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ABSTRACT

While iodine speciation is important for a wide range of nuclear safety activities,
understanding the mechanisms of the transformations of iodine between chemical forms and the
sensitivity of these transitions to solution conditions and exposure to radiation remains an active
area of research. This work curates spectroscopic data from several experimental techniques and
establishes their sensitivity and limitations in detecting changes in iodine speciation in both neutral
and acidic regimes. The techniques include Raman spectroscopy, Fourier Transform Infrared
(FTIR) spectroscopy, 2’ NMR spectroscopy, and ultraviolet-visible (UV-Vis) spectroscopy.
Analysis of these data indicates that these commonly accessible spectroscopies often have dynamic
ranges of measurable concentrations that do not always overlap between all techniques. The
experimental techniques are disparately sensitive to iodide, molecular iodine, iodate, and periodate
species. Raman, FTIR, and NMR spectra were subsequentially analyzed using two-dimensional
correlation analyses to generate high-resolution autocorrelation spectra. The use of these
spectroscopies is then extended to tracking acidification-induced and gamma irradiation-induced
transformations of dissolved sodium iodide in deionized water and concentrated nitric acid. Both
dissolution into nitric acid and irradiation with a gamma source are demonstrated to perturb the
iodine speciation promoting their assembly into molecular iodine (I2) and/or triiodide (I37). While
I, and 15~ species are undetectable with FTIR spectroscopy and *2’I NMR spectroscopy, the species
can be detected with UV-Vis spectroscopy, and in some instances, I3™ can be detected with Raman
spectroscopy in the low wavenumber region. Ultimately, the results of this work provide a path to
designing optimal combinations of techniques to detect forms of iodine across a wide range of

concentrations and conditions.
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1.0 INTRODUCTION

The varied and dynamic speciation of solution-state iodine species, such as molecular
iodine (I2), iodide (1), triiodide (I3°), iodate (103), and periodate (104" presents challenges when
attempting to capture iodine for emission controls from fission-based medical isotope production
facilities (Doll et al., 2014). Existing strategies to populate iodine speciation models relevant to
those processes (Kim and Yeon, 2021) involve a wide variety of experimental techniques to
measure iodine species in solution including ion-selective electrode measurements (Moriyama et
al., 2010), Winkler titrations with thiosulfate solutions (Anderson et al., 1999), UV-vis
spectroscopy (Awtrey and Connick, 1951), inductively coupled plasma-atomic emission
spectrometry (ICP-AES), atomic absorption spectrometry (AAS), inductively coupled plasma-
mass spectrometry (ICP-MS) (Thomas and Burgess, 2017), vibrational spectroscopies such as
Raman and infrared spectroscopy (Durig et al., 1965), (with recent advancements in ultrafast
techniques (Bird and Csehi, 2022) with extension to gas phase measurements (Felmy et al., 2021)),
EXAFS (Svensson and Kloo, 2003; Feiters et al., 2005; Aimoz et al., 2012; McKeown et al., 2015;
Abney et al., 2017), GCMS, IC-ICP/MS, *?I NMR spectroscopy (Genser and Connick, 1973),
and gamma spectroscopy (Francois et al., 2007).

Despite the wide range of techniques typically employed for quantification of iodine
concentration and spectroscopic characterization of the speciation, studies of chemically-induced
or irradiation-induced oxidation of I into I, often rely predominantly on spectrophotometric
analysis of liquid-liquid extractions to determine iodine speciation (Custer and Natelson, 1949;
Ovenston and Rees, 1951; Bosland et al., 2011; Youker et al., 2012; Kim and Yeon, 2021). Liquid-
liquid extractions facilitate the extraction of |2 into the organic phase, which reduces the overlap

between I, I, and I3~ For liquid-liquid extractions, others have postulated that the use of



64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

simethicone or other low vapor pressure solvents is advantageous for quantifying I versus volatile
organic solvents such as chloroform (He et al., 2020). Studies of the mechanism of radiation-
induced oxidation of I have led to the formalization of reaction pathways, kinetic models, and
observation of relatively long-lived radiolytic products, culminating in empirical models that aid
in the prediction of the effects of irradiation on iodine speciation (Moriyama et al., 2011; Cripps
etal., 2011; Bilbrey et al., 2020). For example, radioactive pathways involving the formation of I,
from I" include a reaction with products formed from the radiolysis of water, such as the hydroxyl
radical (-OH) (Moriyama et al., 2010; Milenkovi¢ and Stanisavljev, 2012), with the reaction
pathway enhanced in aerated solutions (Sawai et al., 1966). Molecular iodine can then react with
I"to form I3 (Jung et al., 2014, 2015). Beyond the transport of 1> from solution into the atmosphere
through gas evolution, additional reaction pathways are present under certain conditions that can
contribute to the reactivity of I, such as oxidation of iodine with hydrogen peroxide to form iodate
(Stanisavljev et al., 2022). We note that iodate formation is also suggested to proceed via reactions
of hypoiodus acid (HIO) under certain pH and temperature conditions post ®Co irradiation
(Buxton and Sellers, 1985; Gorbovitskaya and Tiliks, 1996).

Despite the identification of these reaction pathways, spectroscopic characterizations of the
iodine speciation in solutions before sample manipulations such as solvent extractions are less
readily accessible in literature. The primary focus of this work is thus to compare and contrast
multiple spectroscopic methods to identify and quantify multiple iodine species, in particular
before and after irradiation by a ®°Co gamma source to help direct iodine capture efforts for fission
gas control during medical isotope production efforts from producers (Brown et al., 2021). This
study focuses on the qualification and quantification of I, 1037, and 104 using Raman, FTIR, 1%7]

NMR, and ultraviolet-visible (UV-Vis) spectroscopies. The use of a pseudo-orthogonal strategy
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combining experimental techniques is important in this work because each spectroscopy has

strengths and weaknesses in determining iodine speciation.

