JOURNAL OF CHEMICAL PHYSICS VOLUME 111, NUMBER 8 22 AUGUST 1999

Inner shell excitation spectroscopy of transient molecules:
HBS, HBO, and H ;B304

L. E. Ennis and A. P. Hitchcock
Department of Chemistry, McMaster University, Hamilton, Ontario, Canada L8S 4MI

(Received 16 April 1999; accepted 2 June 1999

Inner shell electron energy spectroscq$EELS was used to study HBS, HBO, and;B40;,
reactive, transient species generateditu. The reaction of KS with crystalline boron in a quartz
tube was used to produce thioboritdBS) at ~1100 °C, and borindHBO) at ~1200 °C. The
reaction of HO vapor with crystalline boron in a quartz tube-ai200 °C was used to produce
boroxine (HB303). These species were identified from their inner shell excitation spectra and mass
spectrometry. The BY, S2s, and S ISEEL spectra of HBS, and the Blnd O Is spectra of

HBO and HB;0; are reported and analyzed with the help of GS@HB3initio calculations. A
reaction scheme is proposed for the generation of HBO from the reactiopS&hkd boron in a
heated quartz tube. @999 American Institute of Physids$s0021-96069)01632-3

I. INTRODUCTION and study of transients and reaction intermediates. The tech-

nigue is very sensitive and thus it is readily coupled to a

The spectroscopy of fransient species and reactive inte(/?/ide variety of transient generation techniques. Core ex-
mediates is of interest both to identify novel chemical spe-

. . . . citation is element specific and thus wide scans provide a
cies and to understand reaction mechanisMarious meth- . . .
ods of generating and detecting short-lived species have beéﬂp'd and very helpful monitor of the e',eme”ta' compo§|-
coupled to a wide variety of spectroscopic techniques. Masion ©of the sample under study. Even in molecules with
spectrometry can be used to detect and confirm the presenggveral chemical sites for the same element, spectral fea-
of intermediates; microwave and infrared spectroscopies prdures of specific chemical environments can often be identi-
vide quantitative structural information; photoelectron specfied. The spectral contribution from a single core edge is
troscopy investigates the occupied electronic structure; UVreadily converted to an absolute intensity scale using normal-
visible optical spectroscopy can provide both geometric andzation of the continuum intensity to atomic valueEstab-
structural informatiorf. In this work we report the first sys- jishing absolute intensity scales is very helpful in unraveling
tematic application of inner shell electron energy loss specie spectra of mixtures and also in confirming species
troscopy (ISEELS to the detection and characterization of jyantification by comparison of both intensity and energy

reactive transient species. Ipatterns to calculated spectra. As this paper illustrates,

Inner-shell excitation spectra, recorded using eithe . .
. . . : 42 inner shell spectroscopy can be used for direct chemical
x-ray absorptiohor inelastic electron scatteringSEELS, . e
|gent|f|cat|on.

have been used for many years to investigate the electron - ,

structure of stable gas phase atoms and moleCules. In order to demonstrate the utility of inner shell spectros-
ISEELS, a quasimonoenergetic beam of high-energyopy for the detection and identification of transient species,
electrons is used to excite an electron in a core orbital ofve have studied the products of the heterogeneous reaction
the system under study, and the kinetic energy spectruraf H,S(g) at the surface of solid boron. This system was
of the inelastically scattered electrons is measured. Thehosen since numerous studies have shown it to be an effec-
energy lost by the incident electron beam corresponds teive method of producing HB%:*8In the course of our study

a specific core excitation event. The technique can be apye rather surprisingly found a new spectral signature at high
plied over wide energy range§0-1500 eV in the gas temperatures, corresponding to a species containing boron

phasg so that element specific core excitation spectra cannq oxygen but no sulfur, which we tentatively identified as
be recorded for most elements in the Periodic Table. A BO19-34| order to confirm our identification of this spe-

high impact energy and small scattering angle, ISEEL spec-. . .
tra are dominated by electric-dipole allowed transitions._ > "° also studied the products of the reaction gD(d)

With appropriate corrections, such spectra can be converte%I the surface of solid boron, which is known 1o produce

H 19,20 H
to their optical counterpart with an absolute oscillatorProXine, HB30z.7=" Comparison of the “BS anfj Ok
strength(or cross sectionscale® With the apparatus used for SPectra of the species generated from the “hg/8" reac-
this study, ISEEL spectra can be recorded from any specidéon with those of boroxine ruled out boroxine as the oxygen

for which a vapor pressure of at leask10 ® Torr can be  containing product. Instead, mass spectrometry and compari-
achieved. son toab initio calculations of the core excitation spectra of

ISEELS offers several advantages for the detectiorHBS, HBO, HB3;0;, H,B,O3, and HB3;O, identify the
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|16 calculated the bond order of the B-S

H—B=8 -~ H—B=S: ~— H—B=S thioborine Later Talatyet a
1a 1b bond in HBS to be 2.8structure 1l In 1988, calculations
by Suffolk et al® also predicted a triple bond in HBS.
HB—0 <~ H—B—=0: ~~ H—_B=0" borine HBO is much less stable than HBS. It was first reported
oa b 2 in 1963 by Sholette and Port&who observed it using mass
spectrometry as an intermediate in the production of its tri-
H mer, boroxine (HB305), from the reaction of KO with bo-
oG boroxine ron. Many attempts at isolating HBO have confirmed that
L )?l’ boroxine is much more stable than HééHBO_ has been
H g H produced by photolysis of 48,05, trapped in a low-
temperature argon matrix, then detected by matrix infrared
PN spectroscopy by Lory and Port8in 1971. Transient HBO
H—B\ /B H oxy-diborine has also been generated by oxidation gHBwith N,O or
N 0,.222The half life of HBO was estimated to be less than
100 ms?! The structure of HBO has been determined using
o, O electronic spectroscopy,microwave spectroscogy,and in-
H™ ey SRTH hydroxy-boroxine frared spectroscop¥. The H-B and B—O bond lengths in
L Q HBO are 1.1681) A and 1.2001) A, respectively??
\B: ’ Many ab initio studies have been performed on
H HBO.15-18:24=33A5 with the B—S bond in HBS, there is de-

bate as to the nature of the B—O bond in HBO. Thomson and

Scheme 1. Species whose core spectra were studied in this work. The mow/ishart* proposed that the B—O bond is a double bond.
important Lewis “resonance” structure for HBS and HBO are indicated. However, the SCF study of Nguyest all® claimed that the

