetics in the range of 5 to 12 days, depending on the water content of the solvent. Formation of a complex
[Cm(nPr BTP),;(X)]** was not observed for anions other than nitrate (X~ = NO,~, CN~, or OTf"). The formation of the
[Cm(nPr BTP);(NO,)]** complex was studied as a function of NO;~ and nPr BTP concentrations, and slope analyses confirmed
the addition of one nitrate anion to the [Cm(nPr BTP);]* complex. Experiments with varied nPr BTP concentration show that
[Cm(nPr BTP);(NO;)]** only forms at nPr BTP concentrations below 10~* mol/L whereas for concentrations greater than 107
mol/L the formation of the tenfold species is suppressed and [Cm(nPr BTP),]** is the only species present. The presence of the
tenfold coordinated complex is supported by VSBS, XPS, and DFT calculations. The vibronic side band of the
[Cm(nPr BTP),;(NO;)]** complex exhibits a nitrate stretching mode not observed in the [Cm(nPr BTP),]** complex. Moreover,
XPS on [M(nPr BTP);(NO;)](NO;), (M = Eu, Am) yields signals from both non coordinated and coordinated nitrate. Finally,
DFT calculations reveal that the energetically most favored structure is obtained if the nitrate is positioned on the C, axis of the D,
symmetrical [Cm(nPr BTP);]** complex with a bond distance of 413 pm. Combining results from TRLFS, VSBS, XPS, and DFT
provides sound evidence for a unique tenfold coordinated Cm(III) complex in solution—a novelty in An(III) solution chemistry.
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INTRODUCTION The light trivalent lanthanides show ninefold coordination in

solution while the heavy lanthanides are coordinated eightfold.

2,6 Bis(5,6 dipropyl 1,2,4 triazin 3 yl)pyridine (nPr BTP, Fig
ure 1) is an extracting agent designed for the separation of
trivalent actinides from lanthanides." Its chemistry has been
studied extensively over the last 20 years (see reviews” ~ and
references therein). Being a tridentate ligand, nPr BTP forms
nine coordinate 1:3 complexes, [An(nPr BTP);]** (An = U,
Pu, Am, Cm) with trivalent actinides.°”"* Similar observations
were made for lanthanides.”™*"'~""

nPr-BTP

Figure 1. Molecular structure of nPr BTP.

An equilibrium between the coordination numbers (CN) eight
and nine is found for the intermediate trivalent lantha
nides."*™* The reduction in CN is due to the lanthanide
contraction. A similar trend is observed for trivalent actinide
ions, with the transition from CN = 9 to CN = 8 for Cm(III)—
Cf(III).” Yet, CN greater than nine are published for trivalent
lanthanides®**” and actinides”>**™>" in solution.

Table 1 gives an overview of published CN for trivalent
actinide ions in solution determined by extended X ray
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absorption fine structure spectroscopy (EXAFS), NMR, or
TRLFS.

Table 1. Overview of Coordination Numbers (CN) of
Trivalent Actinides in Solution

An(III)
U g83LI%a
Np 9’31,11,33,“ lo}l‘a
Pu 8’34,a 9’9,3,35;1 1029,31"1
Am 9’s,u,36,37,b,10,33,3<),¢ 10’23,u 11308
Cm S,w’b 9,403 123,328

“Determined by EXAFS. Error of CN 10—20%.””*'#** PDetermined
by TRLES. Error of CN + 0.5.*'** “Determined by 'H NMR.

Most of the published CN > 10 were determined by
EXAFS. Due to the error in CN (£10—20%) obtained by
EXAFS measurements and the conclusions described by the
authors,”?"** further techniques are needed to provide
unambiguous evidence for the existence of trivalent actinide
species with CN > 10 in solution.

The hydration of Am(III) in aqueous solution was studied
by TRLFS. CN = 11 was concluded from the fluorescence
lifetime, 74, = (204 + 2.1) ns*** The stated uncertainty in
lifetime measurement results in a range of 9.9 < CN < 12.6,
and the paper states that the high CN “may be caused by the
short lifetime of the Am(III) species and the limitations of the
spectroscopic equipment.”

The complexation of Cm(III) with triethylenetetramine
N,N,N',N",N"”,N""’ hexaacetic acid (TTHA) was studied by
TRLFS.*® Tenfold coordination without water in the first
coordination sphere was concluded from the Cm(III)
fluorescence lifetime of 7, = 602 s and a debatable tenfold
denticity of TTHA.>”*® However, later publications report
shorter florescence lifetimes corresponding to one inner sphere
water molecule.*”*!

To provide more evidence for a trivalent actinide species
with CN > 9 in solution, the complexation of Cm(III) with
nPr BTP in the presence of nitrate was thoroughly studied
using TRLFS, vibronic side band spectroscopy (VSBS), density
functional theory (DFT), and X ray photoelectron spectros
copy (XPS). The formation of a presumed tenfold coordinated
species was studied as a function of time and as a function of
the nitrate and nPr BTP concentrations. Furthermore, the
question was addressed whether an analogous species would
form in the presence of other small anions (NO,”, CN-,

OTF).
EXPERIMENTAL SECTION

Chemicals. Caution! ***Cm and **Am are a emitters. They have

to be handled in dedicated facilities with appropriate equipment for
radioactive materials to avoid health risks caused by radiation
exposure.

All commercially available chemicals (Alfa Aesar or Sigma Aldrich)
used in this study were analytical reagent grade and used without
further purification. nPr BTP was synthesized according to the
literature.*’

TRLFS Sample Preparation. A Cm(III) stock solution (2.12 X
1075 mol/L Cm(ClO,); in 0.1 mol/L HCIO; **Cm: 89.7%, **Cm:
9.4%, 2®Cm: 04%, **Cm: 0.3%, **Cm: 0.1%, *’Cm: 0.1%) was
used for preparing the Cm(III) samples. Tetrabutylammonium nitrate
(TBAN) was used as an organic nitrate salt. To perform experiments
in the absence of water, aliquots of the Cm(III) stock solution were

evaporated at 80 °C for 20 min before adding the organic solvent.
The starting volume of each sample was 1 mL.

