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vestigation of cation effects in
U(VI)-NO3

− complexation in aqueous solutions

Srikanth Nayak *

Understanding and manipulating uranyl speciation in aqueous solutions is critical for advancing chemical

separation, sensing, and understanding environmental transport of uranyl. We report on the significant

enhancement in the complexation of uranyl with nitrate in aqueous solutions containing quaternary

ammonium cations leading to the formation of anionic complexes. We base this on the comparative

study of the effect of monovalent cations (Na+, Li+, NH4
+, and N(CH3)4

+) on the complexation equilibria

of uranyl-nitrate in solutions, probed by time-resolved laser induced fluorescence spectroscopy (TRLFS).

Lifetime-corrected spectra, obtained by extrapolating the time-resolved spectra to t = 0, were used to

study speciation to mitigate the effects of variations in the fluorescence lifetimes that depend on

extraneous factors such as dynamic quenching. We demonstrate that the lifetime-corrected spectra can

be used to determine uranyl speciation in aqueous solutions where the mono-nitrate complex forms,

and in acetonitrile with N(CH3)4NO3 where di-nitrate and tris-nitrato species are formed. Aqueous

solutions containing N(CH3)4
+ are shown to promote the formation of higher complexes of uranyl

compared to other inorganic nitrate salts based on the higher redshift in the spectra, poor fits to the

two-component model, and the higher apparent formation constants. Comparing the trends in uranyl

speciation in the presence of N(CH3)4
+ in aqueous and acetonitrile solutions, it is proposed that the

quaternary ammonium cations (quats) promote the formation of anionic complexes of uranyl by the ion-

association mechanism. These results provide a basis for designing quat-assisted separation systems that

target anionic actinide species in aqueous solutions.
Introduction

Complexation of actinides with the different ligands present in
aqueous solutions can lead to an intricate speciation of the
metal which affects the chemical, geological, and biological
processes involving actinide ions.1–4 While the formation
constants for different metal complexes are tabulated in data-
bases, factors affecting the formation constants in different
solution media are not clearly understood.5,6 To understand the
behavior of metals in complex solutions containing multiple
ionic solutes, coordinating ligands, and high electrolyte
concentrations, where a variety of chemical and physical
interactions are in effect, detailed studies on the effect of
solution components on metal speciation are needed.7,8

Formation constants for uranyl nitrate complexes vary widely
across studies but are generally low similar to other hexavalent
actinides.5,9–14 Extended X-ray absorption ne structure spec-
troscopy (EXAFS) studies reveal mono-, di-, and tris-nitrato
species of uranyl in concentrated nitric acid, with bidentate
coordination of nitrate to uranyl.15 While distribution studies
suggest relatively large formation constants for mono- and di-
Argonne National Laboratory, Lemont, IL

39565
nitrate species,16,17 microcalorimetry and potentiometric
studies support the formation of mono-nitrate species
alone.18–21 Interestingly, spectroscopic studies have reported
differing speciation proles: some report predominant mono-
nitrate species,19,20 others favor di- and tris-nitrato species.22,23

Microcalorimetric study of uranyl nitrate complexation suggests
that both inner and outer sphere complexes are formed in
aqueous solutions,21 which could explain the discrepancies
between thermodynamic and spectroscopic measurement of
complexation as spectroscopic methods are mainly sensitive to
inner sphere complexation. In addition, these experiments
differed in the medium conditions such as ionic strength, pH,
and the salt used, highlighting the need for a better under-
standing of medium effects on uranyl-nitrate complexation in
aqueous solutions.

The weak interaction between uranyl and nitrate ions in
aqueous solutions typically necessitates a high nitrate concen-
tration, and thereby a high background cation concentration, to
study the uranyl-nitrate complexation reaction. This raises the
question regarding the role played by the background cations in
the complexation of uranyl. Although relatively less studied, the
background cations present in the solution are known to
inuence metal–ligand complexation and their solvation. For
example, “salting out” effects in solvent extraction have been
© 2025 The Author(s). Published by the Royal Society of Chemistry
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attributed to the effect of cations on ion hydration.24,25 Counter-
cation effects in the synthesis of molecular compounds of
actinides have also been reported.26–28 These results challenge
the notion that counter-cations are just charge-balancing
species and support their active role in affecting metal specia-
tion in solutions.25,29,30 An interesting example of cation effects
is observed in the formation of ternary association complexes of
alkaline earth cations and anionic actinide complexes in alka-
line solutions and brines.31,32 The formation of these ion-
association complexes has been linked to the unexpectedly
high solubility of actinides in brines containing alkaline earth
cations.32 Similarly, solubility of uranyl in alkaline solutions is
increased in the presence of quats compared to other
cations.33,34 Quats have also been shown to inuence the redox
equilibrium of Np(VI) species in aqueous chloride solutions, and
this effect has been attributed to specic interactions between
the actinyl and the quats.35 Quats promote the formation tris-
nitrato complex of uranyl in acetonitrile and an ionic liquid,
1-butyl-3-methylimidazolium bis(triuoromethylsulfonyl)
imide.36,37 Quats are used in solvent extraction of metals and as
phase transfer catalysts primarily due to their ability to form
ion-association complexes.24,38 Given that the anionic
complexes of actinides are formed in organic solutions with
quats, it is important to understand whether complexation of
actinides with anions in aqueous solutions is enhanced in the
presence of quats.

