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Abstract

The experimental and calculated Raman spectrum of PuCl; has been reported for the first time.
PuCls is a primary species found in plutonium metal refinement, specifically in pyrochemical salt
processes including multicycle direct oxide reduction, metal chlorination, and electrorefining. As
such, Raman signatures of PuCls could serve as potential forensic indicators of material process
history. A novel technique for synthesizing PuClz from the in-situ chlorination of plutonium metal
with HCl was developed to establish these signatures. Cerium metal surrogates were utilized to
ensure optimization of the plutonium experiments and to minimize personnel exposure, and all
experiments were carried out in a Raman reaction chamber designed for air-tight, high vacuum
environments. In-situ Raman spectroscopy was employed in conjunction with Density Functional
Theory (DFT) to investigate the vibrational modes of PuCls. Associated mixed oxy and hydroxyl
phases are also reported. The combined Raman and DFT results have eliminated inconsistencies
in Raman mode assignments for the M X3 family of metal chlorides having P63/m symmetry, and
IR modes derived from the DFT calculations are additionally presented. The data observed in this
study is of potential interest to nuclear forensic analyses, nuclear sample aging, nuclear energy,
plutonium processing, and stockpile stewardship.

1. Introduction

Traditionally, plutonium is produced in nuclear reactors from burn up of uranium oxide
fuel, separated using the PUREX process, and converted to PuO, for reduction to high purity
plutonium metal for use in nuclear weapons. Plutonium metal production utilizes recycled and
scrap material that require refinement by a variety of technologies known as pyrochemical salt
processing.! The purification of plutonium metal generates an assortment of byproducts, and the
physical and chemical signatures of these byproducts can serve as potential use to nuclear forensic
analyses, prediction of nuclear material aging, nuclear energy applications including
thermoelectric power production for deep space missions, improvement of production flowsheets
through real time monitoring, and stockpile stewardship. This work therefore aims to elucidate
signatures of a principal byproduct system in plutonium metal production, the plutonium-chloride
system. Chlorides are utilized in pyrochemical salt processing methods to purify plutonium metal
due to their low corrosion of containment materials,? and a primary species of interest found in
multiple phases of plutonium metal refinement is PuCls.

The first phase in pyrochemical salt processing of plutonium is multicycle direct oxide
reduction (MCDOR), in which PuO; purified by nitric and hydrochloric acid processing is
converted to plutonium metal. The reaction occurs with calcium metal in a molten calcium chloride
solvent and, following completion of the reaction, allows the resulting plutonium metal to meld at
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the bottom of the reaction crucible while the calcium chloride forms a salt cake that solidifies atop
the metal. The plutonium metal resulting from MCDOR is impure, and readily absorbs impurities
from the CaCls salt cake.> PuCls could be present at this stage of metal refinement due to the
absorption of chloride.

The subsequent process used for further purification is dependent upon the type of
impurities present and corresponding material aging. As >*'Pu undergoes radioactive decay to form
241 Am, significant amounts of americium impurity must be removed via metal chlorination,
formerly referred to as molten salt extraction or slagging,':* if the plutonium has been stored for
an extended period of time. Metal chlorination involves melting the plutonium metal to be reacted
with chlorine gas. This directly produces PuCls, which subsequently reacts to additionally form
AmCls, and will then produce a removable salt cake on top of the metal after cooling.* The
plutonium metal then undergoes the electrorefining process, which refines the metal to a purity
acceptable for use in nuclear weapons. Electrorefining can also be completed in lieu of metal
chlorination directly following MCDOR if the initial daughter product impurities are minimal.’ In
this process, the impure plutonium metal is melted and oxidized to PuCls at the anode, which acts
as a Pu(Ill) seeding agent to guarantee reduction at the cathode. The PuCls is subsequently
dissolved in the molten salt, and the molten plutonium is then transported to the cathode and
reduced to pure plutonium metal for eventual use in nuclear weapons.”” Ultimately, the bulk of
impurities resulting from traditional plutonium pyrochemical salt processing are chloride salts,
namely PuCls. This work therefore offers an investigation into the Pu-Cl system by synthesizing
PuCl; via in-situ chlorination of plutonium metal to produce milligram amounts of material. In this
fashion, signatures of small particles and metal surfaces, which are often the primary form of
interdicted material, may be developed.

