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Knudsen cell mass spectrometric investigation of the B >N molecule

G. Meloni, M. Sai Baba,® and K. A. Gingerich®
Department of Chemistry, Texas A&M University, P.O. Box 30012, College Station, Texas 77842-3012

(Received 7 August 2000; accepted 29 August 2000

High-temperature Knudsen cell mass spectrometry has been used to study the equilibria involving
the B,N molecule over the Si—BN system. Thermal functions needed in the evaluation of the mass
spectrometric equilibrium data have been calculated from available experimental and theoretical
molecular parameters. The enthalpy changes for the reactiong) 2B,N(g)=B,N(g)
+28Si(g), and BN@) +B(g) =B,N(g) have been measured. The following atomization enthalpy,

A HS, and enthalpy of formationAH3gg 15 in kJmol%, of 1045.5- 18 and 551.3 18 for the

B,N molecule have been determined from these reaction enthalpies. Atomization energies of similar
molecules have been compared and discussed20@ American Institute of Physics.
[S0021-960600)01044-9

INTRODUCTION structure. Roland and WynHedescribed photoionization
and photofragmentation of,Bl, clusters generated by laser
Boron—nitrogen clusters have been extensively investivaporization of boron nitride followed by supersonic expan-
gated because of their importance to gain a deeper insight ision. Thompsoret al}?*3studied the infrarediR) spectra of
boron nitride thin film formation through chemical vapor reaction products of laser ablated boron atoms with ammo-
deposition(CVD) and to understand the interactions betweemia, during condensation with excess argon at 10 K. They
the solid and gas phase during the thin film formation. Thisobserved cyclic and symmetric lineanNB together with a
is essential for improving the processes of deposition of boseries of hydrogen—boron—nitrogen containing species. As-
ron nitride. In addition, boron—nitrogen clusters have re-mis et al}*~1" employed a negative ion tandem TQtine-
ceived attention recently because of the existence obf-flight) photoelectron spectrometer to determine adiabatic
fullerenes analogues involving boron and nitrogen atbfs. detachment energies and vibrational frequencies for several
In fact boron nitride is a structural analog to carbon, exhib-low-lying electronic states of BN, I, and BN. In particu-
iting bond length, long-order parameters, and lattice conlar Asmis et al® found no evidence for a low-lying cyclic
stants to be very similar to those of carbth. isomer of BN. They reassigned the matrix IR spectra of
Boron nitride(BN) is a ceramic material mainly used as Andrews and co-worke?$**3to the X 23" ground state of
surface coating. BN exists in several allotropic forms includ-linear B,N.
ing graphitelikea-BN, and diamondlike3-BN. The 3 form, A large number of theoretical studies have been carried
or cubic phase, has significant technological potential foout on BN!?®23 and polyatomic boron—nitrogen
thin film applicatiort and rivals diamond in extreme hard- clusters:®?*~3*The main aim of the computations on boron—
ness. It also has a number of highly desirable mechanicahitrogen clusters was to optimize their structures, to calculate
thermal, electrical, and optical properties. the relative stability of different isomers, the vibrational fre-
Different techniques have been applied to study boronguencies, the ionization energies and the electron affinities,
nitrogen containing molecules. Becket al®’ used laser and to estimate the atomization energies.
ionization mass spectrometry to study the formation gXB In continuation of our recent investigations on small ni-
clusters ions in a laser plasma. They observed that foirogen containing group 13 and 14 clust&s)’ we em-
|3nNri1 and Bthsz cluster ions there is an alternating ployed the Knudsen cell mass spectrometric method to per-
abundance distribution with the higher intensities of the clusform the first equilibrium study on B and to determine its
ter ions with the odd number of atoms. Andrews and co-atomization energy and enthalpy of formation. A preliminary
workers reacted boron and nitrogen atoms in nitr6gen  value for the atomization energy obB has previously been
argor? matrices. They identified BBNN, cyclic 8, BNB,  reported®
NNBN, and BNBN from mixed isotopic patterns, and isoto-
pic .shilfts, using Fourier t_ransforn;oinfrared spectroscopy anq‘HEORETICAL INVESTIGATIONS
ab initio calculations. Knightet al.™” used a laser vaporiza-
tion matrix isolation electron spin resonan&SR apparatus Ab initio calculations were carried out utilizing the
to study the BNB radical. They found that BNB has anGAUSSIAN 98program packagéin order to gain information

