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∗ This work has been published: Varga, Z.; Groen, C. P.; Kolonits, M.; Hargittai, M. Dalton Trans. 2010, 39, 
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4.1 Abstract 

 

The molecular and electronic structure of dysprosium triiodide, DyI3, and its dimer, 

Dy2I6, was determined by high level computations, gas-phase electron diffraction, and gas-

phase infrared and matrix-isolation infrared and Raman spectroscopy. The free monomeric 

molecule is planar from all methods with an equilibrium bond length of 2.808(9) Å; the 

thermal average bond length from electron diffraction is 2.828(6) Å. The molecule forms 

complexes in the matrix-isolation experiments causing pyramidalisation of planar monomeric 

molecules. The likelihood of having both pyramidal and planar DyI3 molecules in the matrix 

is discussed in order to explain certain features of the spectra. Our computations suggest that 

the dimer geometry depends on the occupation of the partially filled 4f orbitals. As this is the 

third molecule in the dysprosium trihalide series studied, trends in their electronic and 

molecular structures are presented and discussed. 

 

 

4.2 Introduction 

 

This work is part of our series of studies of lanthanide trihalides; in particular 

dysprosium trihalides.1,2 The elucidation of the molecular geometry of rare-earth halides has 

been the topic of numerous studies over the past forty years (see e.g. ref. 3-5 and references 

therein). Besides scientific interest, lanthanide halides play a key role in technological 

applications, e.g., in high intensity discharge lamps. Predictive models of these applications 

make use of thermodynamic functions which in turn are derived from the molecular structure 

and vibrational spectra by way of statistical thermodynamics. 

The experimental methods used so far include gas-phase electron diffraction (ED), 

gas-phase infrared (gas-IR) spectroscopy and both matrix-isolation infrared (MI-IR) and 

Raman (MI-Ra) spectroscopy. All techniques suffer from their own specific limitations, 

which are in the case of the vapour-phase studies inherently connected to the high temperature 

conditions necessary to perform the experiments. In case of the gas-IR studies, they result in 

the excitation of vibrational states and, accordingly, they lead to broad band contours. The 

application of the matrix-isolation technique seems an obvious solution to this problem. 

However, due to matrix site effects, and possible complex formation between the studied 

molecule and the matrix atoms, frequencies might shift in the matrix compared to their gas-

phase values, or even new signals might appear.2,6 
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There have been several reports describing interactions between the noble gas atoms 

and strongly ionic species – ions, molecules and molecular ions – embedded in the noble-gas 

matrix. These species can polarize the electron distribution of the closed-shell noble gases. 

Examples include molecules involving main group elements and transition metals,7-10 

lanthanides,11 and actinides12,13 as well. A review on related structures also communicates 

several cases in which the shape of molecules embedded in matrices is influenced by such 

interactions. 14 These types of interactions have been studied both by experimental and 

theoretical methods.15,16 

Quantum chemical computations have become increasingly important in the study of 

rare-earth compounds.17 More and more effective core potentials (ECPs, for references see the 

computational section) are available for the lanthanide atoms that make these computations 

feasible. The application of these computations creates a bridge between the results obtained 

by various experimental techniques. Our recent investigations of DyCl3
1 and DyBr3

2 have 

shown the synergy of using a broad range of experimental data in combination with high level 

computations. We were able to derive theoretical corrections to the high-temperature 

spectroscopic values and also determined that there is interaction between the DyBr3 

molecules and the surrounding matrix atoms in the matrix-isolation experiments, forcing the 

molecule to adapt a pyramidal structure in the matrix. 

Dysprosium triiodide is one of the most important additives in high intensity discharge 

lamps. This importance though is not reflected in the amount of available experimental 

information on its molecular geometry and vibrational spectra. Only one MI-IR study on DyI3 

is known18 in which only the stretching region (100–600 cm-1) was investigated and only the 

antisymmetric stretching fundamental, ν3, identified. An additional signal in the spectrum of 

DyI3 was attributed to the presence of dimeric species, an observation in agreement with the 

vapour composition determined by mass spectrometry.19,20 The absence of ν1 was interpreted 

as an indication that DyI3 is planar. Previous computational studies of DyI3 also resulted in a 

planar equilibrium configuration.21-23 

The objective of this study is to determine the missing structural and vibrational 

properties by using a broad range of experimental techniques (gas-phase ED, gas-IR and MI-

IR and MI-Ra spectroscopy), in conjunction with high level computations. The 4f electron 

orbital of dysprosium is only partially filled in DyI3, therefore, the possible effect of the 

unsymmetrical occupation of this orbital can be of importance. As was found in the previous 

two papers in this series,1,2 the monomer geometry does not depend on the 4f electron 

occupation as expected. On the other hand, it appeared that the dimer geometry did depend on 

the electronic state of the molecule. We also looked into this question for DyI3, referring in all 

details to the previous two papers.1,2 
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4.3 Experimental and Computational Details 

 

4.3.1 Samples 

 
The samples of DyI3 used for the experiments were provided by Philips Lighting B.V., Eindhoven, The 

Netherlands (99.9% purity, specified on the metal basis. Additional anion impurity is oxygen, about 200–400 

ppm). The samples were used without further purification as X-ray diffraction analysis showed the samples to be 

phase pure. 

 

 

4.3.2 Electron Diffraction 

 
The ED patterns were recorded with the Budapest EG-100A apparatus24,25 using a high-temperature 

molybdenum nozzle.26 The accelerating voltage was 60 kV and the experimental temperature 1150(50) K. The 

evaporator was passivated with iodine vapour prior to the experiments and it was checked with a quadrupole 

mass spectrometer that no reaction between the sample and the nozzle material took place during evaporation. 

The scattering pictures were recorded at two nozzle-to-plate distances on Kodak electron image plates; 7 plates 

were used for the 50 cm and 4 plates for the 19 cm distance. The intensity data ranges, in units of s, were: 2.0–

14.0 with 0.125 Å-1 steps and 8.75–27.25 with 0.25 Å-1 steps for the 50 cm and 19 cm camera ranges, 

respectively. The experimental molecular intensities are given in the Supporting Information, Table S1. The 

electron scattering factors were taken from ref. 27. The molecular intensities are shown in Figure 4.1 and the 

radial distributions in Figure 4.2. Normal coordinate analyses were performed for both monomeric and dimeric 

molecules using the programs ASYM2028 and SHRINK29 based on the computed harmonic vibrational 

frequencies and force fields; the two programs gave basically the same results. The calculated amplitudes were 

used as starting parameters in the ED analysis. For the monomer molecule, our experimental frequencies were 

also used in the normal coordinate analyses. 

