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Photofragmentation of closoCarboranes Part 1: Energetics of Decomposition
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The ionic fragmentation following B 1s and C 1s excitation of three isomeric carborane cage compounds
[closadicarbadodecaboranes: orthocarborane (224H;,), metacarborane (1,7:B10H12), and paracarborane
(1,12-GB;oH312)] is compared with the energetics of decomposition. The fragmentation yields for all three
molecules are quite similar. Thermodynamic cycles are constructed for neutral and ionic species in an attempt
to systemically characterize single-igtosccarborane creation and fragmentation processes. Lower energy
decomposition processes are favored. Among the ionic species, the photon-induced decomposition is dominated
by BH' and BH" fragment loss. Changes in ion yield associated with core to bound excitations are observed.

1. Introduction infer that complete dissociation of the molecular icosahedra does

The ability to generate semiconducting arades of boron not occur in the plasma decomposition of tiesccarboranes.
Y 9 99 Regrettably, relatively little is known about the detailed

garblde by plasmg-enhanced chemical vapor-phase de.Compos'élecomposition mechanisms of thsocarboranes?
tion and deposition (PECVD) of carboranes permits the The B 1 dcC1 ilat ¢ th tractds
development of corrosion resistant, high-temperature boron N S an S osciflator stréngth spectracliso

carbide semiconductor devices with many applications including carboranes .prowde only the starting point and necessary
neutron detectiof.” It is now clear that these boron carbides, spectroscopic background for understanding the changes of the

of approximate stoichiometry “BigH,” (where X represents fragmentation yields with photon energy. In p_rior_ studies of the
up to ~5% molar fraction of hydrogen), exhibit a range of closocarboranes, the B 1s and C 1s excitation spectra of
electronic properties (e.g., p-type or n-tyfend differing band orthocarborane, metacarborane, and paracarborane were re-
gap$) presumably as a result of differing electronic structures cor(_jeq Wl'gh bo.th dipole regime electron impact and synchrqtron
originating in differences in polytype (molecular structuréf. radiation:* This work explores the ph_otou_)n fragm_entauon
It has been observed that the majority carrier in ongBgHy” processes Qf Fhelosocarboranes. Ml.Jlt'ple lon creation and
boron carbide semiconductor relative to another and the molec.ular fission are certainly possible aqd highly Ilke!y at
concomitant placement of the Fermi level within the semicon- energies at_)ove the core thresholds and will be more directly
ducting gap appears to “mirror” the relative placement of the addressed in §ubsequent paper(s). . .
free molecule chemical potential relative to the Fermi level for  1h€ modeling of molecular decomposition processes in
molecular filmg° of the corresponding source compound (i.e., chemical vapor deposition (CVD) is particularly valuable in

the pertinentclosocarborane decomposed to form the semi- developing a clear picture of CVD. Density functional theory
conductor). 810,11 and semiempirical methods have both been used to calculate

the energetics otlosocarborane decomposition. Thermody-
lecular orbital alignment for the adsorbed molecular films, we namic cycles have been used to elucidate the mechanisms of

suggest that decomposition of tbl®sccarboranes to form the part of the electron- qnd phqton— induced .decomposition
“C,B1oH," boron carbide semiconductor does not result in pathways for the three different isomersabddscdicarbadode-

complete fragmentation of the icosahedral cage, as might bec@oranes: orthocarborane (1,#H:,), metacarborane (1,7-
suggested by cluster calculatiofsand the resulting carrier ~ C2BioH12), and paracarborane (1,12830H17). All three isomers

concentration is influenced, at least somewhat, by space Chargé1ave icosahedral-likg structures, differing only in the pllacement
layers. Thus, from the observed materials properties, one might© the two carbons in the icosahedra, as shown in Figure 1.