B-O bond was triple and dative like the B—S bond in HBS

product of the “hot BS/B” reaction as HBO. Scheme 1 (structure 2 This was supported in 1991 by Talaty al1°
depicts the structures of all species investigated in this workywho described the structure as similar to HBS, and deter-
either experimentally or by quantum computations. We promined the B—O bond order to be 2.4S8tructure 2h One
pose reaction schemes for all transient generating reactionglight expect HBS to have a larger bond order than HBO

including that producing HBO.

A. Previous studies of thioborine
(HBO), and boroxine (H3;B305)

(HBS), borine

Kirk and Timms first observed thioborirelBS) in 1967
using time-of-flight mass spectromeftyThis reactive and
thus transient species was produced in the reaction,8f H bond lengths of 1.37@) A and 1.192) A, and B—O-B and
and boron at~1100 °C under low pressure. The half life was O—B—Obond angles of 120(6)° (structure 3. Partial B=0O
reported to be one minute at room temperature at 0.2 mrdouble-bonding character is expected since boroxine is an
pressure before it decayed irreversibly on the walls of theanalog of benzene.
container to form polymeric (HBS)® The HBS polymeriza-
tion reaction was studied by Gropen and WitNilssen,
who consider it to occur by attack of a Hon. The HS/B
method of producing HBS has been used with many types of. Generation of transient species

spectroscopy to probe its structure and properties. The rota-

since S is a bettefr-electron donor than O, thus the B-S
bond has more triple-dative bonding character.

Boroxine, HB30;, is the most stable form of the HBO
polymer. It has been well documented spectroscopicafls.
From gas phase electron diffractirit is known that the
trimer has a six-membered ring structure with B—O and B—H

Il. EXPERIMENT

Thioborine, HBS, was generated by passingSHjas

tional spectrum of HBS, recorded in 1973 by Pearson anghyer a layer of crystalline boron in a quartz tube. The flow of
McCormick® showed that the molecule is linear in its H,S gas(Matheson, 99.5%was adjusted to increase the
ground state. The photoelectron spectrum of HBS was repressure in the main spectrometer vacuum chamber from a
ported by Krotoet al® and Fehlneret al® in 1973, while

Sams and Makt Igporte_zd the infrared spectrum in 1974. In The crystalline boroiAlfa Aesar, 99.5%was ground with a
1993, Mebekt al*“ studied the microwave spectrum of HBS mortar and pestle to increase surface area and reduce the

generated by the pyrolysis of BHH and reported the H-B

and B—S bond lengths to be 1.1Z6A and 1.605(1) A,

respectively.

base of~1x10 7 to between %10 7 and 6x10 ® Torr.

relative amount of oxidized boron surfatithe same results
were found without grinding A 6 mm diam, 45 cm long
quartz tube was surrounded by an electric furnace. One end

Ab initio calculations of the ground state properties ofof the quartz tube was introduced directly into the spectrom-
HBS have also been performed by many grotips®

eter to within~4 mm of the gas cell, while the other end was

Thioborine, which is a linear, 10 valence electron speciesconnected to a copper tube through which thé kvas in-

was the first species known to have B—S multiple bonding.troduced from behind a leak valve. The furnace was resis-
The ab initio study of Nguyenet al!® concluded that the tively heated to raise the temperature of the quartz tube to
B—S bond in HBS is a triple bond consisting of two covalentbetween 1000 °C and 1200 °C, as measured by a thermo-
bonds and one dative-bond (cf. structure 1a in scheme.1 couple placed adjacent to the quartz tube at the center of the
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furnace(caution must be taken not to heat the quartz tubeg’ABLE . Geometries and basis sets used for the GSCF3 Calculations of
beyond its softening temperatirdoroxine, HBsO;, was ~ HBS. HBO, and HB;0;.

generated using the same experimental design but using a Bond lengths(A) and angles

flow of H,O vapor over the crystalline boron. The® was Species Bond Distance Bond Angle
distilled and purified by three “freeze—pump—thaw” cycles.

. H-B 1169  H-B-S 180.0
No attempt was made to trap any of the products, although in B_S 1599
both reactions copious amounts of colored solids were de- ppo® H-B 1166 H-B-O 180.0
posited on the inside of the quartz tube and on the interior B-O 1.201
walls of the spectrometer, which required frequent and ex- HsB:Os° H-B 119 0-B-0O 120.0
tensive cleaning to maintain operability. After the “hot HB.O S‘S ii’;g S‘g‘g 132'8
” H H H 2D2V3 - . v .
H,S/B” reaction the portion of the_ quartz tube that was in B0, 1380 O-B-O 103.1
the hot zone of the furnace was visibly etched. B-O, 1.365 B_O-0O 105.0
0-0 1470  H-B-O 126.3
- H3B30,° 0,-B, 1.359 Q-B,—H 120.6
B. Spectral acquisition B.—H 1182 H-B-O, 120.2
Core excitation spectra were measured with an electron Bi-0, 1367 B-0-B 1211
energy loss spectrometensing an unmonochromated elec- gfﬁz 1?1’232’ %_32_33 Eg;
. . 2_ . — — 3 .
tron beam operated with final electron energy of 2500 eV, B,-O; 1363  Q-B,O, 119.1
~2° scattering angle;-0.7 eV energy resolution, and inci- 0,-B, 1.375 Q-B;-0, 121.1
dent beam currents of up to 30A. Currents of~4 uA were B;-O, 1.366 B-O,—H 113.4
used to reduce space charge beam broadening and thus to 23-04 ég“g
—H .94

acquire slightly higher energy resolution spectrad.5 eV
FWHM) of the discrete structures. Signal averaged spectrarom Ref. 8. Basis functioriHuzinagaet al. (Ref. 38]: 3 for H, 33/3 for
were collected for 1-6 h. The energy scale was calibrated, 333/33 for S. On the atom given the core hole, a larger basis function
relative to standard lines of well known reference g&bes Was used: 63/5 for B, 533/53 for S.