We hypothesize that the quats uniquely drive the formation
of anionic complexes of actinyls by the formation of ion-
association complexes. To test this, we study uranyl-nitrate
complexation in the presence of different monovalent nitrate
salts (NaNO3, LiNO3, NH4NO3, and N(CH3)4NO3) in aqueous
solutions using TRLFS. TRLFS has been used to understand
uranyl speciation in various matrices, particularly due to its
sensitivity to low concentrations of uranyl and its temporal and
spectral sensitivity to uranyl speciation.39 We develop our
method based on lifetime-corrected luminescence spectra and
benchmark it by studying the speciation of uranyl in aqueous
solutions containing NaNO3/NaClO4 at xed ionic strength and
in acetonitrile solutions containing N(CH3)4NO3. We show the
formation of mono-nitrate complex and tris-nitrato complexes
in the aqueous and acetonitrile solutions, respectively, with
formation constants that match the literature-reported values.
We then the extend the study to aqueous solutions containing
NaNO3, LiNO3, NH4NO3, and N(CH3)4NO3 without constraining
the ionic strength of the solutions. All the spectra, except those
recorded for N(CH3)4NO3 solutions, could be deconvoluted into
two components – UO2

2+ and UO2NO3
+. Despite the poorer ts

to the spectra and the mass action model in the case of
N(CH3)4NO3 solutions, the apparent formation constants ob-
tained show an increase in the uranyl-nitrate complexation.
Based on the similarities of trends in lifetimes and lifetime-
corrected spectra in aqueous and acetonitrile solutions con-
taining N(CH3)4NO3, we ascribe the increased complexation in
aqueous solution to the formation of anionic complex of uranyl
driven by the quat. Controlling uranyl speciation in aqueous
solutions by the addition of different salt cations provides an
important handle in metal separation processes. Effect of quats
© 2025 The Author(s). Published by the Royal Society of Chemistry
on the speciation of uranyl could be leveraged in the sensing
and separation technologies for uranyl by using quats as hold-
back agents or stripping agents to enhance the separation
factors.40 Thus, these ndings not only demonstrate the critical
role of solution environment in modulating uranyl-nitrate
complexation but also open new avenues for the design of
advanced extraction systems.
Experimental

Caution! U-238 is an alpha-emitting isotope. All experiments
described here were performed in specially designed laboratories
with negative pressure fume hoods, using strict radiological
controls.

UO2(NO3)2$6H2O was obtained from Argonne National
Laboratory stock. LiNO3, anhydrous ($99%), NaNO3 ACS
reagent ($99%), NH4NO3 ($99%), were obtained from Thermo
Scientic Chemicals. N(CH3)4NO3 ($95%), NaClO4 ($98%),
and anhydrous acetonitrile were obtained from Sigma-Aldrich.
HNO3 was obtained from Fisher Chemicals. Stock solutions of
uranyl nitrate in nitric acid were prepared in volumetric asks
by weighing an appropriate amount of UO2(NO3)2$6H2O. Stock
solutions of nitrate salts in 18.2 MU cm water were also
prepared in volumetric asks and ltered with 0.22 mm PTFE
lters. Aqueous samples were prepared by adding the appro-
priate volumes of the stock solutions to yield 0.2 mM of
UO2(NO3)2 and 20 mM of HNO3. Samples in acetonitrile were
prepared by mixing stock solutions of UO2(NO3)2$6H2O and
N(CH3)4NO3 dissolved in acetonitrile. The solutions were con-
tained in air-tight glass vials and stored under nitrogen.

TRLFS data was collected on an Edinburgh Instruments
FLS1000 photoluminescence spectrometer equipped with
a tunable laser (Opolette UX10230) operating at a repetition rate
of 20 Hz, and a PMT detector (PMT900, Edinburgh Instruments)
in multichannel scaling mode. Excitation wavelength and
emission bandwidth were xed at 355 nm and 0.75 nm,
respectively. The samples were contained in 10 mm path-length
quartz cuvettes and stirred with a magnetic stirrer. The
temperature was controlled by placing the cuvette in an air-
cooled sample holder. All the measurements were conducted
at 20 °C. Fluorescence decays were measured for 30 s each at
emission wavelengths 460–610 nm, with a step size of 2 nm.
TRLFS of UO2(NO3)2$6H2O was measured in 2 mm quartz
capillary with an emission bandwidth of 0.06 nm.
Model equations

Fluorescence decays were found to be mono-exponential and
modeled as such according to eqn (1a). I0(l), s(l), and b are the
intensity at t = 0 (referred to as the lifetime-corrected spec-
trum), lifetime, and background term, respectively. The back-
ground term was xed for a given sample across the emission
wavelengths and was found to be <0.2% of the maximum signal.

