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Dissociatio n energie s of the Ga,, In,, and Galn molecules

G. Balducci, G. Gigli, and G. Meloni

Dipartimenb di Chimica Universita di Roma “L a Sapienza.’ 1-00185 Roma Italy

(Receivd 26 January 1998 accepte 9 Jure 199

The group Il metd dimers Ga, and In, and the newly identified intermetallc molecué Galn were
investigatel in a Knudse cell-mas spectrometi study of the vapors ove gallium—indium alloys.
From the all-gas equilibria analyzel by the second-lav and third-law method the following
dissociatio energies were derived DJ (Ga,)=110.8+4.9 kJmol™%, D] (In,)=74.4+5.7 kJmol %,

D8 (Galn=90.7+3.7 kamol™%. The value here measurd for the dissociatim enery of In, is
discussd and compare with a previows experimenthdeterminatio and with the resuls of more
recert theoretich investigations © 1998 American Institute of Physics[S0021-96068)00435-9

I. INTRODUCTION

Gred interes has been focusa ove the pag yeas on
the study of the electronc and spectroscoi properties of
smal metd clusters The objective of the intens theoretical
ard experimenthinvestigatiors of diatomics and triatomics
of transiticm metd atoms also aided by advancs in spectro-
scopt and computationkhtechniquesis ultimately an under-
standiry of the natue of bondirg in thee compoundsin
view of this interes currently expressedsorre theoretical
and also experimenthinvestigations™ of the heavie main
groy Il dimeis Ga, In,, Tl, recenty were adde to the
early studies on the electronc structures and dissociation
energie$.

However accura¢ determinatios of the dissociatio en-
ergies are still scare and far from being definitely accom-
plished for the abowe dimers ard apparenyt completey lack-
ing for the heteronuclea diatomics of the intergroyp IIA
metak mostly as a consequereof experimenthdifficulties.

We hawe undertaka experimenthinvestigatiors by an
equilibrium techniqee sud as Knudsen cel mas spectrom-
etry (KC-MS) aima first at the identification and determina-
tion of dissociatim energy of the heteronuclea diatomics of
the intergrop IIIA and alo at the assessménof those
homonuclea diatomics scarcey studied making use in data
evaluation of the more recen theoretich and spectroscopic
characterizatio mace available In particular the results
here presentd concen the first identification ard thermo-
chemicé characterizatin of the Galn molecuk and jointly,
the redeterminatin of dissociatim energy for the Gg and
In, dimers basel on extensieequilibrium measuremestand
on a new s of critically evaluate therma functiors of the
specis undea study.

Il. EXPERIMENT

All equilibrium measuremest were mack with a
magnetic-focusig mas spectrometecoupla with a Knud-
sen cel molecula sour@ assemblya classich but still most
versatie and almog invaluabk tod at disposé for this kind
of investigation Theinstrumen and experimenthprocedure
have been describe elsewheré.A high-purity, high-density
graphie Knudsen cel with 0.5 mm orifice diamete and 0.7
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Clausirg facta was usal throughot the experimentsThe
cel was heate by radiaticn by a tungste coil resisto and
the temperature were measurd with an opticd pyrometer
previousy calibratel again$ a standad NBScertified lamp
by sighting on a blackbod hole in the bottam of the cell.
Calibratian of the pyromete was also checkelin situ at the
melting point of silver and gold in the course of various
vaporizatio runs Themolecula bean effusingfrom the cell
was ionized with 70 V electrons the electran emissia cur-
rent being generaly sea at 1.0 mA.

Ill. RESULTS
A. ldentificatio n of ions

Equimola amouns of 99.9% pure gallium and indium
metak were placal into the graphie cel tha ensure reduc-
ing conditiors for the possibé presene of oxides contami-
nants.

The ions observe were Ga*, In*, Ga;, Iny, Galn'.
Their identificatian as paren ions was accomplishd as usual
by measuremenof mass-to-chamg ratios isotopc abun-
dances shutte profiles and ionization efficieng/ curves
(IEC). Their appearane potentiat(AP, in eV) obtainel by
the linear extrapolatiom of the IEC's were 6.0-0.5 5.8
+0.5 6.2+0.5 ard 6.0=0.5, respectively The AP values
for Ga and In; agree remarkably with previous
measurement$ ard theoretich evaluatiort,while for Galn*
the value here measurd represerg a first determination.
Peals correspondig to GaO" were also observe in the
initial runs the intensiy of which was lower than the inten-
sities of the metd ions and decrease alorg the vaporization
experiment The intensities of the metd ions utilized in the
equilibria were taken when the intensityy of Ga,0* was suf-
ficiently low to avoid a possibé contributian to the measured
intensiy of Ga; coming from its fragmentatia indication of
which, on the othe hand was nat given by inspectio of the
IECs.

