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1. Introduction 

 

 Actinide carbides are potential nuclear fuels in the new fourth generation nucle-

ar reactors. Mixed U-Pu carbide fuel is presently used in sodium-cooled fast reactor in 

Kalpakkam (India) and in future carbide fuel might be used in the gas-cooled fast reac-

tors. The advantage of the carbide fuels compared with the widely used mixed U-Pu 

oxide (MOX) fuels is their higher thermal conductivity, higher metal density and 

smaller plutonium inventory. The higher thermal conductivity is advantageous due to 

the facilitation of the heat diversion from the core, the higher metal density is useful for 

the higher fission probability. The investigation of the gaseous carbides is important 

primarily in the gas-cooled fast reactors, since the low thermal conductivity of the gas 

coolants (mainly He, CO2 )  causes that the centre of the fuel pellet sees a temperature 

close to its melting point (around 2300 K). In close-to-accidental situations the gas-

phase behaviour is also important due to the possible vaporisation of the core material. 

 The gaseous actinide carbides are scarcely known from the literature and part of 

the studies is contradictory. Therefore the investigations aimed to determine the ground 

state electronic structure and the corresponding geometrical parameters of the chosen 

actinide carbides (ThCx, UCx, PuCx, AmCx, where x=1,2,4). Since the conditions in the 

nuclear reactors can be extreme (high temperature, high pressure), the higher energy 

structures were also considered. IR, Raman and electronic spectra was calculated for 

the most stable structures. 

 

2. Literature survey 

 

Before the discussion of actinide carbides, it is important to describe the main 

properties of the actinides. The actinides can be found in the seventh period of the peri-

odic table. The fifteen elements starting with actinium and ending with lawrencium be-

long to this group. During the computational investigation of these elements and their 

compounds two (non-relativistic approximation and one-electron method) from the 

three (the previous two plus Born-Oppenheimer approximation) most basic approxima-

tions of the quantum chemistry may lead to serious errors in the computed results. The 

relativistic methods are particularly important in case of the heavier elements. Their 

importance can be well shown on the lanthanide and actinide contractions. These phe-

nomena mean the shrinking of the triply charged cations (ionic radius) in the lanthanide 

and actinide series with increasing proton number. In case of the lanthanide contraction 

the relativistic effects are responsible for around 10% of the total contraction, whereas 

in case of the actinides this value is around 40-50%.
1
 

The ground state electronic configuration of actinide elements is diverse. Ac 

and Th do not have 5f electrons and thus seemingly they would rather belong to d-

elements, the three elements following them (Pa, U, Np) have both 6d and 5f electrons, 

while the next two elements do not have 6d electrons. In case of Cm we can find again 

6d electrons in the ground electronic state. The strange, non-periodic change in the 

ground state electronic configuration of actinides can be partly explained with the rela-

tivistic effects. Compared to the lighter elements, the f-elements have big number of 

valence orbitals: ns, (n-1)d, (n-2)f, where the values for n are 6 and 7 for lanthanides 

and actinides, respectively. These orbitals are mutually close in energy. In non-

relativistic case the orbital energies are similar in case of lighter lanthanides and heavi-

                                                 
1 P. Pyykkö, Phys. Scr., 20(5-6), 1979, 647; W. Küchle, M. Dolg, H. Stoll, Phys. Chem. A, 101(38), 

1997, 7128-7133; C. Clavaguéra, J.-P. Dognon, P. Pyykkö, Chem. Phys. Lett., 429(1-3), 2006, 8-12. 



er actinides. Due to the relativistic effects the atomic orbitals with lower azimuthal 

quantum number (s, p) are stabilised energetically (their energy decreases compared to 

the non-relativistic case), while those with higher azimuthal quantum number (d, f) are 

destabilised. In case of actinides the valence s, d and f orbitals are closer to each other 

than for lanthanides (cf. Figure 1). For the first two actinides (Ac, Th) the destabilisa-

tion of 5f causes that in their ground state 5f is unoccupied, for the subsequent elements 

(with the increasing proton and electron number) the 5f electrons appear. For the acti-

nides with even higher proton number the states without 6d occupation are more stable, 

except the case of Cm, for which the configuration 7s
2
6d

1
5f

7
 shows high stability due 

to the half-filled 5f shell. 
 

