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Structure and thermodynamic stability of the OsC and OsC > molecules
by theoretical calculations and by Knudsen cell mass spectrometry

G. Meloni,? L. M. Thomson,” and K. A. Gingerich®
Department of Chemistry, Texas A&M University, College Station, Texas 77842-3012

(Received 24 May 2001; accepted 18 June 2001

Knudsen cell mass spectrometric equilibrium measurements together with theoretical computations
have been employed to gain structural and thermodynamic information of the OsC apd OsC
molecules. Several levels of theory have been applied to determine the structures, molecular
parameters, and physico-chemical properties of @3@0d OsG(g), and their singly charged ions.
Complete active space self-consistent fig@@SSCH calculations were performed on the apparent
3%~ ground state and firstA excited state of OsC. From the analyzed gaseous equilibria and the
thermal functions calculated from the computed molecular parameters, the following atomization
enthalpiesA ,H5(OsCg) andA ,HJ(0sG,,g), and enthalpies of formatiod {H3,g ;{OsCg) and

A{H%gg 140G, 9), in kI mol %, have been obtained: OsC, 60554.0 and 895.414.0; OsG,
1154.618.0 and 1059.518.0. The results have been compared with those for the other platinum
metal carbides and oxides. @001 American Institute of Physic§DOI: 10.1063/1.1390504

I. INTRODUCTION ments. Preliminary values of the atomization energies have
previously been publisheld.

Platinum metals and their alloys are important compo-
nents of heterogeneous catalysts used in petrol reforming, if THEORETICAL INVESTIGATIONS
catalytic converters in cars, and in coal gasification and ) o o )
liquefaction! Therefore the knowledge of the interaction be- ~ NO previous theoretical investigations have been carried
tween platinum-metal atoms and carbon atoms is of consid?Ut on the OsC and OgGnolecules. In this studyb initio
erable fundamental importance towards the understanding G"d density functional theory calculations have been per-
such catalysis. formed on OsCg), Os_C*(g),_ OsC(_g), 0sG(9),

The platinum-metal monocarbides RuC, RhC, IrC, andOsG (9), and OsG (g) to investigate their structures, mo-
PtC were first investigated by optical spectroscopy b ecular parameters, physico-chemical propertles, and nature
Scullman and co-workefs® and by Knudsen effusion mass of bonding. The results from the calculations have been used

spectrometry by Drowart and associaiésThe first dicar- to calculate the thermal functions needed to evaluate the
bides of these molecules have been observed under equilif!@Ss spectrometric equilibrium data and thermodynamic
fium conditions by Gingerich and co-work&fsin concen-  Properties of OsC and OsC _
trations between I¢ and 10 3 of that of the corresponding All calculations were performeq using t'hE\USSIAN 98
monocarbide. Further high-temperature mass spectrometrﬁf“te of progrant® with the correlation consistent polarized
measurements followed: RU€,0sC and Osg** PtC,(n valence doublg- basis set(cc-pVD2) on carbon, and the
~1-5) and Ir(;(n=1—4.) 12 phe 3 and Ruci Stuttgart triple¢ basis set with a small core

A steady stream o#b initio calculations has been per- (1s252p3s3p3d4s4p4pAd) relativistic effective core po-

formed on platinum-metal monocarbides since 1982 to eIu.Eentlal (ECP on osmiunt Five levels of theory were used

cidate the electronic structure, nature of bonding, and mot! this inyestigation(l) ngtree—FocI(HF) theory, (2) den-
lecular parameters of their ground state and Iow-lyingS'ty functional theory using the Becke three-parameter ex-
excited  electronic  states: P&l RucC1417.1822 change functional and the Lee—Yang—Parr correlation func-

RhCI3171823C 24 and Ptc? In recent years there has been tional (B3LYP), (3) Magller—Plesset second-order

renewed interest in optical spectroscopic studies of platinumr-)erturb"’ltlon theoryMP2), (4) coupled cluster singles and

metal monocarbides: R’ Rhc2829 pdc® 1rc.3! and double excitationgCCSD), and (5) coupled cluster singles
ptC 3233 ' ' ' ' ' and double excitations with the inclusion of perturbative