The measurd ion currens are listed in Table I. The
intensities measurd for the various ions were convertel into
partial pressures by the well known relation P,
=K.f;.1;".T, wher K is the instrumenta constan and the
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TABLE I. Measuré ion currentsin A, over the Ga-In system.

lon intensities

Rurf T/IK 5%Ga 19 10Ga, 29, 184Galn
MS1 1465 1.17e-07 3.00e-07 1.00e-11
1468 1.20e-07 3.00e-07 2.50-11 5.1%-12 9.00e-12
1502 2.13-07 4.40e-07 2.50k-11 8.50e-12
1470 8.4(e-08 1.5%-07 2.00e-12
1531 2.13-07 3.10e-07 2.40e-11 4.72-12
1582 5.00e-07 4.00e-07 1.02-10 6.20e-12 3.60e-11
1517 3.10e-07 1.77e-07 4.50-11 1.8%-12 1.30e-11
1464 1.32-07 9.30e-08 1.10e-11 4.00e-12
1596 7.50-07 2.50e-07 1.53-10 3.50-12 3.00e-11
1587 7.60e-07 2.04e-07 1.68-10 2.40e-11
MS2 1446 6.10e-08 4.70e-07 3.00e-12 1.8Ce-11 1.10e-11
1452 6.10e-08 4.50-07 3.00e-12 2.10e-11
1501 1.2%-07 8.20e-07 1.30e-11 5.10e-11 3.20e-11
1501 1.38-07 7.90e-07 1.3Ce-11 4.20-11 3.30e-11
1558 3.02-07 1.43:-06 4.56-11 1.08-10 8.5%-11
1505 1.71e-07 5.70e-07 1.70e-11 2.40e-11 2.7Ce-11
1470 1.11e-07 3.3Ce-07 9.00e-12 1.00e-11 1.00e-11
1531 2.70e-07 5.7Ce-07 3.60e-11 1.80e-11 3.3Ce-11
1583 4.94%e-07 5.00e-07 1.03e-10 1.5Ce-11 4.7%-11
1632 9.31e-07 3.80e-07 2.8%-10 7.50e-12 5.7Ce-11
1596 5.13-07 1.14e-07 1.03e-10 1.14%e-11
MS3 1482 2.40e-08 4.50e-07 4.90e-11 9.00e-12
1525 4.10e-08 7.20e-07 4.20e-12 9.3Ce-11 2.10e-11
1556 6.00e-08 8.34e-07 6.00e-12 1.14e-10 3.80e-11
1604 1.20e-07 1.12-06 2.1Ce-11 1.86e-10 7.20e-11
1640 2.16e-07 1.1Ce-06 5.40e-11 1.02-10
1642 2.80e-07 7.10e-07 6.9Ce-11 6.60e-11
1605 2.20e-07 2.10e-07 4.50-11 6.50e-12 2.30e-11
1603 2.30e-07 1.10e-07 1.30e-11
1573 1.6%-07 4.80e-08 5.00e-12
1571 1.74e-07 3.00e-08 4.00e-12

3 (in amA"1K™1)=0.463 0.513 ard 1.737 for runs MS1, MS2 ard MS3, respectively.

factar f;=1/o;.v,.a; includes the cross section multiplier
gain, and isotopc abundane of the specifc ion.

The instrumen sensitiviy constand K, reporta as a
footnok in Table I, were evaluatd both by repeatd quanti-
tative silver calibration vaporizatios and through checls of
the equilibrium Gay(g)=2 Ga g) by adoptirg the relevant
da@ of Shim et al. The resuls of the two procedurs agreed
within 20% The ionization cross sectiors for the atons were
taken from Mann’ while for the biatomic species they were
assumd as 0.75 times the sun of the cross sectiors of the
constituem atoms a prevailing choice adoptel in literature.
The multiplier gains were assumd to be proportioné to the
inverse squae roat of the relevart ionic massesThe specific
factors f; adoptel are 2.325 1.654 2.77Q 1.138 and 2.233
for Ga In, Ga, In, ard Galn respectively.

