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The single component spectra were used to deconvolute the
kinetic series of spectra and to obtain molar fractions of
[Cm(nPr BTP)3(NO3)]

2+ as a function of time. An example
for peak deconvolution is given in the SI, Figure S2. The
t empora l e vo l u t i on o f t he mo l a r f r a c t i on o f
[Cm(nPr BTP)3(NO3)]

2+ in the different solvents is shown
in Figure 5.

Three important results are evident from Figure 5:

1. A higher water content results in the formation of a
larger fraction of [Cm(nPr BTP)3(NO3)]

2+ (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)3(NO3)]

2+.
2. The presence of water retards the formation of

[Cm(nPr BTP)3(NO3)]
2+ and the time to reach the

equilibrium doubles (0% H2O, 5 days; 5% H2O, 12
days).

3. [Cm(nPr BTP)3(NO3)]
2+ forms along a different

reaction mechanism in pure 2 propanol, with a large
fraction of [Cm(nPr BTP)3(NO3)]

2+ 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)3(NO3)]

2+ 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(III) emission spectra in 2 propanol containing
2.5 vol % H2O are shown in Figure 6. Cm(III) spectra in pure
2 propanol and 2 propanol containing 5 vol % H2O are shown
in the SI, Figure S3.

The Cm(III) emission spectrum at 4.03 × 10−5 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)3(NO3)]

2+. The same trend
was observed in pure 2 propanol and in 2 propanol containing
5 vol % H2O.
Assuming the formation of the tenfold coordinated species

according to eq 1,

Cm(nPr BTP) NO Cm(nPr BTP) (NO )3
3

3 3 3
2F[ ‐ ] + [ ‐ ]+ − +

(1)

a p l o t o f l o g ( c ( [ Cm ( nP r BTP ) 3 (NO 3 ) ]
2 + ) /

c([Cm(nPr BTP)3]
3+)) versus log ([NO3

−])) 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

Figure 4. Single component spectra of [Cm(nPr BTP)3]
3+ and

[Cm(nPr BTP)3(NO3)]
2+ in 2 propanol containing 0, 2.5, and

5 vol % H2O.

Figure 5. Molar fraction of [Cm(nPr BTP)3(NO3)]
2+ in 2 propanol

with 0, 2.5, and 5 vol % H2O as a function of time after the addition of
nitrate. Dotted lines mark the attainment of the chemical equilibrium.
[Cm(III)]ini = 1 × 10−7 mol/L; [TBAN] = 4.03 × 10−5 mol/L.

Figure 6. Normalized Cm(III) emission spectra as a function of the
nitrate concentration. [Cm(III)]ini = 1 × 10−7 mol/L, [nPr BTP] =
1.58 × 10−5 mol/L in 2 propanol containing 2.5 vol % H2O.

Table 2. Slopes and Conditional Stability Constants for the
Formation of [Cm(nPr BTP)3(NO3)]

2+ in 2 Propanol and
2 Propanol with 2.5 and 5 vol % H2O

vol % H2O 0 2.5 5

Slope 1.00 ± 0.04 1.20 ± 0.08 1.12 ± 0.07
log K′ 3.88 ± 0.13 4.22 ± 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)3(NO3)]

2+.
Figure 7 shows the speciation of [Cm(nPr BTP)3(NO3)]

2+

and [Cm(nPr BTP)3]
3+ in 2 propanol containing 2.5 vol %

H2O as a function of the nitrate concentration. The stability
constant for the formation of the [Cm(nPr BTP)3(NO3)]

2+

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 % H2O are shown in the SI, Figure S5.
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)3(NO3)]

2+, 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.)9]
3+ was observed, displaying a broad emission band

at 600.5 nm corresponding to Cm(III) mainly coordinated by
2 propanol molecules.58 Upon addition of 2 × 10−6 mol/L
nPr BTP, [Cm(nPr BTP)3(NO3)]

2+ 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)3]

3+ 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)3(NO3)]

2+ 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)3]

3+ complex.
Effect of Anions, NO2

−, CN−, and OTf −. Additional
experiments at constant nitrite (NO2

−), cyanide (CN−), and
triflate (OTf−) concentrations and varying nPr BTP concen
tration were performed to investigate whether a tenfold

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).