In the present investigation we report our results for Os(,lrrlples [CCSII.T)]' Full geometry optimizations were per-
) . — . ormed at all five levels of theory for the neutral species. Full
and OsG from density functional andb initio calculations

and from high-temperature mass spectrometric measurtrg-eometry opt|m|zat|on.s were _performed at Fhe C@S’D
evel of theory for the ion species. All calculations with the
multiplicity higher than 1 were optimized with unrestricted
z;ElecthﬂiC mail: meloni@mail.chem.tamu.edu o (U) spin; the @ molecular orbitals containing the spin up
Laboratory for Molecular Simulation, Texas A&M University, P.O. Box electrons are optimized independently from henolecular

30012, College Station, TX 77842-3012. Electronic mail: . .. .
mouse@isc.tamu.edu orbitals containing the spin down electrons. Lastly, complete

9Electronic mail: gingeric@mail.chem.tamu.edu active space self-consistent fielCASSCRH®® calculations

0021-9606/2001/115(10)/4496/6/$18.00 4496 © 2001 American Institute of Physics
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TABLE |. The optimized molecular parameters for the OsC molecule: en-was calculated to be 1.67 A in tRA state and 1.69 A in the

ergy (in hartre@, bond distancgin A), and vibrational frequencgin cm™?) 2E+ state. ThéA state is 24.4 kJ mol lower in energy than
at the CCSDT) level of theory. rat o _

the?> " state. The ionization energy of tA2 ~ state of OsC

Method State E AE*  roee v to A OsC" at the CCSIT) level is 8.54 eV, which is within

the experimental range8.3+0.5 eV. The Os—C bond dis-

1y +
cesn 3i jg:ggﬁ lgg_'g i_'gg 13?; tance in OsC was calculated to be 1.69 A for tf& state.
3y - —127.9342 0.0 1.71 1057  The electron affinity for OsC was calculated to be 1.6 eV.
ST1 —127.8788 145.4 1.73 948  Table Il lists the molecular parameters calculated at the
=t —127.7963 3621 184 806  CCSOT) level of theory for the lowest lying states of OsC,
OsC", and OsC.

3AE is in kJ mol™.

B. OsC, theoretical results

were performed for OsC with a multiplicity of 3. Details of For the OsG molecule eight different structures with
all theoretical calculations for all species studied will be re-¢, - varent spingS=0, 1, 2, 3 were investigated. Figure 1
ported in a subsequent publication. shows the eight geometries investigated at varying levels of
A. OsC theoretical results theory and spins. At all levels of theory, except HF, the low-
est minimum was calculated to be'a; state with the gen-

ral structure labeled A in Fig. 1. The optimized molecular

and 3. Table | lists the optimized molecular parameters ancg
i arameters and energy for the apparent ground state of OsC
energy obtained at the CCS8D level of theory for the four af the CCSDT) level of theory employed are the bond dis-

spins available. The ordering of the states studied change[ nces. in Ar —1.75,r c_c=1.79; the angle’ C—Os—C
significantly depending on the level of theory used. At the:61_5o’; the K/?lasr_a?onal f,re(é]_ucencies,, in ch 105 (bending,

gncesrgi/ as?:tecfco ﬁo%-v)e(lje\k/)glAOfltEh*'eOQ]ﬁ[ tgﬁ?&? itr:]?n:frvev;:t 913 (symmetric stretching 1060(antisymmetric stretching
' o " and the energy, in hartree, i5165.8902.

:219 org(fr, and iSt_|0\|NeI’ than & state by 20.6, and 26.6 The atomization energy of OsCcalculated at the
MOL ™, respectively. CCSIOT) level of theory is 10.9 eV. The experimentally de-

e e qoeMINedA (056, ) vlue (1197019 e i ea
g u'atl were p sonable agreement with the computed value.