I(l,t) = I0(l)e−t/s(l) + b (1a)

I0(l) = A1 × I1
0 + A2 × I2

0 (1b)
RSC Adv., 2025, 15, 39554–39565 | 39555
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¼ A1 �
X6
k¼1

ak

1þ
�
l� lk

sk

�2
þ A2 �

X6
k¼1

ak

1þ
�
l� ðlk þ D2Þ

sks2

�2

(1c)

I0(l) of the aqueous solutions were t to a two-component model
according to eqn (1c). The assumptions behind this model are: (1)
all the spectra can be described as sums of component spectra
weighted by their prevalence and (2) the spectra of the two
components are identical except for a relative spectral shi and
broadening. In this model, the spectra for each component is
modeled as a sum of six Lorentzian peaks with ak, lk, and sk cor-
responding to the amplitude, center, and width of kth peak
respectively, as parameters. Parameter D2 refers to the spectral
shi of the second component with respect to the rst. Similarly, s2
refers to the relative spectral broadening of the second component.
Each of the six Lorentzian peaks in the second component are
shied and broadened by the same D2 and s2 with respect to the
rst component. Prefactors in eqn (1b) and (1c), A1 and A2, corre-
spond to the contribution of the rst and the second components
to the spectra. We t all the spectra obtained in the aqueous phase
experiments to this model so that the component spectra (I1

0 and
I2
0) are the same in all ts, i.e., only A1 and A2 vary between the

samples. All least squares ts were obtained using the lmt
package.41

The I0(l) spectra of uranyl in acetonitrile solutions of
N(CH3)4NO3 were found to have an isosbestic point and not

change appreciably above
½UO2ðNO3Þ2�
½NðCH3Þ4NO3� ¼ 1. Accordingly, the

spectra at the extremes of titration ([N(CH3)4NO3]= 0 mM and 1
mM) were t to eqn (2a) and the spectra at the intermediate
[N(CH3)4NO3] values were t as linear combinations of the
spectra at the end points (eqn (2b)).

I0 ¼ A�
X6
k¼1

ak

1þ
�
l� lk

sk

�2
(2a)

I0(l,[N(CH3)4NO3]) = yI0(l,[N(CH3)4NO3] = 0 mM) + (1 − y)

I0(l,[N(CH3)4NO3] = 1 mM) (2b)

Results and discussion

Formation constants for weak metal complexes are typically
obtained at high concentrations of ligand (salt), and the ionic
strength of the solutions is held constant using a non-
coordinating anion such as perchlorate to circumvent the
challenges in modeling activity coefficients. One of the cations
of particular interest in this study, N(CH3)4

+, has low solubility
in perchlorate solutions. Consequently, we rst studied the
complexation of uranyl with nitrate in (a) aqueous sodium salt
solutions with constant ionic strength and (b) acetonitrile
solutions with N(CH3)4NO3 to validate the analysis, and then
expanded the methodology to study the effect of the cations on
the uranyl-nitrate complexation in aqueous solutions.
39556 | RSC Adv., 2025, 15, 39554–39565
U(VI)-NO3
− complexation at constant ionic strength in

aqueous solutions

Representative TRLFS data of uranyl in nitrate-perchlorate
mixtures displayed in Fig. 1 show the broadening of spectral
features with increasing nitrate concentration. Fluorescence
decays of 510 nm emission line are shown for some of the
aqueous solutions in Fig. S1. Regardless of the solution
composition, the decay curves were found to be mono-
exponential although the lifetimes depend on the solution
composition. Single lifetimes in the presence of multiple
species has been suggested to be due to fast exchange between
the excited states of the different species.42,43

Fluorescence lifetimes (s(l)) and lifetime-corrected uores-
cence spectra (I0(l) were obtained by tting the TRLFS data to
eqn (1a) and results are shown in Fig. 2. There is a monotonic
decrease in the uorescence lifetimes across the emission
wavelengths as the concentration of nitrate is increased. Inter-
estingly, in the absence of any salts, s is ∼2.21 ms at 510 nm,
which is signicantly smaller than that obtained at 4 M NaClO4,
s ∼ 3.45 ms. Given the spectroscopic evidence that the
perchlorate anion is not coordinated to uranyl,44,45 this shows
that s(l) by itself is not a reliable measure of complexation.
Lifetime of uranyl in aqueous solution is affected by multiple
factors such as ground- and excited-state complexation, colli-
sional quenching by solvent and other molecules, and the fast
exchange between the excited-state species. Thus, to under-
stand the effect of salts on the complexation equilibria, it is
preferable to study the spectral features that are independent of
the uorescence decay properties. So we develop a method to
obtain speciation using I0(c,l), obtained by tting the TRLFS to
eqn (1a).