Commonly reported lanthanide and actinide chlorination pathways for trichloride
formation are often conducted under high temperature environments and include the use of
hydrochloric acid or chlorine gas as the chlorinating agent, where oxides, sesquioxides, and
hydrides have been utilized as reactants.®!> Additionally, chlorination via molten salt mixtures,
including LiCI-KCI, NaCl-CaCl,, and metallic U has been widely reported, and include
chlorinating agents such as BiCls,! CdCl,,!” CuClp,'® FeCly,'” NH4CL?° and ZnCl,.2" *? UCl;
synthesis can additionally be accomplished via hydrogen reduction of the tetrachloride.?
Previously reported production pathways specific to PuCls include direct chlorination of plutonium
metal via elemental chlorine,** and chlorination of plutonium oxide or oxalate via chlorinating
agents such as hexachloropropene,>® PCls and SCl,** and COCl, and CCls.?® Additionally,
chlorination via HCI at elevated temperatures has been reported for plutonium oxide, oxalate, and
oxalate hydrate.?’-3°

In this study, a novel method for synthesizing and characterizing PuCls in-situ has been
developed in which plutonium metal is chlorinated via HCI at ambient temperature. This method
is advantageous in that it employs small amounts of plutonium (~10 mg), does not require the use
of chlorine gas or a high temperature environment, and in-situ synthesis and analysis of PuCl;
lowers the risk of radioactive contamination. Furthermore, eliminating the use of molten salts
omits the chance of minor component contamination. The reaction occurs by the following
equation:

2Pu’(s) + 6HClI(aq) = 2PuCl;(s) + 3H, (1)

To ensure success of the plutonium experiments and to minimize personnel exposure,
several optimizing iterations of surrogate experiments were carried out with polished cerium metal,
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which is a well-known proxy of plutonium due to its similarities in crystal and electronic structures
and will therefore produce similar and predictable Raman shifts.’! Success of the CeCls
experiments was confirmed via spectral comparison of commercially available CeCls. Density
functional theory (DFT) was additionally utilized to offer further interpretation of the experimental
work, and to aid in the assignment of Raman bands.

While PuCl; and tangential phases have been previously characterized by powder X-ray
diffraction (p-XRD), local defects caused by intrinsic decay or aging environments cannot be
directly measured by this technique. As such, Raman spectroscopy has recently been utilized to
establish signatures of local defect modes in materials such as PuO; with short term alpha decay
damage and determining sample age since calcination,*? long term alpha decay damage,*® and laser
induced annealing.** Moreover, Raman spectroscopy can be utilized to characterize residual
amounts of material on a surface, whereas XRD cannot, and is more amenable to the use of
handheld instruments for in field investigations. Further development of these signatures will
ultimately provide insight to the provenance of plutonium materials in interest to nuclear forensics,
and thus, the goal of this study is to develop Raman signatures of PuCls and represents the first
time the Raman and DFT calculated spectra of PuCl; have been reported.

2. Experimental

2.1. Materials

Caution! These plutonium materials are high specific-activity a-particle emitters, along
with associated y-ray emissions, in addition to P-particle emission from daughters. These
radiological hazards (and heavy metal chemical toxicity) pose serious health threats. Hence, all
studies were conducted with appropriate controls for the safe handling and manipulation of
radioactive materials, i.e., in a United States Department of Energy-regulated radiological
laboratory equipped with HEPA filtered hoods and continuous air monitors. All free-flowing solids
that contained transuranium elements were handled in negative-pressure gloveboxes.