If the adsorbate dipole moment indeed influences the mo-
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ortho

Figure 1. Structures ofcloso1,2-orthocarboraneslosoel,7-metacarborane, amoso1,12-paracarborane §BioHi2) and their atom-numbering
schemes.

para

procedures described in ref 13. All solvents (tetrahydrofuran, Hartree-Fock (UHF) energy states. The ground-state geometries
pentane, and diethyl ether) were reagent grade or better andof these carborane clusters were optimized using energy
distilled from the appropriate drying agents (Na) under a dry minimization with semiempirical method PM3 before the DFT
nitrogen atmosphere prior to use. After drying, all organic calculations to save on computational time. The total energy is
solvents were degassed with a dry nitrogen stream and then bybetter estimated using DFT, although there are serious deficien-
repeated freezethaw cycles, resublimed, with purity in all cases cies in using ab initio DFT to model the electronic structure of
confirmed by NMR spectroscopy, and then stored in vacuo prior the carborane¥:16 Although correctly assessing the strength
to use. Deuterated solvents were used as received and, afteof the exchange and correlation interactions in formation of the
degassing, stored ové A molecular sieves prior to use. The highest occupied (HOMO) to the lowest unoccupied (LUMO)
commercially available anhydrous chemicals were either used molecular orbitals gaps is a problem in DFT, this is one of the
as received or purified by the method indicated and, where better approaches to estimating the chemical energetics.
possible, stored ove4 A molecular sieves prior to use. The

identity and purity of all compounds were determined by nuclear 3. lonic Fragmentation of the closoCarboranes

magnetic resonance (NMR), infrared spectroscopy (IR), and 1 identify selectivity in fragmentation processes, quantitative
mass spectral measurements and compared with literature Valueﬁ/ields are required, and thus, it is important to understand the
NMR spectra were obtained on a Bruker AVANCE400 operat- (e|ationship between measured signals and the true partial

ing at*H 400.1 MHz,7%C 100.6 MHz, and'8 128.38 MHz. hotoionization cross-section. The photoionization cross-section
Proton and carbon spectra were referenced to solvent and borof,; the boron and carbon sites can be seen from the photoion-
spectra to an insert of BFERO. ization total yield spectra otlosocarboranes, as shown in
The photoexcitation spectra were recorded using both total Figure 2 and previously describédFrom the comparison of
electron yield and total ion yield detection at beam-line 9.0.1 the B 1s and C 1s oscillator strength spectra otdso
of the Advanced Light Sourc¥,as described previouslj.The metacarborane, we can see the spectra of the thies
beam-line consisted of a spherical grating monochromator carhoranes are relatively similar. The B 1s spectra of all isomers
illuminated by the radiation from an undulator. Rather narrow are dominated by the strong resonance centered near 192 eV.
entrance and exit slits were used, typical$0um. The photon At higher resolution, an isomer-dependent fine structure is
resolution was better than 0.1 eV fwhm. visible within this band, indicating that the B 1s spectra are
In investigating the ionic fragmentation, a time-of-flight mass sensitive to differences in the electronic structure of the
spectrometer was uséti The time-of-flight mass spectrometer  jsomerst3 For orthocarborane (nominallg,, symmetry), the
consisted of a two-stage acceleration region separated by gridsi92 eV band was assignéd’to overlap of excitations to the
followed by a 30 cm drift tube with a multichannel plate detector 104’ and 17amolecular orbitals from all the B 1s orbitals (in
for ion detection. Wiley-McLaren focusing conditions were  the point groupCs symmetry). The other prominent B 1s spectral
used A —250 V/cm extraction field was used for the ions. features are two broad bands located in the B 1s continuum
Under these conditions, splitting was not detected for any of (197 and 202 eV). In the para and meta isomers there is a distinct
the mass peaks, indicating there was negligible distortion of shoulder at 195 eV that is not seen in orthocarborane. The higher
the yields due to loss of high kinetic energy ions, although energy continuum transitions in orthocarborane have been
isotopic and Y-Hy distributions tend to blur any such effects, attributed to excitations to antibonding orbitals of unspecified
except for H. The overall efficiency for ion detection is  symmetry!317 A more sophisticated treatment of the electronic
estimated to be about 15%. The start of the flight time scale structure and spectroscopy has been undertaken elsetéhere.
was the signal from an electron accelerated by a fielé-250 Surprisingly, the B 1s spectrum for orthocarborane in Figure 2
V/cm to a channeltron adjacent to the ionization region. is very much like the untreated (native) NEXAFS spectra of
The ground-state energies for a variety of carborane clusterssemiconducting boron carbidgsuggesting that at the very least
were calculated using a semiempirical method PM3 as well as there are large icosahedral fragments in boron carbide.
with density function theory (DFT) using a standard 6-31 G*  The C 1s photoionization total yield spectra of the isomeric
basis set and the PerdeWang 91 exchange correlation carboranes are also presented in Figure 2, again using the high-
potential’® Both the semiempirical and ab initio calculations resolution total ion yield (TIY). The energies, term values, and
were geometry optimized to obtain the lowest unrestricted proposed assignments as with the B 1s spectra have been
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Photon Energy (eV) taken at a photon energy of 202 eV (B-tso* transition). The peaks
correspond to cluster fragments with all possible numbers of vertices,
denoted as ¥, where Y represents BH or CH. The top spectrum is
from electron impact using electron kinetic energies of 70 eV (well
below the core threshold).