We used least-squares peak tting to analyze the variations
in lifetime-corrected spectra with solution composition.
Lifetime-corrected spectra are assumed to be linear combina-
tions of the underlying component spectra. Since the spectrum
of UO2

2+ species is known from perchlorate solutions with
negligible concentrations of NO3

−, the task is to obtain the
spectrum of the other components in solution. As the
symmetric stretching mode of O]U]O is not perturbed by the
nitrate complexation,46,47 the vibronic progression observed in
the uorescence spectrum, particularly the spacing between the
peaks, is not expected to differ signicantly due to nitrate
complexation. Taking this into account, wemodel the spectra of
the nitrate complexes of uranyl to be similar to the spectra of
the UO2

2+ species, but with a different spectral broadening and
a constant shi in the peak centers. On the basis of the spec-
trum of the bare uranyl (aquo complex), we t each component
spectra to a sum of six Lorentzian peaks. All the t parameters
in eqn (1c) were obtained by a global t of the spectra and are
shown in Table 1. Only the A1 and A2 terms, corresponding to
the contribution of the rst and the second components, are
allowed to vary freely for all samples. The results of the t for
certain compositions are shown in Fig. 3. Excellent ts were
obtained at all the compositions, with a reduced chi-squared
statistic, c2 = 1.1 × 10−6. The weak peak at ∼470 nm is not
well captured by the model possibly due to interference from
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TRLFS of 0.2 mMUO2(NO3)2 in 20 mMHNO3 and (a) 4 M NaClO4, (b) 1 M NaNO3 and 3 M NaClO4, (c) 3 M NaNO3 and 1 M NaClO4, and (d)
4 M of NaNO3. Color bars next to the plots correspond to the time after excitation at which the spectra are collected. TRLFS were obtained with
the laser excitation wavelength fixed at 355 nm.

Fig. 2 (a) The lifetime-corrected spectra and (b) the lifetimes of uranyl fluorescence decay in solutions of NaNO3 with a constant ionic strength
of 4M, obtained by adjusting NaClO4 concentration. Lifetimes (s) and the lifetime-corrected spectra (I0) were obtained by fitting the TRLFS to eqn
(1a).
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the tail of the strong peak centered at 488 nm. Fit parameters
are tabulated in Table 1. The t value for D2 of 11.06 nm indi-
cates the redshi of the second component with respect to the
rst component. Further, the value of s2 = 2.36 shows that the
spectrum of the second component is also slightly broadened
compared to the rst component.
© 2025 The Author(s). Published by the Royal Society of Chemistry
UO2
2þ þNO3

� ) *
b

UO2ðNO3Þþ (3a)

�
UO2

2þ��
UðVIÞtotal

� ¼ 1

1þ b½NO3
�� (3b)
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Table 1 Fit parameters for the six Lorentzian peaks obtained from
fitting the lifetime-corrected spectra to eqn (1c). lk, sk, and ak are peak
centers, widths, and amplitudes, respectively. Fit values ofD2 and s2 are
11.06 ± 0.09 nm and 2.35 ± 0.07, respectively

Peak (k) lk, nm sk, nm ak

1 469.7 � 0.60 2.58 � 0.83 0.4 � 0.09
2 488.04 � 0.07 3.98 � 0.03 4.62 � 0.07
3 510.00 � 0.07 4.94 � 0.11 5.70 � 0.07
4 533.6 � 0.15 5.77 � 0.25 3.00 � 0.06
5 559.4 � 0.46 6.21 � 0.81 0.92 � 0.06
6 587.9 � 2.59 10.67 � 4.45 0.17 � 0.05
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�
UO2ðNO3Þþ

��
UðVIÞtotal

� ¼ b½NO3
��

1þ b½NO3
�� (3c)

The presence of two spectral components indicates that the
solutions contain two dominant U(VI) species. Based on this, the
complexation of uranyl with nitrate in aqueous solutions was
modeled according to eqn (3), considering two chemical species
at equilibrium, UO2

2+ and UO2(NO3)
+, corresponding to the two

spectral components.The proportions of the two spectral

components
�

A1
A1 þ A2

and
A2

A1 þ A2

�
obtained by tting I0(l)
Fig. 3 Lifetime-corrected spectra (I0) fit to the two-component model (e
4 M NaClO4, (b) 1 M NaNO3 and 3 M NaClO4, (c) 3 M NaNO3 and 1 M N
spectra are shown with dashed lines.

39558 | RSC Adv., 2025, 15, 39554–39565
are shown in Fig. 3(d). Good ts to these component fractions
were obtained by assigning the spectral components to UO2

2+

and UO2(NO3)
+ species and applying eqn (3). This conrms that

uranyl speciation in NaNO3 solutions is mainly in the form of
UO2

2+ and UO2(NO3)
+. We obtain a formation constant, log b =

−0.44 ± 0.01, comparable to the values in the range of −0.4 to
−0.7 reported for similar conditions using spectrophotometry
and distribution studies (Table S1).16,19,21,48
Uranyl-nitrate complexation in N(CH3)4NO3/acetonitrile
solutions

