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Boron halides are widely used in the semiconductor industry as
feed gases in chemical vapor deposition, etching, and ion implanta-| ¥"'=0
tion processes. Despite their importance in such plasma and 2 0,
discharge chemistry, relatively little is known about the simplest
boron halide free radicals. We have recently begun a program of
spectroscopic studies of these species to establish methods o
producing, detecting, and characterizing them in the gas phase, with
the aim of providing the necessary spectroscopic database for
quantifying boron-containing reactive intermediates in industrial

environments. In this communication we report the discovery of a 0
family of hitherto unknown HBX (X= F, ClI, Br) free radicals. V3 2y,

The HBX free radicals were prepared in a supersonic discharge 2 0 2 V2t Vs
jet source using techniques described in detail elsewHenethese 0 o2
experiments, a precursor mixture of 10% hydrogen in argon was
seeded with a few percent of the vapor of the appropriate Uttt M
trihaloboron compound (B3. The corresponding deuterated species 0 1000 800 p— 500

were prepared by substituting deuterium gas for hydrogen in the N

precursor mixture. A pulsed DC discharge fragmented the precursor Wavenumoer )

molecules, yielding a variety of atomic, radical, and ionic species Figure 1. Single vibronic level emission spectrum of HBF excited at 15909

which reacted downstream prior to supersonic expansion cooling. cm‘l. The_wavenumber scale is displacement from the excitation Iase_r and
. . ) gives a direct measure of the ground-state energy of each band in the

The jet-cooled products were probed using laser-induced quoreS'spectrum. Each vibronic transition consists of two features, both originating

cence (LIF) and wavelength-resolved emission spectroscopic from K, = 1 in the upper state and terminatingkat= 0 or 2 as indicated.

techniques. The left-hand feature of the" = 0 transition was attenuated as it was

In the first of these experiments, a Bff H, precursor mixture obscured by scattered laser light.

gave a rich, complex LIF spectrum in the 66000 nm region, in the emission data. Theory predicts that all of the HBX radicals

Wittllpartially resolved rotational structure at a resolution of Q.l are bent near-prolate asymmetric top molecules irAtigground
cm™1. These bands were not present when hydrogen was Om'ttedstate, with bond angles from 121 to P2¢HBF to HBBr). The

from the gas mixture and substitution of deuterium for hydrogen  jhertial axis lies almost coincident with the-& bond so that

gave a different series of features in the same region. It proved g A rotational constant depends primarily on the mass of the
difficult to find any assignable vibrational pattern to the LIF bands, hydrogen atom and the HBX bond angle. In the near-prolate
suggesting that the beginning of the spectrum lies at much |°ngerasymmetric top approximation, the ground-state energy levels are

wavelengths. . N . . , given by the expression
Emission spectra obtained by exciting the intensity maxima of

different features in the LIF spectra gave more readily interpretable FJ,K) = (A— B)Kaz + BJ(J +1) (1)
information concerning the identity of the emitting species. Figure
1 shows the spectrum obtained by laser excitation of the Q-branchwhereA andB = (B + C)/2 are the rotational constants. Neglecting
maximum at 15909 cmt. The spectrum consists of a series of the smallJ-dependent term in eq 1, we interpret the doublets in
doublets separated by an almost constant interval ef928cntt the spectrum as rovibronic transitions from the excited Hate
and two vibrational intervals of 993 and 1311 cimSuspecting 1 level down to theK, = 0 (left-hand member) anid, = 2 (right-
that this spectrum was due to the HBF free radical, we carried out hand member) stacks of rotational states in the HBF ground state.
a series of high level ab initio calculations of the ground-state From the ab initio structure, we calculate the approximate splitting
properties of the HBX radicals using the Gaussian 03 suite of to be 72.4 cml, in agreement with the observed 7802 cnr?!
programs2 At the coupled cluster singles and doubles with triples » = 0 value. Since the molecular structure cannot change
included perturbatively [CCSD(T)] level of theory with Dunning’s  appreciably on deuteration, the splitting in DBF can be readily
correlation consistent triplé- basis set augmented by diffuse calculated from the geometry and is predicted to be 42.41cin
functions' [aug-cc-pVTZ], we obtained HBF bending and-B accord with the 47.4 2 cnr! observed value.
stretching mode frequencies of 1008 and 1320%mespectively, The splitting patterns in the emission spectra change, depending
in good agreement with experiment. Deuteration shifted the on which feature in the LIF spectrum is excited. In some cases no
experimental frequencies to 771 and 1295 &émnsompared to splitting is observed, whereas in others the splitting becomes larger.
theoretical values of 778 and 1305 cn All of these observations are readily interpreted if we assume that
Further confirmation that the spectra are due to HBF/DBF comes the relevant rotational selection rule A&, = +1. Population of
from the calculated molecular structures and the doublet splittings an upper stat&, = 0 level ( if linear) yields a single transition
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Table 1. Experimental and ab Initio Gound-State Parameters of the HBX/DBX (X = F, Cl, Br) Free Radicals?

