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Theoretical studies of monolanthanum carbides, LaCn for n52–6, are presented. The fan structures
were found as ground states in most cases studied. The computed enthalpies of formation of
LaCn and atomization energies of these species are close to the corresponding experimental data.
The agreement is even closer when experimental Gibbs energy functions are corrected using
theoretical ground state structures and partition functions. The La–C bond is strongly ionic due to
electronic charge transfer from lanthanum to carbon atoms. ©1997 American Institute of Physics.
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I. INTRODUCTION

Although several experimental studies on transit
metal carbide clusters have been made, there is little de
tive information of the structure and nature of bonding
these species. Among stable gaseous transition metal
bides, lanthanum carbides are one of the most studied
cies. Subsequent to a pioneering work of Chupkaet al.,1

several experimental studies have been devoted to
carbides, such as LaC, La2C,

2 LaCn (n52–8),3–5

La2Cn (n52–8),6,7 and bimetal LaIrCn (n51–4) car-
bides. The Knudsen effusion technique combined with m
spectrometry,9,10 employed in the above experimental work
leads to atomization energies and related properties. H
ever, structures of these species are ambiguous, and are
often assumed in the thermodynamic derivation of the pr
erties of these species through the second or third law t
niques. Another source of information on the interaction
lanthanum with carbon clusters is the experimental study
the isomerization of LaCn1 (n 5 2–30) cations.11–14Data
from the injected ion drift tube technique leads to restric
structural information.

There is considerable controversy in the literature w
regards to the structures of the LaCn and relates species
While linear structures of LaCn (n 5 2–8) seem to fit rea-
sonably well with the thermodynamic experiments,3 the
authors11 of the injected ion drift tube experiment are con
dent that even for small values ofn, LaCn1 exhibit, indeed,
ringlike structures, in contrast to the linear chains11 assumed
in the thermodynamic derivation of the properties of the
species. Pure carbon clusters as well as carbon ions con
ing less than ten atoms are linear,15,16 although the cluster
can be significantly modified by the reaction with a me
atom. Theoretical studies of analogous YCn molecules indi-
cate that for two to five carbon atoms yttrium carbides
a!Author to whom correspondence should be addressed.
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not linear.17,18 The YIrCn complexes also prefer nonlinea
structures.19

Theoretical results for La carbides are scarce, and o
the LaC2 molecule has been studied before using
Huckel20 approach andab initio calculations.21 The structure
of LaC2 was found bridged rather than linear. Theoretic
studies of molecules and cations of La carbides may enha
our understanding of the structure and bonding of these
cies and facilitate interpretation of experimental findings.

As seen from the above review, there is some unc
tainty on the structures of LaCn species, even for small val
ues ofn. The aim of this work is the determination of mo
lecular structures of LaCn (n53–6! and the partition
functions. The thermodynamic properties were computed
the equilibrium ground state structures, using the compu
partition functions. Theoretical calculations of the Gibbs fr
energy functions and heat content functions, obtained fr
the computed partition functions provide improved estima
of the experimentally measured enthalpies.

II. THEORETICAL METHODS AND COMPUTATIONAL
DETAILS

The calculations presented here were performed us
the Mo” ller–Plesset second-order perturbation~MP2!22 theory
and the density functional~DFT!23 methods. The DFT ap-
proach has utilized the Becke24 ~exchange! and the
Lee–Yang–Parr25 ~correlation! functionals. The geometry
searches were made at the MP2 and DFT levels of theor
applying a quasi-Newton–Raphson procedure.26,27

All of the calculations described here were made us
the relativistic effective core potentials~RECP’s! that re-
placed all but the 5s25p65d16s2 shells in the core for
lanthanum,28 and all but the 2s22p2 shells in the core for the

29
carbon atoms. The carbon basis set was supplemented with
a set of six-component 3d Gaussian functions adopted from
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Dunning and Hay.30 The above choice of atomic basis set
based on previous experience with LaC2 calculations.