. . 3 — . . .
termine if the®Y ™ state is indeed lower in energy than the The cation and anion of OsQwere optimized at the

SA state. CASSCF calculations were performed with tWOCCSIIT) level of theory and they were found to be?a
different active spaces: & in six orbitals, b201563c40 state. The ionization energy of tH&, OsG, state at tr11e

(6,6, and 10e" in ten orbitals, 102018304027 (10,10.  ~oopyT) jevel of theory is 8.49 eV, again within the error
Table Il lists the natural orbitdNO) occupations obtained at limits of the experimental value dB.9+0.5) eV. The elec-
the highest level of CASSCF calculations similar to REC: tron affinity of OsG was calculated to be 0.7 eV. Table Il

The chemical bond in OsC is approximately a triple bor]d'lis:ts the molecular parameters calculated at the highest level

consisting of tworr and oneo bond. The®3 ™ state is 19.7
kJ mol ! lower in energy than théA state with the(10,10 gl‘attr;ory for the Osg, OsG; , and OsG apparent ground

active space, and is possibly the ground state.
The atomization energy of OsC calculated at the
CCSOT) level of theory is 5.63 eV. Since Os is a third row IIl. EXPERIMENT
transition metal, spin-orbit coupling becomes a significant  The measurements of the ion currents of Q<™
factor and, since it was not included in these calculations, ibsct, and OsG under equilibrium conditions were per-
could cause errors of around 0.5 eV in the calculation of thgormed with a Nuclide Corporation 12-90 HT single focusing
atomization energy. The experimentally determinedmagnetic deflection type mass spectrometer. Details of the
A, Hg(OsCg) is (6.28+0.19 eV, in reasonable agreement instrument and experimental procedures used in this investi-
with the computations. gation have been described elsewh&reThe graphite
The cation and anion of OsC were optimized atknudsen cell, inserted in a tantalum Knudsen cell, was
CCSOT) level of theory. The Os—C bond distance in OsC charged with a mixture of cerium, rhodium, ruthenium, and
osmium to which graphite powder in substantial excess was
added to insure unit activity of carbon during the measure-
TABLE Il. Complete active space self-cons_istent fi(;]IASSCF}'energies, ments. The cell was heated by radiation by a tungsten coil
in hartrt_ee, and natural orblt&NO‘)a occupations for(10,10 active space resistor. Temperatures were measured by sighting a cali-
calculations for OsC at a bond distance of 1.7 A. .
brated optical pyrometer at a blackbody hole at the bottom of
CASSCK10,10 the tantalum cell. Appropriate window and prism corrections
were applied. The energy of the ionizing electrons was 20

Four spin states were investigated for O&&-0, 1, 2,

State Energy Natural orbitals o :

; o e 9o o o1 oo eV, the emission current was regulated at 1.0 mA, the ion-
> _3;;33 gz'ggf"l'9311“3'852151'02”0'22"0'071"0'01 accelerating voltage was 4.5 kV, and the electron multiplier
A - . ) g T o m o o

was operated at-2 kV. The identification of the ionic spe-
3Molecular orbitals are numbered starting with the valence orbitals. cies as parent ions was accomplished by the measurement of
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TABLE lll. Molecular parameters calculated at the CG$Dlevel of theory for OsC, OsC, OsC, 0sG,
0sG , and OsG together with the ionization energyE), in eV, electron affinity(EA), in eV, zero-point
energy(ZPE), in kJ mol'%, and atomization energyAGH$), in kJ mol ™, for the OsC and OsCmolecules.

Molecule  State E? IE  EA roed  red ° ZPE  AHS
OsC 3%-  —127.9342 854 16 171 1057 6.32 5432
OsC' 2\ —127.6205 1.67 1105 6.61
OsC 27 —127.9914 1.69 1096 6.56
0sG A, -165.8902 849 0% 175 179 195913,1060 13.0  1050.2
0sG 2p,  —165.5778 1.76 174  173,829,1630 12.2
0sG, 2p,  —165.9159 1.85 149 -

8 is in hartree.

®The bond distances are in A.

‘The vibrational frequencies are in ¢t

“This value does not include ZPE correction.