A plutonium metal coupon (2 wt% Ga alloy) containing a mixture of delta and alpha phase
was obtained from Los Alamos National Laboratory (LANL) stock materials and possessed an
oxide layer. XRD was used to confirm the phase purity of the plutonium coupon, and Raman
spectroscopy was utilized to further verify whether the coupon had formed an outer oxidized layer
of PuO;. 8 M nitric acid, HNO3, and a medium grained diamond file were used to remove the oxide
layer. 12 M HCI was used as the direct chlorinating agent to produce PuCls for subsequent
measurement of Raman signatures.*> Cerium metal was acquired from LANL stock materials.
Furthermore, 99.9% ultra-dry CeCls purchased from Thermo Fisher Scientific was utilized as
reference material to confirm the success of the CeClz experiments via Raman spectroscopy.

All experiments were carried out in-situ in a Raman reaction chamber purchased from
Harrick Scientific (model number HVC-MRA-5) designed for air-tight, high temperature and high
vacuum environments up to 910 °C and 107 torr. The chamber was equipped with a vacuum line
attached to a HEPA filtered turbopump backed by a rotary vane pump and a quartz window for
sample viewing and Raman analysis.

2.2. Chlorination procedure for the plutonium coupon

Using a glove bag located in a fume hood, the plutonium coupon was transferred to a
scintillation vial containing 8M HNO3. The coupon was observed to react immediately on contact
with the acid. The vial was sealed, cleaned, and transferred to a hot plate where it was heated
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between 60-100°C for 45 minutes to dissolve the oxide layer. While the most common PuO
dissolution procedure reported in literature involves HNOs-HF solutions, particularly with the
dissolution of high-fired oxides,*® the present study has found 8 M HNO; to be a sufficient
dissolution medium for the oxide layer grown under ambient conditions.

Following heating, the coupon was removed from the acid solution and washed with
acetone before being transferred back into the glove bag. The coupon was further polished via
diamond file which easily removed any remaining visible oxide layer and was then adhered to a
piece of carbon tape on the sample stage in the reaction chamber. A drop of 12 M HCI was wicked
onto the metal which reacted vigorously for 10 to 15 seconds. The reaction chamber was then
sealed and evacuated to a pressure of 3.5-10° torr to prevent material hydration and oxidation. A
HEPA filter was installed between the reaction chamber and the vacuum pump, and the pump
exhaust was vented back into the HEPA filtered fume hood as an extra precaution to prevent
contamination.

2.3. X-ray diffraction

p-XRD was used to confirm the phase purity of the plutonium coupon prior to chlorination
(Supporting Information Fig. S1), as well as the experimental CeCls (Fig. S2). The CeCls scan was
collected on a Bruker AXS D8 Advance diffractometer equipped with an unconditioned Cu source
and 1-D Si(Li) Lynxeye detector with a Ni filter. The sample was spun at a rate of 15 rpm. The
resulting spectrum was analyzed via JADE XRD pattern processing software.’’

2.4. Raman spectroscopy

The experimental CeCls, CeCls reference material, experimental PuCls, and the unreacted
plutonium metal coupon were analyzed utilizing a ThermoFisher Scientific DXRxi Raman
imaging microscope. All scans were collected using a 532 nm excitation wavelength, 10x
objective, and 1000 scans, and analyzed via OMNICxi and Origin software.*® % The system was
equipped with a DXR 532 nm full range grating of 900 lines/mm. The Pu sample data was collected
using a 25 um confocal pinhole or 50 um slit and, depending on which spectrograph aperture was
employed, exposure times between 0.33 and 1.0 s and power levels from 0.20 to 2.0 mW.

Experimental CeCls data was measured using a 25 um slit, 0.5 s exposure times, and 5 mW
power level. CeCls reference material data was collected using a 50 um slit, an exposure time of
0.33 s, and power levels from 3.0 to 10 mW.

2.5. Density functional theory (DFT)

To offer interpretation of the experimental work, DFT was utilized to calculate the PuCl;
Raman spectrum. DFT#% 4! calculations were carried out on the PuCls crystal using the Quantum
Espresso code.*? The Perdew-Burke-Ernzerhof (PBE) formulation to the generalized gradient
approximation (GGA) to the DFT exchange-correlation functional was employed.*> Norm-
conserving Troullier-Martins pseudopotentials ** modified into the Kleinman-Bylander separable
form were used to describe the ion-electron interactions.* The Kohn-Sham orbitals and electron
charge density were expanded using plane waves basis with energy cut-offs of 170 Ry and 680
Ry, respectively. A 6x6x11 Monkhorst-Pack *® k-point grid with the first-order Methfessel-Paxton
electronic smearing function *’ of width 0.005 Ry was employed for the Brillouin zone integration.