2.0 EXPERIMENTAL METHODS
2.1 Sample preparation

All reagents were used as received. An array of reference solutions was prepared by
dissolving sodium iodide (Nal, Fisher Scientific), sodium iodate (NalOs, Fisher Scientific), and
sodium periodate (NalO4, >99.8%, Fisher Scientific) into deionized (DI) water (18 MQ c¢m). An
additional series of Nal samples was prepared to understand the changes in iodine speciation upon
dissolution in nitric acid. For these solutions, Nal solutions of 0.01, 0.1, and 1 M were prepared
by the dissolution of Nal salt in a 3 M HNOs solution prepared from an optima grade, nitric acid
stock solution. To study the effects of gamma irradiation on dissolved sodium iodine speciation in
DI water, two concentrations of dissolved Nal in water were prepared with concentrations of Nal
of 0.1 and 1 M. To study the effects of gamma irradiation on dissolved sodium iodine speciation
in 0.5 M HNOs, dissolved Nal in 0.5 M HNO; was prepared with concentrations of Nal of 1 M.
The dissolved Nal in 0.5 M HNO; samples was irradiated within an hour of preparation; the
irradiation procedure is described below.
2.2 Cobalt-60 mediated gamma irradiation

Gamma irradiation was performed using the Radiological Exposures and Metrology
(REM) Laboratory at Pacific Northwest National Laboratory which contains an 11000 Ci *°Co
irradiator with a collimated geometry. During irradiation, samples for NMR spectroscopy were
placed in pressurize-able NMR sample vessels equipped with a J-young valve (Wilmad Labglass),

and samples for pH, oxidation-reduction potential (ORP), Raman, FTIR spectroscopy, and UV-
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Vis spectroscopy were placed in glass scintillation vials. Samples were sealed with air in their
headspace. Based on the exposure time and separation distance of the sample relative to the ®°Co
gamma source, the first exposure test samples containing 1 M Nal in 0.5 M HNO3 were exposed
to a dose of 5.0 Mrad (equivalent to 50 kGy) for 4.274 hours at the center for each of the liquid
volumes. For the second experiment, samples containing either 0.01 M Nal in DI water or 1 M
Nal in DI water, in triplicate, were exposed for 165 hours where the final dose was determined to
be 70.9 Mrad (709 kGy) at the center of the liquid. The dose values are in terms of Air Kerma.
2.3 Raman spectroscopy

Raman spectra were measured using a Fourier-transform (FT) Raman spectrometer
(Bruker MultiRam 27) equipped with a 1064 nm-excitation laser and an internal aperture setting
of 3.5 mm. The beamsplitter was silicon coated onto quartz, the Raman detector for the 1064
channel was a liquid N2-cooled germanium diode, and the spectrometer incorporated a proprietary
notch filter to remove the Rayleigh line before the interferometer. The power of the excitation laser
was 450 mW and the 180° backscatter configuration was used in all cases. Typically, at least 1000
interferograms were averaged for each sample. They were collected using the forward-backward
double-sided acquisition mode and phase-corrected using the power method due to broad
interferograms (Williams et al., 2007; Weatherall et al., 2013; Johnson et al., 2018). Data were
obtained with the solutions contained in either fused silica sample holders or quartz capillaries.

Additional samples were measured with a Horiba LabRam HR Raman spectrometer
installed on an inverted optical microscope (Nikon Ti-E) with a 632.8 nm HeNe laser light source
and a 40x objective. Data were collected via a backscattering geometry setup in which the scattered
light was returned through the same 40x objective, transmitted through a beam splitter, dispersed

through an 1800 g/mm grating, and detected by an EM-CCD detector. The spectral window was
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between wavenumbers of 100 — 4000 cm™. Spectra were typically collected by averaging 10
exposures of 30-second duration.

The Raman spectroscopy data were processed in Excel (Microsoft, version 2108), where
the background was approximated with a spline function. The Raman-active bands of select
spectra were fit using purely Lorentzian lineshapes using the generalized reduced gradient method
to optimize lineshape parameters and minimize the sum of the squared residuals between the data
and the fit. Additional processing utilized 2DShige (v1.3, © Shigeaki Morita, Kwansei-Gakuin
University, 2004-2005) to extract autocorrelation spectra from the generalized two-dimensional
correlation spectra produced from (i) a concentration array of 0.047, 0.094, 18.7 and 32.7 mM
NalOs in H20 and (ii) a concentration array of 0.047, 0.094, 18.7 and 32.7 mM NalOs using the
dissolved 104 and 103™ concentration, respectively, as the perturbation variable.

2.4 FTIR spectroscopy

Fourier transform infrared (FTIR) spectroscopy was performed on a Bruker Vertex 80v
equipped with a Harrick DiaMaxATR single reflection diamond ATR cell. Samples were loaded
directly onto the ATR crystal. Mid-IR spectra were collected by averaging 128 scans with a
resolution of 4 cm™! and a range between 600 — 4000 cm™!. A select region of the spectrum spanning
between 700 cm™ and 900 cm™ where diagnostic bands of 104 and 103" vibrations occur were
processed via subtraction of the baseline via application of a spline function; pure Gaussian
lineshapes were then used to fit the data. Regression of the Gaussian lineshape parameters was
performed in Excel. Additional processing utilized 2DShige to generate the 2D synchronous
correlation spectra and autocorrelation spectra using the concentration of dissolved 104 and 103

as the perturbation variable. Difference FTIR spectra were also calculated via subtraction of an
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FTIR spectrum of the matrix background (e.g. an FTIR spectrum of water for samples dissolved
in water or an FTIR spectrum of 3 M HNOs for samples dissolved in 3 M HNO3).
2.5 lodine-127 NMR spectroscopy

