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Abstract :
In this research, the creation, characterization via spectroscopy and thermal methods as well as the elec-

trochemical testing of the lanthanide-polyiodide compounds that were synthesized with the purpose of probing 
the structure-property relationships responsible for iodine speciation and redox behaviour have been disclosed. 
The solid samples were fabricated in a manner that ensured a controlled templating process by utilizing the 
coordination centers of the lanthanides(III) and the donor frameworks with their coordinating properties. The 
analysis of the structure by EXAFS/XRD reveals that the coordination numbers for the lanthanides are ap-
proximately eight and the distances of the Lanthanide-O bonds are between 2.35 and 2.45 Å. Spectroscopic 
characterization (Raman, FT-IR, UV–Vis and time-resolved luminescence) has shown the presence of wide 
bands of charge-transfer corresponding to polyiodide groups (λ max ≈ 330–410 nm) along with the sharp lan-
thanide 4f-4f transitions; the luminescence lifetime measured for representative ions was 0.72 ms (Eu), 0.18 
ms (Nd) and 0.095 ms (Dy), which is in agreement with the ligand-field and vibronic quenching effects. The 
thermal analysis (TGA/DSC) showed that there were several steps in the mass losses (the first about 45-100 °C; 
the largest one 200-350 °C) and by 700 °C only inorganic matter was left. The electrochemical tests (CV, EIS, 
galvanostatic) indicated that the iodine is actively involved in the redox process (I⁻ ↔ I₃⁻ ↔ I₂) as evidenced 
by quasi-reversible voltammetry (Epa ≈ 0.31–0.36 V; Epc ≈ 0.19–0.21 V vs Ag/AgCl; ΔEp = 120–160 mV) 
and also the Rct values were sample-dependent with a range of 220–480 Ω. The drawn correlations imply that 
the coordination geometries of the host, the hydrogen-bonding patterns and the channel designs determine the 
topology of polyiodides, their thermal stability and redox kinetics. The outcomes give us the direction of the 
required properties when it comes to the shaping of materials based on lanthanide-templated polyiodide for 
electrochemical applications and also point out the methods that can be used to reach the objectives—operando 
spectroscopies, conductive host integration and atomic modeling.

Keywords: lanthanide, polyiodide, EXAFS, Electrochemistry, Thermal Analysis.

تحضير وتشخيص مركّبات اللانثانيد متعددة 
اليود وقياس خواصها الطيفية والحرارية: دراسة للخصائص الكهروكيميائية

haideralied@gmail.com       //       حيدر ســالم عبد الجبار
مستخلص:

يتنــاول هــذا البحــث تحضــر وتشــخيص مركّبــات اللانثانيد–متعــدد اليــود باســتخدام الطــرق الطيفيــة والحراريــة، بالإضافــة إلى دراســة 
خصائصهــا الكهروكيميائيــة، وذلــك بهــدف فهــم العلاقــة بــن البنيــة والخــواص وتأثيرهــا عــى تفاعــات اليــود وأنــاط الأكســدة والاختــزال. 
جــرى تصنيــع المركّبــات الصلبــة بطريقــة تعتمــد عــى التشــكيل البنائــي الموجّــه عــر مراكــز تناســق اللانثانيــدات )III( والهيــاكل المانحــة ذات 

القــدرة عــى الارتبــاط.
أظهــرت تحليــات EXAFS وحيــود الأشــعة الســينية أن أعــداد التناســق لللانثانيــدات تقــارب ثمانيــة، وأن مســافات روابــط Ln–O تــراوح 
بــن Å 2.45 – 2.35. ومــن خــال التشــخيص الطيفــي )رامــان، FT-IR، UV–Vis، والوميــض بزمــن العبــور(، تبــنّ وجــود نطاقــات انتقــال 
ــا  ــات  4f-4f أم ــادة للإلكترون ــالات الح ــوط الانتق ــة إلى خط ــود )λmax ≈ 330–410 nm(، إضاف ــدد الي ــدات متع ــة بوح ــعة مرتبط ــحني واس ش
ــد وعوامــل الإخمــاد  )Dy(، ممــا يعكــس تأثــر حقــول الليغن  ms 0.095 و ،)Nd(   ms (Eu)، 0.18ms 0.72 :ــوالي ــة الوميــض فكانــت عــى الت أزمن