21

The MP2 calculations were performed using the sp
unrestricted Hartree–Fock method.31 The projected values
that are free from contamination with other states in the M
calculations are reported. All structures presented in
study for all LaCn clusters are minima on the potential e
ergy surfaces. This was ensured by the computations of
ond derivatives of energies.

FIG. 1. Structures and energies (E) from MP2 and DFT~values in paren-
theses! calculations of doublet electronic states of LaC2. Distances are in
angstroms and energies are in hartrees.

FIG. 2. Structures and energies (E) from MP2 and DFT~values in paren-

S. Roszak and K. Balasubramania
theses! calculations of doublet electronic states of LaC3. Distances are in
angstroms and energies are in hartrees.
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The thermodynamic functions have been computed
ing the partition functions obtained at the DFT level
theory by applying ideal gas, rigid rotor, and harmonic o
cillator approximations.32 The computations were made u
ing the GAUSSIAN 94 code in conjunction with relativistic
effective core potentials.33

III. MOLECULAR STRUCTURES OF LANTHANUM
CARBIDES

The ground states of the lanthanum carbides are form
from the La(2D) electronic state and one of the low-lyin
singlet or triplet states of the Cn cluster.

34 The doublet elec-
tronic states were found to form the ground state, and
results for these states are reported. Experimental therm
namic studies have assumed that the preferred LaCn struc-
tures are linear,3 although injected ion drift tube experimen
opt for the ‘‘ringlike’’ structures11 for LaCn1 cations, which
should not be too different from their parent molecules.

Following experimental suggestions, both the linear a
ringlike structures were studied. Due to the small numbe
carbon atoms, stable rings could be formed with lanthan
included inside the ring, rather than pure carbon rings w

FIG. 3. Structures and energies (E) from MP2 and DFT~values in paren-
theses! calculations of doublet electronic states of LaC4. Distances are in
angstroms and energies are in hartrees.

159Properties of lanthanum carbides
metal atoms attached to it. More complex structures, such as
a kite structure considered before for YCn ,

18 having a simi-
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lar valence electronic configuration as LaCn , were also stud-
ied. All the structures were optimized at MP2 as well as D
levels of theory.

A detailed study of LaC2, including MP2 calculations
has been presented elsewhere by the authors.21 The opti-
mized structures shown in Fig. 1 include the density fu
tional results. The MP2 method gaveR~C–La!52.367 Å and
the C–La–C bond angle of 31.4°, while the DFT meth
yieldedR~C–La!52.336 Å and the C–La–C bond angle
30.9°, respectively. The CvC bond distance in theC2v and
linear structures corresponds to a regular carbon–ca
double bond.35

A. LaC3

The optimized structures are presented in Fig. 2
LaC3. Although the

2
A1 ‘‘kite’’ structure of C2v symmetry is

the lowest in energy, the ‘‘fan’’ isomer is only 0.08 e
higher in energy, and is thus a viable candidate for
ground state. The linear structure is higher than the
structure by 0.89 eV, and the ‘‘top’’ isomer in Fig. 2,
significantly higher~2.74 eV! primarily due the ring strain.
The results of DFT calculations are close to those of M
although at the DFT level, the fan structure is lower in e
ergy compared to the kite structure. Both the fan and

FIG. 4. MP2 and DFT~values in parentheses! optimized structures for LaC5
molecule. Distances are in angstroms and energies are in hartrees.

160 S. Roszak and K. Balasubramania
structures are consistent with the structures suggested by
drift tube experiment,11 but the top structure is considerably
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higher in energy, and is thus ruled out as a viable candid
for LaC3. The linear structure was assumed to be the gro
state in thermodynamic experiments.3–5 However, this state
is considerably higher in energy, as seen from Fig. 2. T
kite isomer found for LaC3 is similar to the ground state o
YC3, although the metal–carbon bond lengths differ in t
two cases, as expected.

B. LaC4

The ground state for the LaC4 is a 2
A1(C2v) electronic

state with a fan structure shown in Fig. 3. The linear isom
is 1.77 eV higher than the fan structure. A stable kite isom
was also located, but it is much higher in energy. The geo
etry optimization procedure starting with the top structu
leads to the fan ground state. Consequently, the top struc
is unstable for LaC4. Unlike, LaC3, the kite structure is con-
siderably higher in energy for LaC4.

