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Abstract

In the present study we have investigated the complexation of uranyl(V1) with chloride and
fluoride using luminescence spectroscopy (TRLFS, time-resolved laser-induced fluorescence
spectroscopy). At 25 °C, in the presence of 0 — 0.175 M fluoride, the first single-component
emission spectra for all four U(VI)-fluoride complexes, i.e. UOzF", UO2F,, UO2F3™, and
UO2F4>~ could be extracted. Based on the aqueous speciation derived from the TRLFS data,
logK* values at 1 =1 M were calculated for all these complexes and extrapolated to infinite
dilution using the SIT approach. In the case of chloride, however, quenching of the U(VI)-
luminescence hampered the experiments. Thus, U(V1)-complexation was studied with TRLFS
at liquid nitrogen temperatures. Samples were prepared at 25 °C with chloride concentrations
ranging from 0 to 1.0 M followed by instantaneous freezing and subsequent luminescence
spectroscopic measurements at —120 °C. This allowed for the determination of the first
luminescence spectra for the UO,CI™ complex with the TRLFS method. The chloride quench
reaction was further studied in the temperature range 1 — 45 °C using Stern-Volmer analysis.
By applying the Arrhenius and the Eyring equations we obtained the first thermodynamic
parameters for the dynamic quench process, i.e. the activation energy (Ea = 55.0 + 12.9 kJ/mol),
enthalpy (AH'=52.5 + 13.0 kJ/mol), and entropy (AS'= 103.9 + 42.8 J/mol-K).
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1 Introduction

Uranyl(VI1) complexation in aqueous solution with inorganic and organic ligands have an
influence on the retention behavior and therefore, on the mobility and (bio)availability of U(V1)
in the environment. The halides are an important group of elements to be considered in such
U(VI)-complexation reactions. Chloride is the most abundant inorganic ligand in our water
reservoirs and in natural salt deposits®. It is also one of the most important constituents in the
pore waters of crystalline rock? and clay?® in subsurface formations. In addition, the strong halide
ligand fluoride, is present in several minerals such as fluoroapatite and fluorite, which are
frequently encountered in crystalline rock formations such as granite.*® Complexed uranyl(V1)
with fluoride is further a trace indicator for the uranium enrichment process, as the produced

UFs in contact with moist air will form uranyl(\V1) fluoride under oxic conditions.® ’

Several studies dedicated to uranyl(VI) complexation reactions with the above-mentioned
halide ligands and the extraction of complexation constants for the formed U(VI)-halide
complexes, have been conducted at ambient conditions.®* In addition, few studies report on
complexation investigation at elevated temperatures®> 6, which are of relevance in deep
subsurface environments!’ related to e.g. geothermal energy production or in the vicinity of
heat-generating spent nuclear fuel repositories.'® Published complexation constants at various
temperatures were compiled in Table S1 and Table S2 in the supporting information (SI) for
U(VI)-fluoride and U(VI)-chloride complexes, respectively. These constants were derived with
various indirect methods using ion selective electrodes® ** ?° or cation exchange®®, and direct
spectroscopic methods including spectrophotometry!* 16 and NMR.2! The use of time-
resolved laser-induced luminescence spectroscopy (TRLFS) has only been used in a few
studies® for the derivation of U(VI)-halide complexation constants despite its low detection
limits and the excellent luminescent properties of U(VI) allowing for the direct in situ
monitoring of complexation reactions in aqueous environments. For the fluoride ligand,
luminescence studies are limited to the early U(VI)-fluoride complexes, UO2F" and UOzF,
prevailing at low total fluoride concentrations. In the presence of chloride, no luminescence
spectra have been published for U(VI)-chloride complexes and consequently TRLFS has not
been used for the derivation of any U(VI)-chloride complexation constants. The lack of
luminescence data for chloride-containing solutions can be traced back to the severe quenching
of the luminescence emission in the presence of this halide. The quenching has been proposed
to occur through electron transfer from chloride to uranyl(V1), resulting in the formation of a
non-luminescent U(V)-like transition state.?>?® The quenching has been shown to occur already

at very low total chloride concentrations, where no UO2CI* complexes are present in solution,
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implying that dynamic quenching plays a crucial role in the quench-reaction. At higher total
chloride concentrations additional static quenching by the formed UO.CI" complex can be
assumed to occur. Temperatures below the freezing point have been shown to decrease dynamic
guenching effects. Samples can easily be cooled down to temperatures of =196 °C and —269 °C
by use of liquid nitrogen and liquid helium, respectively. When rapid cooling is undertaken, i.e.
when a sample prepared at room temperature is directly immersed in liquid nitrogen, the
chemistry prevailing at ambient conditions should be preserved due to the very low reaction
rates at these low temperatures.?® 27 This allows for luminescence spectroscopic investigations

of systems containing quenching ligands, such as chloride.