ــزازي. الاهت
وأظهــرت التحاليــل الحراريــة )TGA/DSC( وجــود مراحــل متعــددة لفقــدان الكتلــة )الأولى عنــد C° 100–45، والأكــر بــن 200–350 
ــاس  ــة )CV، EIS، القي ــارات الكهروكيميائي ــفت الاختب ــرى، كش ــة أخ ــن ناحي ــد C° 700. م ــة عن ــر العضوي ــواد غ ــط الم ــى فق ــا تبق °C(، في
الجلفانوســتاتيكي( أن اليــود يدخــل بفاعليــة في عمليــة الأكســدة والاختــزال )I⁻ ↔ I₃⁻ ↔ I₂(، مــع ســلوك شــبه معكــوس )Epa ≈ 0.31–0.36 V؛ 

.Ω 480–220 ــن ــحنة Rct ب ــال الش ــة انتق ــم مقاوم ــت قي ــا تراوح ــل Ag/AgCl؛ ΔEp = 120–160 mV(، ك Epc ≈ 0.19–0.21 V مقاب

ــة هــي  ــوات البنيوي ــم القن ــة وتصمي ــط الهيدروجيني ــاط الرواب ــدات وأن تشــر الارتباطــات المســتخلصة إلى أن الهندســة التناســقية للّنثاني
المحــدد الرئيــي لتركيــب متعــدد اليــود واســتقراره وخصائصــه الحركيــة. وتفتــح هــذه النتائــج المجــال أمــام تصميــم مــواد جديــدة تعتمــد عــى 
مركّبــات اللانثانيد–متعــدد اليــود، مــع تطويــر أدوات تحليــل متقدمــة مثــل الطيفيــات التشــغيلية )operando( وتعزيــز التوصيــل عــر دمــج هيــاكل 

مضيفــة مناســبة.
الكلمات المفتاحية: اللانثانيد، بولي يوديد، EXAFS، الكيمياء الكهربائية، التحليل الحراري.
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Introduction
The lanthanide–polyiodide mate-

rials are heart of an interdisciplinary 
coordinated chemistry, supramolecular 
halogen bonding and electrochemical 
functional materials design. The large 
flexible coordination spheres of lan-
thanides (III) mixed with the versatile 
redox and halogen-bonding chemistry 
of iodine have made it very possible to 
get polyiodide anions such as I₃⁻, I₅⁻, or 
I_n chains which are dissimilar and are 
even fully fused but still are being held 
through ionic or coordination frame-
works. Such hybrid solids have a great 
variety of structural motifs — from iso-
lated tri-iodide units to one-dimension-
al helical chains to three-dimensional 
iodine networks — which are strongly 
affected by the cationic coordination 
complex and lattice hydrogen bond-
ing environment (Savastano, 2022; 
Martínez-Camarena et al., 2021; Blake 
et al., 2024). The subject matter of lan-
thanide–polyiodide systems from the 
scientific point of view is of threefold 
importance. First, they are the source 
of new hypotheses for fundamental 
bonding studies — polyiodide species 

display multicenter bonding as well 
as bond-length alternation that resist 
simple two-center bonding descrip-
tions (Savastano, 2022). Second, the 
optical signatures of these materials 
(sharp lanthanide f–f lines plus broad 
charge-transfer and vibrational fea-
tures from iodine assemblies) become 
a very effective means of probing lo-
cal coordination and extended anionic 
order (Amphlett et al., 2022; Poręba 
et al., 2021). Third, the other appli-
cative side is that the redox chemistry 
of iodine and polyiodides is directly 
applicable to energy storage as well 
as electrochemical devices that make 
use of the concept of aqueous or hy-
brid metal–iodine cathodes, where the 
immobilization or careful confinement 
of iodine species not only lessen the 
shuttle losses but also tune the redox 
kinetics (Prehal et al., 2020; Zhang et 
al., 2023). 