Upon stepwise addition of nPr BTP, the solvated metal ion
[Cm(solv.)9]

3+ 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)3]

3+ 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

Figure 7. Molar fract ions of [Cm(nPr BTP)3]
3+ and

[Cm(nPr BTP)3(NO3)]
2+ in 2 propanol containing 2.5 vol % H2O

as a function of the nitrate concentration. Lines calculated with log K′
= 4.2.

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)]ini = 2 × 10−7 mol/L; [NO3

−] = 2 ×
10−5 mol/L.

Figure 9. Normalized Cm(III) emission spectra as a function of the
nPr BTP concentration in ethanol at constant nitrite concentration.
[Cm(III)]ini = 2 × 10−7 mol/L; [NO2

−] = 2 × 10−5 mol/L.
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1 × 10−5 mol/L (nitrite), 4 × 10−5 mol/L (cyanide), and 5 ×
10−6 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(III) 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 β°1 = 1.29)59 and Am(III) with both nitrate
(log β°1 = 1.33)63 and nitrite (log β°1 = 2.10)63 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, NaNO2, and NaNO3 in methanol and ethanol are
available,64 showing a significantly lower solubility of NaNO3
compared to NaCN and NaNO2 (see Table 3). This may
explain the formation of the [Cm(nPr BTP)3X]

2+ complex
only with X = nitrate.

Structural Characterization of [Cm(nPr-BTP)3(NO3)]
2+

fluorescence Lifetimes. Having determined the stoichi
ometry of the [Cm(nPr BTP)3(NO3)]

2+ 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)3]

3+ in
2 propanol is τ = (361 ± 18) μs, which is in excellent
agreement with literature data.11,57 This is shorter than the
theoretical lifetime of Cm(III) species in the absence of

quenching ligands.42 This is caused by nPr BTP quenching the
Cm(III) fluorescence due to its aromatic system.11,57

The fluorescence lifetime of [Cm(nPr BTP)3(NO3)]
2+

(which is the major species for nitrate concentrations > 10−4

mol/L; see Figure 7 and Table 2) is similar to that of
[Cm(nPr BTP)3]

3+. Since the fluorescence lifetime is depend
ent on the distance between the metal ion and the
coo rd i n a t i n g l i g and s , one c an conc l ude th a t
[Cm(nPr BTP)3]

3+ and [Cm(nPr BTP)3(NO3)]
2+ have sim

ilar Cm(III)−N bond lengths.
Structural Characterization of [Cm(nPr-BTP)3(NO3)]

2+

VSBS. The structure of [Cm(nPr BTP)3(NO3)]
2+ was

further investigated by VSBS.65−68 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 6D′7/2 → 8S′7/2 transition as well as
corresponding VSB. The wavelength range studied in detail is
highlighted in Figure 10 (top). The energy of the different

Table 3. Solubilities of Sodium Salts in Methanol and
Ethanol64

Solubility

Salt Methanol Ethanol Temperature

NaCN 6.05 wt % 15 °C
NaNO2 4.24 wt % 0.31 wt % 19.5 °C
NaNO3 0.41 wt % 0.036 wt % 25 °C

Table 4. Fluorescence Lifetimes [μs] of Cm(III) with 1.58 ×
10−5 mol/L nPr BTP at Different Nitrate Concentrations in
2 Propanol Containing 0, 2.5, and 5 vol % H2O

a

vol % H2O

[NO3
−] [mol/L] 0 2.5 5

0 361
4.03 × 10−5 357 334 337
6.52 × 10−5 351 326
8.51 × 10−5 347 338
1.00 × 10−4 345 330 330
1.25 × 10−4 340 332
1.49 × 10−4 331

aUncertainties are ±5%.

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)3]

3+ in 2 propanol ([Cm
(III)]ini = 1 × 10−7 mol/L; [nPr BTP] = 2.23 × 10−5 mol/L) and
VSB spectrum of a Cm(III) sample containing 64%
[Cm(nPr BTP)3(NO3)]

2+ in 2 propanol with 2.5 vol % H2O
([Cm(III)]ini = 1 × 10−7 mol/L; [TBAN] = 1 × 10−4 mol/L;
[nPr BTP] = 1.6 × 10−5 mol/L).
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vibrations is the difference between the energy of the ZPL and
the side bands according to eq 2.