tables The spectra were background subtracted and th From Ref. 22. Basis function®ef. 38: 3 for H, 33/3 for B, 33/3 for O. On
.(see a p . g &he atom given the core hole, a larger basis function was used: 63/5 for B
isolated core edge signal was then converted to an absolutgnd o.

oscillator strength scale using a conversion procedure déFrom Ref. 33. Basis functior®ef. 38: 3 for H, 33/3 for B, 33/3 for O. On
scribed elsewhenré the atom given the core hole, a larger basis function was used: 63/5 for B

. and O.

A systematic measurement (_)f the pressure and temperasom Ref. 45. Basis functior®ef. 38: 3 for H, 33/3 for B, 33/3 for O. On
ture dependence of the signal intensity was performed forhe atom given the core hole, a larger basis function was used: 63/5 for B
each reactive species studied. For each of eight temperaturggd O. See scheme 1 for labeling of oxygen atoms.
between 800 and 1250 °C, B Bpectra were collected at six Calculated using 4-31 G optimization. Ba5|s functigRef. 39: 3 for H, '

7 6 33/3 for B, 33/3 for O. On the atom given the core hole, a larger basis
pressures betweernGl0™ © and 5<107° Torr at a current of  ynction was used: 63/5 for B and O. See scheme 1 for labeling of atoms.
20 pA. The background was removed from each spectrum,
then the areas under the strong 8deaks were measured to

generate the signal intensity plots presented later. Note that ) - ) ] ]
the spectral changes were reversible and that they occurrsipell orbital specified by the user. The virtual orbitals of this

virtually instantaneously with changes in the temperature ofyStem provide a good approximation to the term values of
the furnace. The proposed species identification was supP€ core excitation features at that §Reb.\_sepa_rat_e calcula-
ported by mass spectra measured with a quadrupole malgn is performed for each distinct che_rmcal site in each_ mol-
spectrometer attached to the ISEEL spectrometer, but coffcule(see scheme 1 for atom numbering for species with the
siderably removed from line-of-sight of the collision cell. Same element in multiple environments

Mass spectra were collected with and without gas, at cold Table | lists the geometries of the molecules studied, all
and hot temperatures. except HB;0, taken from experimerit?>3345and the basis

sets employed. The calculation is performed in three steps. In
step one, the eigenvectof®Os) and eigenvalues of the
ground state are calculated, and the core MO that will lose
In order to gain insight into the electronic structure of the electron is determined. In the second step, the core ion
the transients, calculations were performed using Gaussiastate is computed by removing the user-specified core elec-
self-consistent field version GGSCF3,%*" which is anab  tron and allowing the system to relax and reorganize in the
initio code designed specifically for inner shell excitationpresence of the core hole. The difference in the total energy
and ionization calculations. The program uses the Hartreeef the core-ionized and ground state gives the core level
Fock-SCF approach to solve for the energies and moleculdonization potentiallP) with a typical accuracy of 1 eV. The
orbitals of the system under investigation. The basis setthird step determines the core excitation energies and transi-
used are those of Huzinaga al® The improved virtual or-  tion probabilities in terms of the IVO approximatidhThe
bital (IVO) method®® which explicitly takes into account the absolute accuracy of the computed core excitation energies
core hole in the Hartree—Fock approximation, is used to perdepends on the size of the basis set used. However, the core
form quantum calculations on core-excited molecules. In thistate term values (T¥IP—E) are more accurate and rela-
approach, the core electron is removed directly from an innetively independent of basis set choices. The core excitation

C. Computational methodology
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FIG. 2. (a) Strength of the B & signal from the HS/B reaction as a function

: of pressure and temperatur, ). The 2D contour plots indicate th&(T)
'r:eI;ois Igfn gsfhzg de I&irgrozzigyolfogz SS spir?;trsic;\r;etrh ﬁostalzatsr’o: ncdrysstils. distribution of tht_a intensity of the 190.8 eV and 192.4 eV sign_als, while the
The spectra were recorded using 2.5 keV final electron energy, 2° scatterirgD plot summarizes ‘theF(,T) dependence of the 0\_/eraII Bsignal. (b)
angle, and 0.7 eV FWHM resolution. The pressure and temperature undetir€ngth of the B & signal from the HO/B reaction, in 3D and 2D repre-
which the middle and upper curves were obtained w@rg 10 6Torr, ~ Sentations.
1100 °Q and(5x 108 Torr, 1200 °Q, respectively. Offsets of 100 and 420
have been used. The insert plots the ©ré&gion recorded under conditions
similar to those used in the middle and upper curve of the main plot.