X 23,1 ground electronic state with a linear centrosymmetricabout the ionization energyE), electron affinity(EA), and
atomization enthalpy A,Hg) of the ground state of B\.
The calculations were performed at the density-functional

dpresent address: Materials Chemistry Division, Indira Gandhi Center foi .
Atomic Research, Kalapakkam 603 102, Tamil Nadu, India. evel_Of the(_)ry using the Becke three-parametgr exchange
YElectronic mail: gingeric@mail.chem.tamu.edu functional with the Lee, Yang, and Parr correlational func-
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TABLE I. Comparison between our calculations and the experimental molecular parameters, electron affinity
(EA), ionization energy(IE), and atomization enthalpyAGHS) of the X 23 B,N molecule and of the
X 214 Si,N molecule.

%

Method/Basis set (X=B or Si v® vy Vs EA° IE A HS
B,N molecule
B3LYP/cc-pVTZ 1.313 1195 125 1326  2.885 10.67 1102
G1° 1.327 1183 153 2392 3.34 8.65 1050
MP4(SDTQ)/6-31G" 1.338
CCSDT)/aug-cc-pVT2 1.328 1143 85 1320  3.139
APEY 1143 855  3.098
KC-MS' 9.7 1046
Si,N molecule
B3LYP/cc-pVTZ 1.638 615 223 1066  0.914 6.34 974
CCSOT)/cc-pVTZ 1.644 614 187 917
R2PIS 1.640 <8.51
KC-MS' 6.6 1011

The bond lengths are in A.

Py, is the symmetric stretchingo(), v3 the antisymmetric stretchings(), and », the bending vibrational
mode, in cm.

°EA and IE are in eV.

9A, HS is in kJ mol2,

°G1 is for caussian 1 theory, see Ref. 25.

Reference 10.

9Reference 16.

_hAPES is for anion photoelectron spectroscopy, see Ref. 16.

'KC-MS is for Knudsen cell mass spectrometpresent investigation
IReference 39.

KR2P! is for resonant two-photon ionization spectroscopy, see Ref. 40.
'Reference 34.

tional (B3LYP). The basis set employed for this study was atroscopy. The calculated symmetric stretching mode agrees
correlated consistent polarized valence triple-zeta basis setjth the experimental value of 1143 crhat all levels of
cc-pVTZ. theory used, B3LYP/cc-pVTZ, Gaussian (G1), and
From the calculations the lowest lyirfg,, electronic  CCSD(T)/aug-cc-pVTZ, but the calculations of the asym-
state is found to have the linear symmetric structure in agreenetric stretching mode;;, failed in reproducing the experi-
ment with experimentd!*>%and theoreticd*®162*Xitera-  mental value of 855 cit. This problem has been explained
ture data. This result is also in agreement with experimentdby a distortion along the asymmetric stretch coordinate
and theoretical results for similar molecules;NgF®*° and  yielding a wave function which is oversimplified and leading
AlLN,3"*1which too have linear symmetric structures as theto an artifactual structure on the potential energy surfce.
most stable ground-state geometry. The surprisingly low experimental value @f has been at-
The vibrational frequencies for the three vibrational nor-tributed to Herzberg—Teller coupling between *&.. and
mal modes, the optimized bond lengths, and the physicahe Iow—lyingAZEJ excited staté®
chemical properties, corrected for the zero-point energies
(ZPB), of the_XZEJ_state for I?z!\l are listed in Tabl_e I, and EXPERIMENT
compared with available experimental and theoretical values:

The calculated EA of BN at the B3LYP/cc-pVTZ level of The mass spectrometer and experimental procedures
theory is about 7% lower than the experimental value ofused for this work have been described previodélyhe
(3.098+0.005) eVt sample of semiconductor grade silicon powder angN Sof