C. LaC5, LaC6

Both LaC5 and LaC6 clusters follow the pattern of LaC4
in that the fan structure is the ground state~Figs. 4 and 5!,
while the linear isomer appears to be somewhat more st

FIG. 5. MP2 and DFT~values in parentheses! optimized structures for LaC6
molecule. Distances are in angstroms and energies are in hartrees.

Properties of lanthanum carbides
thelized compared to the smaller clusters, especially for LaC6.
In both cases, stable kite structures were found, but these are
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considerably higher in energy compared to the fan and lin
structures. The geometry optimization starting with a t
structure resulted in fan structure for LaC5.

Despite the preference of linear geometries by sma
LaCn clusters (n,10!,15 the most stable complexes o
LaCn have the fan structures. The La–C bond distance
the linear structures are usually shorter since La forms m
tiple bonds. The carbon–carbon bonds in the fan structu
are around 1.3 Å, which corresponds to the carbon–car
double bond.36 The C–C bonds in the linear structures and
linear fragments of kite geometries are also double bon
although for longer Cn chains, the polyacethylenelike cha
acter of bonding is seen~Figs. 5 and 6!.

IV. EXPERIMENTAL AND THEORETICAL VALUES OF
THERMODYNAMIC PROPERTIES

The theoretical atomization energies were calculated

FIG. 6. Atomic charges~Mulliken population and MP2 structures! an
the computed ground states of LaCn for the following pro-
cess:

J. Chem. Phys., Vol. 106,
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LaCn~g!→La~g!1nC~g!,

and the enthalpy of the reaction

La~g!1nC~graphite!→LaCn~g!

was calculated by applying the sublimation energy of gra
ite. As seen from Table I, the agreement is very good wh
the MP2 approach is applied, although the DFT method a
leads to reasonable enthalpies.

The theoretically determined enthalpies depend ma
on the quality of the electronic energy calculations. Expe
mental results are also influenced by the structures of m
ecules, which are needed for the third and second law ca
lations of Gibbs free energy and heat content functions
the absence of spectroscopic data for lanthanum carbides
thermodynamic properties were estimated from the assu
molecular parameters. Fortunately, the values of thermo
namic functions are less sensitive to the molecular structu

17–19

ipole moments~in Debye! for different structures of LaCn (n52–6!.
compared to the electronic energies. Table II presents
the Gibbs free energy and heat content functions calculated
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for the computed ground state, and the experimentally e
mated values.3 The experimentally estimated thermodynam
functions can be corrected for the assumed erroneous
lecular structures as

D52T~GEFest2GEFcalc!,

TABLE I. Atomization enthalpies,DHa,0
0 , and reaction enthalpies,DH0

0, for
the reaction La(g) 1 nC~graphite!5LaCn(g) ~energies in kJ/mol!.

Species Method DHa,0
0 DH0

0

LaC2 MP2 1200.88 221.52
DFT 1175.81 246.59
EXPa 126365 159.365
EXPcorr

b 1234.7 187.7
LaC3 MP2 1709.08 424.52

DFT 1658.00 476.6
EXP 181967 314.565
EXPcorr 1790.7 342.9

LaC4 MP2 2485.07 359.73
DFT 2398.19 446.61
EXP 252767 317.765
EXPcorr 2510.1 334.7

LaC5 MP2 2932.76 623.24
DFT 2877.47 678.53
EXP 3121645 434.964
EXPcorr 3056.8 499.2

LaC6 MP2 3689.79 577.41
DFT 3539.43 727.77
EXP 3795645 500.0642
EXPcorr 3702.6 564.6

aFrom Ref. 3.
bResults from Ref. 3 corrected for theoretical ground state structures.

162 S. Roszak and K. Balasubramania
which gives the correction to the atomization energies calcu
lated using the third law method. As seen from Table II, th

aFrom Ref. 3.
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largest corrections for the Gibbs free energy functions
31.5, 30.1, 17.2, 61.7, and 76.3 kJ/mol for LaC2, LaC3,

TABLE III. Experimental enthalpies for La(g) 1 nC~graph!5LaCn(g) reac-
tion for estimated and theoretically calculated Gibbs energy functi
~GEF!.