E E Evibration ZPL VSB= − (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)3(NO3)]

2+

when compared to the spectrum of the [Cm(nPr BTP)3]
3+

complex. Figure 10 (bottom) shows the VSB spectra of
[Cm(nPr BTP)3]

3+ in 2 propanol and of a sample containing
64% of [Cm(nPr BTP)3(NO3)]

2+ in 2 propanol with 2.5 vol %
H2O. The derivative of both VSB spectra is given in the SI,
Figure S8.
The zero phonon lines are located at ZPL[Cm(nPr‑BTP)3]3+ =

613.0 nm and ZPL[Cm(nPr‑BTP)3(NO3)]2+ = 616.3 nm. The VSB
spectrum of [Cm(nPr BTP)3]

3+ shows side bands at 957 cm−1,
1117 cm−1, 1312 cm−1, and 1520 cm−1. It differs from the VSB
s p e c t r u m o f t h e s a m p l e c o n t a i n i n g 6 4 %
[Cm(nPr BTP)3(NO3)]

2+, showing a distinct band at 1035
cm−1 which is not present in the VSB spectrum of
[Cm(nPr BTP)3]

3+ 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 (C2 and C3) of the D3
symmetrical complex (see Figure 11). The nitrate is positioned
either at a short Cm−ONO2 distance (Figure 11, positions a,c)
or a long Cm−ONO2 distance (Figure 11, positions b, d) on
one of the two symmetry axes.
Gas phase energies E0 were calculated according to eq 3 for

complexes a−d and three different solvent clusters L = (H2O)8,
(2 propanol)4(H2O)4, and (2 propanol)8. For all complexation
reactions negative reaction enthalpies were computed (except
for position a and 8 iPrOH). Calculated relative reaction
energies are given in Table 5.

Cm(Me BTP) NO L

Cm(Me BTP) (NO ) L
3

3
3

3 3
2F

[ ‐ ] + ·

[ ‐ ] +

+ −

+
(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)3(NO3)]
2+ complex with the nitrate in position

(b) is shown in Figure 12 with a Cm−ONO2 distance of rCm‑O
= 413 pm. The other [Cm(Me BTP)3(NO3)]

2+ structures are
shown in the SI, Figure S9.
Bond lengths of rCm‑O = 246 pm and rCm‑O = 233 pm are

determined for the positions (a) and (c), respectively. The
bond length for (d) is rCm‑O is 558 pm. This is longer by
145 pm compared to (b). This structure is hence both

Figure 11. Scheme of the different positions of the nitrate on the
symmetry axes of [Cm(Me BTP)3]

3+ resulting in energy minima.
Carbon (brown), nitrogen (blue), curium (yellow), nitrate (red).

Table 5. Energy Differences of the [Cm(Me BTP)3(NO3)]
2+

Complexes in Different Solvents Relative to the Most Stable
One (ΔEposition b, H2O), Calculated at the B3 LYP/def2 TZVP
Level of Theory

L
ΔEposition a
[kJ/mol]

ΔEposition b
[kJ/mol]

ΔEposition c
[kJ/mol]

ΔEposition d
[kJ/mol]

8 H2O 62.4 0 0.3 21.4
4 H2O + 4
iPrOH

75.5 13.1 13.3 34.5

8 iPrOH 105.4 43.0 43.2 64.4

Figure 12. Optimized structure of [Cm(Me BTP)3(NO3)]
2+ with

nitrate in position (b). Hydrogen atoms are omitted for clarity.
Carbon (brown), nitrogen (blue), oxygen (red), curium (yellow).
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energetically (Table 5) 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)3]

3+ and [Cm(Me BTP)3(NO3)]
2+ were

calculated. They are shown in Figure 13.

All calculated VSB spectra show vibrational modes at
969 cm−1, 1145 cm−1, 1337 cm−1, and 1500 cm−1. 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.