B. Reactio n enthalpie s and dissociatio n energies

The here identified and studied Galn molecuk represents
a first exampe of heteronucleadiatomi specis of the in-
tergrowp Il A for which the bord strengh has been mea-
sured Actually, the only indired indication for the possible
presene of a specis Ga/ln, or Galn,H was previousy in-
ferred by Ginter et al.® from the feature of the emission
spectrim obtainal by vaporizirg a mixture of Ga ard In
metak in aKing furnace However no assignmenand mo-

lecula constandg were given In the presem study the disso-
ciation energy of gaseos Galn was obtainel from the ther-
mochemich stud/ of the gas-phas dired dissociation
reaction,

Galn=Ga+In (1)
ard of the isomolecula exchang reactions,
Galnt+Ga=Ga+In, 2)
Galnt+In=In,+Ga, 3)
2 Galn=Ga,+In,, (4)

involving the dimers Ga ard In, for which the dissociation
enery values althoudn reporteal in literature were here re-
determineé from the reactions

Ga=2 Ga )

and

In,=2 In.

(6

Rigorously reactiors (2), (3), ard (4) shoud nat be consid-
eral as completey independenbeing obtainabé by combi-
natiors of reactiors (1), (5), ard (6). Actually they were
retainel in the overal analyss in orde to take into account
the differernt influenee of the experimenth points in each

Copyright ©2001. All Rights Reserved.
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TABLE Il. Summay of all-gas reactiors enthalpie and derived dissociatim energies.

Second-law Third-law
No. AH-|O— AHg AHg trend® AHgselected
Reaction points kImol™? kJmol™? Jmol 1K™t kImol™*

Galn=Ga+In 26 104.8:7.0 92.8+7.0 87.3t1.3 3.7 90.1+3.6
Galnt+Ga=Ga+In 21 —15.2+14.0 -—-13.0+14.0 —23.9+2.3 4.8 —18.5+7.0
GalntIn=In,+Ga 18 22.0+12.9 19.3+12.9 15.2+1.8 3.2 17.3+6.5
Galn=Ga+1In, 17 —0.6+19.7 —1.1+19.7 —8.8+2.7 3.0 —-5.0+9.9
Ga=2 Ga 25 124.5+9.6 110.4+9.6 111.2+1.8 1.9 110.8+4.9
In,=2 In 22 85.9+11.2 76.7+11.2 72.0£1.9 2.2 74.4£5.7

®Here the trend is the temperatue coefficiert of an assumd linear dependeneof the calculate third-law AHS

vs T. Absoluk values are reported.

individud reaction In essencgfor the determinatio of the
dissociatim energy of Galn reactiors (1) and (2) were pref-
erentialy utilized while reactiors (3) and (4) were usel as
further ched for the consisteng of the results.

The enthalyy changesAHg for reactiors (1)—(6) were
calculate from the equilibrium data both by the second-law
methal (basel on least-squarganalyss of In K vs 1/T plots)
ard the third-law method{basel on AH3=—RT InKp
—TA[(G3—-HY)/T]}. The therma functiors Gibbs energy
function (Gef), —(GY—HJ)/T, ard hea conten function,
(H9—HY), for atomic gallium and indium were taken from
Hultgren et al.,° while for the biatomic specis they were
evaluaté as describé in subsequensection.

In Table Il is reportel a summay of the second-lav and
third-law analyss of the equilibrium data The derived dis-
sociation energie are discussd later in the text.

C. Thermal functions
1. Ga,

Shim et al.® calculatel the thermd functiors of diatomic
gallium using the harmont oscillator-rigd rotata approxi-
mation The molecula constarg were R,=0.272nm, w,
=180 cm™ L. The evaluatian was mack including in the cal-
culation of the electronc contributian a numbe of calculated
low-lying electront states|n the cours of the presenstudy
we re-evaluatd the thermd functiors of Ga& usirng the se of
molecula constans calculatel by Balasubramanidrfor each
of the low-lying electrone states (see Tablke Il1 in Ref. 1). As
the two ses of thermd functiors values agree within the
uncertainties the differene being a 1600 K, 09 J
K tmol ™! in the G&f and 0.7 kJmol ™! in the heat-content
function, respectively we hawe usel the therma functions
alreay calculatel by Shim et al.®

2. 1n,

Both the two theoreticé investigatiors carried out by
Balasubramaniaard Li'° and Igel-Mam et al.l! agree in
finding the I1 stae to be the grourd stae for In,. In the
evaluatim of the therma functiors we utilized the relativis-
tic resuls of Balasubramaniaand Li'® where the electronic

levels including the w—w coupling are provided. The first ten

reportal electronc levels were taken into account This leads
to calculae therma functiors noticeaby differert from those
evaluatel by De Maria et al.° on the bass of molecula pa-

rametes estimatéd as '3 electronc grourd state R,
=0.30nm, and w,=135cm L. In particulat our Gef and
heat-conteh values calculatel a 1600 K differ by +13
JK mol ! ard +9 kdmol ™%, respectively.