For experiments in dependence of the nitrate concentration and
constant nPr BTP concentration, a 1 X 10”2 mol/L TBAN solution
was prepared by dissolving 6.08 mg in 2 mL 2 propanol. A 1 X
107% mol/L nPr BTP solution was prepared by dissolving 1.23 mg in
2 mL of 2 propanol. Samples were prepared by adding 4.7 uL
Cm(III) stock solution to the required volumes of TBAN and nPr
BTP solutions, 2 propanol, and, if needed, water. The resulting initial
Cm(II) concentration was 1 X 1077 mol/L. Samples were stored
under 2 propanol atmosphere to avoid evaporation of the solvent over
time.

For experiments in dependence of the nPr BTP concentration at
constant anion concentrations (NO,~, NO,”, CN~, OTf"), stock
solutions of the different anions were prepared: 2.0 mg of KCN
dissolved in 10 mL of methanol, 2.0 mg of NaOTf in 10 mL of
methanol, and 3.0 mg of NaNO, in 5 mL of ethanol. In the case of
nitrate the TBAN solution (described above) was used. A 1 X
10~ mol/L nPr BTP solution was prepared by dissolving 1.23 mg in
2 mL of the solvent containing 2 X 10~ mol/L of the respective
anion. 9.44 uL of the Cm(III) stock solution were evaporated, and
aliquots of the KCN, NaOTF, NaNO,, or TBAN solutions were
added to yield anion concentrations of 2 X 10~° mol/L and an initial
Cm(1I) concentration of 2 X 1077 mol/L. Aliquots of the nPr BTP
solution were added.

TRLFS Measurements. TRLFS measurements in the presence of
various anions (NO;~, NO,~, CN~, OTf") were performed using an
excimer pumped dye laser system (Lambda Physics 201 and FL
3002). The fluorescence emission was detected by an optical
multichannel analyzer consisting of a polychromator (Jobin Yvon,
HR 320) with a 1200 lines/mm grating and an intensified photodiode
array (Spectroscopic Instruments, ST 180, IRY700G).

All other measurements were performed with a Nd:YAG (Surelite
II laser, Continuum) pumped dye laser system (NarrowScan D R;
Radiant Dyes Laser Accessories GmbH). A spectrograph (Shamrock
303i, ANDOR) with a 1199 lines per mm grating was used for
spectral decomposition. The fluorescence emission was detected by
an ICCD camera (iStar Gen III, ANDOR).

All measurements were performed at 298 K. A wavelength of
396.6 nm was used to excite Cm(III). The fluorescence was detected
after a delay time of 1 us to discriminate short lived organic
fluorescence and light scattering.

VSBS Measurements. Samples for VSBS were 1 X 1077 mol/L
Cm(1II) with 2.23 X 10™° mol/L nPr BTP in 2 propanol and 1 X
1077 mol/L Cm(IO) with 1.6 X 10~° mol/L nPr BTP and 1 X
107 mol/L TBAN in 2 propanol with 2.5 vol % H,O. The latter
sample contained 64% [Cm(nPr BTP),(NO;)]** as determined by
peak deconvolution. Vibronic side band (VSB) spectra were recorded
with a 1199 lines per mm grating in the range of 645—800 nm.

XPS Measurements. For XPS analyses a PHI model 5600ci
(Physical Electronics Inc.) was used. To achieve high energy
resolution of the elemental lines and to minimize sample alteration
during the measurements, monochromatic Al K, X ray excitation
(1486.7 eV) at a source power of SO W was used. The angle of
emission (sample normal to analyzer) was set to 25°. The pass energy
of the electron analyzer was 11.75 eV, and the step size was 0.1 eV/
step. At these conditions, the FWHM of the Ag 3d;,, elemental line is
0.61 eV. The binding energy scale of the spectrometer was calibrated
according to published binding energies* using Cu 2ps/, Ag 3ds),
and Au 4f;, elemental lines of sputter cleaned pure metal foils. The
error in binding energy is estimated to be within 0.2 eV. As a charge
reference, the maximum of the C 1s spectrum assigned to the aliphatic
carbon atoms of the propyl chains was set to 284.8 eV. Spectra were
analyzed by the use of PHI MultiPak software.

nPr BTP/HNO; Sample: 130 uL of 0.15 mol/L HNO; was
evaporated to almost dryness and dissolved in 170 uL of 3 X
10~ mol/L nPr BTP in 2 propanol.

Eu(lll)/nPr-BTP Samples. Solutions of 1 X 10~ mol/L Eu(III) and
3 X 107> mol/L nPr BTP in 2 propanol were prepared by dissolving
Eu(NO;);6 H,O and nPr BTP in 2 propanol.



Eu(l11)/nPr-BTP/HNO; Samples. Ten microliters of
1.7 X 1072 mol/L Eu(NO,); in 0.5 mol/L HNO,; was added to
100 uL of 0.15 or 0.5 mol/L HNO;. The solutions were evaporated to
almost dryness. 170 uL of 3 X 10~ mol/L nPr BTP in 2 propanol
was added, resulting in solutions of 1 X 10~ mol/L Eu(III)/nPr BTP
1:3 complex.

Am(Ill)/nPr-BTP Sample. Ten microliters of 1.7 X 107> mol/L
3Am(III) in approximately 0.5 mol/L HNO; was added to 100 uL
of 0.15 mol/L HNOj3. The solution was evaporated to almost dryness.
170 pL of 3 X 107 mol/L nPr BTP in 2 propanol was added,
resulting in a solution of 1 X 107> mol/L Am(III)/nPr BTP 1:3
complex.

One microliter of each of the prepared solutions was spread onto
aluminum foil (UHV aluminum foil, All Foils, Inc.), and the solvent
was evaporated under air. This resulted in a thin film of approximately
S mm in diameter, which was analyzed by XPS.