Figure 2. Total ion yield at the B 1s and C 1s cores fdosc
dicarbadodecaboranes, orthocarborane (:REl:,), metacarborane
(1,7-GB1oH12), and paracarborane (1,12B:0H12), as a function of
photon energy, with the B 1s threshold of 188.9 eV, determined from
XPS. (Inset) X-ray photoemission spectrum (XPS) of the B 1s core "
from condensed molecular films of orthocarborane. The Fermi level B'/BH
was established from the clean, well-ordered Cu(111) single crystal
and Au(111) thin film substrates before deposition.

CH'/BH;

previously assignetfl” As with the B 1s spectra, there are
subtle but significant and interpretablalifferences in the C

1s spectra of these isomers. The intense lowest energy feature
in the 287.9-288.7 eV range occurs at different energies for
each of the three isomers. In addition, the spectra also differ in
shape above 290 eV excitation enet§yThese differences Jf
between the isomers, however, appear to have little influence 6
on the qualitatively similar fragmentation processes observed mig

for all three isomers. Figure 4. Enhanced time-of-flight (TOF) mass spectra in the region
We measured the X-ray photoemission spectra of condensedyf yg = 018, adapted from Figure 3. Note that in this display, peak
carborane molecular films, as described elsewHtTde core height is not a reliable indicator of peak intensity.

level binding energies, with respect to the Fermi level of a
reference metallic electrode, are a rough guide to the core-levelwith particularly prominent yields of ¥ and Ys*. Note that
thresholds of 188.9t 0.2 eV for the B 1s threshold, as because of the 20:80B:1B relative abundance, each ion peak
determined from the XPS in the inset to Figure 2. (except for the Y' signal, shown in detail in Figure 4) is
Time-of-flight ion mass spectra of the three carborane isomers actually a family of peaks which are not resolved in the TOF
obtained with both electron impact and photon ionization are spectra.
shown in Figure 3. As seen in Figure 3, the most dramatic  Above the core excitation threshold (in the region of 188.9
difference between the electron impact and the photoionization eV for the B 1s threshold) the very low parent ion yield in the
mass spectra is in the parent ion yield. The fragmentation yields photoionization measurements might be considered to be a
differ significantly from those following valence ionization using consequence of core hole decay leading to extensive ionic
70 eV electron impact and 202 eV incident photons but do not fragmentation, including large amounts of multiple ionization,
vary greatly in different B 1s states. By contrast, the parent almost all of which ends up as ion pairs. However, the parent
ion, with some contribution from fragment ions involving loss ion yield is also very small below 188 eV, in the region of
of one H atom, is by far the dominant signal in the electron valence ionization, where a greater similarity to the electron
impact mass spectrum. Indeed, the high stability of the parentimpact mass spectrum might be expected. In part this can be
ion produced by electron impact valence shell ionization has attributed to use of a photon energy well above the valence
been noted in previous discussions of the mass spectra of thedouble-ionization threshold~35 eV), whereas the 70 eV
carboraned? At 70 eV impact energy fully 74% of all ions  electron impact creates primarily singly ionized states (since
observed have the mass of the parent ion, missing possibly onlyelectron impact cross sections typically are strong only a few
the mass of a hydrogen or twbIn contrast, under our detection times above threshold). In addition, another important fact is
conditions the parent ion yield is onty3% below the onset of  that our TOF system has enhanced sensitivity to low-energy
B 1s core excitation and drops to less than 1% above the B 1selectrons which distorts the ion yields in favor of the double-
ionization potential (IP). The TOF signal is associated wigfi Y  ionization events which produce two electrons, one of which
ions (where Y= BH or CH), with all possiblex values, although has low kinetic energy.

