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Thermodynami c investigatio n of the AINC and AICN isomer s by Knudsen

cell mass spectrometry
G. Meloni and K. A. Gingerich

Texa A&M University, Departmei of Chemistry P.O. Box 300012 College Station Texa 77842-3012

(Receiva 19 March 1999 acceptd 23 April 1999

Equilibria involving the isomes AINC and AICN abow amixture of aluminum nitride, graphite,
ard gold containel in a graphie Knudsen cel were investigatel with a mas spectrometerThe
enthalpis of formation A{H3, and of atomization A HS, in kJmol ™%, for AINC ard AICN, were
derived as 281.3+ 14 ard 303.8+ 14, ard as 1228.1+ 15 ard 1205.6+ 15, respectively © 1999
American Institute of Physics [S0021-96009)01627-X]

INTRODUCTION

In recen yeass the molecuk AINC/AICN has received
consideral® attention by theorist$~ and spectroscopists;®
becaus it is suspecte to be the carrie of sone of the uni-
dentified spectrd lines in the circumstella envelog of the
carbo sta IRC+10216? Relatel moleculs sud as
NaCN? MgNC,°and MgCN,* aswell as AICI ard AIP, 1213
hawe already been observe in this star The latter two are of
interes in view of the pseudohaloge characte of the CN
radical Theoretich calculation$®!* haw predictel a linear
geomety ard a '3 grourd stae for both isomers AINC
ard AICN, AINC being the more stabk isomea by several
kcd mol ™%,

The first observatio of AINC/AICN ard the presene of
comparal® concentration of the two isomes in the vapor
abowe AIN(s)+ graphie has bea reportel by Gingerich®
from Knudsen effusion mas spectrometd measurements,
and an estimae of its atomizatim energy A H3g of 1255
kdmol ™%, obtainel from a second-lar treatment K.A.G.
wishes to corred the percentag of fragmentatio of AINC
(AICN) to AINT ard AIC™ in Ref. 15. It shoud read 0.5%
insteal of 5% using 30 V electrons Additiond mas spec-
trometrc measuremest yielded a preliminay third-law
A H%gg value of (1243+ 21) kJmol ! for this molecule®®

In the presen investigatiomn we repot the thermody-
namic evaluatio of the AINC and AICN isomes from mass
spectrometd equilibrium measuremest coupled with a
fragmentatio analyss and utilization of theoretich transi-

tion energies Therma functiors hawe been calculate from
experimenth and theoretich molecula parametes of both
isomers.

EXPERIMENT

The measuremestwere performel with a Nuclide Cor-
poratin 12-0 HT mas spectrometer Additiond design
features of the instrumen ard the gener& experimentbpro-
cedue have been describe previously’ The graphie Knud-
sen cel was chargel with finely powderel AIN ard graphite;
gold was addel for calibration purposes The gold was
presem during the measuremestof AINC/AICN ard served
alw as aliquid metd vaporizatio catalystt®1°since AIN(s)
has alow vaporizatio coefficiert of 2.0x 10 3.292' The en-
ergy of the ionizing electrors was 30 eV, the emissim cur-
rert 1 mA, the acceleratia energy was 3kV, and the voltage
at the entrane shiel of the multiplier was 1.5 kV. Tempera-
tures were measurd with a calibratel opticd pyrometer.
Identification of the vapa specis was accomplishd by their
mass-to-charg ratio, shutte effect ionization efficiency
curves ard isotopic intensiy distribution Appearane po-
tentials in eV, were measurd by the extrapolatd voltage
differences method? as 8.1+0.5 for AINC™ or AICN,
16.3+0.6 for AIN*, and 15.8+ 0.6 for AIC*. The electron
enery scak was calibratel with Au (9.2 eV)?® ard N,
(15.58 eV).2 Previous experimental values® for
AINC*/AICN™ (7.4+0.3eV), AIC*, ard AIN™ (approxi-
mately 15 eV) are lower, but still within the errar limits

TABLE |. Measurd ion currentsin A, over AIN-Au-graphite system.