In the present study we have investigated the complexation of uranyl(VI) with chloride and
fluoride using TRLFS. The fluoride concentration range has been chosen so, that also higher
U(VI)-fluoride complexes (UO2Fs~ and UO,F4?") are present in solution in addition to the
already reported UO2F" and UO-F> ones, allowing the extraction of spectroscopically derived
complexation constants for all above-mentioned complexes at 25 °C. As the chloride quenching
phenomenon can be overcome by cooling down the samples to liquid nitrogen temperatures,
U(VI)-chloride samples initially prepared at 25 °C have been frozen and measured at —120 °C
using a liquid nitrogen jet stream for the derivation of the first UO2CI* luminescence spectra
with the TRLFS method. The spectra of the UO2F" and UO,CI* were compared to draw
analogies. Finally, due to the role of temperature in the quench process chloride and fluoride
complexation in the temperature-range from 1 °C to 45 °C have been studied. From the
observed chloride-induced quench reaction, constants for the dynamic and static quench
processes using the Stern-Volmer equations? could be derived in addition to thermodynamic

data, i.e. the activation energy, enthalpy, and entropy.
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2 Materials and methods
2.1 Sample preparation

Uranyl(V1) stock solutions were prepared by converting UO2(NOz)2:6 H20 (Merck KGaA) to
uranyl peroxide using H20> solution, which was heated in contact with air at 350 °C to obtain
UOs-2 H20. The uranium oxide was dissolved in concentrated HCIO4 and thereafter diluted
with deionized water to a final concentration of 0.1 M UO2?" in 0.5 M HCIO4. All other high
purity reagent grade materials were used without any further treatment. NaCl (> 99.5 %; Merck
KGaA) and HF (48 %; Carl Roth GmbH + Co. KG) were used in the preparation of solutions
containing chloride and fluoride, respectively. NaClO4-H20 (> 99 %; Merck KGaA) served as
a background electrolyte. Milli-Q water was used in the dilution of all samples.

For the correct adjustment of the sample pH to the desired total proton concentration [H] in the
rather high background electrolyte concentrations used in the present work, a correction of the

experimental pHexp by an empirical coefficient Ac according to equation (1) is required.

_ log[H+]= pHexp+AC 1)
A was determined by an empirical equation published by Jordan et al (2018).2° To avoid KCIO4
precipitation and unwanted chloride contamination a double junction electrode from Metrohm
was prepared, using 3 M KCI in the inner chamber and 3 M NaClOs in the outer chamber. pH

electrode calibration was performed using standard WTW buffer solutions.

To study the temperature-dependent complexation between uranyl(V1) and fluoride, solutions
containing a constant U(VI) concentration of 0.1 mM and fluoride concentrations between
0 and 0.175 M were prepared at a constant pH of 2 ([H] = 0.01) and an ionic strength of 1 M
was adjusted with NaClOs. The samples were equilibrated at the desired temperatures (1 to
45 °C) using thermoelements from Quantum Northwest.

For luminescence spectroscopic studies of U(VI)-chloride complexation at liquid nitrogen
temperatures (—120 °C, 153 K) uranyl(VI) chloride samples with [U] =0.04 mM and
[CI] =0 - 1.0 M were prepared at a constant pH of 1.4 ([H] = 0.040). The overall ionic strength
was kept constant at 1.1 M using NaClO4. At a temperature of 1 °C, the uranyl(VI) chloride
speciation was investigated in solutions containing [U] =5 mM with [CI] ranging from
0t0 0.5 M, 1 =0.5M and —log[H] = 0.5 and 2.5. The quenching of U(VI) luminescence in the
presence of chloride for the derivation of thermodynamic data of the quench process was
investigated in solutions containing [U] = 0.1 mM with [CI] =0-0.01 M at —log[H] =1 and
| =0.11 M at temperatures ranging from 1 to 45 °C. Similarly to the fluoride samples,
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thermocouples from Quantum Northwest were used to equilibrate the samples at the desired

temperatures.

2.2 Time-resolved laser-induced luminescence spectroscopy

The speciation of uranyl(\V1) can be monitored via the detection of the uranyl(\VV1) luminescence.
The change of the coordination environment of uranyl(\V1) will result in the spectral shift and
change of intensity of its characteristic luminescence emission signals. The luminescence
spectroscopic investigations in the temperature-range 1 — 45 °C were conducted by transferring
3 ml of the sample volume into a quartz glass cuvette. For the uranyl(VI) chloride series at
—120 °C a 1 ml aliquot was frozen instantly in plastic cuvettes using liquid nitrogen. The sample
was kept at —120 °C during the measurements using a jet stream of liquid nitrogen. Laser
spectroscopic measurements were performed using nanosecond Nd:YAG lasers (Continuum
Minilite | and Continuum Minilite 11; Continuum Electro-Optics Inc.) as an excitation source
in the 1 — 45 °C experiments, while Continuum Inlite; Continuum Electro-Optics Inc. was used
in the liquid nitrogen experiments. Luminescence spectra were recorded at 425 — 625 nm at a
delay of 40 to 135 ns after the excitation impulse, depending on the experiment, with a constant
excitation wavelength of 266 nm. For time-resolved measurements luminescence spectra were
recorded step-wise every 5 to 50 ns after the excitation pulse depending on the measured
sample.

2.3 Determination of complexation constants

Conditional constants logK* can be determined from the spectroscopically derived U(VI)-
fluoride and U(VI1)-chloride species distributions using slope analysis. Hereby the logarithmic
concentration of the ligand [L] is plotted against the logarithmic ratio of the reaction product
[RL] and the reactant molecule [R] according to formula (3) derived from formula (2). The
slope a corresponds to the number of reacting ligands, while the intercept with the y-axis yields
the logarithmic conditional complexation constant logK*.