3. Galn

For Galn the translationh ard internd contributin to
the therma functiors were comput@ separatelyln lack of
ary theoretich and experimenthdata for the electronc lev-
els and molecula parametes the contribution of the internal
motiors has bee interpolatel from thos of Ga amrd In,
calculatel with the parametes given by Balasubramanidr®
by correctirg for the rotationd tem due to the differert sym-
metty numbe for the homonuclea ard heteronucleaspe-
cies The calculatel thermd functiors for In, and Galn are
reportal in Table IlI.

IV. DISCUSSION

Let us first discus the resuls for the homonuclea di-
atomic Ga, ard In,.

A. Ga,

The dissociatiom energy of diatomic gallium is relatively
well known Two recen studies one theoretich by
Balasubramanidrard the othe experimenthand theoretical
by Shim et al.,® give for DY (Gay) the values 1158 kImol™*
ard 110.3=70kJmol™ %, respectively Earliec KC-MS
investigation&~* indicat mud large values rangirg from
135 to 145 kJ mol ™! which essentialf represehuppe limits.

TABLE Ill. Gibbs enery functions — (G3—HQ)/T, in JK "t mol™?, and
hea conten functions (H2—HJ), in kImol™, for Iny(g) and Galn(g).

In, Galn

TIK  —(GY—HQ)/T (H}-HY  —(GI-HY/T  (HI—HY)

298.15 233.92 11.72 238.94 11.13
1100 287.87 46.58 289.88 43.97
1200 291.55 50.82 293.86 48.03
1300 294.94 55.05 296.57 52.10
1400 298.08 59.27 299.54 56.17
1500 301.00 63.48 302.31 60.26
1600 303.73 67.70 304.91 64.36
1700 306.30 71.92 307.34 68.47
1800 308.72 76.15 309.65 72.58

Copyright ©2001. All Rights Reserved.
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The preseh determinationbasel on 25 dat points gives a
second-lw AHJ=110.4-9.6kImol™* and a third-law
AHS=111.2+18kJmol™t. The averag valug 110.8
+49kJmol™?, is in agreemen with the resut of Shim
etal.> and alo confirms the value calculatel by
Balasubramaniah.

B. In,

The value of the dissociatiom energy of indium dimer is
still controversial Publishe values are scare ard spread
from 80 to 102 kJ mol~%. Among the experimenthvalues all
basel on eary mas spectrometd investigation;*%1* ap-
parenty only the study by De Maria et al.,® who quoted DJ
(Iny)=937 kdmol ™1, isfully reliable as conceris quality and
numbe of dag points Drowart and Honig!? estimatel an
uppe limit of 965 kJmol ™! while the value 1025 kJmol ™!
reportel by Gingerich ard Blue'® is basel on a preliminary
experimentFroben et al.,*® on the bass of Raman specta of
matrix-isolatel group Il A dimers reporta a 33~ ground
stae and w,=118 cm ! and as a consequergthe dissocia-
tion enery quotel by Hube ard Herzber§ (1.0, eV) was
correcte to 0.87 eV or 84 kJmol™ 1. More recently the the-
oreticd investigatiors carried out by Balasubramaniaand
Li'® ard Igel-Mam et al.! agree as mentionel above in
quoting a 3I1 grourd stae ard in the correspondig D, val-
ues (1.02 and 1.09 eV, respectively. Balasubramaniaand
Li,*° on the othe hand found the spin—orbit effed to be
non-negligibé for the electronc states of In,. By inclusion
of this effed they ultimately propo® a °I1,(O,) ground
stae with a D, of 0.83 eV or 80 kamol L. Such spreal of
values merits a discussia of the reliability of the experimen-
tal resuls obtainal so far. The highe experimenthvalue of
De Maria et al.® is probaby overestimate partly as aconse-
guene of uncorret assumptioa for the molecula param-
etess of In, used in the estimatian of the thermd functions In
our experimens we determine a dissociatio enery value
slightly lower than the Balasubramania-Li theoretical
valuel® The second-lw (0 K) dissociatim enthalpy AH
=76.7+ 112 kJImol™?, agres within the quotel uncertain-
ties with the average third-law value, AHJ=72.0
+=19kIJmol L. In view of the smal temperatue trend
(=22 JK tmol ) of the individud third-law AHJ s, we
propo® for the dissociatim energy of In, the averag be-
tween second-lav ard third-law results namely 74.4
+5.7kIJmol L. Considerd the relatively high numbe of
experimenthdat points and the moden spectroscopi con-
stans employal in the calculation of the therma functionrs of
In,, this value has been adopte as referene for checkirg the
dissociatio enthally of Galn throudh the study of the ex-
change isomolecula equilibria.