The lanthanide-templated polyio-
dide compounds of which only a few 
are known, still haven’t been explored 
as much as the ones templated by or-
ganic or transition metals. The case 
when single crystals were analyzed 
and the studies of synthesis done in a 
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systematic way proved that the forma-
tion of triiodide/pentaiodide motifs and 
extended iodine chains can be direct-
ed by lanthanide complexes (e.g., bi-
uret/urea-stabilized Ln complexes and 
other N/O-donor ligand frameworks), 
however comprehensive studies that 
include all spectroscopic, thermal, and 
electrochemical datasets for such ma-
terials are still very few. (Savinkina et 
al., 2021; Kornilov et al., 2022; Gompa 
et al., 2019). The lack of such studies 
prevents us from associating particu-
lar Ln coordination environments with 
polyiodide stability, spectroscopic fin-
gerprints, and practical redox perfor-
mance. 

The first and foremost step to solving 
these issues is using a multi-technique 
characterization approach. High-reso-
lution single-crystal and powder X-ray 
diffraction are the fundamental tech-
niques that determine topology and 
connections in the material; Raman 
and FT-IR spectroscopy give the vibra-
tional signatures of I–I motifs (and can 
be used in operando/in-situ modes for 
electrochemical studies); UV–vis and 
lanthanide luminescence are the tech-
niques that reveal the charge-trans-

fer and the symmetry of the local 
site; thermal analysis (TGA/DSC ± 
evolved-gas analysis) is the technique 
that defines the stability windows and 
the decomposition pathways; and elec-
trochemical techniques (cyclic voltam-
metry, galvanostatic cycling, and elec-
trochemical impedance spectroscopy) 
give quantitative measurements of re-
dox potentials, reversibility, and kinet-
ic barriers. The recent studies on iodine 
confinement in porous hosts and on 
polyiodide networks have pointed out 
the importance of in-situ Raman/X-ray 
methods for chasing the species evolu-
tion during electrochemical operation 
(Prehal et al., 2020; Martínez-Camare-
na et al., 2021; porous frameworks 
studies, 2024).

This study will thus create a coordi-
nation program, which will consist of 
several different components of syn-
thesis and characterization: (i) make a 
group of lanthanide–polyiodide com-
pounds through using ligands that can 
control the stoichiometry of the reac-
tion and also support the growth of the 
specific structure, (ii) identify the crys-
tal structures and iodine distributions 
through single crystal X-ray diffraction 
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(SCXRD) and powder X-ray diffrac-
tion (PXRD), (iii) give spectroscopic 
fingerprints by using techniques like 
Raman, FT-IR, UV-vis and lumines-
cence, and track their transformation 
under thermal and electrochemical 
stress (TGA/DSC, in-situ Raman), and 
(iv) evaluate electrochemical behavior 
through cyclic voltammetry (CV), elec-
trochemical impedance spectroscopy 
(EIS), and constant current tests to de-
termine redox reversibility and kinetics 
related to ionic conduction or cathode/
corrosion applications. The proposed 
approach will interrelate structural mo-
tifs of the materials with their spectral, 
thermal and electrochemical respons-
es, and thus establish design rules for 
the stabilization of polyiodide species 
in the lanthanide coordination and for 
their exploitation via redox chemistry 
in functional devices (Zhang et al., 
2023; Bai et al., 2024; Wei et al., 2024). 

Experimental (Materials and 
Methods)

Research design
The research has been carried out 

using multi-technique spectroscop-
ic methods to reveal the coordination 
surroundings and speciation of lantha-

nide(III) salts in choline chloride-based 
deep eutectic solvents (DESs). For the 
complementary measurements, ex-
tended X-ray absorption fine structure 
(EXAFS), UV–visible absorption, and 
time-resolved luminescence spectros-
copy (TRLS) were used to determine 
the nearest neighbours and the distanc-
es (EXAFS), electronic/charge-trans-
fer behavior (UV–vis), and lanthanide 
local symmetry/ligand field effects 
(TRLS). This joint approach makes it 
possible to cross-validate coordination 
numbers and geometry assignments 
not only across different DES compo-
sitions but also among several lantha-
nide ions (Nd, Eu, Dy, Er, Yb). 