Quantum Chemical Calculations. A four step apl:oroach was
performed (see Figure 2) using the TURBOMOLE® software
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[Co(nPr-BTP);]"" + NOy 1 - o [Co(nPr-BTP)3(NOy) " + 1
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Figure 2. Calculation of the free enthalpy in solution AG,g for the
formation of [Cm(nPr BTP);(NO;)]* from optimized gas phase
structures according to Hess’ law.

package to confirm the experimental results. First, structure
optimizations using density functional theory (DFT) with the
BP86°*°" functional and def SV(P)* basis sets were performed. In
all calculations, Cm(III) was described by the ECP60MWB>* small
core pseudopotential and corresponding basis sets of triple { quality.
By computation of vibrational modes, energetic minima as well as the
thermodynamic corrections Ey, = E,, + Ey + E_gg, with E, Ey, and
E_1g corresponding to zero point energy, enthalpy, and entropy
corrections, respectively, were obtained. Four energy minima were
found and reoptimized in the second step on the B3 LYP**/def2
TZVP* level to achieve more accurate structures. In the third step,
electron correlation was added by Moller—Plesset perturbation theory
(MP2) calculations to determine accurate ground state energies E,,.
Finally, solvent interactions E; were accounted for by COSMO™*
calculations (& =18, rcm = 192 pm).

Computation of VSB Spectra. In order to compare computed
vibrational intensities and VSBS data, all calculated modes were scaled
by r~ with r being the atomic distance to the Cm(III) atom. Gaussian
line broadening was used on calculated frequencies and intensities to
obtain VSB spectra.

RESULTS AND DISCUSSION

Kinetic Studies. The evolution of the Cm(III) emission
spectra after addition of nitrate to a solution of
[Cm(nPr BTP),]** was studied as a function of time. Cm(III)
emission spectra resulting from the 6D’7/2 — %8’,, transition
are shown in Figure 3.

A Cm(III) emission band at 617.2 nm with a hot band at
606 nm was detected directly after the addition of nitrate (t =
0). Within the first hour, this emission band decreased and a
new emission band at 613.1 nm with a hot band at 605 nm
evolved. This evolution of the Cm(III) fluorescence spectra
continued for 5 days. For longer periods of time no further
change of the Cm(III) emission spectra was detected.
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Figure 3. Normalized Cm(III) emission spectra in 2 propanol as a
function of time after the addition of nitrate. [Cm(III)];y = 1 X
107 mol/L; [nPr BTP] = 1.58 X 10™° mol/L; [TBAN] = 4.03 X

1075 mol/L.

The emission band at 613.1 nm is in excellent agreement
with published emission spectra of [Cm(nPr BTP),]*".!"*7**
The emission band at 617.2 nm, however, is so far unknown.
The bathochromic shift of 4.1 nm is due to a stronger ligand
field splitting of the °D"’;, state of Cm(III) and points to the
coordination of an additional ligand in the first coordination
sphere.

Nitrate anions are known to be comparably weak ligands in
aqueous solutions®” but can form inner sphere complexes with
trivalent actinides and lanthanides at higher nitrate concen
trations.”” In many nonaqueous solutions nitrate anions exhibit
strong coméglexation properties due to lacking competition
with water.””*> Consequently, the emission band at 617.2 nm
belongs to the [Cm(nPr BTP);(NO;)]** complex.

To study the influence of water on the formation of
[Cm(nPr BTP);(NO;)]**, kinetic experiments were per
formed in 2 propanol containing 2.5 and § vol % H,O. The
Cm(III) emission spectra as a function of time after the
addition of nitrate are shown in the SI, Figure S1. In contrast
to the sample without water, the emission band of
[Cm(nPr BTP),]** was exclusively observed directly after
addition of nitrate. However, a shoulder at 616.1 nm evolved in
both water containing samples over the course of several days.
In the sample containing 2.5 vol % H,O no further changes of
the Cm(III) emission spectra were observed after 11 days,
indicating that the chemical equilibrium was reached. It took
12 days to attain equilibrium in the case of the sample
containing 5 vol % H,O0.

Single component spectra of [Cm(nPr BTP);(NO,)]** in
the different solvents were derived by peak deconvolution.
They are shown in Figure 4 and compared to the spectrum of
the [Cm(nPr BTP);]** complex.

The emission spectra of [Cm(nPr BTP),(NO;)]** in the
presence of 2.5 and 5% vol % H,O water are similar, with
maxima at 616.4 nm (2.5 vol % H,0) and 616.3 nm (5 vol %
H,0) and two hot bands at 610 and 599 nm. Thus, the
concentration of water in the solvent does not influence the
fluorescence emission of [Cm(nPr BTP),(NO,)]**. The
emission spectrum in pure 2 propanol shows a slight
bathochromic shift to 617.3 nm and one hot band at 606 nm.
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Figure 4. Single component spectra of [Cm(nPrBTP),]** and

[Cm(nPr BTP);(NO;)]** in 2 propanol containing 0, 2.5, and
5 vol % H,O0.

The single component spectra were used to deconvolute the
kinetic series of spectra and to obtain molar fractions of
[Cm(nPr BTP);(NO,;)]** as a function of time. An example
for peak deconvolution is given in the SI, Figure S2. The
temporal evolution of the molar fraction of
[Cm(nPr BTP);(NO,)]** in the different solvents is shown
in Figure S.
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Figure 5. Molar fraction of [Cm(nPr BTP);(NO;)]*" in 2 propanol
with 0, 2.5, and S vol % H,O as a function of time after the addition of
nitrate. Dotted lines mark the attainment of the chemical equilibrium.
[Cm(III)];; = 1 X 1077 mol/L; [TBAN] = 4.03 X 10~° mol/L.

Three important results are evident from Figure S:

1. A higher water content results in the formation of a
larger fraction of [Cm(nPr BTP);(NO;)]*" (20% at 0
water, 36% at 2.5% water, 60% at 5% water). This is
counterintuitive; higher water content is expected to
stabilize the nitrate anion in solution, resulting in the
formation of less [Cm(nPr BTP);(NO;)]*".

2. The presence of water retards the formation of
[Cm(nPr BTP);(NO;)]** and the time to reach the
equilibrium doubles (0% H,0, S days; 5% H,0, 12
days).

3. [Cm(nPr BTP);(NO;)]** forms along a different
reaction mechanism in pure 2 propanol, with a large
fraction of [Cm(nPr BTP),(NO;)]*" initially being
formed as an intermediate product.