lon intensities

T (K) Al NS AINC*+AICN* Au* AlAu™ AINC*2 AICN*2
1668 1.00=-08 1.33-09 1.2Ce-10 1.78-10 2.9Ce-10 1.0%-10 1.46e-11
1669 1.0%-08 1.33%-09 1.16-10 1.78-10 2.98-10 1.02-10 142-11
1697 1.46e-08 1.74e-09 1.72-10 2.4%-10 4.4%-10 1.5%-10 2.1%-11
1646 6.302-09 6.62-10 5.68-11 1.28-10 2.1%-10 5.0Ce-11 6.7%-12
1612 3.602-09 3.0&-10 2.50e-11 8.2%-11 1.27-10 2.2%e-11 2.8%-12
1558 1.40e-09 8.9Ce-11 6.00e-12 3.7Ce-11 5.0Ce-11 5.34-12 6.60e-13
1558 1.40e-09 1.08-10 5.72-12 3.70e-11 5.00e-11 5.0%-12 6.30e-13
1520 7.61e-10 4.50e-11 2.08-12 2.20e-11 2.8%-11 1.86e-12 2.20e-13

3Calculatel using AE of 1880 cm ™! (see text).
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TABLE IlI. The Gibbs enery functiors (GER), (G$—HQ)/T, in
JK tmol™! and the hed conten functiors (HCFy), H3—H$, in kImol ™!
for the isomes AINC ard AICN.

Temperatue (K)

Species 298.15 1400 1600 1800 2000
AINC -GERy 2122 287.4 294.6 301.0 306.9
HCFy 13.03 74.86 86.84 98.91 1111
AICN -GERy  209.9 284.5 291.7 298.1 303.9
HCFy 12.77 74.84 86.85 98.95 111.1

given wherea theoretich values for AINC™, 9.64° ard 9.2
eV,* and for AICN™, 9.59° ard 9.2 eV, are higher.

The pressue constant were determine from the known
AlAu(g)=Al(g) +Au(g) equilibrium using the measured
correspondig ion currens and the known dissociatim en-
ergy, DJ(AIAuU,g) =(322.2+ 6.3) kmol~1.2* The multiplier
gains,yy, for the majar species were measurd with a 50%
transmissia grid as 10° times 4.10 1.93 1.74 6.24 and
4.36 for Al, Au, AlAu, N,, ard AINC/AICN, respectively.
The relative ionization cros sectiors used, oy, in
10" ®cn?, were taken from experimenthvalues reportal in
the literature Al, 9.71%° Au, 5.7Q by a logarithmic
extrapolatiort® AlAu, 11.6 as 0.75X (o +0a,); AINC/
AICN, 9.28 as 0.75X (o +octoy), Whereoc and oy are
taken from Ref. 27; N,, 0.99828 The resultirg pressue con-
stants ky, in bar A"1K™%, are 0.841, 3.05 1.67, 5.42, and
0.840 for Al, Au, AlAu, N,, and AINC/AICN, respectively.
The uncertainy of the ky values is estimatel to be about
20%.

Table| lists the measurd ion currens for the mog abun-
dart isotopes of the specis pertiner to the presen investi-
gation.

RESULTS AND DISCUSSION

The Gibbs energy functiors (GER,), (G3—Hg)/T, and
the hea contert functiors (HCF,), H}—HJ, for AINC and
AICN were calculatel using the rigid-rotata harmonic-
oscillata approximatior?®

In our evaluation of the therma functiors we usel the

experimenthvalues for the vibrationd frequenciesin cm™*:

G. Meloni and K. A. Gingerich

vy, 2069; vy, 549; v, 100 (2), by Gerasime et al.® for
AINC, ard thos by Fukushima v, , 1975.5;v,, 523.5;v5,
1329 (2), for AICN. The intermolecula distancesin A, of
AINC, rpn=188 amd ryc=1.171 obtainel from a
millimeter-wa\e spectrumwere taken from Robinsm et al.®
For AICN, the theoretich values from Ma et al.! were used:
rac=2.04 and rc\=1.171 becaus Gerasimo et al.®
found that the rotationd constam for the grourd stae of this
molecule B=(0.1674-0.004§ cm™!, is equa to that
calculated, B=0.162cm™%; this mears tha the intermo-
lecular distance calculatel by Ma et al.! are very close to
the experimenth value Electront excited states of AINC
ard AICN reportel in the literature*® do not measuratyl con-
tribute to the therma functiorns belov 2500 K. Table Il lists
the therma functiors calculate for AINC and AICN.