[R]+a[L]=[RL,] )

(IR ©
og W =a-log([L])+log (K%
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The ligand concentration [L], i.e. the concentration of free F~ and CI™ in solution was calculated
using the PHREEQC program Version 3.4.0.° The calculations were based on the
Thermochimie V9.0 SIT database from ANDRA.3! 32 Further needed SIT parameters were
taken from literature (see Table S3 and S4).3% 34 For the calculations a temperature of 25 °C and
an ionic strength of 1 M (F~ samples) or 1.1 M (CI~ samples) NaClO4 were used. Molar values
were converted to the molal scale using density values listed in the Thermochimie V9.0 SIT
database. The reaction product [RL] and the remaining uranium concentration in solution [R]
were derived from the species distribution obtained from TRLFS data. The spectroscopically
derived species distribution for the U(VI)-fluoride and chloride systems were compared with
calculated distributions, based on average values of reported complexation constants for the
various U(VI)-fluoride/chloride complexes. The distribution was determined using a uranium

concentration of 0.1 mM (in F~ media) or 0.04 mM (in CI” media).
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3 Results
3.1 Uranium(VI) complexation with fluoride at 25 °C

The luminescence emission spectra of U(V1) in the presence of fluoride at 25 °C are presented
in Figure 1a). A constant red shift of the uranyl(VI) signal with increasing fluoride

concentration can be seen as a result of progressing complexation in solution.

Uranyl(VI)-
Luminescence a)
[F]=0-0.2M

increasing [F]

Normalized integral intensity [a.u.]

450 500 550 600
Wavelength [nm]

Spectral distribution

1E-5 1E-4 0.001 0.01 0.1

F~ concentration [M]

—=— Exp. UO3* - Calc. UO3?

—e— Exp. UO,F* Calc. UO,F*
—a—Exp. UO,F,  ~Calc. UO,F,
—v— Exp. UO,F; Calc. UO,F;
—e— Exp. UO,F¥ Calc. UO,FF

Figure 1: a) Luminescence spectra of uranyl(\VI) with increasing fluoride concentration [F] =0-0.175 M; —log[H] = 2;
I=1M; T=25 °C and b) Calculated and spectroscopically derived speciation of uranyl(VI) in the aqueous system in
dependence of the fluoride concentration at —log[H] =2, 1 =1 M at 25 °C.
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Using spectral deconvolution, the collected composite spectra could be described by four
U(VI)-fluoride species (species 1 — species 4) in addition to the free uranyl(VI) aquo ion
(UO,?"), see Figure 2 and Figure S2 in the supplementary information (SI). A comprehensive
discussion of the deconvolution process can be found in Huittinen et al.* The single component
spectra of the complexes were then smoothed using a 5 to 6 point FFT (Fast Fourier Transform)

due to a poor signal-to-noise ratio of the extracted components.

Based on the peak positions of the extracted components, the emission spectra of the two first
fluoride species compare very well with already existing data for UO,F" and UOF», see
Table 1. Thus, species 1 and species 2 can tentatively be assigned to these two above-

mentioned fluoride complexes.

Species 1 (UO,F") Species 2 (UO,F,)

Normalized integral intensity [a.u.]

450 500 550 600/450 500 550 600
Wavelength [nm] Wavelength [nm]

Figure 2: Single component spectra of UO2?* (black dashed line), species 1, species 2, species 3 and species 4 extracted from
fluoride-containing solutions [F] =0 —0.175 M; —log[H] =2; | =1 M; T =25 °C.

To gain further insight into the U(VI)-fluoride speciation in solution, a relative species

distribution was calculated based on the extracted pure component spectra.
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Table 1: Main emission peaks of the single component spectra of the uranyl(V1) fluoride complexes.

Component Peak I [nm] Peak Il [nm] Peak 111 [nm] Literature
Uo** 488.1+0.1 509.9+0.1 533.7+0.1
Species 1 (UO2F") 4945+0.1 516.3+0.1 540.3+0.1 Thi
is
Species 2 (UO2F>) 496.8+0.1 518.7 0.1 542.3+0.1 ‘
wor
Species 3 (UOzF3Y) 499.0+0.1 521.0+0.1 5458 +0.1
Species 4 (UOzF4%) 505.3+0.1 527.4+0.1 550.6 £ 0.2
Uo** 488 510 533 .
Kirishima
UOF* 495 517 541
etal.’
UO2F; 498 520 544

For this, relative luminescence intensity (LI) factors for the present species had to be calculated
(see Table S6). They take into account the differences in luminescence quantum yields of the
various species relative to the non-complexed uranyl(\V1) aquo ion. A detailed description of

the LI factor calculation can be found in literature.®®

Using the obtained LI factors and the single component spectra it was possible to calculate the
speciation of uranyl(VI1) in dependence of the fluoride concentration (—log[H] =2, | =1 M) at
room temperature applying the least squares fitting method. The obtained results in Figure 1 b)
were compared to calculations determined by PHREEQC using existing complexation
constants for U(VI)-fluoride complexes. Figure 1Db) shows that the calculated and
experimentally derived species distributions in dependence of the fluoride concentrations are
in general agreement with each other. Thus, we can primarily assign the four U(VI)-fluoride
species to the four progressing UO2F,> " complexes, with n being the number of fluoride ligands
ranging from 1 to 4. Each new fluoride complexing the uranyl(VI1) induces an additional red
shift of the luminescence emission. Starting with UO2F> the spectroscopically derived species
distribution seems to differ slightly from the calculated species distribution. To verify the
proposed stoichiometry of the complexes as well as to determine the conditional complexation

constants we performed a slope analysis using the calculated F~ concentrations.