Effect of Nitrate Concentration. Experiments were
performed at varied nitrate concentration to verify the
formation of [Cm(nPr BTP);(NO;)]** in solution. The
nitrate concentration was increased by adding TBAN while
keeping the nPr BTP concentration constant. The samples
were equilibrated for 5, 11, or 12 days depending on the
solvent before performing TRLFS measurements. The
normalized Cm(I1I) emission spectra in 2 propanol containing
2.5 vol % H,0 are shown in Figure 6. Cm(III) spectra in pure
2 propanol and 2 propanol containing 5 vol % H,O are shown
in the SI, Figure S3.
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Figure 6. Normalized Cm(III) emission spectra as a function of the
nitrate concentration. [Cm(III)];; = 1 X 1077 mol/L, [nPr BTP] =
1.58 X 10~° mol/L in 2 propanol containing 2.5 vol % H,O.

The Cm(IlI) emission spectrum at 4.03 X 107> mol/L
nitrate has an emission band at 613.1 nm and a shoulder at
616.4 nm. Increasing the nitrate concentration leads to a
bathochromic shift of the Cm(III) emission band, indicating
the formation of [Cm(nPr BTP);(NO;)]**. The same trend
was observed in pure 2 propanol and in 2 propanol containing
S vol % H,O0.

Assuming the formation of the tenfold coordinated species
according to eq 1,

[Cm(nPr-BTP),I** + NO; = [Cm(nPr-BTP),(NO,)]**
(1)
a plot of log(c([Cm(nPr BTP);(NO;)]*")/
c([Cm(nPr BTP);]*")) versus log ([NO;7])) should yield a
slope of one. Results are shown in the SI, Figure S4, and Table
2. The slopes are close to 1. Slight deviations from the slope of
1 result from the limited number of data points due to the long

Table 2. Slopes and Conditional Stability Constants for the
Formation of [Cm(nPr BTP);(NO,)]*" in 2 Propanol and
2 Propanol with 2.5 and 5 vol % H,O

vol % H,0 0 2.5 S
Slope 1.00 + 0.04 1.20 + 0.08 1.12 + 0.07
log K’ 3.88 + 0.13 422 £+ 0.15 4.72 £ 0.12
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times required to reach the chemical equilibrium. Yet, they
clearly confirm the formation of the tenfold coordinated
species [Cm(nPr BTP);(NO,)]*".

Figure 7 shows the speciation of [Cm(nPr BTP);(NO,)]*
and [Cm(nPr BTP);]*" in 2 propanol containing 2.5 vol %

B [Cm(nPr-BTP),**
® [Cm(nPr-BTP),(NO,)I*

0.8 4

0.6 1

0.4-

0.2+

0.0 . —— . .
3x10° 6x10° 10 3x10™
INO,7 [mol/L]

Figure 7. Molar fractions of [Cm(nPr BTP);]** and
[Cm(nPr BTP);(NO;)]*" in 2 propanol containing 2.5 vol % H,0
as a function of the nitrate concentration. Lines calculated with log K’
= 4.2.

H,O as a function of the nitrate concentration. The stability
constant for the formation of the [Cm(nPr BTP),(NO,)]*
complex according to eq 1 is log K' = 4.2 (see lines in
Figure 7). The speciation diagrams for 2 propanol and 2
propanol with 5 vol % H,O are shown in the SI, Figure SS.
Stability constants are summarized in Table 2. They increase
with increasing water content, which agrees with the trend
shown in Figure 5.

Effect of nPr-BTP Concentration. To study the influence
of the nPr BTP concentration on the formation of
[Cm(nPr BTP);(NO;)]*", complexation studies at constant
nitrate concentration and increasing nPr BTP concentration in
2 propanol were performed.

Normalized Cm(III) fluorescence spectra in dependence of
the nPr BTP concentration at constant nitrate concentration
are shown in Figure 8.

Prior to the addition of nPr BTP only the solvated metal ion
[Cm(solv.)o]*" was observed, displaying a broad emission band
at 600.5 nm corresponding to Cm(III) mainly coordinated by
2 propanol molecules.”® Upon addition of 2 X 107 mol/L
nPr BTP, [Cm(nPr BTP),(NO,)]** with its emission band at
617.3 nm formed exclusively. Further addition of nPr BTP
reduced the fraction of this species in favor of the
[Cm(nPr BTP);]*" complex with an emission maximum at
613.1 nm. The results show that the nitrate ion is not stabilized
in the organic solvent at low nPr BTP concentrations, driving
the formation of the [Cm(nPr BTP),(NO;)]** complex. At
higher concentrations nPr BTP seems to be able to interact
with the nitrate anion, stabilizing it in solution and thus
promoting the formation of the [Cm(nPr BTP);]** complex.

Effect of Anions, NO,”, CN~, and OTf ~. Additional
experiments at constant nitrite (NO,”), cyanide (CN™), and
triflate (OTf") concentrations and varying nPr BTP concen
tration were performed to investigate whether a tenfold
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Figure 8. Normalized Cm(III) emission spectra as a function of the
nPr BTP concentration in 2 propanol and a constant nitrate
concentration. [Cm(III)],; = 2 X 1077 mol/L; [NO;™] = 2 X
10~ mol/L.

coordinated Cm(III) species may form with other small and
hard anions, too. Similar to nitrate, these anions are generally
weak or moderately strong ligands in aqueous solution but
become strongly coordinating ligands in organic solutions.
Because of the applied salts” poor solubility in 2 propanol the
titration experiments were carried out in methanol and
ethanol, respectively.

The normalized Cm(III) fluorescence spectra in depend
ence of the nPr BTP concentration at constant nitrite
concentration are shown in Figure 9 (see SI, Figure S6 for
cyanide and triflate).

JinPr-BTP] (molirL]

0 612.9 nm
AT 600.4 nm A
— 6.00E-7
-|— 1.00E-6
— 1.40E-6
—— 1.90E-6
— 2.30E-6
|— 3.80E-6
—— 5.70E-6
—— 6.20E-6

7.10E-6
— 1.00E-5

Normalized Intensity

T T T T
590 600 610 620
Wavelength [nm]
Figure 9. Normalized Cm(III) emission spectra as a function of the

nPr BTP concentration in ethanol at constant nitrite concentration.
[Cm(1I)],; = 2 X 1077 mol/L; [NO,™] = 2 X 107 mol/L.