The Gibbs energy functions and enthalfy incremens for
Al(g), C(graph), AIN(s), ard Ny(g) were taken from
Chae et al.* for Au(g) from Hultgren et al.3! ard for
AlAu(g) from Gingerich ard Blue2* The therma functions
of Au(g) ard AlAu(g) hawe bee adjusta to correspod to
the standad pressue p°=1 ba instea of p°=1 atm.

During the mas spectrometid investigation the species
AIC™ ard AIN* were observel and measurd at different
temperaturesTheir appearane potentias of 158 ard 16.3
eV indicak tha they are fragmens of the parert molecules
AICN ard AINC, respectively This interpretation is sup-
portad by the fact that the difference betwea the appearance
potentiab of AIN™ or AIC* and that of 8.1 eV for m/e of 53
(AINC* or AICNY), is abou 8.2 or 7.7 eV, respectively,
cloe to the dissociatim enery of CN(g), (7.72
+0.10 eV.*° Possibé fragmert contributiors to AIC™ from
Al,C, ard AIC, *? ard to AIN* from Al,N are estimatel to
be less than 5% of the measurd fragmen ion currents A
peculia fact, observe alread by Gingerich®® was tha the
ion intensities of the two specis AIC* and AIN* were al-
modg the sane in the temperatue range of the measurements
ard were abou 0.4%—0.5% of the m/e=53 ion intensity; the
[(AIC)/(AIN™) ratio was 1.1=0.2.

The enthalpie of formation A;Hg, and the atomization
energiesA_HJ, of both the isomes AINC and AICN were
evaluate by considerirg acorrectel value of their ion inten-
sities and by utilizing the following reactions:

TABLE Ill. Summay of the enthalpie of reaction in kamol™?, for AINC ard AICN.

Second-law Third-law
AHG
Reaction AH AHJ AH3 selecte

2AINC(g) + Au(g) = Al (g) + Ny(g) + AlAu(g) + 2C(graph) —-229.1+17.8 —-218.2+17.8 —255.7+2.5 —243.2+6.0
2AINC(g) = 2A1(g) + Ny(g) + 2C(graph) 113.1+19.3 114.3+19.3 66.3+3.0 82.3+6.6
AIN(s) + C(graph)=AINC(g) 568.2+12.7 572.5+12.7 587.9+1.6 582.8+4.3
2AICN(g) + Au(g) = Al (g) + Nx(g) + AlAu(g) + 2C(graph) —274.1+17.8 —262.9+17.8 —300.7+2.5 —288.8+6.0
2AICN(g) +2AI(g) + Ny(g) +2C(graph) 68.0-19.3 69.4+19.3 21.3+3.0 37.3+6.6
AIN(s) + C(graph) =AICN(g) 590.8+12.7 594.9-12.7 610.4+1.6 605.2+4.3
2AINC(AICN)(g) +Au(g) =Al(g) + Nx(g) +AlAu(g) + —234.4+17.8 —223.4+17.8 —252.4+2.3 —242.7£6.0
2C(graph)

2AINC(AICN)(g) =2Al(g) + N,(g) + 2C(graph) 107.9-19.2 109.1+19.3 69.6-2.8 82.8+6.6
AIN(s) + C(graph)=AINC(AICN)(g) 570.8+12.7 575.1+12.7 586.2+1.5 582.5+4.3

&The erra terms are standad deviations.

Copyright ©2001. All Rights Reserved.
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TABLE IV. Selectd experimenthresults in kJmol™?, for AINC ard AICN, compare to theoreticé literature

values.

Presehinvestigation G2 Theory?
Species A¢HJ A HS A¢HSgq A H%g A¢H A HS
AINC 281.3+14 1228.1+15 278.2-14 1234.8+15 266+ 10 1246+10
AICN 303.8-14 1205.6: 15 300.9+-14 1212515 293+10 1223+10
AINCP 281.0+-14 1228.3¢15 277.9-14 1235.0+15
“Referene 3.

PUsing totd ion currert of m/e=53 (see text).