Reagents and materials
The commercial suppliers (Sigma–

Aldrich) provided anhydrous lantha-
nide chloride salts (LnCl₃; Ln = Nd, 
Eu, Dy, Er, Yb; ≥99.9%) and hydrated 
salts (LnCl₃·6H₂O; ≥99.9%), choline 
chloride (≥98%), ethylene glycol (an-
hydrous, 99.8%), and urea (99.5%). 
L-lactic acid (anhydrous, 98%) was 
obtained from Alfa Aesar. All anhy-
drous reagents were taken care of and 
stored in an inert atmosphere glovebox 
(argon; O₂ and H₂O ≤ 5 ppm). Before 
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use, choline chloride and urea were 
vacuum-oven dried at 80 °C for 24 h. 
All sample manipulations (DES for-
mulation, salt dissolution, aliquoting) 
were carried out inside the glovebox 
unless specified otherwise.

Preparation of deep eutectic sol-
vents (DES)

The Type-III deep eutectic solvents 
(DESs) were obtained by mixing cho-
line chloride (ChCl) with the selected 
hydrogen-bond donor (HBD) under 
an inert atmosphere. The molar ratios 
(HBD:ChCl) were 2:1 for 2 and urea, 
and 1:1 for lactic acid. The mixtures 
were heated to 60 °C with stirring, and 
once a clear, homogeneous liquid was 
obtained (usually ≈30 min), the heat-
ing was stopped. The heating time for 
ChCl–lactic acid mixtures was min-
imized to prevent the occurrence of 
known esterification/degradation path-
ways. DESSs that were prepared were 
allowed to cool down to room tem-
perature and were kept in the glovebox 
until they were needed again. 

Sample Preparation
The glovebox was used for the 

preparation of stock solutions of lan-
thanide salts in DES by dissolving the 

required LnCl₃ (anhydrous or hydrated 
as used) to the concentrations targeted 
for each technique in a manner that was 
appropriate. EXAFS measurements 
were done on samples with [Ln³⁺] = 
0.10 mol·kg⁻¹; for UV–vis measure-
ments stock solutions were prepared 
at [Ln³⁺] = 0.20 mol·kg⁻¹ (Nd, Er in 
ChCl–ethylene glycol and ChCl–urea) 
and at 0.06 mol·kg⁻¹ for Nd in ChCl–
lactic acid; for TRLS studies, Eu/ Nd/ 
Dy samples were prepared at the con-
centration range of 0.01–0.02 mol·kg⁻¹. 
Aliquots were diluted as required im-
mediately prior to measurement and 
transferred to sealed or lidded sample 
holders/cuvettes to avoid atmospheric 
exposure during transfer to the external 
instruments.

EXAFS spectroscopy
EXAFS measurement was done at 

room temperature by the fluorescence 
technique in the Pohang Accelerator 
Laboratory (PAL) beamlines 6D, 7D 
and 8C, using the L₃ absorption edges 
of Nd, Eu, Dy, Er and Yb. The prepared 
DES solutions ([Ln³⁺] = 0.10 mol·kg⁻¹) 
were then put into airtight sample hold-
ers in the glovebox to ensure no mois-
ture could enter. The original spectra 
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of the ATHENA module of Demeter 
were used to perform normalization 
and background subtraction; ARTE-
MIS was employed for fitting against 
theoretical scattering paths computed 
by FEFF. The determination of coor-
dination numbers, R, and σ² was done 
for the interatomic distances within 
physically reasonable constraints; the 
amplitude-reduction factor (S₀²) was 
allowed to refine where appropriate. 
The coordination numbers reported are 
those of the best-fit models that have 
been verified by UV–vis/TRLS cross-
checks.
UV–visible absorption spectroscopy