Slope analysis was applied to all species using equation (3). The slope obtained for species 1,
assuming the reaction UO2%* + F~ = UO,F", is 1.00 + 0.04 as shown in Figure 3 and it indicates
a one step reaction between the uranyl(VI) cation and one fluoride ligand resulting in the
formation of the proposed UO2F* complex. The intercept with the y-axis yields the conditional
complexation constant logK* at I = 1 M, which is in very good agreement with published data
for this complex, see Table 2. Further slope analyses were performed for the other species,

confirming the existence of the proposed UO.F,>" complexes to the different species
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respectively. The corresponding slope analyses based on the equations in Table 2 can be found
in the SI (Figure S5).

1.0 FOI[F,] =0.025-2mM
= Linear fit
(?N 05
@]
i)
= 0.0 [
s
TR
ON
=2 05 Slope = 1.00 + 0.04
) R?=0.99
@]
- -10 | )
Intercept y-axis = 4.58 + 0.18
| | | | |

55 -50 -45 -40 -35
log [F]
Figure 3: Slope analysis for the UO2F* complex according to equation (3) assuming the reaction UO2** + F~ = UOaF",
The obtained results and a comparison to known literature values are shown in Table 2. The
literature values are average values of complexation constants for the respective U(V1)-fluoride
complexes recommended by the NEA-TDB (for more details, see the SI). For the
experimentally determined slope and logK* values, the error range was determined using two
times the standard deviation of the data sets. LogK® values were determined using SIT equations

suggested by NEA using values listed in Table S4.3

Table 2: Used reactions for the slope analysis, the obtained slope and a comparison of experimentally determined logK* values
(this study) with literature values for uranyl(V1) fluoride complexes at | =1 M and T = 25 °C.

Reaction scheme Slope Exp. logk* (logK®) Lit. logK*
UO2* + F~ = UOgF* 1.00 £ 0.04 4.58 +0.18 (5.19) 4.54 +0,03°%19.20.36
UO.F*+ F = UOyF, 1.02+0.20 3.59 + 0.67 (3.69) 3.40 £ 0.09° 19.20.36
UOoF+ F~ = UOoF3~ 1.02 £ 0.07 2.77 +£0.17 (2.60) 2.39 +0.39%9.19.20.36

UOFo+ 2 F = UOsF,> 2.05+0.34 4.41 + 0.65 (4.05) 3.68 +0.79% 919,36
UOsFs+ F~ 2 UOF? 1.64 + 0.67 (1.45)

Calculated from the logK* values of the UO2F2+ 2 F~ = UO2F4~ and UO2F2+ F~ = UO2F3™ reactions.

Table 2 shows that the slope corresponds to the number of fluoride ligands taking part in the
proposed reaction. The logK* values obtained in this work are slightly higher in comparison to
literature values. It is not unreasonably to assume the difference might be due to the use of a
sensitive spectroscopic method. Tian et al. (2009) determined logK* values for the UO2Fn?™"
(n=1-4) complexesat | =1 M and T =25 °C using spectrophotometry. Their complexation
constants were moderately higher than the values suggested by NEA (1992), see Table S1.
Their values (logK* (1 = 1 M) UO2F*/UO2F2/UO,F5 /UO2F4* = 4.60/8.07/10.78 / 11.92) are
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very similar to ours (logk* (I=1M) =458 / 8.17 / 10.94 / 12.58), suggesting a slightly
enhanced fluoride complexation behavior than previously reported.

Finally, having extracted pure component spectra for all four U(VI)-fluoride complexes (Figure
2), changes in the total symmetric stretch vibration frequency (vs), of the uranyl moiety as a
function of the number of fluoride ligands could be calculated. The stretch vibration frequency
can be obtained from the spacing between the electronic transition line E, and the higher
vibronic level S; of the electronic ground state. Therefore, the peak positions of the first and
second peak emission peaks of the extracted pure component spectra were recalculated to obtain
their respective wavenumbers (see Table S5). The wavenumber and the stretch vibration
frequency show a linear decrease with increasing fluoride ligand number in Figure S3 and
Figure S4, respectively, which is an indication of a systematic weakening of the U=0 bond by
the coordination of the strongly donating fluoride ligands in the equatorial plane. The linear fit
of the stretch vibration frequency as a function of fluoride complexation resulted in the
following expression (4):

vg(em™)=-11 cm™ - n(F)+870 cm’! 4)
A similar electron donating effect resulting in a linear relation between vs and the number of
coordinating ligands was previously reported for U(V1)-hydroxyl
species (vg(cm™)=-22 cm™' - n(OH")+870 cm™).¥’

3.2 Complexation of uranyl(\VI) with chloride

Chloride complexation with uranyl(\V1) was investigated using liquid nitrogen at —120 °C to
overcome the quenching of the uranyl(VI) luminescence through chloride. Similar to the
complexation with fluoride, chloride induces a continuous red shift of the uranyl(VI)
luminescence (see Figure 4 a). The red shift indicates progressing complexation of the

uranyl(VI) with chloride as the ligand concentration increases.
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Uranyl(VI)-Luminescence
[Cl=0-1.0M

increasing [Cl]
—

Normalized integral intensity [a.u.]