Intensity (arb. units)
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Figure 5. TOF mass spectra of the isomeric carboranes photoionized
at the peak in the 296292 eV region (C 1s~ ¢* transition) recorded 0.0
under the same extraction conditions as used for Figure 3. Spectral 186 194 202 210

data has been processed to remove the underlying B 1s contribution, Photon Energy (eV)
which was estimated by adjusting the intensity of the 280 eV TOF riqyre 6. |on yield data for the major ion fragments ofoso1,2-
spectrum to that of the extrapolated B 1s continuum intensity at290 g thocarborane (aloso1,7-metacarborane (b), astbso1,12-para-
292 eV. carborane (c) derived from sequences of TOF mass spectra recorded
in the B 1s region using the same conditions as used for Figure 3.
Figure 5 is the TOF mass spectra of the three carboranes with

a photon energy of 296292 eV on the peak of the C 1s o* @

transition which is believed to be the C 1s counterpart to the B o W
1s— ¢™* transition at 202 eV. Since the C 1s excitation signal

is a relatively small proportion of the total photoionization at 10% 8", BH'

the 290-292 eV energies used to record the data in Figure 3,
the ion yields are largely dominated by th&0% contribution

from high-energy B 1s ionization. The underlying B 1s
background signal has been subtracted to get a better picture
of the fragmentation processes following C 1s excitation and
ionization.

As with the B 1s excitation, the spectra of the three isomeric
species are quite similar to each other, with the greatest
difference being a significantly greater contribution fromy
species in the metacarborane- and orthocarborane-derived spe-
cies. There is a very sharp™roduction at the C 1s edge, 20% | CH',BH,"
which is not as strong in the B 1s edge. Overall the C 1s and
B 1s spectra are quite similar, with the most notable difference

0%

20%
CH",BH,"

10% B, BH"

Branching Ratio

0%

being a relatively more prominent contribution from the"Y o e

and Ys* species in the C 1s than the B 1s region as well as a H

much larger yield of the lightest fragments;' HOBH*/1B* 0%

(m/q = 11), and CH/19BH3"/11BH,* (m/q = 13). These latter 186 194 202 210

signals for the orthocarborane species are off scale in Figure 5. Photon Energy (eV)

The sharp edge dflosocarboranes seen in the B 1s region, 1,2-orthocarborane (afloso1,7-metacarborane (b), amibso1,12-

as shown in Figure 1, are also seen in the ion fragment yields o5 acarhorane (c) derived from sequences of TOF mass spectra recorded
illustrated Figure 6. The following parent and fragment Species in the B 1s region using the same conditions as used for Figure 3.

Figure 7. Branching ratio for the major ion fragments of foloso

were idemifi?d iQ the masslﬁpectJrrulT:ﬂl—ioBﬂ OBH /BT among the electron impact data, among the small ion fragments,
(m/q = 11), "BH", and CH/BH3"/"BH," (g = 13), etc.  CcH+/10BH,*/11BH,* (Wg=13) is more abundant than the BH
Among the smaller mass fragments, tHBH*/11B* (m/q = fragment©