HBF/DBF HBCI/DBCI HBBI/DBBr

expt theory? expt theory? expt theory?
21 - 2541/1879 - 2641/1951 - 2653/1959
2 993/771 1008/778 836/644 843/652 834/ 846/603
vy 1311/1295 1320/1305 894/864 909/872 —/738 726/749
A—B 19.5/11.9 18.1/10.6 21.2/12.2 19.4/11.1 20.4/11.8 19.6/11.2
r(B—H) (A)b 1.203 1.191 1.190
r(B—X) (A)P 1.309 1.724 1.872
O(HBX) (degy 121.1 123.3 123.8

a All quantities except the geometric parameters are in‘camd are for the most abundant isotopomer in each E88€SD(T)/aug-cc-pVTZ ab initio
values.

with no splitting down taK, = 1, whereas transitions froi, = 1 the vibrational angular momentum components of different vibra-
(IT) or K, = 2 (A) yield doublets with splittings of 4 — B) and tional levels, disrupting the usual asymmetric #jype sub-band
8(A — B), respectively, as calculated from eq 1 and precisely as is structure. The only difficulty is that lineatbent transitions would
observed. be expected to have long bending progressions in the emission
Experiments with boron triiodide failed to yield any spectra, due spectra, which are not observed. It may be that the bending
to the low vapor pressure and limited thermal stability of, Biut progression is actually much stronger beyond 850 nm, which is
BCl; and BBg gave LIF spectra with both hydrogen and deuterium. the practical detection limit of our apparatus, or that the barrier to
In these cases, bands were also found in the-G@D nm region, linearity in the ground state is so low that it precludes extensive
although the spectra were complicated by overlap with bands of vibrational structure in the emission spectrum.
the BCh and BBk, radicals which are also under current investiga- The data presented in this work will be helpful in attempts to
tion in our laboratory. The wavelength-resolved emission spectra find the infrared matrix isolation spectra of the HBX radicals. Our
of HBCI/DBCI and HBBr/DBBr were similar to those of HBF/  calculations indicate that the radicals have significant dipole
DBF, with activity in the bending and BX stretching modes. In moments 0.5 D) so they should also be detectable by microwave
HBCI the assignments are simply our best estimates as the bendingspectroscopy, although the rotational constants are quite large.
and stretching modes are in Fermi resonance, and it is difficult to Finally, thorough ab initio investigations of the ground- and excited-
identify which is which without further isotopic data. It is important state potentials and energy levels would be very useful as an adjunct
to note that the observed-B- and B-ClI stretching frequencies  to our ongoing investigations of the rotational and vibrational
are substantially lower than the known 1633 and 1122%cralues structure in the LIF spectra.
for the linear HBF and HBCI" ions$>¢ but quite similar to the 1379
and 829 cm! vibrational fundamental$ of BF and BCIl. The
boron—hydrogen stretching frequency;, was not evident in the
emission spectra of any of the radicals. The experimental results
and the corresponding ab initio predictions are summarized in Table
1, which shows good agreement between theory and experiment Supporting Information Available: Complete ref 2. This material
in all cases, leaving no doubt that the species detected are indeeds available free of charge via the Internet at http://pubs.acs.org.
the HBX/DBX free radicals.
Although the ground-state energy levels of these radicals appear
to be fairly well-behaved, the excited-state levels, as Judgeq from @) gfa)aHnglaggt?vlgébga(?)eha\/r\‘/)-e\rfffw(.ll\gllf;ﬂg%h tl?]-i i-’ %ﬁ%@bﬁgﬁlgaﬁs
the LIF spectra, are much more complex and have defied assignment 1997 106, 9461-9473.
to date. On the basis of the known spect?ulﬁ BH, and Walsh ) Frisc_h, M. J. et al.Gaussian 03 Revision C.02; Gaussian, Inc.:
. 0 . . . Wallingford CT, 2004. )
diagrams:® one would predict that the ground and first excited states (3 previous HartreeFock calculations on HBF have been reported by
of the HBX radicals are the two components (a RenriTeller pair) Brotchie, D. A.; Thomson, CChem. Phys. Letfl973 22, 338-343.

of a 2I1 state at linear geometry. In the simplest approximation, (g} Ranagcen K. Firots, Ehom P, Lotione 125 13,
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