Figure 4.1 Experimental and calculated electron diffraction molecular intensities and their differences (∆) for 

the final model (a: 83% monomer + 17% dimer) and for the “only monomer” model (b). 
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Figure 4.2 Experimental and calculated radial distribution of dysprosium triiodide and their difference (∆) for 

the final model (a: 83% monomer + 17% dimer) and for the “only monomer” model (b). 

 

 

As mass spectrometric studies indicated the presence of a certain amount of dimers,19,20 they also had to 

be taken into account in the ED structure analysis. Based on prior experience with such dimeric molecules1,2 as 

well as on our computations of the dysprosium triiodide dimer, a halogen-bridged structure was supposed for the 

dimer, consisting of two distorted tetrahedra sharing a common edge. In order to avoid strong correlation among 

parameters, certain constraints were introduced in the initial stages of the refinement. The difference of the 

monomer and dimer terminal bond lengths as well as the difference of the two dimer bond lengths were taken 

from the computation and constrained – after being converted from the re to the operational ra parameter. The 

dimer bond angles were also taken from the computation. Independent parameters were the average of the 

monomer and the terminal bond length of the dimer, the difference of the monomer and the dimer terminal bond 

lengths, the difference of the two dimer bond lengths, the monomer bond angle, the two bond angles of the 

dimer, two torsional angles describing the puckering of the dimer central ring and the flip of the terminal bonds 

in the thermal average structure, and the monomer/dimer ratio. The two bond length differences could not be 

refined due to large correlation among several parameters. The difference between the monomer and dimer 

terminal bond lengths is very small, about 0.01 Å from different computations, and this parameter does not have 

much influence on the results. The difference of the two dimer bond lengths, on the other hand, was rather 

different from the two MP2 level computations, depending on whether the Cundari or the Stuttgart basis sets 

were used (vide infra). Since this parameter could not be refined either, we had to carefully check, what 

influence this parameter had on the results. It turned out that accepting either 0.199 or 0.216 Å for this parameter 

did not change the monomer bond length at all, only the dimer bridging bond length and the monomer/dimer 

ratio changed, even the goodness of fit factor remained the same. The dimer bond angles and the parameters 

describing the puckering of the four-member ring and the flip of the terminal bond lengths were all refined 

consecutively. The vibrational amplitudes as well as the bond asymmetry parameters (describing stretching 

anharmonicity) were refined in groups. At the last stage of the refinement, all parameters were allowed to vary 

simultaneously with allowing only small shifts in the parameters. We also checked how changes in the 

constrained parameters affected the results and took this into account in the estimation of the uncertainties. 
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4.3.3 Vibrational Spectroscopy 

 
The gas-phase IR spectra were recorded with a Bomem DA3.02 Fourier-transform spectrometer 

equipped with an optical gas-cell (HTOC-2) constructed at ECN which is described in detail elsewhere.30 The 

cell was loaded in an argon-filled glove box. For the experiments approximately 3 g of sample was heated in a 

molybdenum boat in the centre of the cell. The gas atmosphere in the cell was argon at a pressure of 15 mbar at 

room temperature. The spectra were recorded between 1100 and 1240 K at 0.5 cm-1 resolution; 128 scans were 

co-added. The following experimental arrangements were used for the operation of the spectrometer: for the 

375–100 cm-1 range a globar light source, for the 100–25 cm-1 range a Hg light source and in both cases a 

helium-cooled germanium bolometer operating at 4.2 and 1.6 K, respectively, were employed. In the whole 

range Si windows were used. 

The apparatus for the matrix-isolation experiments consisted of a Displex DE 202 cryotip (Air Products 

and Chemicals, Allentown, PA), which can be rotated in a home-made stainless steel vacuum shroud. A home-

made stainless steel high-temperature resistance furnace was mounted to the vacuum shroud. Contact of the 

moisture- and oxygen-sensitive samples with ambient atmosphere during filling of the equipment could be 

avoided by using the glass-cartridge method from Klotzbücher,31 adapted for high-temperature evaporation 

conditions. The samples were contained in narrow graphite tubes (outer diameter 3 mm, inner diameter 2.5 mm), 

which were surrounded by a quartz tube, sealed under high vacuum conditions (typical pressure ~10-6 mbar). 

Prior to the filling of the cells in an argon-filled glove box, both the graphite inner tube and the quartz tube were 

outgassed for 12 h under 5% H2 / 95% Ar atmosphere. After reaching a vacuum of 10-5 mbar in the matrix-

isolation equipment, the top of the quartz tube was opened by a hammer mounted on the heat shield. 

Before cooling the deposition window, the samples were outgassed for 2 h at a temperature near the 

anticipated deposition temperature. A copper block with a thin polished layer of nickel served as a deposition 

surface. The temperature of the deposition window was usually in the range of 13–20 K during formation of the 

matrices, its temperature being monitored by a chromel-(gold + 0.3% Fe) thermocouple. In order to directly 

sample the molecular beam effusing from the sample cell, an oscillating quartz crystal microbalance was 

attached next to the cryogenic surface.32 Rotation of the cryotip in the vacuum shroud selected the molecular 

beam to be directed either to the cryogenic surface or the microbalance. 

High purity xenon 4.5 or krypton 4.5 (Air Products Nederland B. V., Waddinxveen, The Netherlands) 

was employed as the isolating gas without further purification. The matrix gas was generally deposited at a rate 

of 0.5–2 ml·min-1, measured by a calibrated gas-flow meter (model 5860E/-1AB3B, Inacom Instruments B. V., 

Veenendaal, The Netherlands). The deposition times varied between 10 and 130 min. 