11) and CH/YBHz*/BH," (m/q = 13) species exhibited The partial ion yields and branching ratios for the lighter (and
higher intensities, as did H(m/q = 1). 'BH" (m/q = 12) was more significant) ion fragments in the B 1s region for the three
among the smaller intensity fragments, as indicated in Figure jsomeric species are plotted in Figures 6 and 7, respectively.
4. There are also possible;Hfragments in the ion yield from  Again, para-, meta- and orthocarboranes spectra are quite
the carborane samples, as seen in Figure 4, but thérggment similar, with the main variations being changes in the detailed
yields (if any) at the higher photon energies are quite low. From line shape and partial overlap of Btand H" branching ratios

the ion yield, we know CH/1°BH3/MBH,* (m/q = 13) loss is and partial ion yields for metacarborane. When the signals from
facile, as compared to BHloss, as seen in Figures-3. Even the ions CH/1BH3/11BH,™ (m/g = 13), HT and11B*/10BH™
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at the ionization threshold are qualitatively consistent with
changes in the estimated photoionization efficielcyhus, any
selectivity among these three species which may exist with
regard to properties of boron carbide films prepared by X-ray
assisted CVD is more likely to be associated with specificity
of the chemistry of fragments or due to different relaxation
processes (which are not known) rather than selectivity in the
initial excitation.

At issue is the origin for the very high production of CH
10BH3*/11BH,* (m/q = 13) fragments in the photofragmentation
process. This can be understood, in part, from the energetics
associated with photoionization and fragmentation. As seen in
Figure 7, however, these yields also increase where excitations
to antibondingo* orbitals of unspecified symmetry océdr’
at energies above 194 eV. The application of energetics to the

orthocarborane derived from sequences of TOF mass spectra recordefi€avy ¥ ion (where Y= BH or CH) fragment yields (Figures

in the B 1s region using the same conditions as used for Figure 3.
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Figure 9. lon yield and branching ratio data forYions (where Y=
BH or CH, as indicated in Figure 3) fragments ofosol,12-

210 186

8 and 9) is more difficult as specific fragment ion identification
is fraught with difficulties based on the data presented here,
but again these yields also increase where excitations to
antibonding o* orbitals of unspecified symmetry occur at
energies above 194 eV.

Single photoion creation is relatively more straightforward
to model but is generally best applicable near the appearance
and ionization potentials. Beginning at the near edge regime,
there are numerous complications to be considered, including
matrix element effects associated with excitations to antibonding
o* orbitals. Of course, as noted in the Introduction, multiple
ion fragmentation is not only possible but likely above the B
1s threshold. Such multiple photoion creation would involve a
molecular fission process with complex thermodynamic con-
siderations. These complications will be addressed in a subse-
quent paper.

paracarborane derived from sequences of TOF mass spectra recorded. Energetics ofcloscCarborane Decomposition

in the B 1s region using the same conditions as used for Figure 3.

The measured yields depend on the ionization process and

(m/q = 11) are compared, the strong signal is associated with associated fragmentation (Figure 3), e.g., electron impact versus

CHT/1BH3"/MBH,™ (m/g = 13) followed by B™ and H". The

photoionization. The dominant signal is loss of one H atom for

changes in ion yield are most dramatic at the absorption corethe electron impact mass spectrum, while for photoionization
threshold below about 192 eV for the B 1s but also increase mass spectra, the majority of the TOF signal are associated with

dramatically at the ionization limits, as determined by X3
and excitations to antibonding* orbitals of unspecified

(B/BH)y", CH/*BH3"/11BH,™ (Mg = 13), or (CH)* ions. In
order to understand the difference yields in the core-level

symmetry!317 at energies above 194 eV, as noted above. The resonant photoionization processes and evaluate the thermal

core ionization energy is approximately the core-level binding

stability of the closacarboranes, the energetics for several

energy of Figure 2 plus the energy difference between the reactions which involve loss of small fragment ions of carbon,
chemical potential and the vacuum level, the latter being the boron, and hydrogen atoms have been calculated for all three

work function of the condensed phase, i.e., 188:0.2) + 5.5
(£1) eV or about 194 eV.

For the heavier ¥" ion (where Y= BH or CH) fragments,
the ion yields and branching ratio have been plotted for
orthocarborane (Figure 8) and paracarborane (Figurez;gny

parent closacarboranes using both the PM3 semiempirical
model and DFT, as shown in Figures-112. There are many
(energetically) different site symmetry combinations of boron,
hydrogen, and carbon atoms that are candidates for ion (and
neutral) fragmentation. This is especially true for the meta- and

Y are the most prominent in both cases, although the branchingorthocarboranes because of their lower symmetry structGges (
ratios differ somewhat from one isomer to the next. These heavyinstead ofDsg).
ion yields also change dramatically at excitations to antibonding  The symmetrically distinct possibilities fatosacarboranes

o* orbitals of unspecified symmetry above 194 &7 Regret-
tably, a direct relationship between the excitation to specific
unoccupied orbitals and the ion fragment yield cannot be
determined from this data.