Formation of successive complexes of U(VI) with NO3
− (UO2(-

NO3)i
2−i, i = 1, 2, 3) in acetonitrile in the presence of quaternary

ammonium nitrates has been shown.36,37 To probe whether
TRFLS can capture the speciation in systems containing di-, and
tris-nitrato species of U(VI) we studied the TRLFS of complexes
formed in acetonitrile upon titrating solutions of UO2(NO3)2-
$6H2O with N(CH3)4NO3. The uorescence decays at all the
concentrations showedmono-exponential behavior as shown in
Fig. S2, and the corresponding I0(l) and s(l) are displayed in
Fig. 4. Upon the addition of N(CH3)4NO3, the spectra show
subtle changes of uorescence intensity in the region between
the peaks, decreasing around 480 nm and increasing around
520 and 545 nm. The peaks at ∼510, ∼532, and ∼556 nm
broaden while those at ∼471, ∼490, and ∼584 narrow with
qn (1c)), shown for 0.1 mM UO2(NO3)2, 20 mM HNO3 solutions with (a)
aClO4, and (d) the component fractions fit to eqn (3). The component

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) I0(l) spectra of solutions containing 0.2 mM UO2(NO3)2$6H2O in acetonitrile and varying concentrations of N(CH3)4NO3 shown along
with their corresponding fits to eqn (2b). (b) Fraction of UO2(NO3)2 component in the I0 spectra in (a) obtained by fits to eqn (2b). The solid line is
obtained by fits to the mass-action model shown in eqn (4a). The inset plot shows the spectra of UO2(NO3)2 and UO2(NO3)3

− obtained from the
spectra at [N(CH3)4NO3] = 0 and 1 mM, respectively, along with their fits to eqn (2b).
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increasing N(CH3)4NO3 concentration. These variations in peak
widths could be due to the hydration of the complexes, but the
precise mechanism determining the widths are not clear.49

There is also an isosbestic point around 500 nm indicating that
there are two major uorescing species. Further, the spectral
shape does not greatly vary upon increasing the ratio of
N(CH3)4NO3 to UO2(NO3)2$6H2O to above 1, indicating the
formation of tris-nitrato species. This is in agreement with the
formation of UO2(NO3)3

− in acetonitrile in the presence of 1 : 1
UO2(NO3)2 : N(C4H9)4NO3 shown by EXAFS and UV-vis studies.36

Predominance of UO2(NO3)2 in acetonitrile solutions contain-
ing 1 : 2 U(VI) : NO3

− has been shown by a combined EXAFS, UV-
vis and DFT study.37 Accordingly, we infer that the other species
in these solutions is UO2(NO3)2. Thus, formation of higher
nitrate complexes of U(VI) in acetonitrile shis the uorescence
spectral intensity to higher wavelengths resembling the same
effect in aqueous nitrate solutions. The spectra at [N(CH3)4NO3]
= 0 and 1 mM were independently t to a sum of six Lorentzian
peaks (eqn (2a)) and the t parameters are provided in Table S2.
The peak positions from the ts are within error for the two
species, but the trend in peak widths reects the increasing
uorescence intensity at higher wavelengths for the UO2(NO3)3

−

species. We t the spectra at the intermediate concentrations of
N(CH3)4NO3 as linear combinations of the t-spectra at
[N(CH3)4NO3] = 0 and 1 mM (eqn (2b)). Variation of the
proportion of the rst component (UO2(NO3)2 in the spectra, y,
is shown in Fig. 4(b). There is an almost linear decrease in ywith

[N(CH3)4NO3] reaching a value of 0 near
½UðVIÞ�total

½NðCH3Þ4NO3�total
¼ 1

indicating near complete conversion of U(VI) to UO2(NO3)3
−.

UO2ðNO3Þ2 þNðCH3Þ4NO3 ) *
b23

NðCH3Þ4UO2ðNO3Þ3
(4a)

[U(VI)]total = [UO2(NO3)2](1 + b23[N(CH3)4NO3]) (4b)

[N(CH3)4NO3]total = [N(CH3)4NO3](1 + b23[UO2(NO3)2]) (4c)
© 2025 The Author(s). Published by the Royal Society of Chemistry
y ¼
�
UO2ðNO3Þ2

�
½UðVIÞ�total

(4d)

y2 þ
 �

1þ b23

��
NðCH3Þ4NO3

�
total

� ½UðVIÞ�total
�

b23½UðVIÞ�total

!
(4e)

The y values obtained from the above TRFLS results were t
to a mass action model for the equilibrium between UO2(NO3)2
and UO2(NO3)3

−, shown in eqn (4a). Using the mass balance
equations (eqn (4b) and (4c)), we obtain a quadratic equation
for y, the fraction of UO2(NO3)2 in the solution. Apparent
formation constant for N(CH3)4UO2(NO3)3 in acetonitrile (b23)
was obtained by solving eqn (4e) for y and tting the results
from the I0(l) ts to eqn (2b). From this procedure we obtain
a t value of b23 = 6.0 ± 2.4 × 105 M−1, although due to near
complete conversion of UO2(NO3)2 this value should be
considered as a lower estimate for b23 in acetonitrile. A
complete conversion of U(VI) to UO2(NO3)3

− above 1 : 3 ratio of
U(VI) : NO3

− was also observed with UV-vis and EXAFS study of
U(VI)-NO3

− complexation in acetonitrile with N(C4H9)4NO3,
starting with UO2(ClO4)2$nH2O.37 From their ts to the UV-vis
data, the authors report log b2 = 15.0 ± 0.5 and log b3 = 20.0
± 0.2 for the formation of UO2(NO3)2 and UO2(NO3)3

−, respec-
tively. The formation constant for UO2(NO3)3

− from UO2(NO3)2
can be estimated as log b3 − log b2 = 5, which is in agreement
with the value from our ts to the I0(l) spectra.