500 550 600
Wavelength [nm]
10 F B E—— e
~|b)
5 O8N\ |
5 \ .0"“.‘./ "
2 06 | \ e
E l:-/
S /
< 04 | o .
= / -
g ‘ -
02, e
A’A—A/
0.0 _Ilr_lA_lA-IAIIA‘IAIAI‘I*AAA‘: L Ll L L1l
0.01 0.1 1

CI" concentration [M]

—=— Exp. UO3*
—e— Exp. UO,CI”
—a— Exp. UO.CI,
- Calc. UOZ*
Calc. UO,CI
Calc. UO,CI,

Figure 4: a) Luminescence spectra of uranyl(VI) with increasing chloride concentration [CI] =0—1.0 M; —log[H] = 1.5;
1=1.1M; T=-120 °C and b) calculated and uncorrected spectroscopically derived speciation of uranyl(V1) in the aqueous
system in dependence of the chloride concentration at —log[H] = 1.4, | =1.1 M at 25 °C.

To determine the species in solution peak deconvolution was performed. From the individual
spectra three single component spectra could be determined (see Figure S6 in the SI). The first
component is the free uranyl(\V1) aquo ion, however, at —120 °C it is blue shifted in comparison
to the aquo ion at 25 °C (see Table 3). The blue shift is slightly more pronounced for peak |
(4.7 nm, 174 cm™) than peak Il (4.1 nm, 166 cm™). This blue shift has been observed to
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increase with decreasing temperature, but the underlying reasons for it are not well
understood.® The two other pure components extracted from the composite spectra measured
in the chloride containing solutions must belong to U(V1)-chloride complexes, i.e. the UO2CI*
complex (species 1) and UO-Cl> (species 2) (see Figure S6). Species 1 is present already at
rather low chloride concentrations of 10 mM, while species 2 appears at chloride concentrations
exceeding 0.2 M. The resulting, uncorrected species distribution is presented in Figure 4 b),
right, together with a calculated species distribution based on published complexation constants
from the NEA-TDB.* The uncorrected experimental and calculated species distributions differ
very strongly from one another. A correction of the species distribution, however, could not be
done, as the LI factor determination was unsuccessful. Generally the luminescence intensity
increases with increasing chloride concentration (Figure S7), but light scattering from the
frozen samples is very incongruent. This results in very different luminescence intensities
between the samples which subsequently hampers an accurate determination of the LIs, which

is unfortunate as the speciation depends strongly on these LI factors.

OI[Cl,] =0.01-1.00 M
L= |inear fit

Slope =0.98 £ 0.09
R2=0.99

log([UO,CI*]/[UO3Y)
T

1 1 1 1 1
-21 -1.8 -15 -12 -09 -0.6

log [CI]

Figure 5: Slope analysis for the UO-CI* complex according to equation (3) assuming the reaction UO2%* + CI~ = UO.CI*.

Nevertheless, the stoichiometry of the formed complexes can be extracted from the uncorrected
species distribution by slope analysis. Due to the low amount of samples (only 5) for which the
second species is present, slope analysis was successful only for the first chloride complex. The

results of the slope analysis is presented in Figure 5.
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Table 3: Main emission peaks of the single component spectra of the uranyl(V1) halide complexes.

Component Peak I [nm] Peak Il [nm] Peak 111 [nm] Literature
UO,?* (-120 °C) 484.0x0.1 505.6 £ 0.1 529.0+0.1
Species 1 (UO.CI*) 488.6 0.1 510.6+0.1 5345+0.1
(120 °C)
. This
Species 2 (UO:Cly) 490.1+0.1 512.1+0.1 536.0+0.1
work
(—120 °C)
UOz2* (25 °C) 488.1+0.1 509.9+0.1 533.7+0.1
UO2F* (25 °C) 4945+0.1 516.3+0.1 540.3+0.1

The slope analysis results in a slope of 0.98 + 0.09, indicating a one-step reaction between the
uranyl(V1) cation and the chloride ligand, which confirms that species 1 is the UO2CI* complex.
This is the first pure component spectrum for a U(VI)-chloride complex obtained with the
TRLFS method. Having seen complex formation in a frozen state at —120 °C, it is of interest to
investigate complex formation in the aqueous state. While no complex formation of uranyl(\V1)
([U] = 0.1 mM) in a solution containing chloride [CI] = 0 — 0.05 M at room temperature could
be observed due to severe quenching, it was possible to measure a uranyl(VI) luminescence at
1 °C in solution. With increasing chloride concentration a red shift of the luminescence signal
was obvious (Figure S8) and a peak deconvolution, similar to the procedure for the uranyl(\V1)
fluoride complexes, was possible. Hereby we obtained the first single component spectrum for
the UO,CI" complex in the aqueous state using TRLFS (see Figure 6). A rather similar redshift
of the UO,CI" complex at 1 °C in comparison to —120 °C as seen for the aquo ion at 25 °C and
—120 °C can be observed (see Table 4). Therefore, the UOCI* spectrum at —120 °C has been
shifted by the amount the aquo ion shifts between —120 °C and 25 °C in Figure 6 to allow direct
comparison of the halide spectra measured at different temperatures. For the non-shifted
spectrum of UO,CI" at =120 °C see Figure S6 in the SI.
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Figure 6: Comparison of the single component spectra of the UO2F* complex at 25 °C, UO2CI* complex at 1 °C and — 120 °C.

Despite some discrepancies regarding the relative intensities of the emission peaks, it is clear
that the UO2CI* spectra measured at the two different temperatures and the UO2F" spectrum are
very similar. The peak positions are almost identical in all cases speaking for the formation of
a very similar 1:1 halide complex both in the presence of chloride and fluoride.

Table 4: Main emission peaks of the single component spectra of the uranyl(\V1) halide complexes.

