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Abstract: Time-of-�ight mass analysis with multi-stop coincidence detection has

been used to study the multi-cation ionic fragmentation via �ssion of three iso-

meric carborane icosahedral cage compounds closo-1,2-orthocarborane, closo-1,7-

metacarborane, closo-1,12-paracarborane (C2B10H12) following inner-shell excita-
tion at or above the B 1s regime. Photoelectron-photoion-photoion coincidence

(PEPIPICO) spectroscopy was used to study the dominant �ssion routes in the

core level excitation regime. Series of ion pairs are identi�ed, where asymmet-

ric �ssion dominates, leading to ion pairs of di�erent mass. The fragmentation

yields and charge separationmass spectra of all three isomers are generally quite

similar in that the ion pairs (H
+
, Y
+
), (Y
+
, Y
+
11), and (Y

+
3 , Y
+
9 ) dominate, where Y

+

denotes the mass region from B
+
to CH

+
. Slight di�erences are observed at the B

1s-threshold, where the H+ and BH+2 /CH+ ion pairs dominate for ortho- andmeta-

carborane, while (Y
+
, Y
+
11) ion pairs dominate the multi-photofragment ion yield

of paracarborane. These similarities and distinct di�erences in charge separation

are discussed by considering the energetics of these three major species of ion

pairs, aswell as charge distributions in closo-carboranes and charge distributions

in the carborane cage. It is shown that product formation via charge separation is

driven by electronic relaxation, so that the lowest energy products are not neces-

sarily formed.
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1 Introduction

Recently, there has been an e�ort to understand the ionic and photo fragmen-

tation of the closo-carboranes [1–5]. This work has been fueled, in large mea-

sure, by a need to understand the growth and chemistry of the semiconducting

boron carbides of approximate stoichiometry “C2B10H�” (where� represents up to
40 at. % fraction of hydrogen) [6], since the closo-1,2-orthocarborane is presently

the favored source compound togrowsemiconductingboroncarbide thin�lms via

plasma enhanced chemical vapor deposition (PECVD). At the B 1s and C 1s core

level thresholds of boron and carbon, the energies are signi�cantly larger than

those applicable to most photo assisted [2] and PECVD [4–7] thin �lmmaterial de-

position techniques. The core excited and ionized states lead to extensive double

ionization, and thus investigations of di-cation fragmentation via core level states

are a complement to investigations of neutral and cation fragmentation. The three

isomers of closo-carboranes have been studied in order to understand the mech-

anisms of the single ion fragmentation processes [1]. More recently, the dehydro-

genation processes of semiconducting boron carbide and closo-carboranes were

investigated by photoionization mass spectrometry studies [2].

There is su�cient photoionization cross-section [1, 8, 9] and energy for cation

pair production [1, 3] at the B 1s and C 1s core thresholds. Indeed at or above these

thresholds, it has been noted that multiple fragment ion formation was not only

possible, but likely, although not a majority fragmentation pathway [1, 3]. There

is already clear experimental evidence that the photo cation pair production of

closo-1,2-orthocarborane does not lead to a statistical fragmentation of the icosa-

hedral C2B10H12 cage molecule and that some cation pairs are favored [3]. In our

previous report [3], thephotoelectron-photoion-photoion coincidence (PEPIPICO)

technique was used to experimentally characterize cation pair formation pro-
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cesses in orthocarborane following high energy photoionization around the B 1s

edge. Here we delineate some of the possible multiple cation formation processes

that occur with the photofragmentation and photoionization of all three icosa-

hedral closo-carboranes (illustrated in Figure 1) in the vicinity of the B 1s core

threshold energy. The interpretation of the fragmentation mechanisms is aided

by density functional theory calculations. Since dissociative double ionization is

a major ionic decay route of core excited and ionized states [3, 10–20], it is im-

portant to be able to identify the signals corresponding to cation pair production.

This can be done through an autocorrelation analysis of the ion signals measured

in coincidence spectroscopies, such as photoion-photoion coincidence (PIPICO)

mass spectra which mostly rely on time-of-�ight mass spectrometry. This tech-

nique has been successfully used to investigate the ion formation in dissociative

photoionization of some small molecules [18–20]. For large molecules with a rich

mass spectrum and many dissociative channels, PIPICO spectra are very di�cult

to interpret on account of peak overlap due to the blended mass lines of same

time-of-�ight di�erences [12, 14, 21, 22].