The DyI3 evaporations were performed in the temperature range 1050–1105 K. The furnace temperature 

was measured by a chromel-alumel thermocouple positioned in the stainless steel furnace body near the sample. 

The difference between the measured temperature and the actual sample temperature was estimated to be within 

10 K. 

The IR spectra of matrix-isolated species were recorded in reflection mode with a Bomem DA3.02 

Fourier-transform spectrometer equipped with a Bomem APG 7400D mirror bench. A home-made vacuum 

flange connected the cryostat with the interferometer. Measurements were performed through a wedged 

polyethylene outer window in the cryostat. Resolution was 0.5 cm-1 or better and 256 scans were co-added. A 

helium-cooled germanium bolometer operating at 4.2 K was used for detection. The spectra were baseline 

corrected and the water rotation bands resulting from residual molecules in the evacuated spectrometer were 

subtracted. 
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Raman spectra were measured using a Dilor Modular XY spectrometer coupled to a CCD detector 

(Wright Instruments Ltd.) or a multichannel diode array detection system. The 457.9 nm, 488.0 nm, 496.5 nm, 

501.7 nm and 514.5 nm lines of an argon-ion laser (Spectra Physics model 2040E) were used as the excitation 

source. The exciting laser radiation entered the cryostat via a quartz window, while the scattered radiation was 

collected under 180o through the same optical window. The laser power applied in the various experiments was 

varied between 50–400 mW. Since different optical windows had to be fitted upon changing from IR to Raman 

measurements, it was impossible to measure the Raman and IR spectrum of the same matrix. 

 
 

4.3.4 Computational Details 

 
The computational procedures used in our previous dysprosium trihalide studies were followed here.1,2 

First, the possible effect of the 4f electron configuration on the structure of DyI3 was checked. For this purpose, 

multi-reference calculations were carried out with the simplest CASSCF(9/7) restriction, in which all possible 

excitations of the nine electrons in the seven 4f orbitals were considered; all other molecular orbitals were 

doubly occupied. This state-averaged calculation resulted in 21 high-spin sextet electronic states. Multi-reference 

configuration interaction calculations (MRCI)33,34 were also carried out with the small-core basis set of the 

Stuttgart group (vide infra). In the MRCI calculation the 5s5p4f6s electrons of Dy and 5s5p electrons of I were 

correlated. For the ground and lower-lying electronic states single-reference unrestricted MP235 and 

CCSD(T)36,37 calculations were performed in order to get good-quality geometrical and vibrational parameters. 

For the monomer DyI3 calculations two kinds of ECP/basis set combinations were used; the shape-

consistent Cundari and Stevens quasirelativistic ECP (46 electrons, [Kr]4d10) with its corresponding valence 

basis set [3111,3111,111,52] augmented with one additional g polarization function;1,38 and the energy-

consistent quasi-relativistic ECP with its associated segmented-contracted valence basis set 

(14s13p10d8f6g)/[10s8p5d4f3g] by the Stuttgart group (small core, SC: 28 electrons,[Ar]3d10).39,40 For the 

iodine atom the recalculated cc-pVTZ-PP basis set (with its associated small core ECP) was used.41 

In order to see the effect of the matrix environment on the molecular geometry in the spectroscopic 

experiments, additional calculations were carried out on complexes of the DyI3 molecule with different numbers 

of noble-gas atoms. In these calculations the so called large-core (LC) Stuttgart ECP was used for dysprosium; 

(55 electrons, [Kr]4d104f9), augmented by a contracted (6s6p5d)/[4s4p4d] + 2s1p1d valence basis set.42,43 For 

iodine a Stuttgart LC ECP was used with a triple zeta basis set.44,45 As to the noble gas atoms, krypton and xenon 

were also described by LC ECP/triple zeta basis set combinations,45,46 while for argon an all electron cc-pVTZ 

basis set was used.47 

The structure of dimeric dysprosium triiodide, Dy2I6, was also calculated. In the multi-reference 

calculations 18 electrons were correlated in 14 4f orbitals. Geometrical parameters were calculated by the MP2 

method to aid the ED analysis. To estimate the diatomic Morse-constant for the asymmetry-parameter, the 

structure of the dysprosium monoiodide molecule was calculated with the LC basis set for Dy at the MP2 level 

of theory. Natural bond orbital48,49 and Wiberg50 bond index analyses were also carried out for both species. 

Vibrational frequencies for both monomer and dimer were calculated with the Cundari basis set. 

For the multi-reference (CASSCF, MRCI) and single-reference (MP2, CCSD(T)) calculations the 

Molpro51 and the Gaussian 0352 program packages were used, respectively. In the single-reference post-HF 

calculations the FC and G2 options were applied for treating electron correlation (see ref. 1 and 2 for further 

details). For the calculations of the complex structures the guess (core,always) sub-orders were used, since 

Gaussian 03 cannot handle the odd electron number in the ECP with its default options. 
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4.4 Results 

 

4.4.1 Molecular Geometry 

 

The computed geometrical parameters of the ground electronic state DyI3 (
6A2”) and 

Dy2I6 (of different possible ground electronic states, vide infra) molecules from different 

levels of computation are given in Table 4.1. From the two sets of MP2 computations we find 

that all bonds are shorter from the Stuttgart small-core calculation than from the one applying 

the Cundari ECPs and basis sets; and this is especially so for the dimer bridging bonds. This is 

consistent with our earlier results on DyCl3
1 and DyBr3.

2 The Dy–I bond of the monomer 

from the highest level CCSD(T) calculation, 2.812 Å, and from the Stuttgart MP2 calculation, 

2.810 Å, agrees very well with the estimated experimental equilibrium bond length,    

2.808(9) Å. 