In order to support our computations, we calculated the€99.9% purity was contained in a boron nitride Knudsen cell,
bond distances, vibrational frequencies, electron affinity, ionwhich was inserted into a graphite cell having a molybdenum
ization energy, and atomization enthalpy for thgNsmol-  lid. The molybdenum lid intended to minimize the formation
ecule at the same level of theory used foNB and com-  of disilicon carbide, SIC, and the overlap of its isotope with
pared them with available experimental and theoreticathose of SiN. The SN, had decomposed almost completely
values. The results are reported in Table I. Our computeéh the temperature range of present measurements, and the
silicon—nitrogen bond distance practically coincides with theboron nitride served as the source of nitrogen. The liquid
experimental value of (1.63950.0014) A by Brugh and silicon also served as a catalyst for the equilibration of BN
Moorse?® The computed IE of 6.34 eV of $i agrees with  with the nitrogen containing speci&ssince BN has a low-
the value of (6.6:0.5) eV obtained from the linear extrapo- vaporization coefficient lower than>610~ 3,44
lation method by Gingericlet al3* The Knudsen cell was heated by radiation from a tung-

Asmis et al}® measured the symmetric and antisymmet-sten coil resistor and the temperatures were measured with a
ric vibrational modes of BN by anion photoelectron spec- calibrated Leeds and Northrup optical pyrometer focused
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TABLE Il. Measured relative ion currents, in A, over the Si—BN system, and third-law values, in k3,m«b|theA,Hg andAHg of ByN.

lon intensities

AH AHG
T (K) B* Si,N* Sit B,N* Reaction(1) A H3 Reaction(2) A HS

2066 1.1E—-12 27€E—-12 2.0£-10 5.3E—-15 —35.72 1046.3 238.2 1040.6
2082 1.5E-12 3.8E—-12 2.7E-10 9.5&£-15 —38.71 1049.3 235.7 1043.1
2119 1.8&—-12 8.2€E—-12 3.1E-10 21E-14 —37.36 1047.9 229.4 1049.4
2146 2.3E-12 1.2E-12 1.8E-10 1.6E-14 —-41.33 1051.9 240.0 1038.8
2095 8.7E—-13 34F-13 9.3E—-11 2.8&—15 —42.28 1052.8 248.0 1030.8
2052 8.6&E—13 294£-13 6.1E—-11 3.8E-15 —34.81 1045.4 237.9 1040.9
2135 19E-12 6.6E—13 1.1E-10 19E-14 —-43.11 1054.0 233.1 1045.7

—-39.1+3.3 1049.73.3 237.5:5.9 1041.35.9

aThe error terms are standard deviations.

onto a black body hole at the bottom of the graphite cell.harmonic-oscillator approximati6hand the molecular con-
Appropriate window and prism corrections were applied.stants computed at the CC8D/aug-cc-pVTZ level of
The ions were produced with ionizing electrons and electronheory by Asmiset al,*® bond distance of 1.328 A and bend-
emission current of 12 eV and 10 mA, respectively. Theing vibrational mode of 85 cmt for which there are no
acceleration voltage used was 4.5 kV and the electron mulexperimental values. These values have been preferred to
tiplier was operated at-3 kV. those calculated at the B3LYP/cc-pVTZ level of theory be-
The ions pertinent to the present investigation wefe B cause of the higher level of theory used. For the asymmetric
Si*, SEN™, and BN'. The ions were identified by their and symmetric vibrational frequencies the experimental val-
mass-to-charge ratio, isotopic abundance, and ionization efres of 855 and 1143 cm, respectively, were uséd.The
ficiency curves. At each measurement a movable slit wag 23 5 excited state with the transition energV,j of 6330
interposed into the molecular beam to distinguish betweegm=1 (Ref. 16 was also considered. Table Il lists the ther-
ions produced from species in the beam and from residuaha| functions of BN.
gases with the same mass-to-charge ratio in the ionization Reactions(1) and (2) are pressure independent, there-
region of the mass spectrometer. The electron impact energyre, the measured ion intensities listed in Table Il were uti-
was calibrated against the first ionization energy dBE296  jized directly to calculate the equilibrium constant of the
eV)™ and Si(8.149 eV.™ The appearance potential of (9.7 yeactions(1) and (2), after correcting them for the isotopic
+0.5) eV was measured for,B by the linear extrapolation - apyndance and ionization cross sections. For the multiplier
method. The measured appearance potential is 9% I0Wfains cancellation of mass and molecular effects was as-
than our computed value of 10.67 ¢See Table), and 12%  symed. The isotopic abundance of the atomic species was
higher than the G1 value of 8.65 &3/-_ _ __ taken from Kisef?® and those of the molecular species were
The ion current data of the species pertinent to this incacylated from the isotopic abundance of the constituent
vestigation are listed in Table II. In the case oM\Bthe ion glements. The relative ionization cross section usedin
intensities at mass 35 were measured due to better signal-t9p-16¢cn2 \ere taken from experimental values reported in