190.8 eV peak became negligible, and the 192.4 eV peak
dominated the entire spectrum. Simultaneously, above
term values and optical oscillator strengths generated by th&150 °C a sharp feature appeared in thesQdgion of the
third step of the GSCF3 calculation are used to generatgpectrum, as illustrated in the insert to Fig. 1. The pressure
simulated core excitation spectra by summing Gaussian linesnd temperature dependence of thesBignals at 190.8 and
at an energy given byiP-term valug, an area given by the 192.4 eV are presented in Fig(a2 There is a remarkably
oscillator strength for excitation to each improved virtual clean differentiation of the conditions giving rise to HBS
orbital, and a width chosen as a function of the term value. Iffrom those giving the high temperature boron oxide species,
the discrete region, the chosen line width is that of the in-indicating a threshold for some process is exceeded in the
strument while larger line widths are used for the lifetimereaction.
broadened continuum resonances. The widths used are sum- Given the presence of boron and oxygen and the absence
marized in footnotes to the tables which summarize the comef sulfur, the most likely candidates for the high temperature

putational results. species are either borifelBO) or boroxine (HB;03). The
very sharp, intense low energy Bland O Is signals are
1. RESULTS more consistent with the-2.5 bond order of HBO, than with

the 1.5 bond order of B3;05;. However, previous studies of
this reactioft® have not reported HBO or indeed, any oxygen
Representative spectra acquired a$ ias passed over containing speciesKroto et al® actually noted changes in
the crystalline boron in the heated quartz tube are presentdae photoelectron spectrum at temperatures above 1150 °C
in Fig. 1. These ISEEL spectra were collected in thesB1 but concluded the unidentified species involved did not con-
S2s, S2p, and Ok regions at(P=2x10°®Torr, T  tain either sulfur or oxygeh.In addition, it is well known
=25°0), at(P=1x10 ®Torr, T=1100°Q, and at(P=5 that boroxine is significantly more stable than the HBO
% 10" ® Torr, T=1200°Q. Below 900 °C, there was no Bs1 monomer. In order to determine if the product of the “hot
or O 1s signal and the S2and S % spectra were those of H,S/B” reaction is boroxine, we used ISEELS to study the
H,S.*® At approximately 1000 °C, the SR2and S signal  reaction of HO with hot boron, under conditions known to
changed shape and a sharp, intenses Bé&ak appeared at produce HB3;O;. At 1150 °C strong signals were observed
190.81) eV. As the temperature was further increased tan the B1s and O Is spectra, as illustrated in Fig. 3. The
1150 °C or higher, the 190.8 eV peak decreased in intensityshapes of these signals are different from those observed in
the S2 and S 3 signal intensity dropped dramatically, and the “hot H,S/B” reaction. Careful calibration of the sharp
a second peak developed in the 84pectrum at 192(4) B 1s peaks placed that from the,8/B reaction at 192(1)
eV. By 1200°C, all S® and S & features disappeared, the eV, 0.3 eV higher than the peak observed at 162.4V in

A. Reactions of boron with H ,S and H,O
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FIG. 3. ISEELS spectra in the Bsland O Is region from HO and the
product of passing 5D over boron at 1150 °C. The upper data was recorded
at (5% 10 ® Torr, 1150 °GQ. Offsets are used for clarity. See caption to Fig.
1 for experimental details.

the high temperature regime of the,$IB reaction. Since

H;B305 is known to be produced under these conditions, the Mass/charge (amu)

main features of the spectrum from the®1B reaction are

assigned to EB;O; (as discussed below, we suspect theFIG. 4. Mass spectra recorded under the indicated reaction conditions. Hori-

weak feature at 194.6 eV and possibly that at 191.0 eV aréontal and vertical displacements are used to avoid overlap. The signal from
. the no-sample background recorded just prior to heating the furnace has

from other boron specigsThe pressure and temperature de-, .. < biracted.

pendence of the Bdsignal from the HO/B reaction is plot-

ted in Fig. Zb). It is distinctly different than that for the high

temperature b5/B signal[Fig. 2(@)]. tent with the expected isotope distribution of
Support for our species identification is provided iny (*BO-"BO/HBO-H!BO). Weak signals at these same
situ mass spectrometry. Figure 4 compares mass spectra coh/z are seen in the mass spectrum of the 1100 °C reaction,
lected during the low and high temperaturgSfB reaction indicating some of the hot 4$/B product was also being
conditions and during the J/B reaction. There is a strong formed even under these conditions. Similarly, there is re-
m/z=2 (H,) signal in the mass spectra under all reactionsidual HBS signal under the higher temperature reaction con-
conditions, but it is especially strong in the hoj3#B reac-  ditions. The mass spectrum of the hosSfB reaction is a
tion. Hydrogen is a by-product in the formation of both HBS more ambiguous signature of HBO than that detected by the
and HBO(Refs. 9,10 and in the decomposition of 43 at  |SEELS experiment. This is not surprising since the mass
high temperatures. The spectrum from thgO¥B reaction  spectrometer is about 20 cm away from the collision cell and
exhibits peaks atn/z=82 and 83, which are consistent with can only be reached by multiple wall collisions, in which the
H,B30; and HB;O; .*° These peaks are absent in the hotreactive HBO species would be expected to adsorb and react,
H,S spectrunisee insert to Fig. 4 This rules out attribution  |eading to differential depletion of HBO relative to minority
of the high temperature 43/B species as boroxine, and in- species in the reaction mixture. Note also that th&®H
directly supports its attribution to HBO. Indeed in the HBS SignaLm/z: 18, increases under the “hotza/B” reaction
experiment, there are no high mass peaks in the mass spegnditions, consistent with reaction of hydrogen and oxygen.
trum from either the 1100 °C or 1200 °C reaction with3H Based on both the mass spectrometry and the ISEELS, we

that are consistent with the presence @BkD;. The high  assert that the §$/B reaction product is HBO.
mass signal in the $$ experiment ain/z~ 74 could be due

to (HBS), associated with (HBS) prepolymer species,
which have been documented in other stu@iés.