However it is interestig to compae the resuls of the
presen study with thos of De Maria et al.® who quoe a
AHS (In—In) 19 kJ highe than our selecte value As men-
tioned abowe this discrepang apparenyf comes primarily
from the substantibdifference in the adoptel molecula con-
stans ard the therma functiors calculatel therefran for In,
in the two casesA reanalyss of the mas spectrometd data

Balducci, Gigli, and Meloni 4387
points of De Maria et al.® with use of our therma functions
rises the second-lav enthally by abou 7 kamol™t and low-
ers the third-law enthally by abou 17 kJmol™, which
would bring to a disagreemetrbetwea their second-lav and
third-law of abou 21 kJmol™ ard a markel trend in the
third-law values.

A patt the differences discussd abow in the thermal
functions estimatesthe disagreemenbetwea the more ex-
perimentaly dired second-lav values even if the two ex-
perimenta studies were carriad out in differernt temperature
ard pressue ranges ard on differert chemica systems,
shoutl not be readily dismissed Therefore in our opinion,
the value of the bord strengh of indium dimer would merit
further experimenthinvestigation with an independentech-
nigue At present however the dissociatim enery here
measurd definitely suppors the theoretich resuls of Bala-
subramania ard Li,*° basel on a non-negligibé spin—orbit
interaction effect.

C. Galn

As anticipated the determinatia of the dissociatio en-
ergy of Galn relied on the measuremenof the equilibrium
constarg of the dired dissociatim reaction (1) and of the
exchang reactian (2) preferral to reaction (3) as it involves
the molecuk Ga, which, in our opinion, is much better ex-
perimentaly characterizedReactia (1), althoud dependent
on the sensitiviy constam of the mas spectrometelinvolves
the measuremernof the specis Ga' ard In* of high inten-
sity and so less subjectd to gross experimentherrors The
othea isomolecula reactiors (3) and (4) were utilized as fur-
ther ched of the dissociatio energy of Galn.

The second-lav and third-law values for the dissociation
reaction (1), 92.8+ 7.0 kJmol™* and 87.3+ 1.3 kI mol™3, re-
spectively agre= within the reportel uncertaintis and there-
fore we selecte the averag value AHSYl (Ga-n)=90.1
+36kImol™t. For the isomolecula exchang reaction
(2) the second-lav ard third-law analyss of the equilibrium
da@ yield AH8’2= —13.0+140kJmol ! ard —23.9+2.3
kdmol ™%, respectively Here again we selectd the average
value AH8V2= —18.5+7.0kJmol™! which has been com-
bined with the value hete adoptel for the dissociatim energy
of Ga to obtain the dissociation enthalpy AHSY2
(Ga-n)=91.8-9.9 kmol ™%, in agreemenwith the resut of
reaction (1).

As concerrs reactiors (3) ard (4), their enthalpies,
AHg ;=17.3x6.5kJmol* and AHJ,=—5.0+9.9kJmol*
selecte as averags of the second-lav and third-law values,
when combinal with the dissociatiam energies of Ga ard In,
lead respectively to AH‘&3 (Ga-In)=91.7+8.6 kImol*
ard AH8’4 (Ga-n)=89.9+6.7 kJmol~* which well repro-
duce the resuls obtaina&l from use of reactiors (1) ard (2).

In conclusion on the bass of the enthalpie of the vari-
ous all-gas reactions by giving to the dired reactin (1) a
weight two in respet to the exchang reactio (2), we pro-
pos for the dissociatim enery of the Galn molecuk the
value AHJ (Ga—in)=90.7+3.7 kmol .

Copyright ©2001. All Rights Reserved.
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