€These frequencies are, in order, bending, symmetric, and antisymmetric stretching vibrational modes.

the mass-to-charge ratios, isotopic abundances, and ionizeross section for Os from Marfii,and those for OsC and
tion efficiency curves. At each measurement a movable sliOsG were assumed as 0.75 times the sum of the atomic
was interposed into the molecular beam to distinguish bevalues. The multiplier gain of C was measured as 7.55 times
tween ions produced from species in the beam and from0. The yOS/yOSC(n=1,2) was considered equal to 1, im-

residual gases with the same mass-to-charge ratio in the iorblying cancellation of the mass and molecular effect.

ization region of the mass spectrometer. During the measurements the instrument has been

The ionization energiedE), in eV, w%%addetermined bY charged twice with graphite powder, therefore the experi-
the extrapolated voltage difference metfiods 8.3-0.5 for  antal data have been divided in two sets, series 1 and 2.

OsC, and 8.20.5 for OsG. The electron energy scale was tpa resulting values, in bah * K1, of the instrumental

. . 39
calibrated with C(11.264 eV.™ The computed IE values of ¢ onstant are 1.41 and 0.891 for series 1 and 2, respectively.

8.54 eV for OsC and 8.49 eV for Og@ompare well with  1he ncertainty of thek values is estimated to be about
the experimental values within the given error limits. 20%.

The ion current data of the most abundant isotopes of the
species pertinent to this investigation are listed in Table IV.
The ion intensities measured for the various ions were con.V: RESULTS AND DISCUSSION
verted into partial pressures by using the relatipp  A. Thermal functions

=(K/a;y;n)I;T, whereK is the inst tal tant; , . .
(K/oiyin)IiT, whereK is the instrumental constant; The Gibbs energy functionsG§—Hg)/T(GER,), and

vi, Ny, andl; are the cross section, the multiplier gain, the _ o .
isotopic abundance, and the ion current of the specific iont,he heat content functionsi— Hg)(HCFy), needed in the

respectively, and is the temperature. The instrumental con- evallfJatlgn oIOthe drt(a)actlo‘rl\“(?r;]thalp;es(\)/vere takgnofrom litera-
stant,K, was determined from the known partial pressures ofure for @)™ and Osg). ose for OsCf) and OsG(9)

atomic carbof? in the same way as described elsewHére were calculated according to the statistical thermodynamic

The cross section for C was taken from Broekal,*2 the proced_ures., u53|ng the harmonic oscillator-rigid rotator
approximatiorf®® The molecular parameters used for OgC(

and OsG(g), calculated at the CCSD) level of theory, are
listed in Tables | and lll, respectively.

Cy, For OsC the first excited stat®\, at 2223 cm? above
Os Os the apparent ground state has been included in the calcula-
//OS\\ f 2 I tion of the thermal functions, because it is close in energy to
------ — = the ground state. Table V lists the thermal functions calcu-
A B c lated for OsC and OsC
Cs
Os Os——=_ Os--- \ B. Atomization energies and enthalpies of formation
D ” E ~ F\ The following gaseous equilibria,
OsQg)=04gg)+C(9), 1)
Do, Caov OsGy(g)=019) +2C(9), 2
—0s— Os—=C

were evaluated by both the second- and third-law methods,
G H using the standard relationships based on a least-squares

. o_
FIG. 1. Structural representation of the eight geometries and their poinianalySls0 of I(I;Kp Versus 1T.p|0tS, andA’HO,_ RTlIn Kp,
group investigated at varying levels of theory to determine the global mini-__TA[(_GT_ Ho)/T], re_Spe_C“VeW- T_he reaction enthalpies
mum for OsG. give directly the atomization energies.
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TABLE IV. Measured ion currents, in A, over the Ce—Ru—Rh—0s—C system, and third-law values, in RJohthe A H3 andA (HSgs ;50f OsC and Osg.