 

 
Table 4.1 Computed geometrical parameters (bond lengths in Å, angles in degrees) of DyI3 and Dy2I6 at 

different levels of theory. 
 

 monomera  dimerb 

computational level Dy–I  Dy–It Dy–Ib αt αb 
       

MP2(FC)(Cundari) 2.825  2.814 3.030 117.6 90.8 

MP2(FC)(Stuttgart) 2.810  2.796 2.995 120.0 92.3 

CCSD(T)(G2)(Stuttgart) 2.812      

B3LYPc 2.820      

B3P86d 2.835  2.824 3.036 115.3 90.8 

MP2e 2.878  2.866 3.076 117.6 91.1 

MCSCFf 2.88      

Estimated exp. (re
M)g 2.808(9)  2.794(11) 2.993(22)   

 

a The monomer is planar at all computational levels. 
b It refers to terminal and Ib to bridging iodine atoms in the dimer, αt is the terminal and αb is the bridging bond 

angle in the dimer. 
c ref. 21. 
d ref. 23. 
e ref. 22. 
f ref. 53. 
g The estimated experimental equilibrium bond length, re

M, is derived from the thermal average bond length (rg) 

by Morse-type anharmonic corrections, re
M = rg - (3/2)al2,54 where a is the Morse constant and l the vibrational 

amplitude at the experimental temperature. 
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The results of the ED analysis are given in Table 4.2. As expected based on the mass 

spectrometric studies,19,20 there was a noticeable amount of dimers present in the vapour. 

 

 
Table 4.2 Geometrical parameters of DyI3 and Dy2I6 from electron diffraction.a 

 

 rg (Å), ∠a (deg) ℓ (Å) κ (Å3) × 10-5
 

Monomer 

Dy–I 2.828(6) 0.101(3)b 7(3)c  

I···I 4.829(45) 0.371(32)  

a∠ (I–Dy–I)d 116.4(18)   

%monomer 83(3)   

Dimere 

Dy–It 2.816(8)f 0.106(3)b 8(3)c 

Dy–Ib 3.029(20)g 0.157(5)b 29(3)c 

a∠ (It–Dy–It) 120(36)   

a∠ (Ib–Dy–Ib) 92(5)   

Rf (%)h 5.4   
 

a Bond lengths (rg, thermal average bond length) and vibrational amplitudes (l) in Å; bond asymmetry 

parameters (κ) in Å3; angles ( a∠ ) in degrees. Error limits are estimated total errors, including systematic 

errors, and the effects of constraints: σt = (2·σLS
2 + (c·p)2 + ∆2)1/2, where σLS is the standard deviation of the 

least squares refinement, p is the parameter, c is 0.002 for distances and 0.02 for amplitudes and ∆ is the 

variation of the parameter upon reasonable changes of the constrained parameters. It refers to terminal and Ib to 

bridging iodines in the dimer. 
b Refined in a group. 
c Refined in a group. 
d Thermal average bond angle at the experimental temperature; corresponding to a planar equilibrium 

structure. The computed thermal average bond angle is 116.5°. 
e Structure with two halogen bridges.  
f Terminal bond length of the dimer. Its difference from the monomer bond length is constrained at a ra value 

corresponding to the computed (MP2(FC)(Stuttgart)) re value of -0.014 Å. 
g Bridging bond length of the dimer. Its difference from the terminal bond length is constrained at a ra value 

corresponding to the computed (MP2(FC)(Stuttgart)) re value of 0.199 Å. 
h Goodness of fit. 

 

 

Under the conditions of the ED experiment, the dimer content was about 17%, causing 

a large correlation among certain parameters. Inspection of the radial distribution function 

(Figure 4.2) does not suggest the presence of dimers, as there are basically two peaks only, 

one corresponding to the bond length and the other to the non-bonding I···I distance. 

However, supposing only the monomeric molecule in the vapour gave much worse agreement 

with the experiment than the inclusion of the dimer (R factor 5.4% versus 9.1% for the 
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monomer + dimer versus only monomer composition, respectively); the difference curves (∆a 

and ∆b for the two cases) in Figure 4.1 and 4.2 also indicate this. Another complication is the 

obvious anharmonicity of the stretching vibrations at the high experimental temperature that 

also adds to the large correlation of the bond length parameters (r, l, and κ for each); ignoring 

the asymmetry parameter also gives unacceptably bad agreement with experiment. 

All computations resulted in a D3h-symmetry structure for DyI3. The thermal average 

bond angle, 116.4(18)°, from ED corresponds to a planar molecule taking into account the 

shrinkage effect. This agrees very well with the computed thermal-average bond angle, 

116.5°, calculated by Boltzmann distribution for the experimental temperature. Thus, we can 

conclude that the DyI3 molecule is planar from all methods. 

The computed equilibrium structure of the dimer is a halogen-bridged structure with 

D2h symmetry that appears to be puckered (C2v symmetry) at the electron diffraction 

experimental conditions. Based on our experience with the dimer computations of dysprosium 

trichloride1 and tribromide,2 both high-spin and low-spin structures were calculated by multi-

reference CASSCF(18/14) calculations. Our results are in complete agreement with the results 

of the previous studies and will be briefly mentioned in the Discussion. 

 

 

4.4.2 Vibrational Spectroscopy 

 

The vibrational spectra of DyI3 were measured by applying gas-IR, MI-IR and MI-Ra 

spectroscopy. The observed frequencies of the monomer are given in Table 4.3 and of the 

dimer in the Supporting Information, Table S2, together with the computed frequencies and 

infrared intensities. Figure 4.3 shows the IR spectrum of the DyI3 vapour at ca. 1240 K. The 

strong band at 195 cm-1 is assigned to the Dy–I antisymmetric stretching mode ν3. Previous 

work on the related systems DyBr3
2 and LaI3

55 indicated that the influence of anharmonicity 

on this vibration is negligible and therefore the uncorrected value of 195 cm-1 is used for the 

ν3 fundamental. 
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Table 4.3 Computed harmonic vibrational frequencies (cm-1), with IR intensities (km mol-1) in parentheses and 

experimental vibrational frequencies for DyI3.  

method ν1 ν2 ν3 ν4 
     
MP2(FC)(Cundari)a 142.1 (0) 25.0 (12) 201.6 (103) 35.3 (1) 

gas-IRb  c. 32 195  

MI(Ar)-IRc   189.5  

MI(Kr)-IR 164.4  192.3 (C3v)  

   196.5 (D3h)  

MI(Kr)-Raman 164 (C3v)  192  

 143 (D3h)    

MI(Xe)-IR 159.5  185.1 (C3v)  

   187.8 (D3h)  

MI(Xe)-Raman 160 (C3v)  185  

 138 (D3h)    

Recommended harmonic  151 ± 7 28 ± 5 195 ± 5 35 ± 10 

gas-phase values     
 

a For description of basis see Computational section. 
b The tabulated gas-phase frequencies are the bands observed in the spectrum at 1240 K without correction for 

excited vibrational and rotational modes at the temperature of the experiment. 
c ref. 18. 
 