The uorescence lifetimes were found to initially increase
from ∼9.5 ms to ∼12.9 ms at 1 : 1 U(VI) : N(CH3)4NO3 coinciding
with the formation of UO2(NO3)3

−, but then gradually reduced
to ∼9.9 ms at 1 : 5 U(VI) : N(CH3)4NO3 (Fig. S3(a), possibly due to
the quenching effect of N(CH3)4NO3. The coordination shell of
the dinitrate species has been suggested to be completed by two
water molecules with the nitrates binding in bidentate
fashion.37 Thus, the formation of UO2(NO3)3

− species would
involve loss of water molecules from the coordination shell. The
increase in uorescence lifetimes with the formation of
RSC Adv., 2025, 15, 39554–39565 | 39559
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UO2(NO3)3
− could be associated with the changes in coordina-

tion environment around U(VI). Much higher lifetimes are ob-
tained in acetonitrile medium compared to aqueous solutions
implying the role of the solvent in quenching of uranyl uo-
rescence. The Stern–Volmer plot showing the variation of uo-
rescence decay rates (as inverse lifetimes) with the
concentration of N(CH3)4NO3 in acetonitrile is shown in
Fig. S3(b). At N(CH3)4NO3 : UO2(NO3)2$6H2O less than one, the
lifetimes gradually increase due to the formation of tris-nitrato
complex. At N(CH3)4NO3 : UO2(NO3)2$6H2O greater than one,
the lifetimes decrease, showing a linear behavior in the Stern–
Volmer plot, indicating the presence of dynamic quenching.
Observation of a single lifetime suggests a fast equilibrium of
the excited state populations of the two species, similar to that
observed in aqueous solutions.
Comparison of spectra obtained for different U(VI)-NO3
−

species

Fluorescence properties of higher nitrate complexes of U(VI)
have been studied in crystalline and solution state.36,49–51 For
comparison, we measured the TRLFS of UO2(NO3)2$6H2O in
powder form. The I0(l) obtained from the analysis of the time-
resolved spectra are shown in Fig. 5(a) and the corresponding
s(l) is shown in Fig. S4. The spectrum shows intense peaks
centered around ∼488 nm, ∼510 nm, ∼532 nm, ∼560 nm, and
∼588 nm, which overlap with the peak positions of UO2

2+ in
aqueous solutions (Fig. 3 and Table 1). The uorescence life-
times increase steeply with the emission wavelength to a value
of z0.7 ms, similar to the values reported earlier.49

Fig. 5(b) compares the I0(l) obtained for the different
complexes of U(VI) with NO3

−: UO2
2+ and UO2(NO3)

+ (obtained
from aqueous solutions with), UO2(NO3)2$6H2O (in solid state),
and UO2(NO3)3

− (obtained from acetonitrile solutions with
N(CH3)4NO3). The spectral features show a high degree of
overlap for the different complexes, but when comparing
spectra of the complexes in the same solvent, there is a trend of
increasing intensity towards higher wavelengths with
increasing number of NO3

− complexed to U(VI). Interestingly,
Fig. 5 (a) Lifetime-corrected spectra (I0) obtained by fitting eqn (1a) to
normalized by the area under the spectra, for the different U(VI)-NO3

−

solution spectra), UO2(NO3)2$6H2O (powder), and UO2(NO3)
−
3 (from ace

39560 | RSC Adv., 2025, 15, 39554–39565
the peak at∼470 nm is present in UO2
2+ and UO2(NO3)3

−, but is
absent in UO2(NO3)2$6H2O. The other four intense peaks over-
lap signicantly in position for UO2

2+ and UO2(NO3)2$6H2O, but
the peak intensities vary relatively. The spectrum of the
UO2(NO3)3

− obtained in acetonitrile appears slightly red-shied
compared to the UO2

2+ spectrum. The spectrum for UO2(NO3)
+,

obtained from ts to the aqueous solutions data appears rela-
tively less-resolved in peaks, indicating that the width of the
peaks depends on the solvent.
Cation effect on U(VI)-NO3
− complexation in aqueous

solutions

Having veried that the I0 spectra can be used to obtain speci-
ation of uranyl in nitrate solutions, we investigated the effect of
cations on uranyl-nitrate complexation in aqueous solutions.
TRLFS were collected on solutions of uranyl nitrate in the
presence of increasing concentrations of one of NaNO3, LiNO3,
NH4NO3, and N(CH3)4NO3 as the background electrolyte. Four
representative spectra are shown in Fig. S5. While the solutions
containing Na+, Li+, or NH4