Single pulse, direct excitation '>’I NMR spectra were collected on an 11.7 T magnetic field
NMR spectrometer. At 11.7 T, the Larmor frequency of 2’1 is 100.063 MHz. The spectra were
acquired with an acquisition time of 52.4 ms enumerated with 131072 complex points, a recycle
delay of 0.1 s, a sweep width of 1250000 Hz, and 2048 transients. The pulse width of the '’ NMR
spectra was approximately 1.5 £ 0.1 us, which was equivalent to a /20 pulse width. The chemical
shift of the '2I NMR spectra was externally calibrated with a sample of 0.1 M KI in H,O (§ =0
ppm) prepared by the dissolution of potassium iodide salt (KI, > 99.0 %, Sigma-Aldrich) in
deionized water. Post-acquisition processing was performed in Mestrenova, where the spectra
were left shifted by 180 points and 2000 Hz of exponential line broadening was applied. The
spectra were extracted to Excel and fit with purely Lorentzian lineshapes. Additional processing
utilized 2DShige to generate the 2D synchronous correlation spectra and autocorrelation spectra
using the concentration of dissolved I and IO4™ as the perturbation variable.
2.6 Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-Vis) spectra were measured using an Agilent Cary-100 UV-
visible spectrophotometer. The solutions were loaded into a quartz capillary and UV-Vis spectra
were acquired between 180 and 800 nm, with a spectral resolution of 2 nm.
2.7 Oxidation-reduction potential measurements

Oxidation-reduction potential (ORP) was measured using a Thermo Scientific™ QOrion™
815600 ROSS™ Combination pH Electrode in tandem with Thermo Scientific™ Orion™

Redox/ORP/Temp Electrodes. The reference solutions were Thermo Scientific™ Orion™ ORP
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Standards for Redox/ORP Electrodes.

3.0 RESULTS
3.1 Characterization of pristine (unirradiated) solutions of NalOs, NalOs, and Nal in DI water

A series of calibration solutions using Nal, NalOs, and NalOs were used to characterize
aqueous I, 1037, and 104", In addition to evaluating the sensitivity of the Raman, FTIR, 2/l NMR,
and UV-Vis spectroscopies, post-acquisition processing of the Raman, FTIR, and *?'I NMR
spectra incorporated 2D synchronous correlation analyses where the autocorrelation spectra were
extracted and subsequentially deconvoluted. The generation of autocorrelation spectra promotes
the resolution of overlapping signals since the peaks narrow considerably (Noda et al., 2000; Ma
et al., 2013; Graham et al., 2021).

Figure 1A shows Raman spectra and 2D synchronous correlation Raman spectra generated
from analyzing a series of NalO4 solutions that varied in concentration between 4.7 and 32.7 mM.
The 104 oxyanion exhibits two Raman-active bands in the region between 600 and 1000 cm™,
with the sharp band at 791 cm™ assigned to the symmetric stretching (v1) motion of the 104 ion
and the broadband at 850 cm™ assigned to the asymmetric stretching (vs) of the 104 ion
(Chandrabhas and Sood, 1995). These two bands increase in intensity as a function of the dissolved
NalO4 concentration, which is apparent based on the cross-correlations in their respective 2D
synchronous correlation spectra. The autocorrelation spectrum is vertically offset below, and the
increase in resolution is apparent based on the reduction in the full-width-at-half-maxima relative
to the Raman spectra of the concentrated NalO4 solution. When comparing the autocorrelation
spectrum and the Raman spectrum of the 32.7 mM NalO4 sample, it is apparent that the minor

peak assigned to asymmetric stretching (v1) at 850 cm™ is of lower intensity than the sharp band
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at 791 cm™ compared to the Raman spectrum of 32.7 mM NalO4 shown in Figure 1C. The relative
intensity of the two bands in the autocorrelation spectra appears to also depend on their relative
full-width-at-half-maxima, with the broad vz band considerably attenuated relative to the sharp v1

band.

Data
(A) 32.7 mM NalO, (B) 32.7 mM NalO, (C) Components
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;s [ j: - 5 32.7 mM NalO,
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700 750 800 850 900 700 750 800 850 900 700 750 800 850 900
Wavenumber [cm-] Wavenumber [cm™] Wavenumber [cm-]

Figure 1. 2D Synchronous correlation Raman spectra acquired with a 1064 nm laser source of
(A) NalOg4 dissolved in water and (B) NalOz dissolved in water. The 2D spectra are annotated
with a dashed line to illustrate the slice used to generate the autocorrelation spectra. (C) Spectral
deconvolutions for Raman spectra and the derived autocorrelation spectra for NalO4 and NalOs,
Note that the 2D synchronous correlation Raman spectra, the spectral deconvolutions of the
most concentrated samples, and the autocorrelation spectra are all normalized by their
respective, maximum peak height.
Figure 1B displays the Raman spectra and 2D synchronous correlation spectra generated
from analyzing a series of NalOs solutions that varied in concentration between 4.7 and 32.7 mM.
The 103" ion exhibits a slightly asymmetric Raman-active band. Notably, the lineshape of the 2-
dimensional peak of the 103 ion is also asymmetric which suggests the presence of a poorly
resolved overlapping band. Consequently, the Raman spectrum of dissolved 103 in the region

between 600 and 1000 cm™ is best fit by two Lorentzian lineshapes with one centered at 800 cm”