In the mass spectra from the,&l experiment, there is a Figure 5 displays the B4 oscillator strength spectra of
decrease in thev/z=32(S"), 33 (HS"), and 34(HS") in-  HBS, HBO, and HB;O;, as well as the B4 spectra of
tensities, and an increase in the/z=27(BO"), m/z  HBS, HBO, HB;0;, H,B,0;, and HB;0, predicted by the
=28 (HBO"), andm/z=2 (H, intensities as the tempera- GSCF3 calculations. The latter two boron oxide species have
ture is increased from 1100 °C to 1200 °C. These features aifgeen detected in small amounts in reactions between boron
consistent with HBO production and decomposition gBH and oxyger'*® Thus the B 3% spectra of HB,O; and
at higher temperatures. The fragmentation pattern in thél;B;0, (structures 4 and)Svere computed in order to con-
m/z=27-29 region of the 1200 °C mass spectrum is consissider the possibility that the “hot $$/B” reaction product is

B. B1s spectroscopy of HBS, HBO, and H ;B304
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spectra is attributed to Bslexcitation to the LUMO, ofr™*

and thus the B4 core level is less tightly bound, and also
because sulfur is a better-donor than oxygen. The latter
makes the separation of theHOMO and#* LUMO energy
levels smaller so that less energy is required for thesB 1
—a* excitation. The GSCF3 computation supports this

i B1s 0B OJK_/E\/\ ] character in all three species. Contour plots of the LUMO
sor s E 1% orbital in the (B1s™ % #*) excited states are presented in
0 Fig. 5. (Note that in boroxine the use of a localized core hole
] concentrates electron density on the core excited B atom. A
s @ < HZBZM a0 linear combination of similar functions with the core hole on
[ )h@ i . 1 each B atom would be a more accurate representafidre
I ’ Y Bﬂ]\j\f\ ] B_ls—mr* peak for HBS occurs at !ower energy than_in
” __J\/Rs 873 1 s either HBO or HB;05 because sulfur is less electronegative
- M S

T
!

n

(=]

20
HBO

Measured oscillator strength per B atom (10 ev?)
Computed oscillator strength per B atom (10 eV")

PO _&_4—.
] viewpoint since the predicted Bt 7* energies for HBO
10 10 and HB;0; are higher than those for HBS. The calculated
E B 1s ionization potentialgIP’s) also follow this trend, with
HBS predicted IP’s of 199.5 eV, 200.3 eV, and 200.6 eV for HBS,

I

190 200 210
Calculated Energy (eV)

0 HBO, and HB303, respectively. In addition, the sharp, in-
tense nature of the™ peak in HBS is consistent with the
triple bonding character in the molecule.

Similarly, the B 1ls—#* excitation energy is slightly
FIG. 5. (Left) Experimental B % oscillator strength spectra of the three lOWer for HBO than for HB3;O; because each boron in
transient species observed in this work. A background generated by extrapéd;B505 is bound to two oxygen atoms, stabilizing the 8 1
lation of the pre-edge signal, has been subtracted in each case. Offsets &gyre |evel and shifting its excitation and ionization energies
used for clarity. The asterisks indicate peaks believed to come from spemets(,) higher energy. The greater intensity of the 84 77* peak
other than HB;O3;. The computeds LUMO for B 1s core excited HBS, . .

HBO, and HB,0; are plotted(Right) B 1s spectra of the indicated species Of HBO relative to that of HB;O; found both experimen-
computed by GSCF3. The hatched lines indicate the calculated location dially and computationally, is consistent with the larger
the B1s IP. boron—oxygen bond order of HBO.

The calculated spectra support these interpretations. In
aarticular they predict the same energy ordering and relative
intensities for the B §— #* transitions, although, as found
in other applications of this GSCF3 methodology, the abso-
lute calculated energies are about 2 eV higher than the ex-
perimental values. The overall pattern of the higher energy
structures is also reproduced, although not as precisely as the
energies and intensities of the stront) peaks. The similar-
ity of the appearance of the calculated spectra 4845 and
H3B30, to that of HB3;03 shows that these could be minor-
ity species in the reaction and may contribute to the spectra
collected. The relative positions of the computgtl peaks
suggest that the small feature at 194.6 eV in thesBfec-
trum of the HO/B reaction may be due to one of these
minority species.

190 200 210
Energy (eV)

one of these oxides, and also to help assign small addition
features in the spectrum of ;B;05;. The predicted B &
spectra for HBS, HBO, and 48505 are in generally good
agreement with the spectra from the “coob%4B,” “hot
H,S/B,” and the HO/B reactions, respectively. The pre-
dicted spectra for kB,O5; and HB30, are also significantly
different in shape from the spectrum of the “hot$4B”
reaction product, although quite similar to the predictedsB 1
spectrum of boroxine. Thus, comparison to computation pro
vides further support for our interpretation of the chemistry.
The experimental B4 peak energies are summarized in
Table Il while the main B $computational results are sum-
marized in Table Ill. The lowest energy peak in all three

TABLE II. Energies and proposed assignments for features in the B 1

spectra of HBS, HBO, and 4B;0; (=0.1 e\).

C. O1s spectroscopy of HBO and H ;B304

Species Assignment The O 1s ISEEL spectra provide further evidence for

Peak HBS HBO HB,0, HBS HBO  HB.O, attributing the “hot HS/B” reaction product to HBO. Figure
6 compares the Oslspectra from the hot $$/B and HO/B

v 1910 . reactions to the GSCF3 computed ©dpectra of HBO and
;, 1908 1924 (13421; -7 Z*Eﬁlébg )2 HsB;0;. The calculated Od4 spectra for HB,O; and
2 1954  197.@) 19742 of, Ryd w*(by H3B40, are also included, and all chemically distinct oxygen
3 1976  200.89) Ryd 2 sites have been considered. Relative to thesBfiectra, it is
4 200.64) 203 202.94) ofo oo clear from both the experimental and computed spectra dis-
5 203.46) 209

Calibration: HBS+6.3(1) eV relative to thet,q peak of Sk at 184.545)