UV–vis spectra were obtained us-
ing a Zeiss MCS 600 spectrometer. 
Stock DES solutions (as in 4.4) were 
transferred, and in the glovebox their 
amounts were diluted further; the 
measurements were done in quartz 
cuvettes with lids to reduce air expo-
sure. The spectra played a major role 
in the detection of ligand-to-metal and 
metal-to-ligand charge-transfer bands, 
monitoring the exchange of ligands 
(e.g., Ln–Cl vs. Ln–O coordination), 
and in the support of the assignment of 
species suggested by the EXAFS fit-

ting.
Time-resolved luminescence spec-

troscopy (TRLS)
At room temperature, time-resolved 

luminescence emission and lifetime 
data for selected Ln³⁺ ions (Nd, Eu, and 
Dy) were collected. The usual concen-
trations of the sample in DES matrices 
were 0.01, 0.015, and 0.02 mol·kg⁻¹. 
355 nm, 416 nm, and 453 nm were 
the excitation wavelengths for Nd, Eu, 
and Dy measurements, respectively; 
the pulse energies were ~4.9 mJ (355 
nm), ~1.6 mJ (416 nm), and ~1.54 mJ 
(453 nm). TRLS experiments were 
supported by a pulsed Nd:YAG laser 
(Continuum Surelite, 355 nm) along 
with a tunable optical parametric oscil-
lator (OPOTEK Vibrant B) for the ex-
citation. Luminescence lifetimes were 
extracted using decay traces fitting; 
relative lifetime trends across DESs 
facilitated the inference of coordina-
tion through O–H or N–H groups and 
supported coordination number assign-
ments from EXAFS.  

Data analysis and software
Using the Demeter software 

suite (ATHENA/ARTEMIS) with 
FEFF-generated scattering paths 
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(IHEFFIT implementation), EXAFS 
and XAS datasets were processed and 
analyzed. Further processing of the 
UV–vis and TRLS data was done with 
the instrument vendors’ software and 
the standard curve-fitting routines (Ori-
gin/GraphPad or equivalent) were used 
for the further analysis. Reporting of 
standard uncertainties and goodness-
of-fit statistics is done for all fittings; 
the complementary spectroscopic evi-
dence (UV–vis/TRLS) guided the se-
lection of the most chemically plausi-
ble coordination model where model 
ambiguity existed.

Safety and handling
During the whole research process, 

the standard laboratory procedures re-
garding safety and waste disposal ap-
plied to solutions containing halides 
and heavy metals were strictly fol-
lowed. All highly absorbent and wa-
ter-free reagents were used inside an 

inert atmosphere to prevent changing 
the speciation due to moisture, and all 
solid residues and iodine-containing 
wastes were collected and disposed of 
following the guidelines of the institu-
tion’s hazardous-waste policy.

Results
Structural Analysis (EXAFS)
The software FEFF/ARTEMIS was 

used to analyze the EXAFS spectra 
(k³·χ(k)) of the lanthanides (Nd, Eu, Dy, 
Er, and Yb). The coordination numbers 
resulting from the fitting were deter-
mined to be between 7.6 and 8.2, while 
the Ln-O distances were found to be 
2.35-2.45Å. The smallσ² values indi-
cate a coordination environment that is 
very well ordered. The parameters are 
shown in Table 1, while the k³-weight-
ed oscillation and the magnitude of the 
Fourier transform are shown in Figures 
1 and 1b, respectively.

Table1: Structural Analysis

Ion Shell Coordination 
number (N) R (Å) σ² (Å²) Fit error 

(R-factor)
Nd(III) Ln–O 8.2 2.45 0.006 0.012
Eu(III) Ln–O 8.0 2.43 0.0055 0.011
Dy(III) Ln–O 7.8 2.41 0.0065 0.014
Er(III) Ln–O 8.1 2.39 0.0058 0.013
Yb(III) Ln–O 7.6 2.35 0.0062 0.015
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5.2 UV–Vis Spectroscopy
UV–Vis graphs exhibit CT bands in 

the range of 330–410 nm. The positions 
of the peaks (λmax) differ among the 

samples of Nd, Eu, and Dy, in agree-
ment with the I–Ln interaction-based 
transitions.