1 and the other centered at 785 cm™. These bands are assigned (Durig et al., 1965) to the symmetric
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stretching motion (v1) of the 103 ion at 785 cm™ and antisymmetric stretching motion (vs) of the
103 ion at 800 cm™. These bands increase in intensity as a function of the dissolved NalO3
concentration. The presence of two bands is consistent with prior Raman studies of NalOs salts,
where bands appear at 789 and 808 cm™; in this case, the band at lower wavenumbers is assigned
to v1 and the band at higher wavenumbers is assigned to the antisymmetric stretching motion (vs)
of the 103" ion (Durig et al., 1965). As shown in Figure 1C, both the Raman spectrum of the 32.7
mM NalOs sample and the autocorrelation spectrum can be deconvoluted using two Lorentzian
lines. Analysis of the full-width-at-half-maxima of the Raman spectra relative to the
autocorrelation spectrum indicates that generation of the autocorrelation spectrum again improves
the resolution of the 103 species. Notably, in the case of the two bands in the 103" spectrum, the
relative spectral intensities of the 103™ bands are more preserved in contrast to the distorted relative
spectral intensities of the two 104~ Raman-active bands in the autocorrelation spectrum of the 104
sample series.

Figure 2 details the FTIR spectra and 2D synchronous correlation FTIR spectra generated
from analyzing a series of NalO4 or NalOs solutions that varied in concentration between 4.7 and
32.7mM. The 104 oxyanion exhibits asymmetric FTIR-active bands at 842 and 854 cm™ assigned
to antisymmetric vibrational modes of the 104 ion via comparison with the Raman spectroscopy
data. The 105 oxyanion exhibits an asymmetric FTIR-active band at 800 cm™ assigned to
overlapping contributions of the symmetric and antisymmetric stretching motions of the 103
oxyanion.(Durig et al., 1965) For both spectra, the lineshape of the 2-dimensional peaks is quasi-
Gaussian but radially asymmetric about the peak maxima, which would suggest the presence of
poorly resolved overlapping bands. As shown in Figure 2C, both the acquired FTIR spectra of the

32.7 mM NalO4 sample and NalO3z™ sample can be deconvoluted with two Gaussian lines. For
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either sample, a comparison with the autocorrelation spectra is also shown, and there is a

considerable reduction in the full-width-at-half-maxima relative to the original FTIR acquisition.

(A) 32.7 mM Nalo, (B) 32.7 mM Nalo, (C) Data

e A A Nl Components
28.1 mM NalO 28.1 mM NalO Total
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E 850 - 5 850 ‘g"" 2
@ 1 ] - 32.7 mM Nalo \
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7 \
700 +¥——"—7F——F———— 700 ¥———""7F—"—F——+——
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Wavenumber [ecm-1] Wavenumber [cm-] Wavenumber [cm™]

Figure 2. 2D Synchronous correlation FTIR spectra of (A) NalOs dissolved in water and (B)
NalOs dissolved in water. The 2D spectra are annotated with a dashed line to illustrate the slice
used to generate the autocorrelation spectra. (C) Spectral deconvolutions for the FTIR spectra
and the derived autocorrelation spectra for NalO4 and NalOs. Note that the 2D synchronous
correlation FTIR spectra, the spectral deconvolutions of the most concentrated samples, and the
autocorrelation spectra are all normalized by their respective, maximum peak height.

The results shown in Figures 1 and 2 demonstrate that either Raman or FTIR spectroscopy
can not only detect but can readily discriminate between 104 and 103™ based on the appearance
and location of the oxyanion vibrational bands. In contrast, dissolved I exhibits neither Raman nor
IR-active bands. Therefore, 2’I NMR and UV-Vis spectroscopy were deployed given that both of
the latter spectroscopies are sensitive to dissolved I". 2l NMR spectra are shown in Figure 3. 1%7]
is quadrupolar (spin 7/2) with very efficient relaxation kinetics. Therefore, the I nucleus is not
observable in asymmetric environments. Measurable resonances are present for 104~ and 1" but not

103, In Figure 3A and Figure 3B, the 2D synchronous correlation spectrum is shown for dissolved

NalO4 and Nal, respectively and in either case, the dissolved 104 or I" concentration is used as the
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perturbation variable. Both the 104 and I resonance in their respective, 2D synchronous
correlation spectra show a single, highly symmetric resonance at 4100 and O ppm respectively. As
shown in Figure 3C and Figure 3D, selection of the autocorrelation slice through the NalO4 or
Nal 2D synchronous correlation spectrum generates a spectrum of an increased resolution relative

to the 32.7 mM NalO4 2l NMR spectrum and 1000 mM Nal spectrum, respectively.

Data
A B 1000 mM Nal C Components
( ) 327 V NalO ( ) 100 m{ _wi\ ( ) 32.7 mM NalO, Total
18 7 mM Nalo 10 mM Nal
4.7 mM Nal0 Nalo,
Autocorrelation

., 3800 - ' ' = -300 q . . . . s
i ’ § 4400 4200 4000 3800
; ; 127] Chemical Shift [ppm]
£ 4000 - £ 100 (D)
n 7
_ E —_ &
S o 3 o 1000mMNal -/ \
9 Sy 8 &
£ 4200 - 5 £ 100 - o
2 & 2 & Nal
o . 3. a
2 1 V'& ! 2 ?' : Autocorrelation
& R
T 4400 +———————— T~ 300 ¥ . . .
4400 4200 4000 3800 300 100 -100 -300 300 100 -100 -300
127] Chemical Shift [ppm] 21| Chemical Shift [ppm] 127] Chemical Shift [ppm]

