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‘Mass Spectrometric Evidence for the Very High Stability
of Gésedus ThIr- and ThPt and Method of Calculating Dis-
soclation EnergieS'offDiatomic Intermetallic Compounds

with Multiple Bonds
. . *
K.A. Gingerich

Department of Chemistry
Texas A&M University

College Station, Texasb77843,'USA

‘The dissoCiation energieg, bz, of the molecules Thlr
andehPt have been measured by ﬁigh temp?rature Knudsen
céll mass spectrometry as 138,4 * 10 and 132.8 + 8 kéal
mol™! or 579.1 * 41.8 and 555.6 * 33.5 kJ mol™}, res-
pectively, | )

A method is proposed for the calculation of dis-

sociation energies of gaseous intermetallic compounds

with multiple bonds.

WOrk done while a visiting scientist at Inorganic Materials Research
Division, Lawrence Berkeley Laboratory, University of California,
Berkeley, California



INTRODUCTION B

The present investigation had its objectivebto
identifj moleculeé bet&een’atoms of metallic eiéments
with excepﬁionally high Bénd eﬁergies undefﬁéquilibrium
cdnditionsfawd to detefmine their bondndissoci%tioh'

energies,

In recent years there has been considerable interest
in strdng'metal—metal bonds between pairs of metal atoms
(1)

in complex compounds as well as between: ligand free

metal atoms(z); For thé strongest bonds betwéen ﬁairs of
like‘ﬁetalbatomé in complex compounds,.e.g.:molybdenum or
rhenium, coﬁvincing evidence has been presented for the
presence of quadruple bonds on the bésis of the distance
between the atoms|, molééular geometry dnd'cbﬁsideratioﬁs
of molecular orbital theory. No bond energies have, how-
ever, yet been'measuréd for sucﬁ'compoun&s éhd Cotton(l)
has suggested that the bond energy holding fﬁe péif of
metal atémé toééfhef may be as”high as“4QO kcal.molfl. An
attempt,té estimate values for bond éﬂérgieé of theée're—
ported metal—metalIQUAdrupie bondé has been—made on thé

basis of an assumed analogy between internuclear distance

and corresponding bond energy in ligand free diatomic

molecules and a pair of metal atoms in complex compounds,

(3)

resulting in values of the order of 100 to 200 kcal mol ™

The search of ligand free molecules with multiple

metal-metal bonds has recently been stimulated by the pre-

~dictions of the Brewer-Engecl metallic theory of part-

icularly strong bonding in alloy systems between metals



at the begihning of a transition series, lanthanides or

actinidés with platinum group metals.(4’5) Its suggested
:4:4

(6)

extension

to gaseous intermetallic compophds has been

confirmed for the molcules-LuPt(?),CEPd(s);'and TiRh(g).

EXPERIMENTAL

In view of the established or predictéd high stab-

1lity of zirconium and thorium compounds with platinum,

rhodium,'or-iﬁidium,(s’lo)

an alloy with‘thgiapproximate
composition (Zr,Th) (Pt,Ir,Rh)z was éhosén?in this inves-
tiga;ion as a soufce of véry stable intefﬁe:allic mole-
cules and was evaporated from a graphite Kn;dsen cell

that was inserted in a tantalum cell(ll). The instrument,

the experimental procedure and the treatment of data

(8’12)-The electron

used hévq been described-elsewhere.
'energy'uséd was ZO.ev.
ThofiUm‘coﬁtainiﬁg intermetallic compgunds were
observed at_2770K and the relative intenéities together
with those bf‘other pertinent species wefe measured as
_foilows,|givihg for the thoriﬁm coniaining intermetallic
compounds aiso the measured isotopic distribﬁfion: C+,

194pe*, 4,800; rnc*, 1,000; P%pect

1931rc*, 140; 1¥2pern™, 4.5,

56,900; RhT,18,300;
193, +

1 4
4505 Th', 400;
194

s 250;

l‘ .
PtThfi 4.6 96PtTh+,3.3; Tth2+(tenLative),l.9;