Figure 4.3 The IR spectrum of the vapour above DyI3 at 1240 K. 
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In the bending region (25–75 cm-1) a low-intensity band can be observed at the border 

of the detection limit of the experimental setup. As the signal is probably partly outside the 

wavenumber range, the frequency value could only be estimated for the centre of this band: 

32 ± 5 cm-1. The main contour of this band is assigned to the ν2 out-of-plane mode of 

monomeric DyI3, paralleling the assignment made for the band in this frequency region for 

DyBr3.
2 The estimation of the frequency value is based on previous observations using our 

current setup in the study of similar molecular species LnCl3 (Ln = Ce, Nd, Sm, Gd, Dy),56 

LaX3 (X = Cl, Br and I),57 DyBr3,
2 CeI3,

58 and YI3.
59 Experience with the YI3 spectrum was 

particularly helpful as the complete contour of the out-of-plane bending vibration could be 

observed. This provided an estimate for the width for this parallel type band in DyI3 with 

nearly similar rotational influences on the ν2 bending vibration. A second approach relied on 

the calculation of the PR separation of this parallel type band for DyI3 at the temperature of 

the experiment, using the formula of Gerhard and Dennison.60 This gave an indication of the 

width of the signal as well. The two approaches resulted in the same estimate for the 

frequency of the ν2 bending vibration. 

The high population of excited vibrational and rotational levels causes considerable 

anharmonicity for the out-of-plane vibration. Analogously to our previous paper on DyBr3,
2 

the anharmonicity correction for the ν2 fundamental was derived from the potential energy 

surface along this vibrational coordinate (MP2(FC)(Cundari)) by using a one-dimensional 

Hamiltonian (ODH).61 A significant negative anharmonicity constant was determined and by 

weighting the v → v + 1 transitions by their Boltzmann distribution an average anharmonic 

frequency of 28.8 cm-1 was calculated for the temperature of our experiment. This is an 

increase of 4 cm-1 with respect to the calculated anharmonic fundamental transition 0 → 1. In 

order to derive the experimental value for the fundamental ν2 corrected for anharmonicity we 

have subtracted the computed anharmonic correction of 4 cm-1 from the approximate band 

centre at 32 ± 5 cm-1. This results in an experimental value for ν2 of 28 cm-1 with an estimated 

uncertainty of 5 cm-1. 

The distinct shoulder on the ν3 absorption in the gas-IR spectrum at 171 cm-1 is 

assigned to the symmetric Dy–I terminal stretch (B3u) fundamental of the dimer, which has 

been calculated at 173.8 cm-1. Based on the intensity of this vibration, other infrared active 

dimer fundamentals with a considerable calculated IR-intensity (see Supporting Information, 

Table S2) are expected to show up in the spectrum as well. The complex band contour in the 

spectral region between 100 and 145 cm-1 might accommodate the asymmetric Dy–I ring 

stretches of Dy2I6, calculated at 114.5 cm-1 (B3u) and 144.9 cm-1 (B1u). The asymmetric Dy–I 

terminal stretch (B2u) is hidden under the monomer ν3. 

The sharp signal at 127 cm-1 cannot be assigned to the dimer, but originates from the 

presence of DyI3 aerosols formed when the vapour enters the cooler part of the sample tube. 
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This assignment was founded by two observations. First the signal did not disappear 

simultaneously with the assigned monomer and dimer features after the sample was 

completely evaporated, but only with some delay and second, its spectral position almost 

coincides with the absorption of crystalline dysprosium triiodide, measured at 124 cm-1 in a 

reference experiment. 

 
Figure 4.4 IR and Raman spectra of matrix-isolated DyI3 in krypton and xenon at 20 K. A: IR (Xe) spectrum, 94 

min. deposition at T = 1100(20) K; B: Raman (Xe) spectrum, 45 min. deposition at T = 1095(20) K, λexc = 514.5 

nm, laser-power = 225 mW; C: IR (Kr) spectrum, 90 min. deposition at T = 1055(35) K; D: Raman (Kr) 

spectrum, 30 min. deposition at T = 1075(20) K, λexc = 514.5 nm, laser-power = 270 mW. 
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A compilation of the MI-IR and MI-Ra spectra of DyI3 in xenon and krypton is shown 

in Figure 4.4. The strong doublets in the stretching region of the MI-IR spectra (185.1        

cm-1/187.8 cm-1 in xenon (Figure 4.4A) and 192.3 cm-1/196.5 cm-1 in krypton (Figure 4.4C)) 

are assigned to the asymmetric stretch fundamental, ν3, of the monomer. We shall return to 

the splitting of this signal and other features of the MI-IR spectra later. Turning to the Raman 

spectra, the 160 cm-1 (Xe) and 164 cm-1 (Kr) signals in the MI-Ra spectra of DyI3 (Figure 

4.4B and 4.4D) are assigned to the monomer symmetric stretching frequency, ν1. Similarly to 

DyBr3,
2 DyI3 seems to adopt (at least partially, vide infra) a pyramidal C3v geometry in both 

matrix environments, as the signals assigned to ν1 appear in the MI-IR spectra of DyI3 as well. 

For DyBr3 we found that this effect was due to the influence of the surrounding matrix, 

forcing the molecule to adopt a pyramidal structure. 