In spite of differences in the heavyYion (where Y= BH
or CH) fragment yields, overall there is little difference among
the partial yields of the isomeric species and relatively little
change in individual ion or ion pair yields, which are a result
of fission of the doubly or multiply charged molecules, aside

are associated with different energies, as illustrated in Figures
10-12, where the fragmentation energies are plotted in ascend-
ing order, as ascertained using DFT. Also shown for comparison
are values obtained using the semiempirical PM3 approach,
which differ significantly in absolute energies but typically show
the same trends as DFT, as seen in FigureslP) As expected,

the fragmentation energies of the three isomeric species are quite
similar, consistent with the photoionization and fragmentation
experimental results. For orthocarboranes, the minimum energies

from a major step up or step down in specific channels at the to remove atoms are typically near the site of carbon atoms

onsets of B 1s core excitation and ionizatidA? These changes

except for the loss of Hfrom orthocarborane. In the case of
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= 22 1,2-orthocarborane (stars)psc1,7-metacarborane (squares), atuo
T 1,12-paracarborane (triangles) computed using the PM3 semiempirical
o, method (red) and density functional theory (DFT) (black). 1, 2, 3, 4,
o 204 and 5 represent hydrogens removed from site (9 or 10), (4, 6, 8 or 11),
‘E.{ (50r12), (2 or3),and (1 or 7) faoso1,7-metacarborane accordingly
I 5l and (8 or 10), (9 or 12), (3 or 6), (4,5, 7, or 11), or (1 or 2) ¢twso
o 1,2-orthocarborane accordingly using the numbering scheme in Figure
i: 1. Forclosa1,12-paracarborane, 1 represents hydrogen removed from
3,, 16 the boron atom sites, while 2 represents carbon atom sites.
@’ o . .
i} 1 " On the basis of the DFT, the energetics of closo-carboranes

4 fragmentation and fragment ionization have been used to
Figure 10. Calculated ion fragmentation energies for BH (a) and'BH ~ construct thermodynamic cycles to illustrate the reaction ener-
(b) from closo1,2-orthocarborane (starsploso1,7-metacarborane  gies, as shown in Figure 13. Each value is the minimum energy
(squares), andtlosol,12-paracarborane (triangles) using the PM3  calculation among all possible symmetrically inequivalent

semiempirical method (red) and density functional theory (DFT) (black). possibilities. The choice of thermodynamic cycles is based on

1, 2, 3, and 4 represent boron hydrogen bonds removed from site (2 or. ; ; ; +
3), (50r12), (9 or 10), and (4, 6, 8, or 11) fdpso1,7-metacarborane the observed ion fragmentations, removing CH,'CBH, BH",

accordingly and (3 or 6), (9 or 12), (8 or 10), or (4, 5, 7, 11)dlmso BH>, BH2+’ Hz, H, H", BCHs, and BCH" from each of the
1,2-orthocarborane accordingly using the numbering scheme in three isomers of thelosocarboranes, as undertaken by us for
Figure 1. far more simple parent molecular species like,gX = F, Cl,

Br, 1),22 the substituted metallocen&sand others?*

The calculated energetics are consistent with formation of
11BH,* over CH™ or 11BH™. While we cannot distinguish CH
10BH;+/11BH,*, the most probable formation paths of BH
fragment ions are

-
ra
w

20+

184 B,,C,H., — BoC,H,o+BH,  + e

at an energy cost of about 0.5 eV per molecule (approximately
48 kJ/mol) less than is the case for the most probable formation

E(B,C,H,, )*E(BH)-E(B,.C,H,,) (eV)