Upon stepwise addition of nPr BTP, the solvated metal ion
[Cm(solv.)y]** with an emission band at 600.4 nm (nitrite),
600.1 nm (cyanide), and 600.2 nm (triflate), respectively,
transformed to the [Cm(nPr BTP),]** complex with emission
bands at 612.9 nm (nitrite, triflate) and 613.3 nm (cyanide),
respectively. No further changes of the Cm(III) emission
spectra were observed for nPr BTP concentrations greater than
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1 X 107° mol/L (nitrite), 4 X 10~° mol/L (cyanide), and § X
107 mol/L (triflate), respectively. An emission band pointing
to the formation of a tenfold coordinated Cm(III) species was
not observed; the tenfold coordinated Cm(III) species forms
exclusively in the presence of nitrate.

The observation that no Cm(IIl) species with tenfold
coordination forms with nitrite, cyanide, and triflate could be
related to their size, solubility, or complexation strength in
alcoholic solutions relative to nitrate.

Stability constants for the complexation of Cm(III) with
nitrate, nitrite, cyanide, and triflate in alcoholic solution are not
available. Stability constants for the complexation of Cm(III)
with nitrate (log #°; = 1.29)°” and Am(III) with both nitrate
(log p°; = 1.33)°* and nitrite (log p°; = 2.10)* do not explain
the exclusive formation of a tenfold coordinated species with
nitrate. Triflate is excluded due to its size and its weak
complexation strength.

Solubility data of nitrate, nitrite, cyanide, and triflate salts in
2 propanol are not available. However, solubility data of
NaCN, NaNO,, and NaNO; in methanol and ethanol are
available,** showing a significantly lower solubility of NaNO;
compared to NaCN and NaNO, (see Table 3). This may
explain the formation of the [Cm(nPr BTP),X]** complex
only with X = nitrate.

Table 3. Solubilities of Sodium Salts in Methanol and
Ethanol®

Solubility
Salt Methanol Ethanol Temperature
NaCN 6.05 wt % 15 °C
NaNO, 4.24 wt % 0.31 wt % 19.5 °C
NaNO, 0.41 wt % 0.036 wt % 25 °C

Structural Characterization of [Cm(nPr-BTP);(NO;)]*
—fluorescence Lifetimes. Having determined the stoichi
ometry of the [Cm(nPr BTP);(NO,)]** complex in solution,
further studies were performed to elucidate its structure.
Fluorescence lifetime measurements were performed at
increasing nitrate concentration. The fluorescence lifetimes
are summarized in Table 4. An example of the decrease of the
fluorescence intensity as a function of the delay time is given in
the SI, Figure S7.

The fluorescence lifetime of [Cm(nPr BTP),]** in
2 propanol is 7 = (361 + 18) pus, which is in excellent
agreement with literature data.'"®” This is shorter than the
theoretical lifetime of Cm(III) species in the absence of

Table 4. Fluorescence Lifetimes [ps] of Cm(III) with 1.58 X
107% mol/L nPr BTP at Different Nitrate Concentrations in
2 Propanol Containing 0, 2.5, and § vol % H,0“

vol % H,O
[NO,™] [mol/L] 0 2.5 s

0 361

4,03 x 1075 357 334 337
6.52 X 1075 351 326

8.51 x 107° 347 338

1.00 X 107* 345 330 330
125 x 107* 340 332

1.49 x 107* 331

“Uncertainties are +5%.

quenching ligands.** This is caused by nPr BTP quenching the
Cm(III) fluorescence due to its aromatic system.“’57

The fluorescence lifetime of [Cm(nPr BTP),(NO;)]**
(which is the major species for nitrate concentrations > 10™*
mol/L; see Figure 7 and Table 2) is similar to that of
[Cm(nPr BTP),]*". Since the fluorescence lifetime is depend
ent on the distance between the metal ion and the
coordinating ligands, one can conclude that
[Cm(nPr BTP);]*" and [Cm(nPr BTP);(NO;)]** have sim
ilar Cm(III)—N bond lengths.

Structural Characterization of [Cm(nPr-BTP);(NO;)]*
—VSBS. The structure of [Cm(nPr BTP);(NO;)]** was
further investigated by VSBS.”*™®® The excitation of the
probed metal ion results in internal vibrations which change
the dipole moment of the ligand field, resulting in vibronic side
bands (VSB). Accordingly, only vibrations of ligands directly
coordinated to the central ion are observed in the VSB spectra.
The experimental spectra consist of the zero phonon line
(ZPL) resulting from the °D’,,, — 5S',, transition as well as
corresponding VSB. The wavelength range studied in detail is
highlighted in Figure 10 (top). The energy of the different

~————  zero phonon line (ZPL)

yI

studied wavelength range using VSBS

| \

Normalized Intensit

T T T T T T T T
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Figure 10. Top: Normalized Cm(III) emission spectrum representing
the zero phonon line (ZPL) and the range studied using VSBS.
Bottom: VSB spectrum of [Cm(nPr BTP);]*" in 2 propanol ([Cm
(1)} = 1 X 1077 mol/L; [nPr BTP] = 2.23 X 107> mol/L) and
VSB spectrum of a Cm(III) sample containing 64%
[Cm(nPr BTP);(NO;)]** in 2 propanol with 2.5 vol % H,O
([Cm(II)];; = 1 X 1077 mol/L; [TBAN] = 1 X 10™* mol/L;
[nPr BTP] = 1.6 X 10~° mol/L).
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vibrations is the difference between the energy of the ZPL and
the side bands according to eq 2.

Evibration = EZPL - EVSB (2)

If a coordinated nitrate ion is present in the first coordination
sphere of Cm(III), the NO stretching vibration should be
visible in the side band spectrum of [Cm(nPr BTP),(NO;)]*
when compared to the spectrum of the [Cm(nPr BTP),]**

complex. Figure 10 (bottom) shows the VSB spectra of
[Cm(nPr BTP),;]*" in 2 propanol and of a sample containing
64% of [Cm(nPr BTP),(NO;)]** in 2 propanol with 2.5 vol %
H,O0. The derivative of both VSB spectra is given in the SI,
Figure S8.