(Ref. 35; HBO+7.91) eV relative to SE; H;B;0; +8.2(1) eV relative

to Sk.

played in Fig. 6 that O4 is more sensitive than Bslspec-
troscopy to chemical bonding in these boron oxide species.
The energies and proposed assignments of the péctral
features are summarized in Table IV while the energies of
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TABLE Ill. GSCF3 computed energie®V) for B 1s excited states of HBS, HB, 4805, H,B,0;, and

HyB:O, .2
(A) HBS, HBO, HB:0;
HBS HBO HB,0,

& fe Assign? & fe Assign? & fe Assign¢
—6.93 8.12 ™ —6.44 8.23 ™ —6.19 8.82 *

-0.57 0.23 e

199.5 IP 200.3 IP 200.6 IP
1.05 1.59 ™ 0.22 2.35 ™ 1.11 0.46 e
143 040 ok g 1.20 082 o 121 261 ok

1047 268 o 0.38 037  ofo 402 023 o
5.23 0.11 o* 4.97 2.82 ™
(B) HzB50s5, H3B30, H3B30,
H,B,0, B 1s (O-B-0O B 1s (B—OH)

& fe Assign? e fe Assign? & fe Assign?
-6.71 8.92 ™ —-5.72 8.78 ™ -5.03 8.62 ™
—4.27 0.58 ™ —2.60 0.23 ™ —1.06 0.35 *
—-3.43 0.09 o* -0.32 0.24 o*

—-2.80 1.15 o* —-0.30 0.16 ™

-0.87 1.02 o*

201.3 IP 200.1 IP 201.6 IP
0.10 1.57 ™ 1.36 0.44 o* 1.08 1.72 ™
1.23 0.13 o* 1.53 0.71 o 1.08 0.13 o
3.86 0.34 o* 1.91 2.25 ™ 2.56 0.11 o*
4.61 0.63 ot o 4.76 0.93 o* 3.90 2.38 o*
741 107 o 5.29 065 0% 478 089 ok,

10.32 2.43 o* 6.40 1.56 o* 6.87 0.35 o*
11.60 5.57 o* 8.41 2.85 o* 8.00 2.27 o*
13.36 1.06 o* 8.90 0.72 o* 8.98 1.56 ot

9.61 2.60 o* 9.90 1.74 o*

aWidths of Gaussian peaks used in the simulated spectra are set according to the terife, vahezgy of
transition relative to the IR with 1.1 eV for —10<e<—4 eV, 3.0 eV for—4<e<4 eV; 5.0 eV for 4e<10

eV; 12.0 eV for 18<e<25; 15 eV fore>25 eV.

PIVO orbital energy which approximates the term value for the core excited state. The GSCF3 prediction of the
absolute transition energy is +R.

“Oscillator strength X 10?) for the indicated transition.

dDominant orbital character.

the computed spectral features are summarized in Table ound in the calculated Oslspectra, although the shift in the

As with the B Is spectra, the good agreement of the experi-O 1s— 7* transition between HBO and B,0; seems ex-
mental Ok spectra with those computed for HBO and aggerated. The calculated absolute peak energies and abso-
H3B305, as well as distinct differences from the computed|ute intensities for the O spectra are very close to those

O 1s spectra of HB,O; and HB30,, support our species found in the measured spectra, particularly faBsD;.
attributions.

The intense low energy feature in each spectrum is at-
tributed to the O $— =* transition. Contour plots of the
LUMO #* orbital in the (O 5™ 1,7*) excited states of HBO
and HB30; are presented in Fig. @Note that in boroxine The S and S 3 ISEEL spectra of HBS are plotted in
the use of a localized core hole concentrates all density oRig. 7 in comparison to those of,8, along with the GSCF3
the core excited O atom. A linear combination of similar predicted spectrum of HBS. The energies for thepad X
functions with the core hole on each O atom would be aspectral features of }$ and HBS are summarized in Table
more accurate representatipithe peak in HBO occurs 0.6 VI while the computed S energies are summarized in
eV lower in energy than that for 48,05, a shift similar to  Table VII. The S2 spectrum of HS shows a low energy
that in the B 5— m* transition energies. While qualitatively feature due to Si2 excitation to a low-lyingo};_g dissocia-
one might expect the OslIP to shift opposite from the Bal  tive state. This feature is absent in the sspectrum of HBS
IP, in fact the calculations predict that the ®P of HBO is  since HBS does not have a low-lying dissociative stite.
0.9 eV lower than that of EB;O5. Similar to the Bk spec- There is a weak, low energy contribution to the (5 &pec-
tra, the intensity of the Od— 7* peak is much greater for trum of HBS which we attribute to S®2—=* transitions.
HBO than for HBs0;3, which is consistent with the greater Since ther* orbital in HBS is mainly of S  character, this
boron—oxygen bond order of HBO. These trends are alstransition is weak due to poor dipole overlap.

D. S2s and 2 p spectroscopy of HBS
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/L reaction schems 1
L0 SLJNL L L LN N B N B B IS B N B e B ML B BN [ B B

H,B.0
o 1s E _35.?3.54(01) H,S(g) + B(s) — HBS(g) + 1/2H,(g)
E OH (04)

reaction scheme 2

H,S(g) —— H,y(9) + S(s)
SI0,(s) —~ SIO (s) + 1/20,(q)

o1
E H2B203
o2 B(s) + 1/20,(g) — BO(s)

__ 0002 |
E ,,,,,, B-0-B (O1)

05 BO(s) + 1/2H,(9) —— HBO(g)

B(s) + SIiO,(s) + H,8(g) —— S(s) + Si(s) + 1/2H,(g) + 1/20,(g) + HBO(g)

reaction scheme 3

H0(g) + B(s) — HBO(ads) + 1/2H,(g)

Measured oscillator strength per O atom (102 eV™)
Computed oscillator strength per O atom (1 0? eV")

HBO 3HBO(ads) —= H,B,0,(g)
E 3 H,0(g) + 3 B(s) — 3/2H,(g) + H,B,0,(q)
. Scheme 2. Proposed reaction sequences for proddtjngBS, (2) HBO,
T . . . 10 and(3) H3B;0;. All reactions involving reactant or intermediate B species
530 540 550 7 530 540 550 are considered to take place at the surface of polycrystalline boron.