Figure 3. 2D Synchronous correlation 2’1 NMR spectra of (A) NalO4 dissolved in water and
(B) Nal dissolved in water. The 2D spectra are annotated with a dashed line to illustrate the slice
used to generate the autocorrelation spectra. (C) Spectral deconvolutions for 2’ NMR spectra
and the derived autocorrelation spectra for NalOs and Nal. Note that the 2D synchronous
correlation 2’1 NMR spectra, the spectral deconvolutions of the most concentrated samples, and
the autocorrelation spectra are all normalized by their respective, maximum peak height.
UV-Vis spectral data are shown in Figure 4. Whereas the infrared spectra for NalO4 and
NalOs solutions were measured between values of 4.7 and 32.7 mM, the UV-Vis measurements
necessitated greater dilutions to avoid saturation of the measured absorbance. Despite being
limited to concentrations that are below practical acquisition times for FTIR and Raman, UV-Vis
spectroscopy is advantageous because the measurement is sensitive to a broader range of iodine

species. Specifically, based on the analysis of literature, 13” species are observable with UV-Vis

spectroscopy via bands at 284 and 351 nm (Prasanna et al., 2021), I> via bands at 461 nm (Prasanna
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et al., 2021), 104 at 210 — 230 nm (Valkai et al., 2017), and I at 202 nm (Prasanna et al., 2021).
Others have deduced that 10" ions exhibit no signals in UV-Vis spectroscopy in the region between
350 and 500 nm (Kireev et al., 2006). Note that based on analysis of UV-Vis data, there is an
ongoing discussion in the literature regarding the 104 speciation across a wide pH range due to
possible deprotonation, ortho/meta transformations and dimerization (Buist et al., 1969; Valkai et

al., 2017).
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Figure 4. UV-Vis spectroscopy of (A) Nal dissolved in water, (B) NalO4 dissolved in water,
and (C) NalOg dissolved in water. The concentration-dependence of the peak height is presented
in insets along with a linear regression. The data points used in the linear regression are filled
symbols, and the unfilled data points were not used in the linear correlation.
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The UV-Vis spectra for the aqueous solutions of Nal, NalOas, or NalOz are shown in Figure
4. Solutions containing dissolved Nal and NalO4 exhibited a resolved peak in the UV-Vis data
occurring at 226 and 220 nm, respectively. In contrast, the wavelength of the peak absorbance of
solutions of NalOs is outside of the UV range, and the absorbance simply decreases exponentially
as a function of the wavelength in the UV range. As shown in the insets of Figure 4, the solutions
exhibited high linearity (R? > 0.999) across concentration ranges that were unique for the different
forms of iodine, and at higher concentrations, the absorbance began to deviate from linearity for
all iodine species. Specifically, the absorbance at 226 nm was linear as a function of concentration
between 0.002 and 0.173 uM for dissolved Nal, the absorbance at 226 nm was linear as a function
of concentration between 0.009 and 0.19 uM for dissolved NalO4 and the absorbance at 210 nm
was linear between 0.02 and 0.65 uM for dissolved NalOa.
3.2 Characterization of I" reactivity in ®©°Co irradiated deionized water

After demonstrating the sensitivity of each spectroscopy to I, 103, and 1047, subsequent
series of experiments determined spectroscopy signatures in sodium iodine solutions in DI water
irradiated with 5°Co. Raman and infrared spectra collected for these samples following gamma
irradiation are shown in Figures S1 and S2, respectively. In contrast to the Raman and IR spectra
of the dissolved NalOs and NalO3z samples in DI water shown previously in Figures 1 and 2, the
Raman and IR spectra post-y-irradiation of Nal do not reveal any spectroscopic signatures of the
104~ nor 103” oxyanions, which would be apparent based on the symmetric and asymmetric modes
of those ions, respectively. Characterization of the solutions with *?’I NMR spectroscopy resulted
in the acquisition of spectra without resonances shown in Figure S3, which is in contrast to the
127) NMR spectra of dissolved Nal in aqueous solution, where a resonance at 8 ppm assigned to I

is identifiable in unirradiated solutions. Given the lack of identifiable resonances in the 12’ NMR
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spectra, and the lack of evidence for 103™and 104 in the Raman and FTIR spectra, we hypothesized
that there was either 1, or I3~ in these solutions. The chemical environment of the 27l nuclei in I,
and I3~ are asymmetric, therefore *2/I NMR spectroscopy is not expected to be able to measure
those species. To look for evidence of those species, we acquired UV-Vis spectroscopy data after
gamma irradiation with a %°Co source.

The UV-Vis data post gamma irradiation of the solutions of dissolved Nal in DI water are
shown in Figure 5 where four peaks are identifiable. A peak assignable to I" ions occurs at 226
nm, and given the high concentrations, that peak is saturated both in the irradiated and unirradiated
samples at 0.01 M and following a 100-fold dilution (performed after irradiation) to 0.0001 M Nal.
In the unirradiated, pristine samples at both 0.01 and 0.0001 M, no additional peaks are present,

which indicates that only 1" species are found in those solutions.

3.5 0.01 M Nal
: . A ) “ 0.01 M Nal irradiated
A F I T A ~— 0.01 M Nal / diluted by 100x
3 4 H . — 0.01 M Nal irradiated / diluted by 100x
3 ]
825 1 1.0
8 £ 08
g , | S
m ot
2 | g 0.6
o o
B 1.5 4 o 0.4
< J ©
1] = 0.2
0.0 L e
05 0 025 05 0.75 1
| Mole Fraction |,
0
-0.5 T T T T T \
200 300 400 500 600 700 800

Wavelength [nm]
Figure 5. UV-Vis spectroscopy of Nal dissolved in water and a 100x dilution of the Nal
solution. Both 8°Co and pristine (unirradiated) samples are shown. Given that the irradiated 0.01
M Nal sample saturated observable peaks, the 1 M Nal solution was not analyzed. The
approximate peak positions of bands assignable to I, I3 and I, are annotated to guide the eyes.
The inset depicts the relationship between the mole fraction of I" and I5™ to variation of the mole
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fraction of I and to dilution of the system, indicating that dilution of the irradiated and pristine
solutions by a factor of 100x would decrease the relative abundance of I3 relative to I and I".
As shown in the Supporting Information, the effects of dilution can be approximated by
using the thermodynamic equilibrium coefficient governing formation of Is™ as a function of the
mole fraction of I, and concentration. The equilibrium model is shown in Scheme 1 and Equation
1,