193yt

193 :
? Th ,0.5. The appear-

+ e T v
198ptTh ,1.15 IrTh , 0.8, and
ance potential of ThPt was mecasured as 8*2 e.v. The
intensity of Thlr+ was too small for an appeérance




potential‘méésuremént.
) + + + . I
The ions ThRh', ZrRh', ZrIr' and ZrPt’ could not be
detected using a sensitivity corresponding'tb a relative
SN 0 . ' .90, + .
ion current of about 30. The ion current of Zr measured

at a lower temperature was found to be bétWeen lOiahd 100

times less than that of Th™
RESULTS

" These ion currents, which corfésbond“tovhaximug-ion-
ization Qere'used to'calculate thevthird'léﬁ enthalphies
fof the reactions involving ThPt and Tﬁlr as reactants
shoﬁn’in Téble 1, Pfeliminary measurémenté.ég_lowér'temp_
eratﬁres'had aléo indicated that fhe différeﬁce iﬁ the
dissociation energies of IrC and PtC was measurably larger
than that calCUlated from the results by Drowalt“and o

(13,14)

collaborators. Therefore.several sets were measured for the.

lékéhange reécpiohs between these molecules and RhC shéwn
in Tabie II; in order to redetermine their dissoéiaﬁion
energy,u31ng the well established one for RhC(13 15) as

a standard. These‘redetermined values for PtC ahévaC,
were thgn combined with the respective reéctibn enthaphiéé
in Table I to obtain the dissociation engfgiés"for Thft
and Thlr,respectively.

Iﬁ the calculation of equilibrium coné;;hts for fhe
reactions shown in Tables 1 and 11; iﬁ Qas $ssumcd ﬁhat
theleffectb of ionization cross sections-and”multipliegv
gains cancel. The free energy functions wéfé takeﬁ frdm

i .



(16,17) (13-15)

literature for the atoms and the MC}mdiecules.

Those for ThPt, ThIr and ThRh were calcuiaged.from
estimated molecular parameters by means of sﬁahdard statié-
. tical thérmodynamic relations, On the bééis bf the estif
mated molecular parémeters (re, 2.54, 2.51 and 2.51 R;
Qe,221,;215, and 252 cm-l; respectively),,énd an assuméd
electronic contribution of 3 e.u., the félloﬁing -(G;—H;)/T
vvalues,‘ih ¢;Q, wefe obtained for 2600K énd>2800K, respec-
tively:?fh?t, 79.48 and 80.13; ThIr, 79.36;§hd 80,01;
and ThRh, 77.59 and 78.25. |
kCombining the feéulting reaction enthalpies in Tablé
I with the appropriate dissociation enérgiés §f PtC and
IrC Af Table II, theAdissdc1ation energiég,.Dg, for ThPt
and Thir are obtained as 132.88 and 138.4¢10 keal mol™t
or‘555.6i53.5 an¢ 579.1%41,8 kJ mol_l. Baéiﬁg the dis-

sociation energies of ThPt and ThIlr on the literature

_values:D:(PtC)=145.3il.5 kcal mol-l(l3)and D3(IrC)=148,4+3,0

keal mo1™1(14)
The results obtained here for DS(Pt¢) and Do (IrC)

agree indiQidually-with the literature Vaiués within the
Iimits‘ofistafe& error. But the diffefencés in the two
dissoqiation energies derive& here is larger (4.7%0.4
‘kcal) than thevcorrespénding difference of 3.1'kcal be~-
tween the literature values. The overallfeffor in this
difference is judged to be less than twiCG‘the'Standard
déviation,'that is less than *0.8 kcal.‘In,further support

for the preference for the Dg(PtC) and Dg(IrC) values

obtained in this investigation it is noted that due t

would yield 133.5 and 137.4 kcal mol™',respectively,




the high.symmetry of the pressurevindependent reactions
in Table II possible systematic errors- are very small
and that there 1s‘no danger of deviations of the activity
of carbon.from unlty. Further support for. this conclu31on
comes from the reaction‘enthalpies shown in Table I, by
noting that the directly determined difference in the
dissociation energies of ThPtland ThIr is not con81stent
with the difference calculated vhen basinébthese dissocia-
tion energies‘on the literature values for DS (PtC) and
DS (IrC). | |

The comparativelv large error terms chosen for Dg(ThPt)
and Dg(Thlr) reflect mainly the uncertainty‘coming fron
the unknown electronic contribution to the free energy
fUnctions of these nolecules and the limited amount of
data that was pos31ble to be obtalned undcr the extreme
experimental conditions used; Again it is noted that the
accuracy of difference in the dissociation‘energles of
these‘two moleCules is much better, provided there is no
large difference in the eiectronic contribution to the
free energy functions‘of these two molecules; Assuming no
electronic'contributions, the dissociation.energies of
ThPt and Thlr.would.hecome 138.8 and 146.4 kcal moif},
respectively. h