noise ratio; for all other species the maximum intensity peaks,q literature, except for B, where a calculated value was
were recorded. The ion intensity of ,8i" in Table Il has used: B, 0.729 Si, 3.34%° N, 0.055! Si,N, 5.69 as 0.75

been corrected for a small contribution due tgGSithe X (20+ay): BN, 1.12 as 0.7% (205+ ay).

maximum correction was 10% at/e=70. The literature values for the enthalpies of formation,
A¢HS, in kJmol'l, used to obtain the final values for
RESULTS AND DISCUSSION the enthalpy of formation and atomization of,NB were:
559.9+ 5.0/ 445.7+8.0/° —248.1+1.0° 351.6+14.83
and 470.8:0.1%2 for B(g), Si(g), BN(s), SibN(g), and
N(g), respectively. From tha Hg values, see Table II, and

For the determination of the enthalpy of formation,
A¢Hg, and the enthalpy of atomization,Hg, of ByN, the
enthalpy changes of the following reactions:

2B(g) + SibN(9) =B,N(g) +2Si(9), &)

BN(s)+B(g)=B,N(9), 2
) . ) TABLE lll. The Gibbs energy functions, G¢—Hg)/T (GER), in
were evaluated according to the third-law method, using thg -1 511 and the heat content functiortd2— HS (HCFy), in ki mol ™,

relation A, Hg= — RTIn K,—TA[(G?—HQ)/T]. for the BN molecule.

The Gibbs energy functionsG§—Hg)/T (GER,), and
the heat content function$}$—H§ (HCF,), needed in the TemperatureK)
evaluation of t?ﬁe reactions enthalpies were taken Lrsom litera-species 298.15 1400 1600 1800 2000 2200
ture forsE(g), Si(g) (Ref. 46, Vol. 3, BN(s),™ and BN  —GEF, 2018 2774 2847 2913 2973 302.7
Si;N(g).* Those for BN(g) were computed according to HCF, 1291 7651 88.87 1014 1140 1267

statistical thermodynamic procedures, using the rigid-rotatos
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these auxiliary literature data the respectivgdg andA,Hg  3C. A. Thompson, L. Andrews, J. M. L. Martin, and J. El-Yazal, J. Phys.
were derived, using the following relations: for reaction Chem.99, 13839(1995.
(1), Ang(BZN,g) — ArHS_ 2AfH8(Si,g) + 2AfH8(B,g) l“z<1.9|z,.8Asmis, T.R. Taylor, and D. M. Neumark, Chem. Phys. L2965, 75
+AHQ(SEN,g)  and  AgHG(BoN,9)=2A:HG(B.9) 15 & agmi
. K. R. Asmis, T. R. Taylor, and D. M. N k, Eur. Phys. J9P257

+ A{HJ(N,g) — A{H3(B:N,g); for reaction  (2), (1999, Smis avior. an sumark, Eur. Phys. J9p2
A¢HJ(B2N,g)=A Hg+AHg(B,g) + AHG(BN,s). 16K, R. Asmis, T. R. Taylor, and D. M. Neumark, J. Chem. PHykL 8838