K
"+ I, &15" Scheme S1

where the equilibrium coefficient (K) relates the concentrations, here assumed to be the

concentrations, of iodide (C;-), molecular iodine (C;,) and triodide (C;;) as

G Equation 1
CI— ) C12

K

Others have determined that the equilibrium coefficient (K) to be approximately 700 at
20 °C (Palmer D. A. et al., 1984). The dependence of the mole fraction of iodine species is shown
in Figure 5 at an initial concentration of 10 mM. The lines in blue depict the mole fraction of I" as
a function of Iz, the lines in red show the mole fraction of I3 as a function of I, and for
completeness, the black line shows the mole fraction of 1> as a function of itself. The speciation at
the initial concentration of 10 mM is shown as a solid line, with dilutions of 4-, 16-, and 64-fold
shown as light blue and red lines. The dilution factor used in the experiment was 100-fold, which
is shown in dashed lines. Analysis of the relationships between the dilution factor and the mole
fraction of I" and Is” indicate that I" is enriched upon dilution at all mole fractions of I, whereas the

concentration of I3~ decreases upon dilution at all mole fractions of 1. Consequentially, in Figure
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5, if the band attributable to I" was not saturated, dilution by a factor of 100 would increase the
relative intensity of the bands assigned to I relative to the bands assigned to I3

In contrast, the irradiated solutions display additional bands at 351 and 284 nm which are
assignable to I3 (Prasanna et al., 2021), and a weak shoulder consistent with I, at 461 nm (Prasanna
et al., 2021). Dilution of the irradiated 0.01 M Nal sample was required to avoid saturation of the
band at 351 nm. The UV-Vis spectra shown in Figure 5 likely contain poorly resolved species
beyond I3~ and I, such as oxidation products of I". In addition, analysis of the UV-Vis spectra
indicates that post ®°Co irradiation, there are still abundant I ions in the solution which are not
observable in the 12/ NMR data. The lack of observation of the I ions in the 2’ NMR data, would
imply that the I" ions are likely undergoing chemical exchange with I> and Is". The basis for the
presence of I in the irradiated solutions of Nal primarily comes from observation of a saturated
UV-Vis band near 226 nm. Based on comparison of Figure 5 with the UV-Vis result in Figure 4,
the band can be non-uniquely assigned to I" species. This non-unique assignment is consistent with
speciation models, which incorporate a reversible reaction between I, I, and I5. Since ¥l is
quadrupolar with very efficient relaxation kinetics, the *2’I nucleus is not observable in asymmetric
environments, such as in I and I3, and the reaction equilibrium results in a lack of measurable
signal in the I NMR data. In addition, a concurrent explanation is that the electron field gradients
of I" ions are perturbed by interacting with radiolysis products of water or iodide resulting in an
asymmetric environment that is also not measurable with *2’I NMR.

Given the possible effects of water radiolysis products on the ¥I NMR resonance,
oxidation reduction potential (ORP) measurements and pH measurements were collected on the
unirradiated and irradiated samples of 0.01 M Nal to understand how dose can influence the water

matrix. The pH data indicate that irradiation acidifies the solution, decreasing the pH from 6.67 to
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7.06. The ORP data indicate that the irradiation increases the ORP value from 471.4 to 610.2 mV
vs. Ag/AgCI. Prior to the irradiation, analysis of the ORP results indicate that the redox active
species in solution (i.e. dissolved O and I7/12) are sparse. However, upon irradiation, a number of
highly reactive species are produced that are capable of acting upon the 17/l> redox couple or,
conversely, be directly responsible for the change in ORP. The radiolytic yields of a given reaction
product are quantified using G values, which is defined as the number of species produced or
destroyed per 100 eV absorbed. (Elliot et al., 1989) The G values for a neutral pure water system
at room temperature determined by Elliot et al. indicate that in neutral water the production of
solvated electrons (e°aq)) and hydroxyl radical (OH) exceeds the production of H.O; by ~3 fold.
Roth and LaVerne confirmed the G value while determining H2O> production is independent of
pH for pH values spanning between 5 to 9. (Elliot et al, 1989; Roth and LaVerne, 2011) Based on
the received dose at room temperature, the predicted concentration of the radiolysis product, H2Oz,
is roughly half of the I" concentration. Although the UV-Vis indicates that the iodine speciation
has changed, the total solution potential found by ORP is likely more dependent on the H.O> redox
couple. Several radiolysis products are also acidic, considering the change in pH is on the order of
an increase in [H*] of ~107 M. This falls in line with the general observation that in dilute
solutions, the water absorbs nearly all the energy from the impingent gamma radiation. The
radiolytic changes in the solution provide conditions that favor the formation of I3™ as indicated in
Figure 5, consistent with the observation of others on similar systems (Kim and Yeon, 2021).
For the 1 M Nal samples, the pH and ORP values changed more drastically after receiving
dose at room temperature. Irradiation increased the pH of the solution from 7.63 to 11.31 and
increased the ORP value from 255.8 to 479.3 £ 0.8 mV. Unlike the lower concentration (0.01 M

Nal), the solution became basic. The change in pH can be attributed to a reaction pathway through
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which the iodide ion is oxidized to I» through oxidation by a radiolytic product of water such as an
OH radical under circumneutral conditions (21" + 20H: = |2 + 20H"). The oxidation reaction of I
would then likely proceed until the solution pH approached the pKa of ~11.8 for the OH radical.
A similar treatment to that above can be made for the higher 1" concentration, though the
concentration difference between the H,O> and I is 200-fold. The change in the ORP
measurements for the high I concentration is likely due to changes in the iodide solution chemistry
such as the production of higher-order iodide species. Importantly, the high pH of the 1 M Nal
solution results in H2O; reacting as a reductant rather than an oxidant, coupled with a hydrolysis

reaction of I, to HOI. (Francois et al., 2007)