Energy (eV) Calculated Energy (eV)
GSCF3 computed signal are close to experiment, though the

FIG. 6. (Left) Experimental O § oscillator strength spectra of the two predicted energies are about 4 eV higher_ The agreement
oxygen containing transient species observed in this work. Pre-edge bacb— tween computed and observed 5 &pectral shape pro-
ground has been subtracted in each case. The line is a smoothed version 0? .
the data to guide the eye. Offsets are used for clarity. The comptted vides further support for our assignment of the hgSHB
LUMO for O 1s core excited HBO and ¥B,0; are plotted.(Right) O 1s reaction product as HBO.
spectra of HBO, HB;0;, H,B,03, and HB3;0O, computed by GSCF3. The
hatched lines indicate the calculated location of thesQH(s).

IV. DISCUSSION: PROPOSED REACTION SCHEMES

The S & spectrum of HBS was also examined. In gen- Proposed reaction schemes to generate each of HBS,
eral, S spectra can be more informative about bondingHBO, and HB;O; are presented in Scheme 2. The Gibbs
than S D spectra since they sample thelensity of states in  free energy for each overall reaction, calculated from the
the unoccupied levels, whereas the[Sspectrum samples  standard state Gibbs energy of formation of the reactants and
andd character, which are much less important in bondingproducts?! corrected for temperature and pressure,-a248
However, the unfavorable signal to background ratio fosS 2 kJ/mol at 1400 K for HBS;—331 kJ/mol at 1500 K for
spectra makes this a challenging measurem@iite SI  HBO; and —384 kJ/mol at 1500 K for §B;O5;. Thus each
spectrum would be much more sensitive but, at 2460 eV, it iseaction scheme indicated in Scheme 2 is thermodynamically
above the energy losses accessible by ISEETLBe lowest  allowed.
energy peak in the $$ spectrum is due to the S2 0™ HBS is generated from the reaction of$land hot crys-
transition. In HBS, the lowest energy peak is assigned to thealline boron at temperatures of approximately 1100 °C, as
S 2s—7r* transition which occurs at lower energy than theoutlined in reaction scheme 1. At higher temperatures
S2s— o™ transition in HS since ther™ orbital in HBS is  [>1200 °C (Ref. 42] H,S decomposes into its constituent
lower in energy. The S&-=* transition is quite prominent elements. This is evidenced in the mass spectra in Fig. 4 by
relative to the S8 continuum of HBS, consistent with the the appearance of signalsratz2 (H, ) and the decrease in
strong multiple bond. The broad peak at 235 eV is attributedntensity of peaks at/z 32 (S"), 33 (HS"), and 34 (HS")
to S 25— 0_gtransitions. The line shape and intensity of theat higher temperatures. The high temperature decomposition

of H,S has also been documented in previous studies of the

HBS reactior?. Presumably the onset of this decomposition
TABLE V. Energies and proposed assignments for features in the O 1 abruptly terminates the reaction pathway leading to HBS. In
spectra of HBO and kB0, (0.1 eV). the same temperature regime, a new pathway opens up, that

Species Assignment leading to the species we have identified spectroscopically as
HBO.
Peak HBO H4B30s HBO H5B:Os The interesting question is, where does the oxygen come
1 534.6 535.7 ™ ™ (by) from? The oxygen needed to form HBO must come from the
2 544 544.5 T%o T80 guartz tube since there was no oxygen species present in the
3 552 552

vapor phasdas detected by ISEELS or mass spectrometry
aCalibration, HBO +3.81) eV relative to Q: 530.81) eV (Ref. 35;  until the tube was heated to 1200 °C in the presence,8t H
H4B303 +4.41) eV relative to Q. The observation of strong etching of the quartz tube is also
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TABLE V. GSCF3 computed energi¢sV) for O 1s excited states of HBO, 48505, H,B,05, and HB30,.?

(A) HBO, H3B30,

HBO H:B,0,
& fe Assign? € f Assign?
—7.60 1.56 ™ -5.23 0.79 ™
—-2.53 0.88 ok o -1.97 0.32 T
539.7 1P 540.6 1P
0.04 0.32 *
8.73 0.01 o 2.99 0.19 ok o
13.15 1.56 * 3.41 0.65 o*
5.37 2.09 o
7.18 0.86 o
(B) H;B,05, H3B30,
H,B,0, HyB:O,
0,° 0, 0,° ok
& f¢  Assign? € f  Assign® € f  Assignd € f  Assignd
-7.30 1.12 ™ -6.67 282 o* —-3.16 0.40 e —-4.92 0.50 ™
-5.43 1.88 o* —-6.12 0.40 ™ -1.35 111 * —-1.07 0.45 ™
—-3.87 0.52 ™ -5.41 050 of 3.07 1.49 o* 0.53 0.25 ™
220 1.80 o* -3.79 0.73 o* 5.33 0.35 o* 3.72 0.45 (TE_O
542.6 IP 542.0 IP 540.1 IP 539.9 P
11.49 1.47 * 2.44 0.20 o* 8.42 0.83 o* 4.04 0.68 o*
12.28 1.60 o* 440 0.11 o 10.60 0.70 o* 5.17 0.15 o*
12.68 0.68 o* 8.24 0.62 o* 10.80 0.14 o* 6.97 1.70 o*
17.14 0.68 o* 9.00 0.18 o* 11.70 152 8.16 0.70 o*
1256 154 =* 12.06 035 o* 9.65 0.09 o*
1291 126 o* 12.33 042 o* 10.45 0.04 o*
11.35 0.21 o*

aWidths of Gaussian peaks used in the simulated spectra are set according to the terife, vaheggy of
transition relative to the IR with 0.8 eV for —10<e<—2 eV, 3.0 eV for—2<e<4 eV; 8.0 eV for 4<e<10

eV; 12.0 eV fore>10 eV.