lon intensities A Hp AfH%s8.15 A Hg A¢H%0g.15

T(K) Os* cr OsC" 0sG 0sC 0sC 0sG, 0sG,

Series 1

2533 3.1E-12 7.8E—-10 2.8E—-12 608.8 892.2

2589 48E—-12 1.2%¢—-09 42€—-12 606.6 894.4

2609 6.3E—12 1.9¢-09 54¥€—-12 601.4 899.6

2631 9.0&E—-12 2.6E—-09 7.8E—-12 599.3 901.7

2525 2.6@E—12 8.1E—-10 2.1E-12 599.0 902.0

2585 51€E—-12 1.4E-09 4.6E—-12 603.0 898.0

2699 1.2€-11 4.1€E-09 1.1E-11 605.6 895.4

2732 15611 6.6 — 09 1.4€-11 604.4 896.6

2769 16811 6.2 — 09 15E-11 613.3 887.7

2734 12611 6.0 — 09 1.0€-11 603.7 897.3

Series 2

2768 2.1E-11 1.2&£-08 2.1E-11 608.7 892.3

2785 45E-11 1.8E-08 3.8E—-11 599.4 901.6

2804 1.8&—10 2.1€-08 1.6£-10 32%E-12 600.6 900.4 1158.3 1055.8

2642 1.8&—-11 3.5%2-09 1.8E—-11 2.1E—-13 608.1 892.9 1161.9 1052.1

2672 4.0E-11 6.4€E—09 3.3E—-11 4.3E—-13 598.4 902.6 1148.2 1065.8

2724 7.8E—11 1.0&-08 7.0£-11 9.9E—-13 600.9 900.1 11515 1062.5

2754 1.1&£-10 1.5E—-08 1.0E-10 1.7€-12 600.0 901.0 1152.5 1061.5

2785 1.4&-10 2.1E-08 1.4E-10 2.8E—-12 599.4 901.6 1154.3 1059.8

2838 3.2&£-10 3.5E-08 3.3E-10 72E—-12 600.3 900.7 1155.4 1058.6
603.2-4.3 897.84.3 1154.6:4.5 1059.5-4.5

aThe error terms are standard deviations.

For OsC the second- and third-lat,HJ, in kI mol?, The corresponding values ofH9g 45 AfHg, and
are 610.5:28.7 and 603.24.3, respectively, which are in  A;H$g 15for OsC(@) and OsG(g) have been derived from
good agreement. The atomization energy, in kJthofor  the A Hg values, using\{Hg and A {H3gg 150f (711.2+0.4)
OsC is selected as 605:4.0, giving the third-law value kJmol* and(716.7+0.4) kJ mol* for C(g) from Gurvich
twice the weight of the second-law value. The computedet al,*° and(787.13.8) kd mol * and(788.3+3.8) kJ mol !

A H3(OsCg) at the CCSDT) level of theory is 543.2 for Os(g) from Hultgren et al,** respectively, and the
kJmol %, about 10% lower than the experimental result.  H3yg s~ HJ values from Table V. The enthalpies of forma-
For OsG the second-lawA ,HJ, in kJmol'?, is 1154.4  tion were calculated employing the relatidkyH(0sG,)

+72.5, and the third-law value is 1154:@.5. The large er- =A;H%(Osg)+nA{HY(C,g9)—AHYOsG,), whereT is 0

ror of the second-law value is essentially due to the limitedor 298.15 K. The thermodynamic properties of OsC and

number of measurements, and the good agreement is considsG, have been summarized in Table VI.

ered, in part, fortuitous. For this reason, the atomization en- It is interesting to compare the bond energies of the OsC

thalpy, in kI mol?, for OsG is selected as the average of theand OsG molecules with carbides and dicarbides of the

third-law values, 1154:618.0. Here, as for the selected same and adjacent transition metals rows.

value of OsC, the uncertainty is the estimated overall error,  The dissociation energie®g), in kJmol %, of RuC and

calculated as reported by Schmudetal’® The RhC are 608.810.6 (Ref. 26 and 576.3-3.8° respec-

A H3(0sG,g) calculated at the CCSD) level of theory is  tively, whereas the dissociation energy of PdC is very low

1050.2 kImol?, about 9% lower than the experimental compared with RuC and RhC. Only an upper limit fori§

value, in line with the result for OsC. value has been obtaine®,)<430kJ mof *.** The low DJ
value of PdC can be explained because of the stability of the
closed shell configuration of Rd d*°). The bond energyin

TABLE V. The Gibbs energy functions,G2—HG)/T(GER), in J K'*  kImol ) of OsC compares well to that of RuC, RhC, IrC

mol , and the heat content functiort$ —H; (HCFy), inkymol™ for the (53745 12 and PtC(606+:5). The dicarbides of Ru, Rh
OsC and Osgmolecules. —9), ). , ,

TemperaturdK)

Species 208.15 2200 2400 2600 2800 3000 3200 TABLE VI. Thermodynamic properties for the OsC and Qs@olecules.
All values are in kJ mol*.