Two other signals are present in the MI-Ra spectra of DyI3. One of these is relatively 

weak (185 cm-1 (Xe) and 192 cm-1 (Kr)) and since it coincides with the strongest peak of the 

doublet in the MI-IR spectra, assigned to the monomer ν3, it is assigned accordingly. The 

remaining unidentified signal in the MI-Ra is observed at 138 cm-1 (Xe) and 143 cm-1 (Kr). A 

similar signal was observed in the MI-Ra spectra of YI3, LaI3 and CeI3.
59 Several possibilities 

have been considered to account for this signal (DyI2, Dy2I6, sample impurity, 

reaction/decomposition product, Fermi resonance) without success. At the same time, the fact 

that this signal coincides with the computed value for the monomer symmetric stretching 

frequency ν1 (142.1 cm-1) suggests the possibility that it may correspond to the symmetric 

stretching frequency of the planar, D3h symmetry, monomeric DyI3 molecule. This assignment 

assumes that a fraction of the DyI3 molecules retain their planar D3h symmetry in the matrix 

environment, while the rest adopt a pyramidal C3v geometry. Features of the MI-IR spectra 

seem to support the idea of having complexes with both D3h and C3v DyI3 units in the matrix. 

The signal corresponding to the ν1 frequency of the pyramidal DyI3 unit clearly appears in 

these spectra (see Figure 4.4A and C). The fact that there are no signals corresponding to the 

ν1 of the planar DyI3 unit does not contradict their presence since these should not appear in 

the infrared because of the selection rules. A further support for the presence of both planar 

and pyramidal units in the matrix is that their ν3 frequency appears as a doublet; with the 

higher-intensity low-wavenumber component corresponding to the pyramidal, and the lower-

intensity high-wavenumber component to the planar monomeric species in the matrix. 

Admittedly, the appearance of the doublet for ν3 might also be explained by the loss of 

degeneracy resulting from matrix perturbation. However, our main argument for having 

pyramidal DyI3 units in the matrix is the appearance of the ν1 symmetric stretching frequency 

in the MI-IR spectrum rather than the splitting of the ν3 frequency. At the same time, the only 

plausible explanation for the appearance of the 138 cm-1 (Xe)/143 cm-1 (Kr) frequencies in the 
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MI-Ra spectra is the supposition that planar D3h molecules are also present in the matrix 

beside the pyramidal ones. 

Extrapolation of the observed ν1 frequencies in Xe and Kr to zero polarizability gives a 

very rough estimate of the harmonic gas-phase value. For the D3h symmetry a frequency of 

151 ± 5 cm-1 and for the C3v species a ν1 frequency of 171 ± 5 cm-1 was obtained. Recently, 

we showed for DyBr3
2 that the ν1 frequency of a C3v-symmetry unit can be used for the 

derivation of the ν1 frequency of the D3h-symmetry unit, using the geometries and frequencies 

of computed structures of differently bent molecules along the out-of-plane bending potential 

(see Supporting Information, Table S4). We found an essentially linear relationship between 

the difference of ν1 and ν3 and the bond angle in the interval of 120° to 90° for DyI3. Based on 

this relationship, from our measured frequencies, we estimate a 19 cm-1 decrease for the 

extrapolated C3v harmonic gas-phase value (171 ± 5 cm-1) in order to convert it to the ν1 

frequency of the planar DyI3 molecule. The result is a value of 152 ± 7 cm-1, in agreement 

with the recommended harmonic gas-phase value of 151 ± 5 cm-1, obtained by extrapolation 

of the D3h-symmetry frequencies. 

The recommended harmonic gas-phase frequency for the in-plane deformation 

fundamental, ν4, of monomeric DyI3, 35 ± 10 cm-1, is estimated, since no reliable observation 

of a signal attributable to this vibration could be made based on the spectra. The estimation is 

based on our previous experience with DyBr3, where the computed value agreed well with the 

observed one. 

A very small amount of dimer in the matrices obtained using longer trapping times, is 

indicated by the presence of weak features at about 170 cm-1 (Xe) and about 175 cm-1 (Kr) in 

the MI-IR spectra. These signals seem to maintain their intensity upon a thermal anneal cycle, 

while the monomer signal decreases. This is in accordance with the assignment to a dimer 

absorption. Based on comparison with the computed dimer frequencies at the MP2(FC) 

(Cundari) level (see Supporting Information, Table S2), the very weak features are very 

tentatively assigned to the dimer symmetric Dy−I terminal stretch (B3u). The signal with 

maxima at 196.2 cm-1 (Xe)/202.2 cm-1 (Kr) is too intense to be assigned to the antisymmetric 

dimer Dy−I terminal stretch (B2u); it is more likely due to a matrix site effect on the   

monomer ν3. 

The above features, however, indicate only the presence of at most a very small 

amount of dimers in the matrix-isolation spectra and this is not in accord with either the ED or 

the vapour-phase IR experiments. This can be understood by taking into consideration the 

difference of evaporation temperatures and the differences in design of the evaporators used 

in the different experimental facilities. The experimental circumstances of the various 

techniques might differ from equilibrium conditions. Moreover, the evaporations for the 

matrix preparations were done at about 50–100 degrees lower temperatures than for the other 
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experiments. According to the most recent mass spectrometric study of DyI3
20 this should 

result in a significantly lower dimer content in the vapour during the deposition process and, 

consequently, considerably fewer dimer molecules trapped in the matrices. 

 

 

4.5 Discussion 

 

As the present work is our third study of a dysprosium trihalide (see DyCl3
1 and 

DyBr3
2) structure, it is possible to discuss trends in their geometrical and electronic structures 

rather than just focus on one particular molecule. This is especially advantageous in this case 

since we used similar methods and basis sets (especially for the bromide and iodide) in these 

calculations, thus any difference in their properties might be due to real effects. 

We determined the energies and molecular geometries of the ground and some low-

lying electronic states of the DyI3 molecule by MRCI calculations. The relative energies of 

these states are given in Table 4.4, together with the results for DyCl3 and DyBr3 (note that 

the multi-reference calculations were not of the same level in each case).  

 

 
Table 4.4 Relative energies (kJ/mol) of low-lying electronic states of dysprosium trihalides. 
 

 DyCl3
a DyBr3

b DyI3
c 

      
6A2˝ 0.0 0.0   0.0 0.0   0.0 
6E΄ 0.8 0.5   0.5 0.6   0.5 
6E˝ 3.4 2.4   3.1 2.0   2.5 
6A1΄ 6.7   4.2   5.8 
6A2΄ 6.7   4.9   5.9 
6E˝ 11.3   7.0 10.1 
6E΄ 15.9     10.6 14.1 

 

a ref. 1, from CASSCF(9/7) calculation. 
b ref. 2, left: CASSCF(9/7), right: MRCI+Q(9/7). 
c present work, left: CASSCF(9/7), right: MRCI(9/7). 