181 P paths of BH fragment ions, which are
—— * B1oCoHyp— BeC,H,, +BHY + e
14 T T T T
1 2 3 4

and at an energy cost of about 23.5 eV per molecule (240
338 kJ/mol) less again than is the case for the most probable
formation paths of CH fragment ions, which are

Figure 11. Calculated ion fragmentation energies faCBH1,™ from
closo1,2-orthocarborane (stars)pscel,7-metacarborane (squares), and
closol,12-paracarborane (triangles) using the PM3 semiempirical
method (red) and density functional theory (DFT) (black). 1, 2, 3, and
4 represent carbon hydrogen bonds removed from site (5 or 12), (2 or B,,C,Hy, — BC,Hy, +CH + e
3), (9 or 10), and (4, 6, 8, or 11) focloso1,7-metacarborane

accordingly and (3 or 6), (9 or 12), (8 or 10), or (4, 5, 7, or 11) for :
closa1,2-orthocarborane accordingly using the numbering scheme in as AHj (paracarborane}AHr, (metacarborane), anfiH, (or

Figure 1. thocarborane) where for the foremost reaction, the energies are
16.52, 15.46, and 15.62 eV, respectively (1594, 1492, and 1507

meta- and paracarboranes, loss dfftbm sites near the carbon  kJ/mol, respectively). On the basis of these values and those

are favored. In the production of;Hit has already been noted summarized in Figure 13, the favored fragmentations, based on

that the initial state site does play a role with pairwise (adjacent energetic considerations alone, areBKby about 0.5-0.9 eV

sites) H loss favored, with one site including a carbon atdm. per molecule or 4887 kJ/mol)> BH™ (by about -2 eV per

The absence of 1 in the data can be understood as formation molecule or 96-193 kJ/mol)> H* (by about 1.6-2.3 eV per

of this ion fragment is very energy expensive, requiring 28.5 molecule or 154222 kJ/mol) > CH* for all the closo

eV or more per molecule (2750 kJ/mol). carboranes.
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Figure 13. Energetics ofcloso1,2-orthocarboraneky), closcl,7-metacarboranekg), and closol1,12-paracarboraneEf) neutral and ionic
fragmentation. All energies were calculated using density functional theory and are given in units of eV/molecule.

The thermodynamic cycles indicate the most likely ion species  Excited-state lifetimes or excitations to specific unoccupied
are BH™ and BC,Hi;". The latter may be consistent with molecular orbitals may play a significant role in the ion
decomposition initiated by core to bound photoexcitations, fragmentation yields, as suggested by the strong photon energy
illustrated in Figures 34 and 6-9, but we are limited by the ~ dependence of the ion fragmentation yields (Figure9)$6
fact that we cannot distinguish BHand CH" in our data. Given Kinetic barriers to fragmentation are certainly not considered
the large size of some of the ion fragments, kinetic barriers to In these energetic calculations.
the fragment ion formation may be a significant hindrance, as
could be symmetr§2 and this has not been considered in the Conclusion

calculations undertaken here. More importantly, above the core Although we cannot distinguish between @MBH3*/1BH,*

threshold, molecular fission and multiple ion fragment produc- i, the TOF mass spectroscopy of the photofragmentation in the
tion is likely.? A similar problem is evident in that H  region of the B 1s and Cis core thresholds, the energetics of
production is more intense than Bhivell below the B 1s core  gecomposition favors formation of B rather than the mass
threshold (as determined by XPS in Figure 2) inconsistent with equivalent CH. The possible long-lived bound core excitations
the energetics of ion fragmentation, which slightly favors'BH  result in the high F and B" production, but the strong variations
production over H, as observed in the region of the Bls in fragmention yields with photon energy implicate kinetic and
threshold and above. symmetry barriers to some ion fragment formation. In addition,
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a direct relationship between excitation to specific unoccupied  (8) ) Balaz, S.; Dimov, D. I; Boag, N. M.; Nelson, K.; Montag, B.;
orbitals and ion fragment yield cannot be determined from this Brar(‘g)' ;L'u n'?:gv‘é,boe;a’l PP‘ AABeg:;szyﬁ' .Aé(;?fz 8;,' -lé%;;SQL G.; Boag, N
data and is not evident from the present results. As a result, \ . gai’m.; Robertson, B. W.; Dowben, P. A. Phys. D.: Appl. Phys.
energetics alone is not a reliable guide to fragmentation yields, 2005 38, 1248-1252.