 
 

Figure 1 The Dirac-Fock and Hartree-Fock orbital energies in atomic units for Ce and 

U. The data are taken from the articles of Desclaux and Pyykkö.
2
  

 

 The investigation of gas-phase carbides started in the 1950s. They were investi-

gated mainly with the help of Knudsen cell or electrically heated filament, which were 

connected to a mass spectrometer. In these MS experiments the authors assumed most-

ly linear asymmetric geometry for carbides. The reason behind this is the C2
-
 moiety 

observed in solid dicarbides and the experimental results on their atomisation energies 

which were found to be more than the double those of the monocarbides. This suggests 

that in the dicarbide structures CC bond might appear along with the M-C bond. The 

most detailed investigation of ThCx and UCx gives the relative ionic intensity of oligo-

carbides in the gaseous phase.
3
 According to these results the three carbides with the 

highest concentration are the di-, tetra- and monocarbides in the investigated tempera-

ture range (2400-2700 K). 

 In the previous literatures 5 dicarbide and 13 tetracarbide structures were found. 

For most of the elements the most stable structures were the cyclic oligocarbides in-

volving a Cn chain. The exceptions are the elements of Co-, Ni-, Cu- and Zn-group, the 

alkali metals and the alkaline earth metals, in which an asymmetric linear structure may 

appear as the lowest energy structure. A peculiar element is Ge, which has an L-shaped 

                                                 
2 J. P. Desclaux, At. Data Nucl. Data Tables, 12(4), 1973, 311-406; P. Pyykkö, Adv. Quantum. Chem., 

11, 1978, 353-409 

3 S. K. Gupta, K. A. Gingerich, J. Chem. Phys., 71(7), 1979, 3072-3080; S. K. Gupta, K. A. 

Gingerich, J. Chem. Phys., 72(4), 1980, 2795-2800. 
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dicarbide ground state.
4
 

 The theoretical studies of actinide carbides from the literature are contradictory. 

From the carbides studied in the present work, articles from other authors dealt with 

ThC2, ThC4, UC, UC2, UC4, PuC and PuC2. The first DFT studies of PuC, PuC2 and 

UC2 were performed using large-core relativistic effective core potentials (RECP) or 

unknown core potentials.
5
 In these papers different ground state dicarbide structures 

were reported: linear symmetric, symmetric triangular with broad CAnC bond (without 

CC bond) and an exceptionally large bond distance was reported for PuC. MP2
6
 calcu-

lations performed on ThC2 and ThC4 used small-core RECP. These results are in better 

agreement with our calculations, however in case of ThC2 a small difference can be ob-

served (cf. Results). The most recent articles
7
 were published simultaneously with our 

investigations. These articles reported computational and matrix isolation IR experi-

mental results. Their computed results which were performed at different theoretical 

levels (B3LYP, CCSD, CASPT2) show good agreement with ours. Difference is in the 

structure of UC4 since the authors did not investigate the cyclic structure. 

 

3. Computational details 

 

The applied methods should decrease the errors coming from the non-

relativistic approximation and the one-electron method (causing the electron correlation 

errors) mentioned in the previous section. 

The inclusion of the relativistic effects is done with an approximate Dirac equa-

tion. In the Dirac equation the wavefunction is a four-component (four-spinor) vector. 

The presently used methods simplify the equation to one- or two-component with trans-

formation and neglection of some terms. The one-component methods consider only 

the scalar relativistic effects, while the two component methods consider also the spin-

orbit coupling. 

In case of DFT, HF, MP2, CCSD(T) computations the relativistic effects were 

considered only with relativistic core potentials (RECP) using a formally non-

relativistic valence model Hamiltonian. In case of the complete active space method 

(CAS) the one-component method of Douglas and Kroll was chosen and the spin-orbit 

coupling was subsequently calculated with the CASSI method. 

The basis of the complete active space method is the multiconfigurational wave-

function (which is built up from multiple Slater determinants). During the SCF proce-

dure the linear coefficients of the configurations (Slater determinants) and the linear 

coefficients of the basis functions are simultaneously optimised. The inner orbitals 

forming the inactive space are doubly occupied, while the occupation of the active 

space orbitals varies between the different configurations (but can only be 0, 1 or 2). 

Since in the total wavefunction the configurations take part with different weights, the 

occupation numbers of these active space orbitals can be non-integer. In case of the 

CAS method the choice of the size of the active space is crucial: too large active space 

                                                 
4 L. Sari, K. A. Peterson, Y. Yamaguchi, H. F. Schaefer III, J. Chem. Phys., 117(22), 2002, 10008-

10018; P. Wielgus, S. Roszak, D. Majumdar, J. Leszczynski,  J. Chem. Phys., 123(23), 2005, 234309 

5 S. Imoto, K. Fukuya, J. Less-Common Met., 121, 1986, 55-60; Q. Li, H.-Y. Wang, G. Jiang, Z.-H. 

Zhu, Acta Phys.-Chim. Sin., 17(7), 2001, 622-625; H. Wang, Z. Zhu, Y. Fu, X. Wang, Chin. J. 