Fig. 1 depicts the primitive unit cell of PuCl; containing two Pu atoms and six CI atoms. It
has been previously determined that PuCl; possesses a hexagonal lattice structure and a P63/m
space group with lattice constants a=b=7.394 A and c=4.243 A. The Pu and Cl atoms are located
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at Wyckoff positions of (1/3, 2/3, 1/4) and (xo, yo, 1/4), respectively, where xo = 0.3879 and yo =
0.3021 are internal crystal coordinates.*® Thus, the lattice constants a, b, ¢ that determine the crystal
volume, and the internal parameters xo and yo must be optimized using DFT to obtain the ground
state crystal structure.

The atomic positions and cell volume of bulk PuCls were simultaneously optimized subject
to the following relaxation criteria: the total energy was accurate to 1071° Ry, the magnitude of the
atomic force on each atom was less than 1.5%10°° Ry/Bohr, and the magnitude of each component
of the stress tensor was less than 10~ kbar. The optimized lattice constants were a=b=7.374 A and
c=4.150 A, and the optimized internal parameters were xo = 0.3882 and y0=0.3071. Using the fully
optimized structure, the 24 phonon eigenmodes and eigenvectors and the associated Raman spectra
in the 8-atom PuCls unit cell were computed within the Density Functional Perturbation Theory
(DFPT) formalism.*% 3

3. Results and Discussion

3.1 Experimental CeCl3 p-XRD Data

The experimental CeCl; p-XRD data is shown in Fig. S2. The sample is likely comprised
of a mixture of cerium hydrate phases, primarily CeClz(H20)7, with pure CeCl; and CeO; as minor
component phases. The presence of water and oxygen impurities is representative of real world
samples which may have been exposed to various environmental conditions such as relative
humidity. While p-XRD was not collected for the PuCls sample due to the difficulty of sample
handling, it is reasonable to assume the sample consisted of similar crystalline hydrate and oxide
phases, which is discussed further in the following sections alongside associated Raman bands.

3.2. Experimental and Reference CeCls Raman Data

The space group P63/m corresponds to a unit cell symmetry of Cgx?,%! which is isomorphic
with the underlying Cg, point group.!® The phonons at the I' point, i.e. Brillouin zone center,
determine the Raman-active and infrared modes. The Cg; point group comprises 8 real irreducible
symmetry representations: Ag, Be, Au, Bu, E1g, E2¢, E1u, and E>,. Thus, the irreducible representation
of the 24 phonon eigenmodes in PuCl; at the I point is:

Te., = 244 + 2By + 24, + 2By + 2E 4 + 6E,5 + 6Eyy, + 2E5,  (2)

Furthermore, the Cs;, point group includes two ions per crystallographic unit cell and two
atoms per Bravais unit cell, which implies six active Raman modes: three 2o, two Ag, and one Eg;
the E»; modes are expected to relate to translational movements of the complete rare earth Cls
groups, the 4, modes encompass movements of Cl” ions in the xy plane, and the £;, mode involves
movement of these ions along the z-axis.>?

The Raman data of the experimental CeCl; sample and CeCls reference material is
illustrated in Fig. 2. The peak intensities were normalized for comparative purposes as the spectra
were collected under varying instrumental settings for optimal peak resolution. Both the
synthesized and reference CeCls samples displayed largely equal Raman-active band locale,
implying high success of the Ce surrogate experiments. Specifically, the experimental CeCl3
samples exhibited three active bands at 104, 187, and 217 cm’!. This agrees with previous work
conducted at room temperature.'® The absence of one of these modes, the middle lying E>g, can
likely be explained by a superposition of the middle lying missing E2, mode and the 4, mode
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occurring near 179 ¢m™.>® The lowest lying 4, mode and the highest lying E>; mode were
additionally not resolved in this work. Notably, other studies have conducted Raman analysis for
single crystal CeCls and other isostructural lanthanide chlorides under high temperature conditions
to increase peak resolution !> 3% 3% and thus, it is likely that the absent modes were not identified
in this work due to low scattering intensity.