Component Peak | [nm] Peak Il [nm] Peak 111 [nm] Literature
UO.CI* (1 °C) 495.1+0.1 516.7 +0.1 540.4 + 0.1 _
UOCI* (—120 °C) 489.5+0.1 511.5+0.1 535.3+0.1 V'\I;::sk
UO2F* (25 °C) 4945+0.1 516.3+0.1 540.3+0.1

3.3 Influence of temperature and halides on uranyl(VI) luminescence behavior

At ambient conditions, no quenching of the uranyl(VI) luminescence signal in the presence of
fluoride has been observed.?”?* It has been suggested, however, that the strong oxidizing
potential of UO,F4% is accompanied by luminescence quenching effects in the presence of
redox-sensitive ligands.®® Thus, the luminescence behavior of U(VI) in fluoride-containing
solutions was studied at selected fluoride concentrations in the temperature range between 1 °C
and 45 °C. As shown in Figure 7, at lower fluoride concentrations of [F] = 0.1 mM, increasing
the temperature from 1 to 25 °C results in a drop of the luminescence intensity. At this low
fluoride concentration, the majority of the luminescence signal stems from the U(VI) aquo ion.
The loss of intensity can thus be traced back to a stronger thermal quenching effect of the water
molecules coordinating to UO2%* due to their thermal vibrations.*® Beyond 25 °C, the relative

luminescence intensity in comparison to the aquo ion is greater, even in the presence of this
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very low amount of fluoride (0.1 mM). This implies that the thermal quenching by coordinating
water molecules has decreased as a result of an enhanced formation of the UO2F* and UO2F»
complexes with increasing temperature. The higher intensity of the complexes is due to the
replacement of water molecules in the coordination sphere by the fluoride ligand, decreasing
the quenching effect by water. The enhanced complexation at this fluoride concentration can
also be seen in Figure 7 a), as a systematic red-shift of the luminescence signal with increasing
temperature. The red-shift is much more pronounced than observed for the U(VI) aquo ion (see
Sl, Figure S9). This points toward an endothermic reaction enthalpy of the formed UO2F" and
UO2F, complexes, in agreement with literature.** Further, no indications of luminescence
quenching at any of the investigated temperatures can be established. Increasing the
temperature in the same range at higher fluoride concentrations of [F] = 10 mM (Figure 7 b)
can be seen to further increase the relative luminescence intensity in comparison to the aquo
ion. The increase is a result of the formation of the UOzF5s~ and UOzF+%~ complexes and further
replacement of coordinating H20 by F~.** Corresponding data for 1 mM and 100 mM fluoride
concentrations can be found in the S, Figure S9.
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Figure 7: Luminescence spectra of uranyl(VI1) ([U] = 0.1 mM) with fluoride at a) [F] =0.1 mM and at b) [F] =10 mM at
1-45°C;1=1M; —log[H] = 2.

The apparent increasing fluoride complexation with increasing temperature observed in the
present work are in contrast with published results by Kirishima et al. (2004), who indicated
that an increasing temperature would decrease U(VI)-fluoride complexation®®. In a more recent
study by Tian et al. (2009), the opposite was observed for all four investigated UO2Fn2™"
complexes, in agreement with the results obtained in the present study.'® From our results we
can conclude that fluoride does not quench the luminescence of uranyl(VI) even at elevated

temperatures. The luminescence lifetimes of the uranyl(V1) fluoride complexes are longer than
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the uranyl(\V1) aquo ion lifetime, which indicate a lack of quenching caused by the fluoride

anion.

The situation is very different for chloride. At the same low halide concentration of 10 mM, the
U(VI) luminescence signal is reduced by almost 97 % in the presence of chloride in comparison
to the aquo ion (Figure S1). Thus, dynamic quench processes play a large role in the quench
reaction. In addition, the UO.CI" is likely to contribute to static quench effects. As dynamic
quenching is temperature dependent and the formation of the UO2CI"™ complex is
endothermically driven! and will be favored with increasing temperature, the quench process
has been investigated in the 1 — 45 °C temperature range using Stern-Volmer analysis.?® The
Stern-Volmer equation (5) describes the ratio of unquenched luminescence lp to quenched
luminescence 1 in relation to the quencher concentration [Q]. Those parameters are connected

by the Stern-Volmer constant Ksy, which is a measure of the amount of quenching.

I 5
2 1Ky 1] ©)

As already mentioned, two quenching processes can be distinguished: dynamic and static
guenching. During dynamic quenching a bimolecular collision between an excited fluorophore
and a quenching molecule takes place, which results in an energy loss of the fluorophore
without emission of luminescence. Static quenching describes a process, in which a fluorophore

forms a complex with the quencher, thereby creating a non-luminescent complex.

To determine which quenching process occurs in solution the chloride concentration is plotted
against Io/I and ty/t, where 1, describes the lifetime of the fluorophore without quencher and t
with a quencher present. In the case of purely dynamic quenching I,/I equals t,/t, whereas in a
purely static quenching process t,/t is always one. To investigate the quenching process
solutions containing uranyl(V1) ([U] = 0.1 mM) and chloride ([CI] = 0 — 0.1 M) were prepared
ata—log[H] of 1 with an ionic strength of 0.11 M. To obtain I,/I and t,/t the static luminescence
spectra and the luminescence lifetimes of the uranyl(V1) at varying chloride concentration are

required.