Bending modes δn of the nitrate are in the range of 663−
805 cm−1 while stretching modes νn are in the range of 981−
1574 cm−1. Unfortunately, most of the vibrational modes
resulting from the nitrate are superimposed by BTP framework
vibrations. However, ν1,sym. of [Cm(Me BTP)3(NO3)]

2+ in
which the nitrate is positioned on (b) (energetically most
favorable structure) and ν2,asym. of [Cm(Me BTP)3(NO3)]

2+

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)3(NO3)]

2+ complexes with the nitrate posi
tioned on (b) and (c) and of [Cm(nPr BTP)3]

3+ are compared
to the experimental data; see Figure 14. The only observable

difference between the experimental VSB spectra of
[Cm(nPr BTP)3(NO3)]

2+ and [Cm(nPr BTP)3]
3+ is the side

band at 1035 cm−1 (cf. Figure 10 bottom). Comparison with
the calculated VSB spectra focuses on this wavelength region.
The VSB at 957 cm−1 is observed experimentally both in the

sample containing 64% [Cm(nPr BTP)3(NO3)]
2+ and in the

[Cm(nPr BTP)3]
3+ sample. It is well reproduced in the

calculated VSB of [Cm(Me BTP)3(NO3)]
2+ and

[Cm(Me BTP)3]
3+. This VSB is assigned to a vibrational

mode of the BTP framework.
However, the VSB at 1035 cm−1 observed experimentally in

the sample containing 64% [Cm(nPr BTP)3(NO3)]
2+ is only

reproduced in the calculated VSB spectrum of
[Cm(Me BTP)3(NO3)]

2+ with the nitrate in position (b).
This VSB is attributed to the symmetric nitrate stretching
mode ν1,sym.
Combining DFT calculations and results from VSBS allows

a s s i gn ing the po s i t i on o f the n i t r a t e in the
[Cm(nPr BTP)3(NO3)]

2+ species: it is located on the C2

axis with a Cm ONO2 distance of rCm‑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 HNO3 were recorded. BTP are
known to form nPr BTP·nHNO3 (n = 1,2) adducts.1,69 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 HNO3. However, an additional peak at
406.8 eV in the N 1s spectrum of nPr BTP containing HNO3

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

Figure 13. Calculated VSB spectra of the [Cm(Me BTP)3]
3+ and the

[Cm(Me BTP)3(NO3)]
2+ complexes with the nitrate in positions a−

d.

Table 6. Assignment and Energy of the Vibrational Modes
of the Coordinated Nitrate for the Different Calculated
Structures of [Cm(Me BTP)3(NO3)]

2+a

Evib [cm
−1]

NO3
− position δ1 δ2 δ3, out of plane ν1,sym. ν2,asym. ν3

a 668 718 792 994 1277 1547
b 680 688 802 1047 1311 1556
c 663 724 790 981 1285 1574
d 705 702 805 1061 1361

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

Figure 14. Comparison of experimental VSB spectra of
[Cm(nPr BTP)3]

3+ and [Cm(nPr BTP)3(NO3)]
2+ (64%) and calcu

lated VSB spectra of [Cm(Me BTP)3]
3+ and [Cm(Me

BTP)3(NO3)]
2+ (with the nitrate in position (b) or (c)).
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Fig. S1. Normalized Cm(III) emission spectra in 2-propanol containing 2.5 vol.% H2O (top) 

and 5 vol.% H2O (bottom) as a function of time after the addition of nitrate. [Cm(III)]ini = 

1·10−7 mol/L; [TBAN] = 4.03·10−4  mol/L; [nPr-BTP] = 1.58·10−5 mol/L. 
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Fig. S2. Peak deconvolution of a Cm(III) emission spectrum in 2-propanol containing 5 vol.% 

H2O. [Cm(III)]ini = 1·10−7 mol/L; [TBAN] =4.03·10−5 mol/L; [nPr-BTP] =1.58·10−5 mol/L. 
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Position a  

Position c  

Position d  

Fig. S9. Optimized structures of [Cm(Me-BTP)3(NO3)]
2+. Top, nitrate on the C2 axis, short 

initial Cm-NO3
− distance. Middle, nitrate ´on the C3 axis, short initial Cm-NO3

− distance. 

Bottom, nitrate on the C3 axis, long initial Cm-NO3
− 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)3]
3+ and [Cm(Me-BTP)3(NO3)]

2+. 

 

Fig. S11. Simplified representation of the NO3
− vibrational modes in [Cm(Me-BTP)3(NO3)]

2+. 
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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·HNO3 (blue curve) in 2-propanol with 0.15 mol/L HNO3. 

[nPr-BTP] = 3·10-3 mol/L. 
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Fig. S13. Am 4f photoelectron spectrum of [Am(nPr-BTP)3(NO3)](NO3)2·HNO3. The binding 

energy of Am 4f7/2 is 448.7 eV (FWHM 1.74 eV) and the 4f spin-orbit splitting 14.6 eV. 