The CeCls reference material showed three active bands at 103, 184, and 212 cm™!. The
experimental CeCl3 contains residual CeO, from the oxidized metal, with bands centered at 470
cm!. 3% Additionally, minor structure around 300 cm™ and 345 cm™, observable in Fig. 2b, may
additionally be attributed to CeO, or Ce-Cl vibrations of a cerium hydroxyl chloride complex and
Ce-O vibrations of the complex, respectively, which may occur due to hydroxylated and
chlorinated CeO> material reacted with the concentrated HCI to produce mixed oxy and hydroxy
chloride surface features on the oxide particles.’”- > Further structure from 3300 to 3500 cm™' is
attributed to O-H stretching due to the presence of water.’® This is corroborated by the p-XRD
data, which indicated the presence of CeCl; hydrate and oxide crystalline phases. The broad
structure from 1100 to 1200 cm! is likely due to 2LO overtone,®® while structure around 1600 cm™
! can likely be attributed to graphitic carbon, which suggests the presense of some residual organic
material likely introduced from the oil the Ce metal was stored in.%! The reference CeCls spectrum
additionally shows minor peaks at 65 cm™ and 145 cm™. No published assignments could be
identified for these peaks, however, similar structure has been observed in LaCl; and the UCIs-
type hexagonal form of GdCl5.!% %2

3.3. Experimental and Calculated PuCls Raman Data

Comparable to the CeCls spectra, Raman-active bands were observable in the experimental
PuCls spectrum at 80, 181, 189, and 216 cm™. The middle and highest lying E>; modes were
similarly not resolved. The PuCls spectrum also exhibited a broad band around 470 cm
representative of PuO». The presence of PuO> can be attributed to either residual oxide from the
metal coupon or from material oxidation during the chlorination process prior to the sample
chamber being evacuated. Structure from 685 cm™ to 745 cm™! is assigned to hydroxyl and water
librational modes,* which would be expected from residual water in the cell from the 12 M HCI
chlorinating agent. Oxyhydroxide and oxychloride phases may be present in real world samples
from exposure of PuCl; to atmospheric oxygen and water.®* Specifically, Pu(OH).Cl can form as
a result of water radiolysis, while PuOClx can occur as an impurity in spent salts from
pyrochemical salt processing.®> Similarly to the experimental CeCls sample, the minor structure
around 1400 cm™! and the peak at 1600 cm™! are likely attributed to graphitic carbon, which suggests
the presense of residual organic material,! which may have been present on the coupon from
storage oil. The broad structure above this region and is likely attributed to material fluoresence.

The PuCl; bands at 181, 189, and 216 cm™ exhibited a higher Raman shift compared to
CeCls, while the band at 80 cm™! exhibited a lower shift. This is due to the low wavenumber £,
modes being the only modes with sizable contributions from the Pu and Ce atoms (see Fig. 4(a),
discussed in detail below). Due to the large difference between the masses of Pu and Ce, Pu-
induced vibrations will be smaller than that of Ce as vibrational frequency is inversely proportional
to mass. Thus, the PuCls E>; mode at 80 cm™! exhibits a lower shift compared to CeCls, and the
remaining bands a higher shift.

The experimental and calculated PuCl3 Raman spectra are presented in Fig. 3 with
normalized peak intensity for comparative purposes. The calculated Raman spectrum was
convoluted with a Gaussian function of width 2 cm™, and all six expected Raman-active modes
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were identified at 89.8, 167.4, 180.9, 197.8, 214.0, and 222.6 cm™'. The strongest peak corresponds
to the Ag band at the 180.9 cm™ wavenumber. The two peaks at 214 cm™ and 222.6 cm’,
corresponding to the 4, and the E>, bands, respectively, are additionally of high intensity. The
remaining two intensities correspond to the E2, bands with wavenumbers of 89.8 cm™ and 167.4
cm™l.