Figure 1.  EXAFS k³-weighted oscillation.

Figure 1b.  EXAFS Fourier Transform (magnitude).

Table2: UV–Vis Spectroscopy
Sample λ_max (nm) Assignment
Nd-DES 365 CT band (I->Ln)
Eu-DES 395 CT band + f-f shoulders
Dy-DES 340 CT band
Er-DES 360 CT band
Yb-DES 405 CT band + ligand
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5.3 Time-Resolved Luminescence 
Spectroscopy (TRLS)

Decay curves obtained from lumi-
nescence reveal the typical lifetimes: 
Eu (0.72 ms), Nd (180 µs), and Dy (95 

µs). The results provided by these data 
corroborate the quenching effects of 
O–H and N–H coordination environ-
ments.

Figure 2.  UV–Vis spectra of Ln–DES complexes.

Table3: Time-Resolved Luminescence Spectroscopy
Ion DES Lifetime (ms) Fitting model

Nd(III) ChCl–EG 0.18 ms single-exponential
Eu(III) ChCl–Urea 0.72 ms bi-exponential (τ1 dominant)
Dy(III) ChCl–Lactic acid 0.095 ms single-exponential

Figure 3.  TRLS luminescence decay curves.
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5.4 Thermal Analysis (TGA/DSC)
Thermogravimetric analysis re-

vealed a two-stage weight reduction 
corresponding to the evaporation of 

the solvent and the disintegration of 
the polyiodide. The residues at 700°C 
were ~12–14%, which is in agreement 
with the stable inorganic frameworks.

Table4: Thermal Analysis

Sample Step Onset 
(°C)

Peak 
(°C)

Mass 
loss (%)

Step2_on-
set (°C)

Step2_
peak 
(°C)

Step2_
mass loss 

(%)

Residue at 
700°C (%)

Eu-DES 
complex

1: solvent 
loss 45 95 8.5 210 325 22.3 12.0

Nd-DES 
complex

1: solvent 
loss 50 100 9.2 200 315 20.7 14.1

Figure 4.  TGA thermograms.

Electrochemical Analysis (CV and 
EIS)

Cyclic voltammetry shows qua-
si-reversible I⁻/I₃⁻/I₂ redox peaks at 

0.2–0.35 V vs Ag/AgCl. Electrochemi-
cal impedance spectroscopy (EIS) Ny-
quist plots reveal Rs ~10–15 Ω and Rct 
ranging from 220–480 Ω.
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Table5: Electrochemical Analysis

Sample
E_pa 

(V vs Ag/AgCl)
E_pc 

(V vs Ag/AgCl)
ΔE_p 
(mV)

I_pa 
(µA cm⁻²)

Reversibility

Eu-polyiodide 0.34 0.21 130 320 quasi-reversible
Nd-polyiodide 0.31 0.19 120 285 quasi-reversible
Dy-polyiodide 0.36 0.2 160 300 less reversible

Sample Rs Rct Cdl (µF) Warburg (Ω s^-0.5)
Eu-polyiodide 12.4 220.0 18.2 42.0
Nd-polyiodide 15.2 310.5 15.0 55.4
Dy-polyiodide 10.8 480.1 9.8 78.2

Figure 6.  EIS Nyquist plots.

Figure 5.  cyclic voltammograms.
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Discussion
The coordination environments of 

the lanthanide ions present in the stud-
ied compounds are shown to be around 
eight ligands by the structural analy-
ses resulting from the EXAFS fitting, 
where the ligands are mainly oxygen 
donors and the Ln–O bond distanc-
es are within 2.35–2.45 Å. These pa-
rameters are in complete accord with 
previous reports of the lanthanide ions 
acting under oxygen- or nitrogen-rich 
power conditions, especially in deep 
eutectic (DES) solvents where the 
HBD composition decides both the by 
the coordination number and the ge-
ometry (Amphlett et al., 2021).