2 AINC(AICN)(g)+Au(g)=Al(g)+Nx(g)+AlAu(g)

+2 C(graph), (1)
2 AINC(AICN)(g)=2 AIl(g)+Nyg)+2 C(graph), (2
AIN(s) + C(graph)=AINC(AICN)(g). 3

The reaction enthalpis were calculatel for AINC(g)
ard AICN(g) separatsl after proportionirg the totd mea-
sured ion curren for m/e of 53 on the bask of the theoreti-
cally predictel energ differenee of 1880 cm ! betwee the
two isomers The value of 1880 cm ™! is the averag between
tha calculatel by Ma etal.l (1924 cm™}), ard tha by
Fukushima (1831 cm™?! at the CCD/6-311 G(d) level). Us-
ing the Gibbs energ functiors of the isomes (see Table II)
and the equatia for the third-law enthaly of the isomeriza-
tion reaction, AINC(g)=AICN(g), AHg=-RTInK,
—TA[(G}—HY)/T], the equilibrium constam of the isomeriza-
tion reactim was calculated®>>* ard from tha the ratio of
AICN to AINC. The correspondig ion currens of AICN™*
and AINC™" obtainal from this ratio for eat dat se have
been included in Table I.

The enthally changesA Hg, for the reactiors (1)—(3)
were calculatel from the equilibrium dat by the second-law
method basel on a least-squae analyss of InK, vs 1/T
plots and by the third-law method Table 111 lists the results
of the second-lav ard third-law evaluationsTo obtan a se-
lected A H value for ead reaction the third-law value was
given twice the weight of the second-lav value.

The literature values for the enthalpis of formation,
AH3, in kmol™, usal to obtan the final values for the
enthalfy of formation and atomizatian of AINC/AICN were:
327.3-4.2%° 322.2+6.3 (DJ(AlAu,g)),** —313.0:2.5%°
711.2+0.53° 470.8-0.12° for Al(g), AlAu(g), AIN(s),
C(g), and N(g), respectively From the selectd A, HJ val-
ues (see Table Ill) and thes auxiliary literature datg the
respectie A;Hg and A, Hg values were derived for each
reaction By giving the sane weight to the reactiors (1)—(3),
we propoe for the A;HZ(AINC,g), A;HZ(AICN,qg),
A{HZAINC,0),  AH3GAICN,g), A HE(AINC,g),
A HS(AICN,g), A H(AINC,g), and A H.{AICN,Qq),
in kJmol™?%, the values 281.3+ 14, 303.8+ 14, 278.2+14,
300.9+14, 1228.1+15, 1205.6-15, 1234.8-15, and
1212.5+ 15, respectively Here the uncertaintis are the over-
all errar obtainel as discussd in Schmue et al.*®

Table IV lists our resuls togethe with the theoretical
values of Petri€ predictel by the GAUSSIAN-2 levd of theory.

The theoretica values for the atomizatian energies of AINC
ard AICN are slightly highe than our experimentbhones but
agree within the errar limits given.

Our value for the atomization energy of AINC/AICN,
basel on the totd ion currert of m/e=53, A,H3=(1228.3
+15) kdmol™! or A H99e= (1235.0- 15) kIJmol ™, can also
be compare to the previos resut of A H3.e=(1243
+21) kJmol~*,1® as reported obtainel by athird-law evalu-
ation Correctirg the literature value of the atomization en-
ergy for the thermd functiors of AINC(g) ard the ky values
usael in the presen investigation gives A Hg=(1212
+21) kImol ™! or A H9ge=(1219+21) kJmol ™%,

The uppe value for the atomizatio energy A, Hg, of
(1278+27) kJmol™?* reportel by L'vov ard Pelievd® has
been determine by electrothermbatomic absorptio spec-
trometly unde the assumptia tha the observe decreas of
absorptim of elementh Al in the presene of nitrogen N,
inside agraphie furnace at high temperature (e.g, 270 K)
in comparisa with tha in an argan atmosphergto be solely
due to the formation of gaseos aluminum monocyanide.
The difference of 50 kdmol™ with our value suggest that
molecula carbides suc as Al,C,, AIC, are formed by inter-
action of aluminum with graphie at 2700 K in addition to
AINC(AICN).

Our proportionirg of the m/e=53 primaly ion currert to
I[(AINC*) ard I(AICN ™) has bee basel on the energ dif-
feren@ of 1880 cm ! betwea the two isomes AINC and
AICN predicted by the most advanced theoretical
calculations-® If we assune the sane percentag of frag-
mentation for AINC yielding AIN* ard AINC vyielding
AIC*, our observatin of approximatel equa concentra-
tions suggest that this energy differene would be smaller
then the theoretich one and may even be reverse (AICN
possiby being the more stabk isomey.
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