From the static luminescence spectra in Figure 8 a) at 1 °C and b) at 45 °C it becomes evident,
that the luminescence intensity of the uranyl(VI1) decreases with increasing chloride
concentration and increasing temperature. Similarly, the luminescence lifetime in Figure 8,
measured at c¢)1°Cand d) 45 °C, decreases with increasing chloride concentration and
increasing temperature. Lifetimes with chloride concentrations greater than 5 mM show a

biexponential decay, indicating the presence of two uranyl(VI) species in solution: the
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uranyl(VI) aquo ion and the former observed UO>CI* complex. This observation agrees with

our speciation data obtained at —120 °C. The complex shows a luminescence lifetime, which is

at 25 °C much shorter (8 = 3 ns) than the lifetime of its fluoride analogue (41 £ 15 ps).
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Figure 8: Luminescence spectra of the uranyl(V1) luminescence ([U] = 0.1 mM) with chloride ([CI]=0-0.01 M) ata) 1 °C
and b) 45 °C. Recorded lifetimes of the uranyl(\V1) luminescence intensity of the same samples at c) 1 °C and d) 45 °C at
—log[H] =1and | =0.11 M.

Generally two trends can be observed from plotting I,/ and 1o/t against the chloride
concentration at different temperatures: with increasing temperature a less linear behavior for
I/ against [CI] is observed in Figure 9 a), indicating the existence of primarily dynamic
quenching at lower temperatures and additionally static quenching at elevated temperatures.
This is further supported by Figure 9 b), which shows that 1/t against [CI] is getting smaller
with increasing temperature and the linearity decreases, indicating the presence of static

guenching besides dynamic quenching at higher temperatures. This is not surprising, since
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Awasthi et al. have determined the formation of UO.CI* to be an endothermic reaction

(AH'm = 8 £ 2 kJ mol ™), meaning complex formation is favored at higher temperatures.!
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Figure 9: a) Ratios of the static luminescence intensity lo/l and b) ratios of the luminescence lifetimes 7o/t against the chloride
concentration at 1 to 45 °C.

To differentiate between the observed static and dynamic quench processes, Ksy is divided into
a Stern-Volmer constant for dynamic quenching Kq and static quenching Ks according to

equation (S1). By rewriting the equation as presented in equation (S2), a linear regression
obtained by plotting the known values for (ITO - 1) '[16 against [Q] will yield Kq¢Ks as the slope

and Kq + K; as the intercept with the y-axis, from which Kq and Ks can be derived. The results
of the linear regression for all investigated temperatures can be found in the Sl, Figure S10. The
obtained values for the dynamic and static quenching are presented in Table S7. By comparing
Kg with Ks it becomes obvious, that dynamic quenching is approximately two to five times
higher than static quenching, meaning that dynamic quenching has a bigger impact on the
overall quenching process. From the Kj it is possible to determine the bimolecular quenching
constant kq using equation (6), which describes the possibility of collisional quenching in

solution to occur.

K4 =10'kq (6)

kq was determined for temperatures from 1 — 45 °C as presented in Table S8, which shows that
the event of a collisional quenching increases exponentially with increasing temperature. At
25 °C in 0.11 M NaClOa, —log[H] = 1.0, a kq value of 1.16x10° Ms was found. This value is
in very good agreement with published values for the kg in chloride containing media.
Yokoyama et al. (1976) found a kq value of 1.7x10° Ms? in 1 M HCIO4.2 A value of
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1.8x10° Ms was reported in 3 M NaClOs at pH =3.4 by Park et al. (1990).“> As our
investigations were conducted at a significantly lower ionic strength (0.11 M), a lower kq value
is expected for the quench process.***® The kq value obtained in this work is comparable to
guench constants found for 10 mM U(V1) solutions in 1 M HCIOg4 in the presence of metal ions
in their reduced oxidation states (e.g. 1.0x10° for Fe?*, 4.5x10° for TI*) and several orders of
magnitude larger than corresponding values for metal ions in their oxidized oxidation states
(2.2x10° for Fe**, 8.7x107 for TI**).#” This implies that the redox-reactions resulting in U(VI)
reduction to U(V) and/or U(1V) and subsequent oxidation of Fe or Tl are comparable to the
photoinduced “reduction” of U(VI) by the chloride ligand resulting in non-luminescent U(V)-
like excited state.

Finally, the temperature dependence of kq can be used to calculate the activation energy of the
quenching process using the logarithm of the Arrhenius equation (S3).*® Using a linear fit, the
activation energy Ea and the pre-exponential factor A can be obtained from the slope and the
intercept with the y-axis, respectively. The resulting plot is shown in Figure 10 a and results in
Ea=55.0+12.9 kJ mol* or 0.592 +0.134 eV and A =(1.47 +0.09)x10*° s? (Table 5). Ea
describes the amount of energy that is required to form the transition state, called the collisional
complex, between the excited uranyl(V1) and the chloride. The activation energy determined
experimentally in this work is of the same order of magnitude as an estimated value of 0.11 eV
from Yokoyama et al.?? It is slightly larger than activation energies reported for UO2%* in
aqueous solution containing various concentrations of HCIO4/NaClO4 (see summary in Allsopp
et al. (1979)) which range from 23.9 to 51.9 kJ mol™.%°® However, the pre-exponential factor is
almost 6 to 8 magnitudes larger in chloride solution in comparison to other common media
containing e.g. fluoride or perchlorate, which explains the much higher influence of chloride
on the quenching of uranium(V1) luminescence in comparison to aqueous solutions containing
non-quenching ligands such as perchlorate. Further information of the quench process can be
obtained by applying the Eyring equation (S4).>° Using equation (S4) as a linear fit, the
activation enthalpy AH' can be obtained by the slope and the activation entropy AS' by the
intercept with the y-axis (see Figure 10 b). AH' was calculated to be 52.5 + 13.0 kJ mol™* or
0.567 + 0.135 eV, while AS' is 103.9 + 42.8 J mol* K* or 1.1-10° + 0.4-103 eV K. Because
the enthalpy and entropy terms are both positive, the energy barrier between the reactants and
the transition state is lowered with increasing temperature. Since the transitions state formation
is favored, this directly increases the dynamic quenching of the uranyl(VI1) luminescence
through chloride in the system. In two different studies Marcantonatos and Deschaux reported