By giving the same weight to both reactions employed in (1999.
the present investigation, we obtain the values, in kJthol K. R. Asmis, T. R. Taylor, and D. M. Neumark, J. Chem. Phys1,
1045.5-18, 1051.4-18, 545.2:18, and 551.318 for ~  10491(1999. _
AaHO, AaH298.151 AfHO, andAfH(2)98.15Of B,N(g), respec- (Rl.glzsReddy, A. S. R. Reddy, and T. V. R. Rao, Physica B &32 373
tlve(;Y' Here (;hs Ugcre]rtalggelsséire the overall errors Obtamed"l M. L. Martin, J. P. Frammis, and R. Gijbels, Z. Phys. D: At., Mol.
as aiscussed by schmueeal. Clusters21, 47 (1992.

Our computedA ;Hg(B,N,g) value of 1102 kJ moltis 23, M. L. Martin, T. J. Lee, G. E. Scuseria, and P. R. Taylor, J. Chem. Phys.
about 5% higher than the experimental value, and the scale2997, 6549(1992.
CCD+STD(CCD)/6-31G* value of 1109 kJ mol* (Ref. 249 K. A. Peterson, J. Chem. Phys02, 262 (1995.

”r X .
is about 6% higher than our experimental value. The G1 < C: Mawhinney, . J. Bruna, and F. Grein, Chem. P88 163

o 1995.
AaHg(BZN’g)_Value of 1050 kJ mot* (Ref. 23 is in good 23:2. R? Reddy, Y. N. Ahammed, K. R. Gopal, P. A. Azeem, and S. An-
It is interesting to compare the thermodynamic stability?4J. M. L. Martin, J. P. Frapais, and R. Gijbels, J. Chem. Phy80, 6469
of similar molecules. The atomization energy, in kJ nobf (1989.

B.N, B,C 46 B,O 25 A N 37 Al ,C 54 A 2046 are: 104518 25J3. M. L. Martin, J. P. Frapmis, and R. Gijbels, Chem. Phys. Let®3 243

i (1992.
10601._ 30, 12118, 0783t 15, 852-42, .and 105820, re_ 27, Slanina, J. M. L. Martin, J.-P. Fraois, and R. Gijbels, Chem. Phys.
spectively. TheA,Hg of Al,C was estimated by Gurvich | 201, 54 (1993.

et al> from the relative abundance of A" observed by 273 . L. Martin, P. R. Taylor, J. P. Fraais, and R. Gijbels, Chem. Phys.
Chupkaet al®® For B,O the theoretical value based on the Lett. 222 517(1994.

G1 method has been used since no reliable experiment&lA. Sutjianto, R. Pandey, and J. M. Recio, Int. J. Quantum CH2n199
value is available. (1994.

29 ) i ) . N
The thermodynamic stability of the ZBX and AIZ—X \;.Zl;Aéllsgl\gartln, J. El-Yazal, J.-P. Fraaois, and R. Gijbels, Mol. Phy$5,

type moleculesX=N, C, and Q increases with the replace- s0; \; | wartin, 3. El-azal, and J.-P. Frasis, Chem. Phys. Let248 95

ment of N by C and C by O, £ and ALO being the most  (1904.

stable. BN and BC, as well as AIN and ALC, have com-  3M. S. Deleuze, M. G. Giuffreda, J.-P. Framis, and L. S. Cederbaum, J.

parable stability. Phys. Chem. AL04, 1588(2000.

32M. Sai Baba, R. Viswanathan, and K. A. GingerichPiroceedings of the
IX International Conference on High Temperature Materials Chemistry
edited by K. E. Spea(The Electrochemical Soc. Inc., Pennigton, N.J.,

Ab initio calculations were performed on a workstation 1997, Vol. 9;'39' p. 689. A e A
(Power Challenge, Silicon Graphics with twelve R10000 < Viswanathan, R. W. Schmude, Jr., and K. A. Gingerich, J. Chem.

. . . Thermodyn.27, 1303(1995.
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