T~K!

DH0
0

GEF~est!a GEF~theor!

LaC2
2331 159.3 187.0
2438 158.7 187.2
2609 159.5 189.0

LaC3
2331 314.8 340.8
2438 316.0 342.7
2609 317.9 345.2

LaC4
2331 318.3 336.0
2438 316.1 333.7
2609 316.4 334.3

LaC5
2438 444.5 496.0
2609 446.5 502.4

LaC6
2438 495.1 558.4
2609 502.5 570.8

aFrom Ref. 3.

Properties of lanthanum carbides
-
e
LaC4, LaC5, and LaC6, respectively. The third law enthalp-
ies are given by the expression
TABLE II. Gibbs energy function, GEF5 (GT
0 2 HT

0)/T, and heat content functions,DH 5 HT
0 2 H0

0 calculated forn52–6 of LaCn within the density
functional formalism~GEF in J/mol,DH in kJ/mol!.

Species Method

Temp, K

298 2000 2200 2400 2600 2800 3000

LaC2 DFT GEF 2240.4 2328.0 2333.0 2375.5 2341.8 2345.7 2349.4
DH 11.9 103.9 115.4 126.8 138.3 149.8 161.4

ESTa GEF 2227.01 2315.36 2320.81 2325.84 2330.49 2334.83 2338.89
DH 10.38 113.78 126.46 139.12 151.76 164.39 177.01

LaC3 DFT GEF 2250.5 2362.5 2369.4 2375.8 2381.7 2387.2 2392.4
DH 13.3 143.7 160.1 176.5 192.9 209.4 225.9

ESTa GEF 2239.33 2350.90 2358.15 2364.85 2371.09 2376.92 2382.38
DH 12.153 151.04 168.54 186.04 203.54 221.05 238.57

LaC4 DFT GEF 2262.2 2398.6 2407.3 2415.3 2422.8 2429.8 2436.3
DH 15.3 180.4 201.4 222.6 243.8 265.1 286.5

ESTa GEF 2244.98 2389.96 2399.33 2407.98 2416.02 2423.55 2430.58
DH 15.44 195.11 217.56 240.03 262.50 284.98 307.47

LaC5 DFT GEF 2276.2 2443.4 2454.1 2464.0 2473.2 2481.7 2489.8
DH 18.4 222.3 248.3 274.4 300.5 326.7 353.0

ESTa GEF 2263.06 2421.87 2432.71 2442.79 2452.16 2460.95 2469.24
DH 15.98 225.41 252.49 279.62 306.85 334.09 361.38

LaC6 DFT GEF 2289.0 2483.5 2496.0 2507.6 2518.5 2528.6 2538.1
DH 21.2 260.5 291.2 322.1 353.1 384.1 415.2

ESTa GEF 2274.81 2457.35 2469.99 2481.75 2492.71 2502.96 2512.67
DH 17.93 262.63 294.51 326.49 358.54 390.65 422.84
No. 1, 1 January 1997
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DH0052RT ln Kp~T!2TD@~G002H00!/T#.

For the reactions considered here, experimental data
available3 for both Gibbs energy functions and equilibriu
constants (Kp(T)). Consequently, it was possible to recom
pute the experimental enthalpiesDH00 by replacing the esti-
mated GEF with those calculated for the computationa
determined molecular structures. Enthalpies for the repre
tative temperatures are shown in Table III, and averaged
ues of the corrected enthalpies are in Table I. In all cases
correction leads to an improved agreement between th
and experiment.

As seen from these data, the LaCn clusters for evenn are
stabilized to a smaller extent compared to the oddn values.
Thus, for example, LaC4 is less stable compared to its od
carbon neighbors. The experimental trends are reprodu
by the theoretical calculations.