Chem. Phys., 16, 2003, 265-269; G. Li, Y. Sun, X.-L. Wang, T. Gao, Z.-H. Zhu,  Acta Phys.-Chim. 

Sin., 19(4), 2003, 356 

6 A. Kovács, R. Konings, J. Nucl. Mater., 372(2-3), 2008, 391-393 

7 X. Wang et al., J. Am. Chem. Soc., 132(24), 2010, 8484-8488; X. Wang et al., J. Chem. Phys., 

134(24), 2011, 244313; M. F. Zalazar, V. M. Rayón, A. Largo, J. Phys. Chem. A, 116(11), 2012, 

2972-2977 



increases significantly the computational costs, too small may not contain all the need-

ed orbitals and will lead to wrong results. The dynamic electron correlation is treated 

with CASPT2 (second order perturbation) calculations which is applied after the 

CASSCF calculations. 

 The complete active space calculations were done with MOLCAS code using an 

all-electron basis set for both the actinides and carbon. For the DFT, HF, MP2 and 

CCSD(T) calculations the Gaussian09 code was used with Stuttgart-Cologne relativ-

istic effective core potentials (and valence basis sets) on the actinides. The applied ba-

sis sets in both codes had a quality of valence triple zeta polarisation (VTZP). It is im-

portant to mention that in case of actinides using methods as DFT, HF, MP2 and 

CCSD(T) the SCF cycle may often converge into excited state. The lowest-energy state 

can be found either by manual altering of the molecular orbitals or with the help of 

Gaussian keyword STABLE which performs a wavefunction stability investigation. 

 

4. Results 

 

4.1. Monocarbides 

 

 The molecular geometries of the four monocarbides (ThC, UC, PuC, AmC) 

have been optimised at CASPT2 and B3LYP levels. In case of ThC three and for the 

other investigated monocarbides five different spin multiplicities were considered. A 

correlation was found between the bond distance of optimised geometry and electronic 

structure and on this basis we can distinguish between three groups: 

Group 1: states σ
2
π

2
π

2
 or σ

1
π

2
π

2
 with bond distance of 1.8-2.0 Å 

Group 2: states σ
1
π

1
π

2
 with bond distance of 2.0-2.1 Å 

Group 3: states σ
a
π

b
π

b
 (0≤a≤2;0≤b≤1) with bond distance of 2.1-2.4 Å 

The most stable spin-free state of ThC is a triplet 
3
Σ

+
 with 1.97 Å bond distance 

(CASPT2 level), in case of UC the quintet 
5
Γ with 1.87 Å bond distance, in case of PuC 

the 
7
Γ with 1.85 Å bond distance and in case of AmC the 

6
Σ

+
 with 2.15 Å bond dis-

tance. With the exception of AmC, which belongs to group 3, the ground states of the 

other monocarbides belong to group 1. ThC has only one dominant electronic configu-

ration, UC has two dominant configurations (with 45% each) and their singly occupied 

5f orbitals are antisymmetric according to the magnetic quantum numbers. PuC and 

AmC have both strongly multiconfigurational spin-free (SF) ground states. 

The calculation of the spin-orbit coupling (SO) did not change the ground state 

of ThC and it caused only small splitting: in case of the spin-free ground state this was 

only 0.2 kJ.mol
-1

, compared to the next excited state being 19 kJ.mol
-1

 above the SO 

ground state. In case of UC the spin-orbit coupling is more important. The 
5
Γ2 ground 

state is very close both in energy and geometry to the first excited 
5
X3 state (the differ-

ence is approximately 1 kJ.mol
-1

 and 0.1 Å). The previous and our computations 

showed large difference from the measured vibrational frequency of UC being 871 cm
-1

 

in Ne matrix. Therefore the excited states were also investigated. The calculated fre-

quencies of the different states differ by 30-90 cm
-1

 from the measured value in Ne ma-

trix where a difference of ca. 5 cm
-1

 would be expected. The calculation of the potential 

energy surface of the two lowest-energy spin-orbit states showed that their large over-

lap may facilitate a vibronic transition what might be responsible for the problems with 

the frequency calculation. The case of PuC is more intricate since three low-energy 

spin-orbit states (
7
X1, 

5
I4, 

9
X1) lie close in energy to each other, from which two have 

similar equilibrium geometries. The septet state was identified as the ground state; 

however, the other two states are in an energy window of 3 kJ.mol
-1

. In case of AmC 



spin-orbit coupling was not found, thus the ground state is the sextuply degenerated 
6
Σ

+
 

state. 