The zero phonon lines are located at ZPL{cy(pr-pTp)3]s+ =
613.0 nm and ZPL;cy(uprprr)snos)es = 616.3 nm. The VSB
spectrum of [Cm(nPr BTP),]** shows side bands at 957 cm™,
1117 em™}, 1312 em™, and 1520 cm™". It differs from the VSB
spectrum of the sample containing 64%
[Cm(nPr BTP);(NO,)]*, showing a distinct band at 1035
cm™' which is not present in the VSB spectrum of
[Cm(nPr BTP),]*" and is assigned to a nitrate stretching
mode.

Computational Results. To assign the experimental VSB,
DFT calculations investigating potential positions of the nitrate
in the complex are mandatory. Therefore, various structures of
the tenfold coordinated species were optimized and VSB
spectra were calculated. Calculations were performed with 2,6
bis(5,6 dimethyl 1,2,4 triazin 3 yl)pyridine (Me BTP) instead
of nPr BTP due to the similar steric demand and the reduced
computational effort.

Four energy minima were found, with the nitrate located on
either of the two symmetry axes (C, and C;) of the Dy
symmetrical complex (see Figure 11). The nitrate is positioned
either at a short Cm—ONO, distance (Figure 11, positions a,c)
or a long Cm—ONO, distance (Figure 11, positions b, d) on
one of the two symmetry axes.

Gas phase energies E; were calculated according to eq 3 for
complexes a—d and three different solvent clusters L = (H,0)s,
(2 propanol),(H,0),, and (2 propanol),. For all complexation
reactions negative reaction enthalpies were computed (except
for position a and 8 iPrOH). Calculated relative reaction
energies are given in Table S.

[Cm(Me-BTP),’* + NO;-L
2 [Cm(Me-BTP),(NO,)I** + L (3)

The lowest reaction energy was determined for the nitrate in
position (b) in water, slightly lower than for position (c) in
water. However, based on the quantum chemical calculations
alone, we cannot definitely discard either position (b) or (c) as
present in solution. Reaction energies were found to increase
with the number of 2 propanol molecules. This trend is in
excellent agreement with the stability constants log K’
increasing with the water content (cf. Table 2). Regardless
of the solvent cluster, the lowest energy was always observed
for (b).

The optimized structure of the energetically most favored
[Cm(Me BTP);(NO;)]** complex with the nitrate in position
(b) is shown in Figure 12 with a Cm—ONO, distance of r¢,,.
= 413 pm. The other [Cm(Me BTP);(NO;)]*" structures are
shown in the SI, Figure S9.

Bond lengths of rcy.0 = 246 pm and rey.0 = 233 pm are
determined for the positions (a) and (c), respectively. The

Figure 11. Scheme of the different positions of the nitrate on the
symmetry axes of [Cm(Me BTP),]** resulting in energy minima.
Carbon (brown), nitrogen (blue), curium (yellow), nitrate (red).

Table 5. Energy Differences of the [Cm(Me BTP),;(NO;)]**
Complexes in Different Solvents Relative to the Most Stable
One (AE,gtion b, m0), Calculated at the B3 LYP/def2 TZVP
Level of Theory

AE osition_a AE osition_b AE osition_c AE osition_d
L [k /mol] [k /mol] [kJ7mol] [kf/mol]
8 H,0 62.4 0 0.3 214
4H,0 +4 75.5 13.1 133 34.5
iPrOH
8 iPrOH 105.4 43.0 43.2 64.4

Figure 12. Optimized structure of [Cm(Me BTP);(NO,)]*" with
nitrate in position (b). Hydrogen atoms are omitted for clarity.
Carbon (brown), nitrogen (blue), oxygen (red), curium (yellow).

bond length for (d) is rcpmo is 558 pm. This is longer by
145 pm compared to (b). This structure is hence both
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energetically (Table S) and structurally discarded: coordina
tion of nitrate with such a long distance would not cause a
significant red shift of the fluorescence band.

To evaluate the experimental VSB spectra shown in
Figure 10 (bottom), VSB spectra for the optimized structures
of [Cm(Me BTP);]** and [Cm(Me BTP);(NO;)]** were
calculated. They are shown in Figure 13.

——[Cm(Me-BTP),J**
[Cm(Me-BTP),(NO,)]?*, NO; placed on the
—— position a

—— position b

—— position ¢

—— position d

Intensity

T T
750 1000 1250 1500
Wavenumber [cm™]

Figure 13. Calculated VSB spectra of the [Cm(Me BTP);]** and the
[Cm(Me BTP);(NO;)]** complexes with the nitrate in positions a—
d.

All calculated VSB spectra show vibrational modes at
969 ecm™}, 1145 cm™}, 1337 ecm ™, and 1500 cm™!. These are
attributed to vibrations of the BTP framework (cf. SI, Figure
S10). The calculated energies of the vibrational modes of the
nitrate and their assignments are given in Table 6. An
illustration of the vibrational modes of the nitrate is shown in
the SI, Figure S11.

Table 6. Assignment and Energy of the Vibrational Modes
of the Coordinated Nitrate for the Different Calculated
Structures of [Cm(Me BTP),(NO,)]***

E, [Cm_l]
NO;™ position &, 0, 03 cutofphne  Visym  Vzasym. U3
a 668 718 792 994 1277 1547
b 680 688 802 1047 1311 1556
[ 663 724 790 981 1285 1574
d 705 702 805 1061 1361

“Vibrational modes not covered by vibrational modes from the BTP
framework are highlighted.

Bending modes J, of the nitrate are in the range of 663—
805 cm™! while stretching modes v, are in the range of 981—
1574 cm™'. Unfortunately, most of the vibrational modes
resulting from the nitrate are superimposed by BTP framework
vibrations. However, vy, of [Cm(Me BTP);(NO;)]** in
which the nitrate is positioned on (b) (energetically most
favorable structure) and v, of [Cm(Me BTP),(NO,)]**
with the nitrate in position (a) or (c) are not covered by
vibrational modes of the BTP framework. These vibrations are
highlighted in Table 6 and Figure 13. They are used for
comparison with the experimental VSB spectra.