 

 

As the table shows, the order of electronic states is the same for all three systems and 

their energy differences are also very similar. Therefore, apparently, the change of the halide 

ligand does not have much influence. The Dy–I bond length in the ground electronic state is 

2.828 Å (MRCI(9/7)) and the bond lengths of the excited state molecules do not differ from 

that by more than 0.002 Å. This is also in accord with our findings for DyCl3 and DyBr3. The 
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possible effect of spin–orbit coupling on the electronic and molecular structure has been 

looked into in detail in case of DyCl3 and DyBr3. In both cases we found that there was no 

noticeable influence; therefore, we did not pursue this line of inquiry for DyI3. 

At our ED experimental conditions, all three dysprosium trihalides evaporated as 

primarily monomers with small amounts of dimers present. The dimer content for DyCl3 was 

about 16 %, while for both DyBr3 and DyI3 around 17 %; in accordance with earlier mass 

spectrometric studies,19,20,62-64 taking into account the temperature differences of the 

measurements. The presence of dimers in the experiment warranted the calculation of the 

dimer structures by computations in all three cases. 

 

 
Table 4.5 Relative energies (kJ/mol) of the lowest-lying electronic states of Dy2X6, and their terminal bond 

angles (degrees) at the CASSCF(18/14) level.a 

 

 Dy2Cl6
b  Dy2Br6

c  Dy2I6 

Dy2X6 ∆E Clt–Dy–Clt  ∆E Brt–Dy–Brt   ∆E It–Dy–It 

high-spin         
11B2g, 

11B1u   0.0 120.1    0.0 120.1    0.0 118.9 

(2x)11B3u   6.3 115.9    6.2 116.3    0.0 118.9 
11B3g, 

11Au   6.3 115.9    6.2 116.3    3.6 116.7 
11B1g, 

11B2u 16.7 118.5  16.4 118.7  15.7 118.3 
11Ag 20.1 118.0  20.0 118.2  18.2 117.8 

low-spin         
1B2g, 

1B1u, 
1Ag   0.0 120.1    0.0 120.1    0.0 118.9 

1B3g, 
1Au   6.3 115.9    6.2 116.3    3.6 116.7 

1B1g, 
1B2u 16.7 118.5  16.4 118.6  15.7 118.3 

1B3u 20.1 117.5  20.0 118.2  18.3 117.8 
 

a All dimers have a halogen-bridged structure with D2h symmetry. 
b ref. 1. 
c ref. 2. 

 

 

Table 4.5 summarizes some of the results of the calculations together with the ones for 

Dy2Cl6 and Dy2Br6. They all have the usual halogen-bridged structures with D2h-symmetry. 

The three molecules, similarly to the monomers, follow the same trend; for all of them, the 

energies and structures of several high-spin and low-spin electronic states are the same. Thus, 

for example, two high-spin (11B2g, 
11B1u) and three low-spin (1B2g, 

1B1u, 
1Ag) structures can be 

equally considered to be the ground electronic state. Most of the bond lengths of the different 

electronic-state structures are the same; however, their bond angles are different; thus 

indicating the effect of 4f orbital occupations on their geometry. This occurs especially for the 
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bond angles that involve the two terminal halogen atoms, see Table 4.5. As discussed in ref. 

2, the shapes of the different 4f orbitals might explain this behaviour. 

For computations of such large molecules as the lanthanide trihalides, it is important to 

choose the right method and basis set as these calculations are expensive and time-consuming. 

If our goal is to get good-quality structures, there are two caveats to bear in mind: for 

molecules involving atoms with partially filled orbitals multi-reference calculations have to be 

used. We used CASSCF as well as MRCI calculations for this purpose to determine the 

proper electronic states of the molecules. The second consideration is to properly describe 

electron correlation. Table 4.6 shows the bond length of DyX3 molecules from different levels 

of computation and from experiment.  

 

 
Table 4.6 Comparison of bond lengths (Å) of DyX3 molecules from different levels of computations and 

experiments. 
 

 DyCl3
a DyBr3

b DyI3
c 

computations    

CCSD(T)(G2)(Stuttgart) 2.444 2.592c 2.812 

CCSD(T)(G2)(Cundari) 2.457   

MP2(FC)(Cundari) 2.444 2.596 2.825 

MP2(FC)(Stuttgart) 2.430 2.581 2.810 

CASSCF(9/7) 2.495 2.651 2.878 

MRCI  2.601d 2.828e 

  2.590f  

ED experiments    

re
M 2.443(14) 2.591(8) 2.808(9) 

re
M 2.439(10)g 2.591(5)h  

rg 2.459(11) 2.606(8) 2.828(6) 

rg 2.454(5)g 2.609(5)h  
 

a ref. 1. 
b ref. 2. 
c Present work. 
d MRCI+Q(9/7), see ref. 2 for details. 
e MRCI(9/7), see text for details. 
f MRCI+Q(9/7), see ref. 2 for details. 
g ref. 66. 
h ref. 67. 
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It is clear that CASSCF calculations do not give acceptable bond lengths. The 

importance of electron correlation is best indicated by the large improvement of bond lengths 

calculated by MRCI compared with CASSCF (see DyBr3 in Table 4.6). MP2 computations as 

it is well known, tend to underestimate the bond lengths, while the CCSD(T) method gives 

bond lengths in good agreement with experiment. 

To compare computed and experimental bond lengths, the latter first have to be 

converted to ones that have the same physical meaning as the computed bond lengths.65 One 

possibility is to use Morse-type anharmonic corrections to convert the thermal-average bond 

lengths, rg, to estimated equilibrium bond lengths,54 the latter are usually smaller than the 

thermal-average bond lengths by about 0.01–0.02 Å. The data of Table 4.6 suggest that for the 

dysprosium trihalides the highest level computations agree very well with the estimated 

equilibrium bond length and not with the thermal-average bond lengths that are about 0.015 Å 

longer than the re
M values.Natural bond orbital analyses have been carried out for all three 

molecules and their results are summarized in Table 4.7. All three molecules are strongly 

ionic, with the covalent character slightly increasing toward the iodide. The dysprosium 4f 

electron occupation is basically the same in all three molecules. It appears that the electronic 

structures of these trihalides are basically determined by the dysprosium electronic structure 

and the influence of the halogen is only marginal. 