 

Table 1 The ground states of actinide monocarbides and their properties at CASPT2 

level.
a
 

 ThC UC PuC AmC* 

ground state
 3

Σ
+

1
 5

Γ2
 7

X1
 6

Σ
+
Ω 

r 1.967 1.869 1.851 2.150 

SF main 

configuration 
90% σ

α
 π

2
 π

2
 7s

α
 
45%  σ

α
 π

2
 π

2
 7s

α
 

5f1+
α
 5f3+

α
 

38%  σ
α
 π

2
 π

2
 7s

α
 

(5f1+,6d1+)
α
 5f2-

α
 

5f2+
α
 5f3-

α
 

15%  σ
2
 π

2
 π

2
 7s

α
 

5f2-
α
 5f2+

α
 5f3-

α
 

5f3+
α
 

SO state 99% 
3
Σ

+
 

50% 
5
Γ(1) + 

50% 
5
Γ(2) 

34% 
7
Γ(1) + 

34% 
7
Γ(2) 

100% 
6
Σ

+
 

νanh 927 954 913 539
 

a
 r – bond distance in Å, SF – spin-free state, SO – spin-orbit state, νanh – anharmonic  

vibrational frequency in cm
-1

. 

* - In case of the ground state of AmC states with Ω=0,5;1,5;2,5 are degenerated. 

 

The above given grouping according to the bond distance and orbital occupation 

is valid both for CASPT2 and B3LYP results, although the results show some differ-

ences. In case of UC it was observed that the B3LYP method suggests somewhat 

stronger 5f character of the bonding orbitals than in case of CASPT2. Therefore in 

B3LYP ground state the 5fπ atomic orbitals have large contribution to π bonding orbit-

als, while in CASPT2 these (5fπ) orbitals have lone-pair character and the respective 

lone pairs in B3LYP are the 5fδ orbitals. 

 From the monocarbides ThC and UC have the most intense bands in their elec-

tronic spectra, whose transitions obey the non-relativistic selection rules. In case of the 

most intense transitions of PuC either the orbital or the spin symmetry is broken, while 

all the intense transitions of AmC are spin changing. Therefore the band intensities of 

PuC and AmC are lower by 1-3 orders of magnitude than those of ThC and UC. 

  

4.2. Dicarbides 

 

 Five different structures shown in Figure 2 were investigated in case of dicar-

bides. The DFT and CASTP2 calculations found for all the dicarbides the symmetric 

triangular structure I as the ground state. In case of ThC2 structure II lies very close to 

structure I. Structures III, IV and V are by a few hundreds of kJ.mol
-1

 higher in energy 

than the ground state. However, the investigation of structure III is important since at 

higher temperatures the reaction conditions may cause the preferential formation of lin-

ear dicarbides (the second carbon atom can approach the monocarbide from the actinide 

side). The symmetric triangular (I) dicarbide would likely form in the reaction An + 

C2→AnC2. The matrix isolation IR experiments
7
 found the linear structure. 

 

  

  
 

I (C2v) II (C2v) III (C2v) IV (C2v) V (C2v) 

Figure 2 The investigated dicarbide structures. 



 

In case of ThC2 the first DFT, HF, CCSD(T) and previous MP2 calculations 

identified structure II as the geometry of the ground state, while the CASPT2 calcula-

tions identified structure I. This contradiction motivated further investigations which 

showed that the single-reference HF and post-HF methods are not able to find the cor-

rect electronic structure, while DFT (B3LYP, PBE0) is able to find it after the wave-

function is stabilised but at the cost of symmetry breaking. Figure 3 shows the DFT 

wavefunctions. The first DFT calculations (without wavefunction stabilisation) gave 

the green curve. The HF and single-reference post-HF methods gave also a potential 

energy surface where structure II is a minimum and structure I is a first order saddle 

point. The investigation of the electronic structure showed the reasons behind the dif-

ferences between the applied methods. The CAS wavefunction has one dominant con-

figuration with 82%. Nevertheless, the detailed investigation of the molecular orbitals 

showed that the multiconfigurational treatment is important in case of ThC2. 