The intensity of the calculated £;, mode is extremely weak and not observable in Fig. 3.
This may be due to the following reasons: the calculations did not incorporate spin-orbit coupling
(SOC); correlation effects beyond DFT were not included for the Pu 5f°electron states, i.e. DFT+U;
the Raman tensor calculations for the PBE functional was only up to second order. The effects of
SOC, DFT+U, and third order Raman tensor terms, which are necessary to fully capture the
magnitude of the intensities, are not yet implemented in the Quantum Espresso code. Nevertheless,
the remaining calculated wavenumbers are in sufficient agreement with the experimental
intensities.

The calculated PuCls wavenumbers are further illustrated in Table 1. Discarding the 3
lowest acoustic phonon frequencies in Equation 2, i.e. phonons of By, 4., and E;, symmetry, the
remaining 21 frequencies are presented along with their corresponding group symmetry of the
irreducible representation of the mode. The six Raman active modes are highlighted in red, and
there are 10 total eigenmodes. Overall, the computed wavenumbers agree with the experimental
data, despite the peak shifts discussed prior. However, the computed wavenumber for the 4, mode
(mode 12; 180.9 cm™) is higher than the middle lying £, mode (modes 10,11; 167.4 cm™"), while
some previous lanthanide trichloride studies reported the 4, mode (162 cm™) to be lower than the
E> mode (174 cm™).>* 5% This discrepancy is likely due to electron correlation effects. Raman-
active modes for a representative CeCl3 sample, CeClz reference material, experimentally
synthesized PuCls, and PuCl; wavenumbers calculated by DFT are summarized in Table 2. The
order of symmetry is reflective of the calculated PuCl; wavenumbers and previously reported work
on CeCls by Schaack and Koningstein.> Notably, additional previous studies have reported the
middle lying E>, mode to be of higher symmetry than the lowest lying Ag mode.!>>* It is reasonable
to claim that the DFT calculations in this work have established the correct order of symmetry and
thus addresses the inconsistencies in the literature for CeClz mode assignments and MCls species
having P63/m symmetry.

The PuCls eigenvectors for the eigenmodes are schematically depicted in Fig. 4a-f. All
modes, apart from modes 2 and 3, are dominated by Cl atomic vibrations, which is expected as ClI
is much lighter than Pu. The modes consist mainly of twisting and rocking modes or a linear
combination of both. For example, modes, 11, 12, 17 and 19 are twisting modes, modes 2 and 10
are rocking modes, and modes 16 and 20 are a linear combination of twisting modes.

These results establish the in-situ synthesis of PuCls and the corresponding measurement
and calculation of its Raman modes for the first time. Previously determined X-ray structures of
the Pu and Ce analogs of the trichlorides are isostructural, sharing space group P63/m, suggesting
they should have a similar number of vibrational bands, albeit with different energies based on
differences in mass and bond stiffness from Ce to Pu. Our experimental Raman data agrees with
this, showing four bands in similar energy regions for each system. The Raman measurements of
CeCls, both synthesized and commercially sourced, agree with previously reported spectra. When
compared to the PuCls results reported in this work, the differences in Raman shifts are practical
based on differences observed throughout the family of metal trihalide systems having the P63/m
structure type (vide supra). The agreement between the experimental and DFT calculated spectra
are quite reasonable, and further establish the characterization of PuCls.
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In future work, there are many other remaining plutonium processing signatures to
understand in relation to plutonium halide signatures. Additional species relevant to plutonium
forensic signatures include hydride species, which are bound by PuH, and PuH;.%° These species
can occur in the presence of water such as relative humidity, or hydrogen, which can exist in
storage containers due to water radiolysis.®” Hydrogen environments can additionally exist due to
radiolysis of hydrocarbon sources such as plastics used for bagging and storage.