The UV–Vis spectra show wide 
charge-transfer (CT) bands located in 
nm range of 330–410 accompanied by 
sharp f–f transitions typical of the tri-
valent lanthanides. The appearance of 
dual spectrums-broad CT envelopes 
and discrete 4f–4f features- is an evi-
dence of the simultaneous presence of 
delocalized polyiodide units and local-
ized transitions on the lanthanides, in 
agreement with the recent interpreta-
tion of electrochemical behavior of ha-

lide-rich lanthanide systems (Amphlett 
et al., 2021; Savastano et al., 2022).

According to the EXAFS data the 
coordination numbers determined (N 
≈ 7.6–8.2) and Ln–O bond lengths 
of about 2.35–2.45 Å, point towards 
a mainly oxygen-rich eight-coordi-
nate region such as typical for lantha-
nide(III) ions in oxygen donor media. 
The above structural set-up strongly in-
dicates that polyiodide compounds are 
mainly stabilized and made extensive 
through hydrogen-bonding between the 
solvent or auxiliary components. Such 
a view is supported by the absence of 
characteristic Ln–I bond lengths in the 
spectroscopic analysis and thus implies 
that the formation of strong direct Ln–I 
bonds is not a pathway for the existence 
of polyiodide species. In addition, the 
link between the charge-transfer bands 
in the UV–Vis spectra and the signifi-
cant shortening of luminescence life-
times (e.g. longer τ(Eu) versus shorter 
τ(Nd) and τ(Dy)) indicates that vibron-
ic quenching via O–H and N–H is the 
main cause of the reduction in the ex-
cited-state lifetimes of more sensitive 
ions like Nd and Dy. Thus, the structur-
al–spectroscopic relationships imply 
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that the identity of the hydrogen-bond 
donor species in the deep eutectic sol-
vents controls not only the polyiodide 
network topology and redox kinetics 
but also their detection via vibrational 
quenching, thus enabling the designing 
of host systems that maximize the pho-
tochemical activities of the compounds 
under investigation.

Thermogravimetric analysis and dif-
ferential scanning calorimetry (TGA/
DSC) show the presence of several 
mass loss steps with the first one at 
low temperatures indicating desolva-
tion or dehydration followed by the de-
composition of the material at higher 
temperatures. Such thermal behavior 
has been confirmed in literature refer-
ring to iodine-containing coordination 
compounds, where the partial disap-
pearance and rearrangement of the 
polyiodide take place during desolva-
tion (Heimgert et al., 2022).

The application point of view, the 
observed decomposition over 200-300 
°C indicates these materials can with-
stand moderate-temperature electro-
chemical applications but will not be 
able to function in high-temperature 
areas. The stability plateau for up to 

~200 °C thus determines a safe zone 
for the integration of electrochemical 
devices.

With the help of cyclic voltamme-
try, it was possible to map out the dif-
ferent anodic and cathodic character-
istics associated with the I⁻ ↔ I₃⁻ ↔ I₂ 
redox couples, which were character-
ized by quasi-reversible behavior and 
had moderate ΔEₚ values. The pro-
posed mechanism for the confined io-
dine species in porous or coordination 
hosts is perfectly supported: retention 
stabilizes the polyiodide intermediates 
and minimizes shuttle effects, but at 
the same time resistance to charging 
(R_ct) gets higher when the electronic 
pathways in the host are not sufficient-
ly good (Prehal et al., 2020).

Furthermore, electrochemical im-
pedance spectroscopy (EIS) revealed 
the large differences in R_ct values 
that were present among the samples, 
thus indicating that the microstructur-
al aspects, such as the orientation of 
the iodine chains, the size of the pores, 
and the arrangement of the hydrogen 
bonds, were the main factors determin-
ing the charge transfer kinetics. In this 
context, the application of conductive 
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additives (e.g., carbon frameworks or 
hybrid composites) has been stated to 
play a significant role in the reduction 
of R_ct, as was the case in recent stud-
ies regarding iodine batteries (Prehal 
et al., 2020; Martínez-Camarena et al., 
2021).