  

 
 

An-C-C angle   ] 

Figure 3 Potential energy profile of ThC2 calculated with B3LYP. Blue curve is the 

ground state; green curve is the excited state. 

 

 Among the CAS orbitals two were found with low occupancy (ca. 0.1 e) having 

a lone-pair character. These two orbitals are important for the description of the ground 

state. Since these orbitals belong to other symmetry species than the almost doubly oc-

cupied lone pair (with contributions from 7s and 6d0 atomic orbitals and belonging to a1 

species), the DFT and HF methods considering the symmetry of the molecule do not 

mix them and thus converge to an excited state. With the stabilisation of the wavefunc-

tion the symmetry constrains were released. In case of DFT the 6d2- atomic orbital is 

mixed into the doubly occupied lone pair. 6d2- belong to the a2 species. On the one 

hand the mixing caused a symmetry breaking and on the other hand the new state had  

lower energy. The geometry optimisation found structure I as minimum for the new 

state. 

In detail only structures I and III were investigated. According to the Wiberg 

bond indices in structure I a CC triple bound can be found, while the AnC bonds have 
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single bond character. In case of the linear dicarbides the bond distance and thus the 

bond order is significantly different between the four elements. The linear CThC with 

the longest bond distance can be characterised with ca. double Th=C bond, while CUC 

with the shortest bond distance can be characterised with ca. triple bond. The NBO in-

vestigations showed an actinide charge around +1 e, according to which the ionic inter-

action cannot be neglected for the dicarbides. 

In case of ThC2, similarly to the monocarbide, the spin-orbit coupling is weak. 

The most stable spin-free state is singlet in case of structure I and triplet in case of 

structure III, in case of UC2 quintet and triplet for I and III, respectively, in case of 

PuC2 septet and quintet and in case of AmC2 for both structures octet. With the excep-

tion of linear PuC2, the spin-free ground state is the main component of the spin-orbit 

ground state for all the investigated dicarbides. The SO ground state of CPuC is built 

up from the first and second excited spin-free state. 

 

  4.3. Tetracarbides 

 

 From the preliminary investigations 13 tetracarbide structures were found, 

which are shown in Figure 4. For all the four tetracarbides structure I (cyclic, fan-like 

structure) was found to be the ground state, in which a C4 moiety can be found. 
 

 

 

 

 I (C2v)  

 
 

 

IIa (C2) IIb (C2v/Cs) IIc (C2v) 

   
IId (D2h/C2v) IIIa (S4/C2v) IIIb (Cs) 

   
IVa (C2v) IVb (Cs) IVc (Cs) 

   
Va (C2v) Vb (Cs) Vc (Cs) 

Figure 4 Tetracarbide structures. IIb, IId and IIIa structures can be found in two sym-

metries. 
 

Structure I showed to be the lowest-energy structure for all the spin multiplicities, ex-

cept the singlet UC4, which was identified as saddle point by B3LYP. In structures II 

and III the actinide atom is bonded to two C2 units. The six structures (II+III) differ in 

the relative arrangement of the C2 moieties. In case of structures III the AnC2 planes 

are perpendicular to each other. Structures IV and V are high energy structures. In for-

mer case (IV) the actinide is connected to a bent C3 chain, in latter case (V) to a C3 



ring. In both structures the actinide is connected to a C atom from the other side. 

CASPT2 and DFT calculations show good agreement for all the ground states and in 

case of ThC4 and UC4 also for the excited states. In case of PuC4 and AmC4 for some 

excited states big difference was observed between the results of the two methods. The 

probable reason behind this is the stronger multiconfigurational character of the Pu and 

Am compounds, which causes that the DFT results may be erroneous. 

 The bonding properties were investigated only for the most important structures 

I, II and III. The AnC bonds in all three structures are considerably longer (around 2.4 

Å) than observed in the monocarbides and linear dicarbides (around 1.8-2.1 Å). The 

CC bond order is between 2 and 3. In case of structure I the middle CC and AnC bonds 

are involved in less molecular orbitals than the terminal ones, explaining why the ter-

minal CC and AnC bonds are shorter. The AnC and CC bond distances of structure IIb 

are similar to those found for the symmetric cyclic dicarbides. In case of ThC4 and UC4 

structures II are lower in energy than structures III. However, in case of PuC4 and 

AmC4 the two structural families have comparable energies. 