OsC —GER, 2133 2804 2838 2869 289.8 2925 2950
HCF, 8754 8518 93.32 1014 109.4 117.3 1252 Molecule A,HS A,H%s15 AHS ArHg.15

OsG —GER 2354 327.6 3322 336.5 340.5 344.2 347.7 OsC 605.6:14.0 609.6:14.0 892.#14.0 895.414.0
HCF, 11.62 116.4 127.9 1394 151.0 162.6 174.2 0OsG 1154.6:18.0 1162.218.0 1054.418.0 1059.518.0
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TABLE VII. Comparison between bond strength of gaseous dicarbides and’N_ s, Mclntyre, A. Vander Auwera-Mahieu, and J. Drowart, Trans. Fara-
gaseous monoxides of some second- and third-row transition metals. All day Soc.64, 3006 (19689.

values are in kJ mot.

Metal Ru Rh Os Ir Pt
D$(MO,g) 524 4072 571 410 387
DS(M-C,,g) 512 426 547 538 539

aReference 50.
PReference 51.

8D. L. Cocke and K. A. Gingerich, J. Chem. Ph¥d, 3654 (1972.

9K. A. Gingerich, Chem. Commun. 199974).

10K, A. Gingerich, Chem. Phys. Let?5, 523 (1974.

K. A. Gingerich and D. L. Cocke, Inorg. Chim. Ac28, L171 (1978.

125, K. Gupta, B. M. Nappi, and K. A. Gingerich, J. Phys. Ch&%.971
(1981.

131, Shim and K. A. Gingerich, J. Phys. Che#8il, 5937 (1984.

41, Shim, H. C. Finkbeiner, and K. A. Gingerich, J. Phys. Ché.3171
(1987).

151, Shim and K. A. Gingerich, J. Chem. Phy&6, 3833(1982.

OS, |r, and Pt have almost the same atomization energieéG,G. Pacchioni, J. Kouteékyand P. Fantucci, Chem. Phys. Led2, 486

ranging from(1033+21) kJmol ! for RhCZg to (1155+18)
kJ mol ! for OsG,.
We can obtain estimates of the M»Gond energies by
subtracting the dissociation energy of the @olecule,
0=(607.4-2.2)kJ mol !, from the atomization enthalpies
of the dicarbides. TheDg of C, is obtained using the
relationship  Dg=2A:Hg3(C,g) —A{H3(C,,9),  where
A¢H$(C,g) is from Gurvich et al,*® and A{H$(C,,g) is
from Urdahl et al*’ The M—G, bond energies have almost
the same values as the corresponding metal monoxides

(1982.

7], shim and K. A. Gingerich, Surf. Scl.56 623 (1985.

18], Shim, in Understanding Molecular Propertiegdited by J. Avery, J. P.
Dahl, and A. E. HansefReidel, Dortrecht, 1987 p. 555.

19N. Russo, J. Andzelm, and D. R. Salahub, Chem. Phi4. 331 (1987.

20H, Tan, D. Dai, and K. Balasubramanian, Chem. Phys. 1286, 375
(1998.

21|, shim and K. A. Gingerich, Chem. Phys. Che).125 (2007).

22|, shim and K. A. Gingerich, Chem. Phys. Le&17, 338(2000.

ZH. Tan, M. Liao, and K. Balasubramanian, Chem. Phys. 1280, 423
(1997).

&fH. Tan, M. Liao, and K. Balasubramanian, Chem. Phys. 1280 219

Ru, Rh, and Os, indicating a similar stability of the monox- (1997.

ides and the dicarbides. Table VII lists the M-Bond en-

ergies and theDJ values of the corresponding transition

metal monoxides. Ir—£and Pt—G bond energies are higher

25B. F. Minaev, Phys. Chem. Chem. Phgs.2851(2000.
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