particularly above the B 1s core threshold where multiple  (10) ) Balaz, S.; Caruso, A. N.; Platt, N. P.; Dimov, D. I.; Boag, N. M,;

fragment creation from the photofragmentation is likely. It is Brand. J. L Losovy}, Ya. B.; Dowben, P. & Phys. Chem. B007 111
believed there is significant bias toward low-energy electrons, (11) ) Caruso, A. N.; Balaz, S.; Xu, B.; Dowben, P. A.; McMullen-

and thus, events in which stepwise electronic decay occur, givingGunn, A. S.; Brand, J. I.; Losovyj, Y. B.; Mcllroy, D. Nappl. Phys. Lett.
rise to both copious fragmentation and slow electrons. 20%2;34), F1)30k2—K13'034-d VR B L L Mol W, N Sabiri
_ H H ark, K.; Pederson, V. R.; boyer, L. L.; Mel, W. N.; Sabirianov,
A.s p_Iasma gnhanceq CVD is the. method of c_h0|ce for R. F.; Zeng, X. C.; Bulusu, S.; Curran, S.; Dewald, J.; Day, E.; Adenwalla,
fabricating semlconductlng boron carbides, the ghemlstry of the s’: piaz, M. J.: Rosa, L. G.; Balaz, S.; Dowben, P.Fhys. Re. B 2006
CVD process is necessarily complex. Photoionization at X-ray 73, 035109. _
energies in the region of B 1s and C 1s edges is very effective  (13) ) Hitchcock, A. P.; Urquhart, S. G.; Wen, A. T.; Kilcoyne, A. L.

: : : - D.; Tyliszczak, T.; Ral, E.; Kosugi, N.; Bozek, J. D.; Spencer, J. T;
at inducing molecular fragmentation, and thus, a study of ion Mcliroy, D. N.. Dowben, P, AJ. Phys. Chem. B997 101, 3483,

yields at th_ese phOton_energi_eS may give some insight into the_ (14) ) (a) Hitchcock, A. P.; Neville, J. J. I8hemical Applications of
fragmentation mechanisms. Since both plasma-enhanced chemiSynchrotron RadiationSham, T. K., Ed.; Advanced Series in Physical
iti i i _initi Chemistry; World Scientific: Singapore, 2002; Vol. 12A, pp 1527. (b)
cal vapor_t_:leposmon and white light sync.hrotror_l mmateql Langer B. Berrah. N.: Farhat, A Hermmers. O.. Bozek. JPBys. Re.
decomposition are methods used to deposit semiconductinga 1996 53 R1946.
boron carbides, both ion and neutral fragmentation pathways (15) ) wiley, C. W.; McLaren, I. HRev. Sci Instrum1955 26, 1150.
may be involved in the CVD process, but extra molecular  (16) ) Yakovkin, I. N.; Dowben, P. ASurf. Re. Lett. 2007, 14, 481~
interactions may also occur in such processes as part of the*87:

deposition processes. Here we attempted to characterize ionic; %17 )[)gxgtggcg?ﬁf;ﬁ;g ecnﬁfmgé'a‘e;f %'1761'.""55’ Jr., 3. A Spencer,

fragment_ation of the singly _Charg@jbsocarb_oranes- Double ) (18) ) Lee, S. W.; Mazurowski, J.; O'Brien, W. L.; Dong, Q. Y.; Jia, J.
and multiple ion fragmentation almost certainly does occur in J.; Callcott, T. A; Tan, Y. X.; Miyano, K. E.; Ederer, D. L.; Mueller, R.
the core-level regime and must be explored as well. D.; Dowben, P. AJ. Appl. Phys1993 74, 6919. Jimeez, |.; Sutherland,

D. G. J.; van Buuren, T.; Carlisle, J. A.; Terminello, L. J.; Himpsel, F. J.
i . . Phys. Re. B 1998 57, 13167.
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