Comparison of Calculated and Experimental VSB
Spectra. Calculated VSB of the energetically most favored
[Cm(Me BTP);(NO;)]** complexes with the nitrate posi
tioned on (b) and (c) and of [Cm(nPr BTP),]** are compared
to the experimental data; see Figure 14. The only observable

exp. vibronic side-band

—— [Cm(nPr-BTP),**

—— [Cm(nPr-BTP)y(NO4)I**

calc. vibronic side-band

—— [Cm(Me-BTP),]*

—— [Cm(Me-BTP),(NO,)]** NO; position b)
— [Cm(Me-BTP)3(NOS)]2* NO; position ¢

v(BTP)

1

! V1,sym (NO3)
1035 cm’™

Intensity

T T T
816 864 912 960 1008 1056
Wavenumber [cm™']

Figure 14. Comparison of experimental VSB spectra of
[Cm(nPr BTP);]* and [Cm(nPr BTP);(NO;)]** (64%) and calcu

lated VSB spectra of [Cm(Me BTP);]** and [Cm(Me

BTP),(NO;)]** (with the nitrate in position (b) or (c)).

difference between the experimental VSB spectra of
[Cm(nPr BTP);(NO;)]*" and [Cm(nPr BTP),]** is the side
band at 1035 cm™" (cf. Figure 10 bottom). Comparison with
the calculated VSB spectra focuses on this wavelength region.

The VSB at 957 cm™ is observed experimentally both in the
sample containing 64% [Cm(nPr BTP);(NO;)]** and in the
[Cm(nPr BTP);]*" sample. It is well reproduced in the
calculated VSB of [Cm(Me BTP);(NO;)]** and
[Cm(Me BTP),]**. This VSB is assigned to a vibrational
mode of the BTP framework.

However, the VSB at 1035 cm™' observed experimentally in
the sample containing 64% [Cm(nPr BTP);(NO;)]** is only
reproduced in the calculated VSB spectrum of
[Cm(Me BTP);(NO;)]** with the nitrate in position (b).
This VSB is attributed to the symmetric nitrate stretching
mode Uy g

Combining DFT calculations and results from VSBS allows
assigning the position of the nitrate in the
[Cm(nPr BTP);(NO;)]** species: it is located on the C,
axis with a Cm ONO, distance of r¢,.o = 413 pm.

XPS Measurements. The tenfold coordination of trivalent
actinides was further investigated by X ray photoelectron
spectroscopy (XPS).

First, the N 1s and C 1s photoelectron spectra of nPr BTP
in the presence and absence of HNOj; were recorded. BTP are
known to form nPr BTP-nHNO; (n = 1,2) adducts."® The
spectra are shown in the SI, Figure S12. The N 1s main lines
and the C 1s spectra show only subtle differences in the
presence or absence of HNO;. However, an additional peak at
406.8 eV in the N Is spectrum of nPr BTP containing HNO,
is observed, indicating adduct formation. The peak area ratio of
the N 1s BTP signal and the N 1s nitrate signal (after
subtraction of a Shirley background) is 7:1, corroborating the
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formation of nPr BTP-HNO; (seven N from BTP, one N from
HNO;).

Then, the [M(nPr BTP),(NO;)]** complexes (M = Am,
Eu) (analogue for Cm(III)) were synthesized and photo
electron spectra were measured. The Am 4f spectrum is shown
in Figure S13. The N 1s and C 1s photoelectron spectra are
shown in Figure 15 together with the photoelectron spectrum
of nPr BTP.
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@ 21N 0C

C

9

<

2 constant

T [NO3]
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Figure 15. Comparison of the photoelectron spectra of nPr BTP (red
curve) and the [M(nPr BTP);(NO;)]* complexes (M = Eu, blue
curve and Am, green curve) in 2 propanol (nPrBTP and Eu(III)
complex) or 2 propanol with 0.15 mol/L HNO; (Am(III) complex).
[Eu(NO;),;] = [Am(NO;);] = 1 X 1073 mol/L; [nPr BTP] = 3 X
10™* mol/L.

Compared to the photoelectron spectrum of nPr BTP, both
the aromatic region of the C 1s spectrum and the N 1s
spectrum of the Am(III) and Eu(III) complexes show slight
shifts toward higher binding energies. This indicates a
decreased electron density in the aromatic system due to
complexation of Am(III) and Eu(IIl). Comparing the
photoelectron spectra of the Am(III) and Eu(III) complexes,
no significant differences are observed.

The Am(IIT) and Eu(III) complexes show two peaks in the
nitrate region of the N Is spectrum: 405.6 eV (nitrate,) and
406.7 eV (nitrate,). The M(nPr BTP):nitrate,:nitrate, peak
area ratios after subtraction of a Shirley background are 21:2:1
for Eu(III) and 21:2:2 for Am(III).

Indeed, two nitrate peaks with a 2:1 ratio are expected in a
[M(nPr BTP),;(NO,;)](NO;), species. The XPS results of the
Eu(III) complex are in excellent agreement. In contrast to the
Eu(III) stock solution, the Am(III) stock solution contained
nitric acid. Thus, the 2:2 ratio in the nitrate region of the
Am(III) species could be due to adduct formation,
[Am(nPr BTP);(NO;)](NO;),-HNO,,"* with superimposed
nitrate, and nitrate, g4, peaks.

The adduct formation was further investigated by preparing
the [Eu(nPr BTP);(NO;)](NO;), complex in the presence of
increasing amounts of HNO;. The corresponding N 1s and
C 1s photoelectron spectra are shown in Figure 16. The peak
at 406.7 eV in the nitrate region of the N 1s spectrum grows in
intensity with increasing nitric acid concentration. According
to the peak areas, the related species are
[Eu(nPr BTP);(NO;)](NO;),-2HNO; and
[Eu(nPr BTP),(NO,)](NO;),-3HNO,.