+ have similar TRLFS, those con-
taining N(CH3)4

+ were relatively more quenched. The lifetimes
as a function of emission wavelength and solution composition,
extracted by tting the TRLFS to eqn (1a) are shown in Fig. 6. In
the absence of salt, lifetimes rise steeply from ∼1.2 ms at
∼470 nm emission to ∼2.2 ms at 490 nm and has a slight
downward trend at longer wavelengths (Fig. 6(a), blue trace).
Lifetimes appear to peak coinciding with peaks in the emission
spectra. With increasing [NaNO3] the lifetimes decrease grad-
ually and the peaks disappear. This appears similar to the
variation of emission spectra where the peaks broaden with
increasing [NaNO3] (Fig. 2(a)). Solutions containing LiNO3 and
NH4NO3 showed similar trends in lifetimes (Fig. S6). For the
N(CH3)4NO3 solutions, the lifetime decreases rapidly at low
concentrations of the salt, reaches a minimum at about 2 M and
then increases slightly to ∼0.79 ms (Fig. S7). The increase in the
lifetimes at high N(CH3)4NO3 is unique compared to other
inorganic nitrate salts. Although these variations could be due
to the varying uranyl speciation in solutions, because of the
the TRLFS data of solid UO2(NO3)2$6H2O, and (b) comparison of I0(l),
complexes and compounds: UO2

2+, UO2(NO3)
+ (from fitting aqueous

tonitrile solutions).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Variations in the lifetimes (s(l)) of the uranyl species in varying concentrations of (a) NaNO3 and (b) N(CH3)4NO3, obtained by fitting the
TRLFS data to eqn (1a). Legend entries refer to the concentration of the salt in the samples in M.
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challenges mentioned above in analysing the lifetimes, we focus
on the lifetime-corrected spectra to quantify uranyl speciation
in these solutions.

Variation of I0 with the salt concentration in NaNO3 and
N(CH3)4NO3 solutions is shown in Fig. 7(a and b) and the salt
dependence for two salt concentrations are shown in Fig. 7(c
and d). I0 spectra for the LiNO3 and NH4NO3 solutions as
a function of salt concentration are also shown in Fig. S8. These
results show that the spectra broaden with increasing salt
concentration which we attribute to a change in the uranyl
Fig. 7 Lifetime-corrected spectra (I0) obtained by fitting eqn (1a) to the T
varying [NaNO3], (b) varying [N(CH3)4NO3], (c) different salts at 2 M salt c

© 2025 The Author(s). Published by the Royal Society of Chemistry
speciation. Interestingly, N(CH3)4NO3 solutions show a marked
difference in the spectra compared to the other nitrate solutions
as they show a higher redshi and are more broadened indi-
cating a clear effect of the cations on uranyl-nitrate complexa-
tion. These trends indicate a higher uranyl-nitrate complexation
in the presence of N(CH3)4

+ ions. Fits to the I0(l) spectra were
performed as described for the NaNO3 + NaClO4 solutions.
While good ts were obtained for the solutions containing
NaNO3, LiNO3, or NH4NO3, ts were poorer for solutions con-
taining high concentrations of N(CH3)4NO3 (Fig. 8). This
RLFS data of solutions with 0.2 mM UO2(NO3)2, 20 mM HNO3, and (a)
oncentration, and (d) different salts at 3 M of salt concentration.

RSC Adv., 2025, 15, 39554–39565 | 39561
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Fig. 8 Lifetime-corrected spectra (I0(l)) fit to the two-component model (eqn (1c)), shown for 0.2 mM UO2(NO3)2, 20 mM HNO3 solutions with
(a) 1 M NaNO3, (b) 1 M N(CH3)4NO3 (c) 4 M NaNO3, and (d) 3.5 M of N(CH3)4NO3. The spectra of the components are shown with dashed lines.
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indicates that the two-component model is not adequate to
describe the speciation of uranyl in N(CH3)4NO3 solutions.

The proportion of the two spectral components (A1 and A2)
obtained from the ts to the lifetime-corrected spectra are
shown in Fig. 9. A1 decreases while A2 increases with increasing
nitrate concentration for all salt solutions studied. The specia-
tion of uranyl is clearly different in N(CH3)4

+ solutions
compared to that in Na+, NH4

+, and Li+ solutions. To quantify
the effects of cations on the complexation of uranyl with nitrate,
we applied a simple mass-action model shown in eqn (3), using
just the concentrations of ions. The ts are shown in Fig. 9 as
solid lines, and the t parameters are shown in Table 2. While
good ts were obtained for Na+, NH4

+, and Li+ solutions, ts to
the N(CH3)4

+ solutions were poorer, showing signicant devia-
tions throughout the concentration range. The log b values
obtained from the ts are between −0.41 and −0.46 for solu-
tions with Na+, Li+, and NH4

+, but it is −0.16 for the N(CH3)4
+

solutions. Interestingly, the formation constants obtained for
the Na+ solutions with constant (−0.44 ± 0.01) or changing
solution ionic strengths (−0.46 ± 0.01) are similar, suggesting
that the activity coefficient corrections do not greatly affect the
formation constants. The N(CH3)4

+ system stands out because
of the high formation constant and poorer ts to the mass-
action model. This, along with the anomalous shi observed
in the lifetime-corrected spectra, suggests that N(CH3)4

+

uniquely affects the complexation of uranyl with nitrate
compared to the other cations. Our attempts to improve the ts
39562 | RSC Adv., 2025, 15, 39554–39565
to the I0(l) of aqueous solutions containing N(CH3)4NO3 using
the four spectra shown in Fig. 5(b) as models did not show any
major improvement compared to those obtained in Fig. 8 as
shown in Fig. S9. This could be due to the high overlap among
the component spectra.