3.3 Characterization of I" reactivity in 3 M HNO3

The reactivity of I" in concentrated HNOs was studied to evaluate the sensitivity of
spectroscopies to iodine speciation in conditions relevant to dissolved fission target processes.
(Brown et al., 2021) Raman and FTIR spectroscopy of 1 M dissolved Nal salt in 3 M HNO3 are
shown in Figures S4 and S5. Similar to the data acquired from irradiated Nal solutions in
deionized water detailed in Section 3.2, analysis of the wavenumbers between 600 and 1800 cm™
shown in the Raman and FTIR spectra in Figures S4 and S5 do not display any bands attributable
to 104 and 103 oxyanions. Instead, the signals in that spectral region only display contributions
from dissolved nitric acid (Marcus and Fresco, 1957). Similarly, in the OH-stretching region
shown in Figures S4 and S5, there were differences in the OH-stretching band due to the
dissolution of increasing concentrations of Nal when comparing the samples of Nal in 3 M HNO:s.
127) NMR spectra are shown in Figure S6. No 21 NMR resonances were observable in the 27|

NMR spectra, which was hypothesized to be due to the formation of I, or I3~ based on the results
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obtained in Section 3.2 when analyzing ®°Co irradiated solutions of Nal in DI water. Therefore
UV-Vis spectroscopy was used to look for evidence of I3~ and I, formation after the dissolution of
Nal in 3 M HNO:s.

To reduce the saturation effects in the UV-Vis spectra that would be present with a 1 M
concentration of Nal in 3 M HNOg, the UV-Vis spectrum of a solution of 5 uM Nal dissolved in
3 M HNOs aged for 1 hour was compared to the matrix of 3 M HNOs3 as shown in Figure 6.
Inspection of the UV-Vis spectra of 3 M HNOz indicates that nitric acid saturates the UV range of
the spectrum, preventing observation of I which would appear at 226 nm based on the results
shown in Figure 4. Observing the spectra obtained from 5 uM Nal dissolved in 3 M HNOg, it is
apparent that a trace amount of signal intensity appears at 351 nm, which is consistent with minor
amounts of I3 in solution. However, the predominant feature in the UV-Vis spectrum is the well-
resolved band at 461 nm, which is consistent with I, (Prasanna et al., 2021). Others have
demonstrated that I is oxidized to I. by dissolved oxygen in acidic solutions, so it is likely that
dissolved oxygen in the solution mediates the transformation of I" to 1> as shown in Figure 6.
(Winkler, 1888; Strickland et al., 1968) Based on these results, the dissolution of Nal into 3 M

HNOs produces lo.
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Figure 6. (A) UV-Vis spectroscopy of 5 uM of Nal dissolved in 3 M HNO3 and comparison

with 3 M HNOs (B) Vertical magnification of the spectra shown in part A. The approximate

peak positions of bands assignable to HNOg, I, I3” and |2 are annotated to guide the eyes.
3.4 Characterization of I" reactivity in 0.5 M HNOg irradiated with ®Co

The effects of ®°Co irradiation on dissolved Nal in 0.5 M HNO3 were also investigated

using Raman spectroscopy, FTIR spectroscopy, %I NMR spectroscopy, and UV-Vis
spectroscopy. The Raman and FTIR spectra of 1 M Nal dissolved in 0.5 M HNO3 are shown in
Figures S7 and S8. Similar to the results of ®°Co irradiated Nal solutions in DI water and the
results from Nal solutions prepared in 3 M HNOs, detailed in Sections 3.2 and 3.3, the Raman and
FTIR spectra showed no bands attributable to oxyanions such as 10s™ nor 104~ which would have
been apparent based on vibrational modes occurring near 800 cm™ as shown in Figure 1 and 2.
Data collected by Raman spectroscopy shows a possible variation in the HNO3 peak (Figure S7)

between the irradiated and pristine sample, but these changes were not observed in the FTIR

spectra (Figure S8) and the reduction in intensity occurs coherently with a reduction in the

22



426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

intensity of the water bending and OH stretching modes. We hypothesize that there may be a
change in turbidity due to irradiation, as similar attenuation of Raman signals in turbid samples
was observed in nitrogen-based oxyanion samples.(Lines et al., 2022) Notably, the low
wavenumber region of the Raman spectra below 300 cm™ displayed two bands that were consistent
with I3 ions in the solution.(Loos and Jones, 1974) The 2l NMR spectroscopy results shown in
Figure S9 were also similar to the results acquired from ®°Co irradiated Nal solutions in DI water
and the results from Nal solutions prepared in 3 M HNOjs in that no 2l NMR resonances were
observed in %°Co or pristine, unirradiated solutions of Nal in 0.5 M HNOs. Based on the UV-Vis
spectroscopy results from ©Co irradiated solutions of Nal in deionized water and Nal dissolved in
3 M HNOg, we hypothesized that the I ions had transformed into either I3™ or L.