 

 
Table 4.7 FBO charges (in e), Wiberg bond indices, and natural electron configurations of DyX3 molecules. 
 

 q(Dy) Wiberg index NEC (Dy) 

    

Cla 2.450 0.32 6s(0.12)4f(8.95)5d(0.42) 

Brb 2.348 0.36 6s(0.18)4f(8.93)5d(0.45) 

Ic 2.208 0.42 6s(0.26)4f(8.93)5d(0.50) 
 

a ref. 1. 
b ref. 2. 
c MP2(FC)(Cundari). 

 

 

The high-temperature gas-IR spectrum of dysprosium triiodide, similarly to ED, also 

shows signs of the presence of dimers and some of their fundamentals have been assigned. 

The matrix-isolation spectra show some interesting and unexpected features. First, as already 

observed for DyBr3, the symmetric stretching fundamental appears in the MI-IR experiments 

(Figure 4.4A and C), indicating symmetry lowering of the monomeric molecule, due to 

complex formation in the matrix (see also ref. 2). We have computed the structures of various 

complexes of noble gas atoms with DyI3; their energies and structural parameters are given in 
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Table 4.8. Apparently, for both Kr and Xe, complex formation is advantageous and it may 

lead (depending on the number and arrangement of the noble gas atoms, see also Figure 4.5) 

to pyramidalization of the parent molecule. This much we already noticed for DyBr3.
2 There 

are, however, other new and strange features in the matrix-isolation spectra of DyI3. In both 

MI-Ra spectra, there is a new strong feature at 138 cm-1 (Xe) and 143 cm-1 (Kr) that, based on 

its closeness to the computed ν1 frequency of the undistorted D3h-symmetry DyI3 molecule, 

can tentatively be assigned to this frequency. This assignment assumes that both planar and 

pyramidal DyI3 molecules are present in the matrix. The computed stabilization energies of 

DyI3 placed in argon, krypton and xenon environments (Table 4.8) indicate that for argon 

matrices the planar complexes are slightly more stable then the C3v ones, for krypton the 

stabilities are about the same, while for xenon they are reversed – but only with slight energy 

differences. The fact that the signal which is supposed to be the D3h ν1 frequency in the MI-

Ra spectra is stronger in krypton than in xenon matrix is consistent with the computed 

energies. 

 

 

 

 
Figure 4.5 Computed structures of DyI3·Fg complexes with different local symmetries of the DyI3 unit. 
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Table 4.8 Structural parameters (distances in Å, angles in degrees) and stabilisation effect (kJ/mol) of 

DyI3⋅Fga,b complexes at the MP2(Stuttgart, LC) level of theory.a 

 
DyI3⋅Nga,b       

(a,b = 0,1,3) C3v D3h C3v C3v D3h 
      

 DyI3⋅Ar1,0 DyI3.⋅Ar1,1 DyI3⋅Ar3,0 DyI3⋅Ar3,1 DyI3⋅Ar3,3
b 

Dy–I 2.862 2.868 2.861 2.863 2.862 

I–Dy–I 119.0 120.0 114.0 114.9 120.0 

Dy–Ar(ax) 3.028 3.091 – 4.039 – 

Dy–Ar(eq) – – 3.351 3.380 4.125 

∆E0
c  -16.4 -28.0 -20.1 -24.2 -25.4 

      

 DyI3⋅Kr1,0 DyI3⋅Kr1,1 DyI3⋅Kr3,0 DyI3⋅Kr3,1 DyI3⋅Kr3,3
b 

Dy–I 2.863 2.870 2.864 2.865 2.863 

I–Dy-I 119.0 120.0 112.8 113.9 120.0 

Dy–Kr(ax) 3.130 3.196 – 4.170 – 

Dy–Kr(eq) – – 3.429 3.450 4.177 

∆E0
c -22.3 -38.6 -32.0 -37.9 -37.0 

      

 DyI3⋅Xe1,0 DyI3⋅Xe1,1 DyI3⋅Xe3,0 DyI3⋅Xe3,1 DyI3⋅Xe3,3
b 

Dy–I 2.864 2.874 2.867 2.868 2.866 

I–Dy–I 118.8 120.0 111.4 112.3 120.0 

Dy–Xe(ax) 3.304 3.375 – 4.476 – 

Dy–Xe(eq) – – 3.598 3.611 4.369 

∆E0
c -29.3 -50.4 -45.0 -52.7 -50.7  

a Fg = noble gas atom, Ar, Kr, Xe; a and b refer to the number of Fg atoms on either side of the DyI3 unit, see 

Figure 4.5. The computed Dy–I bond length is 2.895 Å for the planar trigonal (D3h) DyI3 parent molecule, 

computational details see text. 
b The DyI3⋅⋅⋅⋅Fg3,3 (Fg = Ar, Kr, Xe) complexes have at least one imaginary frequency. 
c Zero-point corrected stabilisation energy. ∆E0 = E0(DyI3⋅Fga,b) - E0(DyI3) - (a + b)⋅E0(Fg) (Fg = Ar, Kr, Xe; a 

+ b = number of Fg atoms around the DyI3), with BSSE correction. 

 

 

Based on these computations, it is realistic to assume that actually complexes with 

both planar and pyramidal DyI3 units are formed in the matrix, leading to the appearance of 

two symmetric stretching frequencies (one corresponding to complexes with pyramidal and 

the other with planar DyI3 units, see Figure 4.5). Several other observations support this 

assumption: 1) the appearance of the Dy–I ν1 symmetric stretching frequency of the C3v-

symmetry complexes in the MI-IR spectra; 2) the absence of the Dy–I ν1 frequency of the 

complexes with D3h-symmetry DyI3 units, due to IR selection rules; 3) the splitting of the ν3 

fundamental, with the lower-wavenumber value corresponding to the complexes with 

pyramidal and the higher-wavenumber ν3 to the ones with planar DyI3 units. 
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