In acetonitrile the high formation constant for UO2(NO3)3
−

suggests a specic role of N(CH3)4
+ ion in promoting anionic

complexation of uranyl, likely by the formation of an ion-
association complex. The speciation of uranyl in aqueous and
acetonitrile solutions containing N(CH3)4

+ share similarities
based on: (1) increased spectral redshi in the presence of
N(CH3)4

+ compared to other salts. Anionic complex formation
in acetonitrile is accompanied by increased spectral intensity at
higher wavelengths, (2) higher apparent formation constant for
the mono-nitrate complex albeit with poorer t compared to
other alkali salts, and (3) increase in the lifetime of uranyl
uorescence at high concentration of N(CH3)4

+ and the corre-
sponding increase in lifetime upon the formation of anionic
complex in acetonitrile. Thus, we propose that ion-association
complexes of uranyl with N(CH3)4

+ are formed in aqueous
solutions as well. As water (3 = 80.1) is more polar compared to
acetonitrile (3 = 37.5), formation of anionic complexes in water
can be relatively suppressed. Similar ion-association interac-
tions involving quaternary ammonium cations and actinyls has
been suggested to a play role in the stability of actinyl chloro
complexes.35 A more detailed study of the photochemistry of
uranyl in the presence of complexing ligands and structural
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Contributions of the two spectral components in different nitrate solutions obtained from fitting lifetime-corrected spectra to eqn (1c): (a)
NaNO3, (b) LiNO3, (c) NH4NO3, and (d) N(CH3)4NO3. The lines passing through the points are obtained by fitting the component fractions to the
mass action model shown in eqn (3). Apparent formation constants (log b) obtained from the fits are shown on the panels for different nitrate
salts.

Table 2 Fit values for the apparent formation constants with uncer-
tainties obtained by fitting the component fractions to themass-action
model with two components according to eqn (3)

Salt Log b

NaNO3 + NaClO4 (IS = 4 M) −0.44 � 0.01
NaNO3 (var. IS) −0.46 � 0.01
LiNO3 (var. IS) −0.41 � 0.01
NH4NO3 (var. IS) −0.44 � 0.01
N(CH3)4NO3 (var. IS) −0.16 � 0.03
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studies such as X-ray scattering of the solution species are
needed to address the role of cations and solvents.52,53
Conclusions

We have shown that TRFLS can be used to quantify the speci-
ation of uranyl in aqueous and acetonitrile solutions which
contain nitrate salts. Since lifetimes of uranyl uorescence were
found to be highly sensitive to the solution medium without
clear connections to the uranyl speciation, lifetime corrected
spectra were used to obtain the speciation. In aqueous nitrate
solutions, except those containing N(CH3)4NO3, uranyl forms
only UO2

2+ and UO2(NO3)
+ complexes, and not higher nitrate

complexes. The low value of the apparent formation constant
for the formation of mono-nitrate complex in these aqueous
© 2025 The Author(s). Published by the Royal Society of Chemistry
solutions agrees with the values reported in literature. In
acetonitrile, di- and tris-nitrato species are observed, with near
quantitative conversion to tris-nitrato species in the presence of
1 : 3 U(VI):nitrate. Aqueous solutions containing N(CH3)4NO3 are
distinct from other aqueous solutions with a higher redshi in
the spectra and poorer ts to the two-component model. The
corresponding component fractions are also not adequately
captured by the formation of UO2(NO3)

+ alone. Attempts to
include more components in the spectral tting for the quat
were not successful, possibly due to high overlap among the
component spectra. The parallel aqueous/non-aqueous trends
point to an ion-association mechanism in which quats stabilize
the negatively charged uranyl complexes. These insights
provide a molecular basis for designing quat-assisted separa-
tion and sensing technologies that selectively target anionic
actinide species.
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uranyl in NaNO3 and N(CH3)4NO3 solutions. Lifetimes for
uranyl in LiNO3 and NH4NO3 solutions. Lifetime corrected
spectra of uranyl in LiNO3 and NH4NO3 solutions. Fluorescence
decay of U(IV) in acetonitrile with N(CH3)4NO3. Lifetime spectra
and Stern–Volmer plot for UO2(NO3)2$6H2O in acetonitrile
solutions of N(CH3)4NO3. Fits to I0(l) for U(IV) in 3.5 M aqueous
N(CH3)4NO3 solution using two and four component models.
See DOI: https://doi.org/10.1039/d5ra06251a.
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