activation enthalpy and entropy values for the quenching process of uranyl(VI1) with Ag* and



460  TI*# 51 The activation enthalpy AH'(Ag*) was decreasing with increasing ionic strength
461  (1=0.019 - 0.1 M) from 36.9 to 36.5 kJ mol™, while the activation entropy AS'(Ag*) increased
462  from 2.3t0 4.6 J mol K. For TI* at I = 0.034 M an activation enthalpy of 13.89 kJ mol* and
463  entropy of 23.4 J mol™ K was determined. The resulting kq for both metals were in the same
464  order of magnitude as the value obtained for chloride in this work being kq(Ag';
465 1=0.019 -0.1 M) = (1.96 — 2.51)x10° and kq(TI*) = 1.6x10°. This shows that while the energy
466  barrier AH' for the quenching process with Ag* and TI* might be lower, the entropic term AS'

467  in systems with chloride is much larger, therefore resulting in similar kq values.

468 Table 5: Determined thermodynamic parameters by applying Arrhenius and Eyring equations.

Arrhenius Pre-exponential factor A [s7] Activation energy Ea[kJ mol? | eV]
equation (1.47 + 0.09)x10%° 55.0 + 12.90.592 + 0.134
Eyring Activation enthalpy AH* [kJ mol? | eV] Activation entropy AS*[J mol! K| eV K]
equation 52.5+13.0 | 0.567 + 0.135 103.9+42.8 | 1.1-10% £ 0.4-10°3
469 '
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471 Figure 10: Linear fits of the a) logarithmic Arrhenius equation (S3) and b) logarithmic Eyring (S4).
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4  Conclusions

Using TRLFS we were able to present pure component luminescence spectra for the UO2F",
UO2F2, UO2F5~ and UOzF4* complexes at 25 °C in the aqueous uranyl(V1) fluoride system.
From the pure component spectra it was possible to obtain the species distribution, from which
we determined the logK* values at 25 °C and | = 1 M for the above mentioned complexes for
the first time using TRLFS as an analytical method and performed an extrapolation to obtain
the logK® values at infinite dilution. The obtained results were comparable to the latest existing
literature values determined by other analytical methods, which investigated the same
uranyl(V1) fluoride (UO2F:2"; n=4) complexes. A spectrum of a uranyl(VI) complex with
five coordinating fluoride has yet to be obtained using TRLFS and is of interest for future
investigations. In the uranyl(\V1) chloride system spectral deconvolution of luminescence
spectra yielded the very first pure component luminescence spectra of UO.CI* at —120 °C and
at 1 °C. The uranyl(V1) chloride complex shows luminescence bands in the same region as the
UO2F" complex, indicating a similar complex structure between uranyl(V1) and the two halides,
although the logK values show that UO2F" is more stable than the UO,CI" complex. Knowledge
of the pure component spectrum of UO.CI* will provide valuable information for future
investigations of the uranyl(V1) luminescence in chloride bearing systems. The slope analysis
of the uncorrected U(V1)-chloride species distribution showed that the stoichiometry of the
formed complex corresponds to the UO2CI* complex. This is the first time information of a
complex stoichiometry has been derived at liquid nitrogen temperatures. This shows that the
challenge of chloride quenching of uranyl(V1) can be overcome by freezing the sample,
allowing investigations of uranyl(\VI) luminescence in (natural) media containing chloride.
More work, however, is required to be able to obtain reliable relative luminescence quantum
yields (LI factors) of frozen samples to be used in the correction of the species distribution and

the subsequent calculation of the complexation constant using slope analysis.

Temperature dependent studies in the uranyl(VI1) fluoride system showed, that at higher
temperatures uranyl(\V1) fluoride complex formation is favored. This generally leads to an
increase in luminescence intensity due to replacement of quenching water molecules with
fluoride. Hence, no indications for temperature-dependent quenching for uranyl-fluoride
complexes could be established. Further, the uranyl(\V1) chloride system was investigated at
different temperatures using Stern-Volmer analysis. The chloride induces an overall strong
quenching of the uranyl(V1) luminescence, caused by static and dynamic quenching effects.
Static quenching increases at higher temperatures due to enhanced complexation taking place

in solution. The contribution of the dynamic quenching to the overall quenching effect is two
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to five times larger than the contribution of the static quenching. From the Kq values we
calculated the bimolecular quenching constants kq at 1 to 45 °C, which show an exponential
increase with increasing temperature. Applying the Arrhenius and the Eyring equations we
obtained the activation energy, activation entropy, and activation enthalpy of the dynamic
quench process. The results show that with increasing temperature the energetic barrier between
the transition state of the excited uranyl(\V1) and chloride is lowered, therefore increasing the
quenching effect.
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