For. the noiecule Tth an upper value for the dis-
sociation.energy has been caiculated as < 130 kcal mol
assuming no'electronic contributionmto the free energyv

function. Approximate upper values for the not observed
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mpleculestrRH,'ZrPt and Zrlr are 145, lsoiand 155 kcal
mql-l. ?espectively. The dissociation enefgies reported’
here for TﬁPtvand ThIr represent the large$t measured sof
far for a ﬁetal.to metal Sqnd. They'suggegf a double or
triple bond for ThPt and a triple bond for ThIlr (Seé below).
o
|METHOD OF CALCULATING DISSOCIATION ENERGiEs,OF'DIATOMIC‘

INTERMETALLIC COMPOUNDS WITH MULTIPLE BONDS

To account for the'meaSured bond dissoé;ation énergies”
in tﬁe diatomic.intefmetallic compounds withimultiplev
boﬁdg‘a me;hod is proposed thaf is'analogbuéjto the one
usea by Brewer for the calculation of the bonding energies
of condensed metals.(4’18?19)The method iéfbased on the val-
ence.bond theory. Each of the two atoms.fotﬁing the mole-

. cule is prpmoted to a valgncé state with,t§o £o four un-

paired gie;troné that is suitable for multiple bond for-
mation.'Tbééé_electrons are then allowed té"form électron

pair bonds with the unpaired electrons of the valence

state of‘the second atom. The reéulting bohd eﬁergy per
eléctron:pairqpéf mole is then taken the séme_as the determined
‘valence stafe bonding enthalpy in kcal per.mole per

electron for the corresponding type of electrons in the

(1)

respective condensed metal, The individual values for
the latter are taken from the Brewer curves which show
the variation of s or p and d valence state bonding enthalpies

per mole of electrons with atomic number and with principle

quantum number, and in case of the d-electrons, also




iwith.the'numbertotvd;electrons patticipating.in the bond—
ing. Wengert has conveniently tabulated most of these |
values. L(20) Since the atoms forming the diatomicimoleCules
belong to different elements, the'additionallaSSungtion
is_made in the/present method that for eachlhond the

. average isitaken of.the indivldual valence_state honding
_enthalpiesbfor the two electrons fnom the tno difterent
atoms that form.the electron pairvbond.‘fhexhonding energies
of all bon&svformeo are then‘added.-From thls'sum, the

sum of the valence state promotion energies.is subtracted.
The resultlng valuebrepresents the calculated dissoc1ation
energy. The:necessary valence state promotion enetg;es are

taken‘from 11terature (21, 22) They are evaluated in an

analogeous manner as shovn by Brewer. (18, 19)

fThe‘nethod has been applied to‘the dlatomlc intet—
metallic compounds detetmined or seatched'fot.in the pte—
vsent investlgation and to the other intenmetalllc~com-.
pounds)for“which neasurements.of the aissoclation enetgy

have 1nd1cated the presence of .a bond order larger than

one.(7 2, 23) The calculated values are given in Table III

and compared with the experimental values where available. For

the thorium compounds it was assumed‘thatfthe‘6d—e1ectrons e

form stronger-bonds'as 5d—electrons in analogy to the
(4,5,10,18,19)

trend observed when going from 3d to Sd electrons.

- ‘

The agreement between calCulated and experimental
values is quite good except that the exoerimental dis-
sociation energies for the platinum containing molecules

are somewhat larger as the calculated ones, For ThRh the

i ) . . o
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calculated value appears to Be somewnat tbo;high; it in-
dicates that under the conditions used the ion intensity
of the molecule Tth+ must have been near“the detection
limic whereas that for the zirconium containing platinum
metal compounds was probably considerably below ic. High
bond energies are also expected for lanthanum and cerium com-
pounds with most platinum metals since both, lanthanum

aJd cerium require only a_small promotion energy to a val-
ence state that‘isvsuitable for formation’of a‘triple bond

(and for cerium in case. of f-electron involvement possibly

1
N

also‘for a quadruple bond with ruthenium or osmium) .,
It is revealing to speculate which will be the
diatomic intermetallic compounds with the. largest dissocia-'

tion energies. From the evidence presentedffor certain pairs

of atoms in complex compounds(l) it is reasonable to <

assume that the formation of four bonds repreSents the
xmanimum*nossible’bond order between two metal atoms.
Suitable'valence'states oermitting formation_of four oonds
and that.reQuire no or-Small promotion energies are.for example
available for Ru and Os on one hand and-Thland Nb on the
othér{nand. Some calculated dissociation“energies for .
molecules with assumed quadruple bonds have been included
in TablekIII,