Thus, the N 1s elemental line of nitrate at 406.7 eV is
assigned to one nitrate bound directly to the trivalent metal ion
and to adduct HNO; molecules. The nitrate signals at
405.6 eV correspond to two outer sphere nitrate anions. XPS
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Figure 16. Photoelectron spectra of [Eu(nPr BTP);(NO,)](NO;),:
xHNO, complexes in 2 propanol with 0 (blue curve), 0.18 (green
curve), and 0.5 mol/L HNO; (red curve). [Eu(NO;),] = 1 X 1073
mol/L; [nPr BTP] = 3 X 10~ mol/L.

measurements, therefore, verify the formation of
[Am(nPr BTP);(NO;)]** and [Eu(nPr BTP),(NO;)]** spe
cies.

CONCLUSION

The complexation of Am(III), Cm(III), and Eu(III) with
nPr BTP in the presence of nitrate dissolved in 2 propanol was
studied by TRLFS, VSBS, DFT, and XPS. The combined
results unambiguously confirm the formation of a tenfold
coordinated Cm(III) complex, [Cm(nPr BTP);(NO;)]* in
solution.

With TRLES a bathochromic shift of 4.1 nm with respect to
the emission spectrum from [Cm(nPr BTP),]* was observed.
This was assigned to the additional coordination of a nitrate
anion, forming [Cm(nPr BTP);(NO,)]*" in solution. The
formation of this species, verified by slope analyses, exhibits
slow kinetics in the range of 5—12 days, depending on the
water content of the solvent. Contrary to expectations, an
increased water content in the solvent promotes its formation.
Also, [Cm(nPr BTP),;(NO;)]** is only found at low nPr BTP
concentrations. The presence of high nPr BTP concentrations
favors the ninefold coordinated complex, indicating that the
free ligand molecules stabilize the nitrate in solution.

VSBS provided additional evidence for the presence of a
coordinated nitrate anion. In combination with DFT
calculations, the coordinated nitrate was shown to be located
on the C, axis of the D; symmetrical ninefold coordinated
complex with a Cm—ONO, distance of r¢y, o = 413 pm.

Further evidence for the existence of
[M(nPr BTP);(NO,)]** complexes with tenfold coordination
was provided by XPS measurements of the corresponding
Am(IIT) and Eu(1II) complexes. N 1s photoelectron spectra
reveal two distinct nitrate signals resulting from inner sphere
and outer sphere nitrate ions.

The literature shows trivalent actinides to be ninefold
coordinated in aqueous solutions. This study marks the first
evidence of a trivalent actinide complex with tenfold
coordination in solution. In contrast to most other studies,
this study was performed in nonaqueous solution, which may
explain the unique stability of the tenfold coordinated complex.
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Fig. S1. Normalized Cm(l11) emission spectra in 2-propanol containing 2.5 vol.% H.O (top)
and 5 vol.% H>O (bottom) as a function of time after the addition of nitrate. [Cm(I11)]ini =
1-107" mol/L; [TBAN] = 4.03-10"* mol/L; [nPr-BTP] = 1.58-10"° mol/L.
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Fig. S2. Peak deconvolution of a Cm(I11) emission spectrum in 2-propanol containing 5 vol.%
H20. [Cm(111)]ini = 1-1077 mol/L; [TBAN] =4.03-10° mol/L; [nPr-BTP] =1.58-10° mol/L.
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[nPr-BTP] = 1.58-107> mol/L.
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Fig. S5. Molar fractions of [Cm(nPr-BTP);]** and [Cm(nPr-BTP)3(NOs3)]*" in 2-propanol
(closed symbols) and 2-propanol containing 5 vol.% H>O (open symbols) as a function of the
nitrate concentration. Lines are calculated with log p” = 3.9 (2-propanol, continuous lines) and
log B’ = 4.7 (2-propanol + 5 vol.% H20, dashed lines).
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Fig. S6. Normalized Cm(III) fluorescence spectra as a function of the nPr-BTP concentration
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Fig. S7. Decay of the Cm(III) fluorescence intensity as a function of the delay time in 2-
propanol with 1.6-107> mol/L nPr-BTP and 4.03-107> mol/L. TBAN containing 2.5 vol.%
H0. [C(TI)]ini = 1-1077 mol/L.
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Fig. S8. Derivative of the VSB spectrum of [Cm(nPr-BTP);]** in 2-propanol
([Cm(IID)Jini = 1-107” mol/L; [nPr-BTP] =2.23-10~° mol/L) and VSB spectrum of a Cm(III)
sample containing 64% [Cm(nPr-BTP)3(NO3)]** in 2-propanol with 2.5 vol.% H>O
([Cm(IID)Jini = 1-1077 mol/L; [TBAN] = 1-10~* mol/L; [nPr-BTP] = 1.6-10> mol/L).
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Position a

Position ¢

Position d

Fig. S9. Optimized structures of [Cm(Me-BTP)3(NOs)]**. Top, nitrate on the C; axis, short
initial Cm-NOs3™ distance. Middle, nitrate “on the Cs3 axis, short initial Cm-NQO3~ distance.
Bottom, nitrate on the C; axis, long initial Cm-NQO;3™ distance. C, brown; N, blue; O, red;

Cm(III), yellow. Hydrogen atoms omitted for clarity.
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Fig. S10. Simplified representation of the vibrational modes of the BTP framework of
[Cm(Me-BTP);]** and [Cm(Me-BTP)3(NO3)]*".
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Fig. S11. Simplified representation of the NO3~ vibrational modes in [Cm(Me-BTP)3(NO3)]**.
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Fig. S12. N 1s (left) and C 1s (right) photoelectron spectra of nPr-BTP (red curve) in 2-
propanol and nPr-BTP-HNOz (blue curve) in 2-propanol with 0.15 mol/L HNOa.
[nPr-BTP] = 310 mol/L.
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Fig. S13. Am 4f photoelectron spectrum of [Am(nPr-BTP)3(NOz)](NO3s)2-HNOs3. The binding
energy of Am 4f7,2 is 448.7 eV (FWHM 1.74 eV) and the 4f spin-orbit splitting 14.6 eV.
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