Oxycarbides, PuOxCy, are also of particular interest and may suggest the presence of
impurities in production as the pyrolysis of oxalate forms unbound carbon, which reacts with
plutonium oxide to form oxycarbide phases. The oxalate ligand is used to precipitate Pu(Ill) or
Pu(IV) from solution in the nitric acid purification process.! Carbon can also be introduced to the
system by reduced surface phases interacting with CO and CO..® Finally, in addition to PuO, the
sesquioxide, PuzOs3, is of interest as plutonium metal readily oxidizes in air to form a dual layered
oxide system comprised of Pu,O; at the metal interface and PuO; at the air-oxide interface.®’

4. Conclusion

A novel method for the in-situ chlorination of plutonium metal with HCI to form PuCls has
been developed, and corresponding experimental and DFT calculated Raman spectra have been
presented for the first time. Three Raman active bands for experimental CeCl; samples were
observed at 104, 187, and 217 2 cm™!, which are in agreement with previous CeCls studies, as well
as other isostructural lanthanide chlorides. Similarly, four active bands were observable in the
experimental PuCls spectrum at 80, 181, 189, and 216 cm™'. Associated mixed oxy and hydroxyl
phases were additionally presented, which are relevant to real world environmental conditions.
The calculated PuCl; Raman spectrum includes six active bands at 89.8, 167.4, 180.9, 197.8,
214.0, and 222.6 cm’!, and agree with the experimental results. The Raman signatures of PuCls
may be employed to establish the processing history of a plutonium sample to support nuclear
forensic analyses and stockpile stewardship. Moreover, the DFT derived IR modes were presented
and could also be employed to interpret IR spectra of future measurements of systems with
potential PuCls content. Finally, the combined Raman and DFT results have eliminated
inconsistencies in Raman mode assignments for the M X3 family of metal chlorides having P63/m
symmetry.
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Table 1. Phonon eigenfrequencies of PuClz computed at the I" point. Wavenumbers corresponding
to Raman-active eigenmodes have been highlighted in red. The remaining eigenfrequencies

represent IR-active eigenmodes.

Eigenmode label Wavenumber (cm™) Symmetry
1 44.1 Eiu
2,3 89.8 Eyq
4 104.5 Ay
5 120.1 B,
6,7 134.6 Eiy
8,9 162.6 E,y
10,11 167.4 E;g,
12 180.9 Ay
13, 14 195.1 Eiy
15,16 197.8 Eqqg
17 214.0 A,
18 2159 B,
19,20 222.6 E;g,
21 237.7 B,

Table 2. Summary of resolved Raman-active modes in the experimental CeCl; samples,
synthesized PuCls, and PuCls modes calculated by DFT. Blank spaces indicate unresolved modes.

Mode CeCl; (Experimental)  CeCl; (Reference) PuCl; (Experimental) PuCl; (DFT)
Ey 104 cm’! 103 em’ 80 cm’ 89.8 cm’
Ey, 181 cm” 167.4 cm’”
A, 180.9 cm’!
E, 187 cm'’ 184 cm’ 189 cm' 197.8 cm’
A, 217 em’! 212 em’” 216 cm’! 214.0 cm’!
E, 222.6 cm’
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Figure 1. Depiction of the crystal structure of PuCls. The structure corresponds to the P63/m space
group (hexagonal lattice; space group number 176). The lattice constants are a=b=7.394 and
¢c=4.243. The Wyckoft positions are Pu (1/3, 2/3, 1/4) and Cl1 (0.3879, 0.3021, 1/4).
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Figure 2. Normalized Raman spectra representative of synthesized surrogate CeClz sample
(purple) and commercial CeCls reference material (green). (a) illustrates the resolved CeClz modes

while (b) shows the complete Raman spectrum where mixed oxy and hydroxyl modes were
additionally observed.
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Figure 3. Normalized Raman spectra of synthesized PuCl; (red) and PuCls calculated by DFT

(blue). (a) illustrates the resolved PuCl; modes while (b) shows the complete Raman spectrum
where, similarly to the CeClz, mixed oxy and hydroxyl modes were additionally observed.
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Figure 4a: E, g, 89.8 cm’!: Mode 2 Mode 3

’ At Aot

Figure 4b: E,;, 167.4 cm™: Mode 10 Mode 11

[

Figure 4¢: Ay, 180.9 cm™: Mode 12

Figure 4d: E; 4, 197.8 cm™: Mode 15 Mode 16
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