The procedure outlined here for calculating dis;
sociation'energies.of certain diatomic intermetallic com-
pounds.has'not taken‘into account the poésibility of

forming;bonds in which non bonding electrons on the

platinum group metal are utilized by vacantjd orbitals on




—

‘effect

the left'side transition metal, lanthanide or actinide

metal. Such an effect is dlfflcult to estimate quantita—

.tively. It might be considered implicit in the procedure

outlined here by limiting it to moleeules between metals
with necant'deorbitels and thoee.conteininérpairedvd-eiec—
trons. | | |
The‘experimental values for LuPt and ThPt suggest,
that strengthening of bonding by such a "Lew1s ‘acid-base"
(lo)may occur explicitly in case ofbplatinum where
the promotion energy to a valence state suiteble for triple
or qdadruole bond formation is too large to be offset by
the formation of the additional bonds. Thefexperimental
observetion appears to indicate that interection of a non-
bonding'electron pairvfrom Pt with a vacant d-orbital on
Lu or Tn to form a dative bond leads to a net gain in
bonding energy over that caleulated for a doUble bond, In
view of the established increase of d—eleetron bonding
energiee-nith principle quentum number'sueh;additionai.bond
formation may be expected especiaily for:moiecules utilizing
5d and'6d:e1ectrons in bonding. o
The principle value of the procedure‘used appears to

!

be toofold:(a) It indicates important conneétions in the

nature of bonding .in condensed metals and in isolated pairs

of ﬁetals, and (b) it can be used to prediet:actual bond

energies of diatomic intermetallic molecules with multiple
bonds. Theoretical and spectroscopic inveetigations will
be necessary in order to obtain a &eeper and more detailed

understanding of the nature bonding in such molecules.
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Third law enthalpies of reactions

Table I

involving ThPt

and ThIr at 277Q Ko

(-] -]
Reaction log Kp. -A[(G2770:?°)/T] | AH
cal K kcal
ThPt(g) + C(g) = PtC(g) + Th(g) 0.047 -5.01 -11,8
ThIr(g) + C(g) = IrC(g) + Th(g) 04332 -3.56 -11.0
ThPt(g) + Ir(g) = ThIr(g) + Pt(g) 0.476 - 5.8

—E'[_



Table II

- Third law enthalpies of reactions between platinum metal.monoéarhides.

Reaction

Temperature No. of  AHS Ds (M)
range data “kcal kcal/mol
CK) . __sets : '
RhC(g) + Pt(g) = PrC(g) + Rh(g) 2631-2775 5 -6.120.4  144.6%2,5%)  Prc
RhC(g) + Ir(g) = IrC(g) + Rh(g) 2631-2775 5 ~10.7%0.3  149.2%2,5%)  1rc
PtC(g) + Ir(g) = IrC(g) + Pt(g)  2631-2775 5 -4.7+0.4  149.3:2.5°)  1rc

+

a) using Dg(RhC) = 138.5 2 kcal mql-l, References .13 and 15.

b) using DJ(PtC) = 144.6 % 2.5 kcal mol-l, this investigation

-91-
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Table III

CompariSén.of experimental and calculated.&iSsociation
energies of selected intermetallic compounds with multi-
ple bonds,. .- oL

Molecule - 4;‘Assumed .Dg(calc.) | nb:(épr
' Bond keal mol™ 1 keal mo1™?
Order _ _ oy
LuPt , fi3"'..2  | 85 | N f fT95 +g?)
CePd : 2 78 V;;:f76.1t4b) |
TiRR 3 92 S i-_ 92;St3.SC)
LaRh ;_-f 3 129 - i;;izs.ai'é)
ThRh N 3 o o - <;30 + 10%)
rhee 2 117 N '”»l33.518e)
Thir 3 137 o 138.4210%)
zrRh 3 117 U <i4s + 10%)
zpe 2 97 141150 + 10
2t Ru I 141 :
ThRu | 4 161
Thos o 4 157
NbRu 4 155

NbOs N 4 | 153

a) - Refernece 7
b) Reference 8
c) Referencé’g
d) Reference 23

e) This investigation
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