BIVO orbital energy which approximates the term value for the core excited state. The absolute transition energy
is IP+e.

‘Oscillator strength X 107) for the indicated transition.

YDominant orbital character.

€The identity of the inequivalent atoms is indicated in Scheme 1.

consistent with quartz decomposition to yield oxygen. Wereaction scheme 2. It likely includes the reaction of crystal-
stress that when boron is heated to 1200 °C in a quartz tubne boron with Q at high temperatures to form BY.A
without H,S, this etching does not occur, there is ngOH computational study by Page in 198Ref. 25 claims that
signal beyond that in the background gas, and there are O can react with K to form HBO. The kinetics of this
volatile products detectable by ISEELS. In the absence ofeaction were investigated in 1991 by Garlazichl,*® where
H,S, temperatures of 2000 °C or more are required to striphe BO was generated by the laser photolysis of
oxygen from quartZ® However the thermodynamic thresh- BCl,(OCHs). Thus we propose that HBO is formed at the
old temperature for Si9©decomposition drastically decreases boron surface by reaction with oxygen from theSHnduced
when a reducing agent such as3Hs present® Under HS ~ SiO, decomposition reaction and hydrogen from,SH
flow conditions, Q could be present at relatively low pres- decompositiorf®
sures due to the }$-induced decomposition of the quartz. Why doesn’t boroxine form instead of HBO? Relative to
The oxygen species active in generating HBO could be eithethe H,O/B reaction, there is less oxygen available at the sur-
atomic or molecular, with the important species being thaface of the boron crystals to participate in the reaction, thus
present on the boron surface. fewer HBO transients are produced. This may be an impor-

It is also essential to have a source of hydrogen for théant factor in avoiding conversion to the more stable
reaction to occur. This is provided by the thermal decompoH3;B;05;. The HBO is stable long enough to be detected
sition of H,S into S and H above 1150°C. Indeed, the spectroscopically under our conditions. The estimated transit
thermal cracking of sulfur and the concomitant trappingtime from furnace to gas cell is estimated from kinetic theory
of elemental sulfur on the quartz or boron surface is an esto be ~0.5 ms.The strategy of using oxygen generated by
sential part of the explanation of our observations, sinceeductive decomposition of quartz as a means to generate
when HBO is observed there is essentially no sulfur containtess stable suboxidesppears to be remarkably successful
ing species present in the vapor phase products of the reasince there was no evidence fogB405 either in the ISEEL
tion (see Fig. 1L spectra or the mass spectra.

The sequence proposed to lead to HBO is outlined in  The production of HB;O5 by the reaction of KO with
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——r T AT T T TABLE VII. GSCF3 computed energie@V) for S 2s excited states of

aWidths of Gaussian peaks used in the simulated spectra are set according to
the term value(e, energy of transition relative to the IP, with 1.5 eV for
: —10<e<—-2 eV; 3.0 eV, for—2<e<4 eV; 8.0 eV for &e<10 eV; 12.0
N T T T eV for e€>10 eV. The greater discrete width is associated with Coster—
160 180 220 240 Kronig broadening of S & states.
— — —— —— PIVO orbital energy which approximates the term value for the core excited
state. The absolute transition energy is-i¥
Oscillator strength X 10?) for the indicated transition.
9Dominant orbital character.

6L ; HBS?2

~ : - :
35 HBS \,\,,/\AA\_\ e f Assignmertt
2,46 -9.29 0.70 *
s | S2p : S2s ~4.37 1.34 ok
§ 3k T 242.4 P
] :

2.l H,S : 7.49 0.30 o*
5 :

3 :

° :

gth (102 eV")

V. SUMMARY

d oscillator st

Inner-shell electron energy loss spectroscopy was used
to investigate the spectroscopy and electronic structure of
transient species. The unstable transient species, HBS was
generated by reaction of )8 and crystalline boron at
1100°C in a quartz tube. Similarly, boroxinegBtO5; was
FIG. 7. (Uppe) Experimental S & and S 2 oscillator strength spectra of formed in the reaction between,@ and crystalline boron at
HBS and HS. Offsets are used for claritfLower) Comparison of the 1200 °C. At temperatures above 1150 °C in the&SHB reac-
gxpgrimental S &signal of HBS to_that computed by GSCF3. The hatched tjon 3 new species was observed, which the evidence
line indicates the calculated location of the SIP. strongly suggests is HBO.

This work has demonstrated the usefulness of ISEELS

_ . ~ for studying unstable molecules, in the exploration of novel
crystalline boror(reaction scheme)3ccurs because there is chemistry, and potentially for the detection of reaction inter-

a continuous flow of KO over the boron. Since there is more mediates. The qualitative and semiquantitative elemental
oxygen available to react at the surfaces of the boron crysanalysis provided by ISEELS, the insight offereddiyinitio

tals, more HBO can be produced. This in turn quickly reactsalculations, and the confirmation of species identification by

to form the more stable species;B40;. The reaction most mass spectrometry, is a powerful combination that can be
likely occurs on the boron surface since the rate of intermoysed to investigate many different gas phase reactions as

lecular collisions at 10° Torr is negligible and because well as vapor phase products of heterogeneous chemistry.
HBO was not detected in the ISEELS or in the mass spec-

trum.

Measured oscillator strength (102 eV"’")

0.0 et

P PP PR

220 230 240 230 240 250
Energy (eV) Computed energy (eV)
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