 The vibrational frequency measured for UC4 (495 cm
-1

) was assigned by an ear-

lier study
7
 to structure IIb (

3
B2). This structure was found by our CASPT2 calculations, 

however, 
3
A state of structure IIa was lower in energy by 50 kJ.mol

-1
 and thus it is a 

better candidate for the structure found in the matrix isolation experiment. The anhar-

monic vibrational frequency of 
3
A state (506 cm

-1
) correlates very well with the exper-

imental result (considering a 10-30 cm
-1

 matrix shift for Ar matrix). However, this sin-

gle experimental frequency may not unambiguously identify the structure. 

 In case of structure I of ThC4 the first DFT results gave us the excited closed-

shell singlet state. After stabilising the wavefunction, an open-shell singlet state was 

obtained, very similar in geometry and electronic structure to the triplet state. The 

CASPT2 wavefunction contains two dominant configurations (with 50% and 37%), 

which are both closed-shell configurations. The two configurations differ in the occu-

pation of only one orbital (in one configuration an orbital with bonding character, in the 

other an orbital with lone-pair character is doubly occupied). The DFT puts single oc-

cupation on both analogous orbitals, approximating thus the multiconfigurational wave-

function. 

 The spin-orbit coupling in ThC4 structures causes small splitting, similarly to its 

dicarbide and monocarbide. In case of structures I and IIb a singlet ground state was 

found. In the spin-orbit ground state of structure I of UC4 the spin-free ground state 

(
5
A2) is not represented. A ca. 1:1 mix of 

5
B2(1) and 

5
B1 builds up the spin-orbit ground 

state. In the spin-orbit ground state of PuC4 four low-energy SF states can be found, 

however, the spin-free ground state is not among them. In structure I of AmC4 the spin-

orbit ground state is mainly built up from the spin-free ground state 

 In case of the electronic spectra the transition with the highest possibility can be 

found for the structure I of ThC4 which does not contain f→ f transitions. In case of the 

most important transitions of PuC4 the occupation of 7s orbital changes. In case of the 

other structures the Einstein coefficients, describing the probability of a transition, are 

very small, since they have pure f → f transitions which are forbidden in the non-

relativistic approximation. 

 

5. Thesis statements 

 

1. A clear connection was found in case of the monocarbides between the occupation 

of the bonding orbitals (or bonding minus antibonding) and the bond distance. We 

determined that the bond distance in case of the monocarbides and dicarbides is 



more significantly affected by the occupation of π orbitals than the occupation of σ 

orbitals. K5. and K2. 

2. We showed with the help of calculations that in case of UC the two lowest-energy 

spin-orbit electronic states have very close geometry and energy. Since the two 

electronic states have large overlap, a vibronic mixing may cause the large differ-

ence between the measured and calculated vibrational frequencies. K5. 

3. Our calculations unambiguously showed that all the investigated dicarbides have a 

symmetric triangular (C2v) ground state structure, in contrast to the previously de-

termined asymmetric (right) triangular structure for ThC2. The symmetric triangu-

lar structure is stabilised with the very strong CC triple bond compared to the line-

ar structure (which is the ground state of U, Pu and Am dioxides) where this bond 

is absent. K1. and K2. 

4. We refuted the former single reference MP2 calculation on ThC2, which suggested 

an L-shaped triangular structure. We showed that the multiconfigurational treat-

ment might be important in case of systems where dominant configuration gives 

82% of the total electronic state. In case of DFT we were able to obtain the sym-

metric ground state structure at the cost of symmetry broken electronic state. We 

found that the symmetry breaking is caused by the configurations with low coeffi-

cients. K1. 

5. We described three new, previously not described tetracarbide structures (III, IV, 

V) and we proved that they may be minima on the potential energy surface. K3. 

and K4. 
6. We reassigned the only measured vibrational frequency of UC4 to structure IIa, 

instead of the previously published significantly higher-energy structure IIb. K3. 

 

6. Applications 

 

With the detailed investigation of the actinide carbides we explored the low-

energy structures which might be present in the gaseous phase. The work can underpin 

the IR and Raman matrix isolation investigations which will be performed in the Insti-

tute for Transuranium Elements in the near future. Among the investigated carbide 

structures there were some which were described here for the first time (III, IV and V 

of tetracarbides), these could be used by other researchers for future theoretical calcula-

tions on actinides or carbides as starting geometries. The determined geometries and 

vibrational frequencies can be used for calculating the thermodynamic functions (with 

the help of rigid-rotor approximation). 
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