V. THE NATURE OF THE CHEMICAL BOND AND ITS
INFLUENCE OF THE MOLECULAR TOPOLOGY

Figure 6 shows the computed Mulliken populatio
charges on the various centers and the computed dipole
ments for the equilibrium geometries for LaCn (n52–6!.
As seen from Fig. 6, the La–C bonds have ionic characte
a consequence of electronic charge transfer from La to
carbon fragment. The immediate neighbors of lanthanum
sorb most of electron density. The loss of the electron d
sity from lanthanum is larger when it is bound to two
more carbon atoms. The significant charge transfer lead
considerable dipole moments.

Thep bonds are found to stabilize the linear structur
if the numbers of atoms less than 10. Moreover, clusters w
odd number of carbon atoms are more stable than even
bon molecules.15 The reaction of La with carbon clusters
exothermic and the energetic gain depends on the numb
new La–C bonds created as well as the type of these bo
The two cases are: linear LaCn with only one La–C bond bu
exhibiting multiple bonding, and a fan structure withn La–C
bonds. The energetic gains, due to several La–C bonds
ated in the case of fan structures, are larger than the b
strength of a single La–C multiple bond in the linear stru
ture. However, formation of the fan structure destroys
linearity of the carbon chain and the energy rises due to
carbon ring strain. These two factors work in the oppos
direction, and the gain due to several La–C bonds overco
the carbon ring strain energy so that the fan structures
most stable, in all of the cases considered here. The en
difference between the fan and linear structures are 5
20.3, 41.1, 20.6, and 49.2 kcal/mol for LaC2, LaC3, LaC4,
LaC5, and LaC6, respectively. Thus the linear structures a
relatively more stabilized for the odd number of carbon
oms compared to the structures containing even numbe
carbon atoms. The intermediate kite structures are also m
stable for oddn, compared to the linear isomers. The ener
differences between the fan and kite structures are21.83,

S. Roszak and K. Balasubramania
85.71, 15.30, and 76.06 kcal/mol for LaC3, LaC4, LaC5, and
LaC6, respectively.

J. Chem. Phys., Vol. 106,
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The atomization energies of LaCn are larger than those
of YCn ,

18 since the chemical bond is formed as a result
electron transfer from the metal atom to the carbon clus
The lower ionization potential of La, the IP of La being 5.7
eV compared to 6.38 eV37 for Y, leads to stabilization of the
La–C bonding. The lowest isomer, in the case of LaCn , are
almost exclusively the fan structures, while in the YCn case,
the energetic balance favors most often the intermediate
structure. In the case of YC6, the ring strain dominates ove
Y–C bond energy and thus leads to a linear ground s
isomer.

VI. CONCLUSION

The experimental studies to date on LaCn have not
yielded definitive information on the structures of LaCn

metal carbides, and often there is controversy on the st
tural information obtained from different studies. Th
present theoretical study on LaCn as a function ofn leads to
possible molecular structures as well as thermodynamic
for the reactions involving carbides.

The ground state molecular structures
LaCn (n52–6! are fan structures with La atom bein
bonded to every carbon present in the molecule. The
structure is also a viable candidate for the ground state
LaC3, since both isomers are very close in energy.

The theoretically computed thermodynamic atomizat
energy of lanthanum carbides, as well as enthalpy for
reaction

La~g!1nC~graph!5LaCn~g!

are in good agreement with the experimental results, w
the experimental results were corrected for the incorr
structures assumed in the third law method of computation
these properties. The enthalpies were found to be sensitiv
the inclusion of electron correlation energy. The DFT tec
nique underestimates the atomization energies to a large
tent compared to the MP2 method.

Due to the availability of detailed experimental data i
cluding equilibrium constants, experimental enthalpies h
been corrected for the assumed linear geometries. In
cases, the corrected experimental energies were found t
closer to the computed values.

The La–C bonds are strongly ionic, and the main en
getical difference between the various structures comes f
the delocalization of the transferred electronic charge fr
La to the carbons. The inclusion of correlation effects in t
wavefunction through the DFT method lowers the calcula
transferred charge, although the main conclusions remain
same. The inclusion of spin–orbit effects for LaC2 had little
effect on the calculated thermodynamic properties.
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