To discriminate between the possible formation of I3~ and 12, UV-Vis spectroscopy was
performed, as shown in Figure 7. To avoid saturating the detector, a 500-fold dilution was
performed such that the I3 bands and the I> band were observable without saturation effects. As
shown in Figure 7, both the irradiated and pristine, unirradiated sample display peaks that are
attributable to I and HNOz™ at 226 nm, where the absorbance of those species still introduced
saturation effects clipping the spectrum. In addition, in both samples, peaks are observable for I3’
and a weak shoulder is apparent for I>. The intensities of the peaks are less in the irradiated sample,
which is hypothesized to be due to the evaporation of I, during the sample irradiation. Notably,
the relative intensities of the I3~ bands at 351 and 284 nm are 1.49 £ 0.01 a.u. when comparing
between the irradiated and unirradiated samples, which indicates that the relative intensity of those
bands does not change upon ®Co irradiation. This would suggest that both bands are assignable to
the I3 ion, in agreement with prior literature, and that the formation of I is independent of the

irradiation. (Prasanna et al., 2021) Instead, Is” formation is likely an acid-catalyzed reaction, which

23



449

450

451

452

453

454

455

456

457

458

459

is why a 6-fold reduction of HNO3z concentration from 3 to 0.5 M changes the product from
favoring I2 to 13". Whether I3”and |2 are predominant likely also depends on the redox potential, in
addition to the concentration of HNOs (pH) (Pourbaix, 1974). Note that the 500-fold dilution
would increase the relative abundance of I” at the expense of I3” as shown in the inset. Details of
the calculation to relate the mole fraction of I and I3™ to the mole fraction of 12 and the dilution

factor are shown in the Supporting Information.

3.5 1 __ lIrradiated 1 M Nal in 0.5 M HNO;
diluted by 500x
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Figure 7. UV-Vis spectroscopy of a 500-fold dilution of 1 M Nal in 0.5 M HNO3 post gamma
irradiation with a ®°Co source and comparison with a pristine, unirradiated solution. The
approximate peak positions of bands assignable to HNOg, I, I3 and I, are annotated to guide
the eyes. Note that diluting the irradiated and pristine solutions by a factor of 500x would
decrease the relative abundance of I3 relative to 1> and I'. The inset depicts the effects of 500-
fold dilution on the relative mole fractions of I" and Is". In the inset, the speciation for the
undiluted sample is shown in solid lines, dilutions of 16-fold, 64-fold, and 256-fold are shown
in light lines, and the 500-fold dilution are shown in dashed lines.

4.0 CONCLUSION
Analysis of the spectroscopy techniques advances our understanding of their sensitivities

and limitations in several ways: i) While Raman spectroscopy cannot detect I ions, the technique
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can identify the 103" and 104™ oxyanions above concentrations of a few mM. The 103 and 104
oxyanions have distinct line shapes (i.e. full-width-at-half-maxima) and peak positions. For the
case of 103™ observed with Raman spectroscopy, analysis of synchronous autocorrelation spectra
indicates that there are two overlapping bands that were assignable to the symmetric and
antisymmetric stretching modes of 103". While there is some evidence for I3 in the low
wavenumber region, specialized filters are needed to quantitatively analyze Raman spectra at
wavenumbers below 300 cm™. ii) FTIR spectroscopy can identify the oxyanion 103” and 104 ions
but not I, Iz, or I3". Identification of 103™ and 104 is based on the peak maxima and line shape of
the observable bands. Solutions of 103™ and 104 can be detected in excess of a few mM with FTIR
spectroscopy. For both 103™ and 1047, analysis of 2D synchronous autocorrelation spectra indicates
the observable bands are composed of at least two peaks, likely attributable to both the symmetric
and antisymmetric stretching modes of 105 and 104", iii) /I NMR benefits from the isotopic
specificity that enables observation of iodine species without the presence of possibly interfering
signals from the sample matrix, but the technique’s sensitivity is intrinsically limited to forms of
iodine with a symmetric local environment such as I"and 104 species due to the quadrupolar NMR
properties of 1. Following acidification or °Co irradiation of solutions of dissolved Nal to form
either 12 or 13, no 21 NMR resonance is observable, even when UV-Vis spectroscopy
demonstrates that I" ions are in sufficient quantities to saturate the detector. Therefore, the iodine
species are undergoing chemical exchange between I, Iz, and I3 which results in no observable
NMR resonance. iv) UV-Vis spectroscopy can identify I, 103, and 104 in solution in uM
guantities, and can also detect the formation of Is~and I, following ®°Co induced gamma irradiation
or acidification of DI water with nitric acid. However, even after diluting nitric acid solutions

considerably, the absorbance in the UV-Vis range of I" is saturated by the combined absorbance of
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both HNO3 and I'. v) Measurements of the matrix conditions to understand redox and pH changes
may also provide an understanding of how radiolysis products or mechanisms can influence iodine
behavior, which may have real world consequences to the capture of radioiodine for fission based
medical isotope producers.

In addition to curating information about the sensitivities and limitations of Raman
spectroscopy, FTIR spectroscopy, 2’1 NMR spectroscopy, and UV-Vis spectroscopy, analysis of
the application of these spectroscopies to track iodine speciation in acidified solutions and/or post
%0Co induced gamma irradiation provided insight into the changes in iodine speciation. lodine in
the form of dissolved Nal in DI water forms Is™ ions without the presence of a resolvable UV-Vis
band of I, post ®°Co irradiation. Dissolution of sodium iodide in 0.5 M HNO3 is observed to form
I3~ and application of 8°Co does not perturb the relative UV-Vis line shape of the I3~ formed from
the dissolution of Nal in 0.5 M HNOs3, although changes in the absolute signal intensity were found
and attributed to evaporation of volatile 1> during irradiation. Upon increasing the concentration of
nitric acid to 3 M HNOs, |2 is observed to form in solutions of dissolved Nal. These studies
indicate that of the explored spectroscopies, UV-Vis spectroscopy should be considered the
principal method of discriminating irradiation and acidification-induced changes in I speciation
into Iz or Is7, with the caveat that the presence of HNOs saturates the UV range of the UV-Vis
spectra. Future work will expand the list of samples beyond monomeric forms of iodine (e.g. I,

104 and 103°) to include I3” and other forms of iodine (e.g. HIO).
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