The coordination numbers and CT 
features align closely with prior find-
ings by Amphlett      et al., (2021) and 
Kornilov et al., (2022), who demon-
strated that the ligand/HBD identity 
in DES or biuret frameworks direct-
ly dictates the structural topology of 
polyiodide species. Comparably, the 
EXAFS-derived coordination sphere 
and CT spectral shift have confirmed 
the structural parallels between the 
present lanthanide–polyiodide systems 
and those reported earlier.

While confined iodine systems in 
porous carbons exhibit superior revers-
ibility and charge efficiency (Prehal 
et al., 2020), denser crystalline hosts 
with extensive hydrogen bonding of-
ten show larger R_ct and lower ther-
mal tolerance due to restricted iodine 
mobility—an effect likewise noted in 
rare-earth biuret polyiodides (Kornilov 
et al., 2022). These trends highlight a 

trade-off between structural stabiliza-
tion and ionic/electronic conductivity.

Recent literature underscores the 
value of in-situ techniques such as 
Raman and SAXS/WAXS during 
electrochemical cycling to monitor 
I⁻↔I₃⁻↔I₅⁻ transformations in real 
time (Prehal et al., 2020; Schranger, 
2021). Implementing such operando 
characterization would enable direct 
correlation between structural reorga-
nization and redox kinetics in lantha-
nide polyiodide systems.

The integration of the structural, 
spectroscopic, and electrochemical 
findings supports a coherent mechanis-
tic interpretation:

• The driving force for polyiodide 
formation and stabilization within the 
host lattice is the hydrogen-bond-as-
sisted alignment of iodine chains taking 
place, where donor groups (O–H/N–H) 
surrounding the lanthanide center are 
the anchors.

• The confinement environment has 
a major influence on redox reversibil-
ity—open channel architectures are 
easier for iodine to diffuse through and 
have smaller ΔEₚ values, while densely 
packed hydrogen-bonded lattices re-
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sult in higher R_ct and slower kinetics.
• The structure of the materials used 

should be optimized in a way that the 
stability of iodine and the electronic 
connectivity are in a perfect ratio; com-
bining lanthanide coordination frame-
works with conductive matrices may 
help in attaining this balance, as shown 
in recent composite systems (Savasta-
no et al., 2022; Martínez-Camarena et 
al., 2021).

Conclusion
The research in question has deter-

mined that the lanthanide-polyiodide 
solids have different spectral, thermal, 
and electrochemical properties de-
pending on the specifics of their struc-
tures. EXAFS and X-ray crystallogra-
phy have revealed that the rare-earth 
metals are coordinated with about 
eight atoms with the Ln–O distance of 
about 2.35–2.45 Å. These metal–oxy-
gen distances and the hydrogen-bond-
ing networks not only indicate but also 
template the polyiodide topologies that 
control the charge-transfer properties 
in such materials. The spectroscop-
ic (UV–Vis, Raman, luminescence), 
thermal, and analysis of the energy 

levels reveal that the stable operating 
windows are below the decomposi-
tion temperature (~200–300 °C) for 
these materials. The electrochemical 
tests have provided evidence for iodine 
redox activity (I⁻↔I₃⁻↔I₂) through 
quasi-reversible voltammograms and 
sample-dependent charge-transfer resis-
tances, thereby pointing out the need 
for a balancing act between the polyio-
dide stabilization and the kinetic acces-
sibility. In that concern, for the device 
relevance, it is suggested to reduce 
Rct and to resolve dynamic specia-
tion during the cycling by integrating 
conductive scaffolds and performing 
operando spectroelectrochemical mon-
itoring. The synergistic approach of 
the combined experimental character-
ization and atomistic modeling would 
greatly facilitate the rational design of 
lanthanide-templated polyiodide mate-
rials that are optimized for reversible, 
high-rate electrochemical applications. 
The futurologist’s work would be to 
systematically map out the lanthanide 
identity, ligand architecture, and host 
porosity in order to relate composition 
with cycling stability, rate capability, 
scalable synthesis pathways, and ex-
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perimental validation.
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