Beyond PIPICO, the photoelectron-photoion-photoion coincidence

(PEPIPICO) has been demonstrated to be a powerful technique in the study of

three-body dissociations [3, 13, 21–26]. For larger molecular systems, it is better to

use a multi-stop coincidence detection technique, where the individual ion �ight

times are identi�ed rather than simply di�erences in �ight time. We have used

a multi-stop time-to-digital detection system to measure PEPIPICO spectra, also

known as charge separation mass spectrometry (CSMS) [3, 13, 23–26] and have

recently applied this approach to an investigation of the di-cation fragmentation

of closo-1,2-orthocarborane [3]. This work extends that analysis and compares the

results for closo-1,2-orthocarborane with those for closo-1,7-metacarborane and

closo-1,12- paracarborane.

2 Experimental methods

All the isomers of C2B10H12, i.e. orthocarborane (closo-1,2-dicarbadodecaborane
or 1,2-C2B10H12), metacarborane (closo-1,7-dicarbadodecaborane or 1,7-C2B10H12),
paracarborane (closo-1,12-dicarbadodecaborane or 1,12-C2B10H12), were pur-

chased from either Katchem or Aldrich and resublimed prior to use, with purity

in all cases con�rmed by NMR spectroscopy, as described elsewhere [27].

As in prior measurements [3], the time-of-�ight mass spectrometer consisted

of a two stage acceleration region separated by grids, followed by a 30 cm drift

tube. Wiley-McLaren space focusing conditions were used [14, 28]. A −250 V/cm
extraction �eld was used for the cations. Under these conditions, splitting was
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generally not detected for any of the mass peaks, indicating there was negligible

distortion of the yields due to loss of high kinetic energy ions. Note that the
10B,

11B isotopes (natural abundance: 19.82% and 80.18%, respectively [29]) and a

variable number of hydrogen in the various fragments can lead to extensive peak

overlap which tends to obscure or blur kinetic energy e�ects due to �ssion, ex-

cept for processes leading to H
+
as one of the detected ions. The overall e�ciency

for ion detection is estimated to be about 15%. The start of the �ight time scale

was the signal from an electron accelerated by a �eld of +250 V/cm for the ex-

periments that were carried out at the Advanced Light Source, Berkeley, USA to

a channelplate or a channeltron adjacent to the ionization region. This is similar

to recent work on the orthocarborane [3].

In the photoelectron-photoion-photoion coincidence (PEPIPICO), three parti-

cles, the two positive ions and the electron, are detected. The detection of the elec-

tron provides a time zero from which the cation �ight time to the detector of each

of product ion was measured. PEPIPICO spectra were acquired at the Advanced

Light Source using a custom built multi-stop time-to-digital converter with a time

resolution of 12 ns. Soft X-rays were obtained from undulator beamline 9.0.1 of

the Advanced Light Source [30]. Similar results were obtained from the HE-TGM-2

beamline at BESSY I [31] (see also [3]). In order to avoid excessive accidental co-

incidences and to keep the overall event rates within the capacity of the process-

ing system, rather narrow entrance and exit slits were used, typically ∼ 10 μm.
The photon energy resolution was better than 0.1 eV full width at half maximum

(FWHM).

The individual ion �ight times are proportional to the square root of ionmass.

Where possible, we have plotted or indicated both �ight times and estimated

cationmass (in amu), as amatter of convenience. The peak shapes of PIPICO spec-

tra were usually a�ected by several factors, such as apparatus discrimination, the

kinetic energy release distribution, and the ion angular distribution [32, 33]. The

general peak shapes for two body dissociations are rectangular, narrow single

peak and double peak structure [34]. The peak shapes in PEPIPICO can also pro-

vide the information about the mechanism of dissociation processes [3, 35, 36].

The double cation fragmentation reaction obeys the law of conservation of mo-

mentum so that the two fragments have equal and opposite linear momenta.

Thus, the peak projection in the t1-t2 plane normally has a slope of −1. For three
body dissociation, the neutral species could be ejected before charge separation

(deferred charge separation) or after charge separation (secondary dissociation).

The least likely process is that all fragments are generated at once (simultaneous

Coulomb explosion). The slope of peak for deferred charge separation is−1, while
the absolute value of the secondary dissociation is the ratio ofmass of the product

to mass of its precursor.
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3 Theoretical modeling

Estimates of the energetics for the molecular di-cation decomposition processes

were carried out by density functional theory (DFT) using the standard hybrid

functional B3LYP, which has proven to be successful for other studies model-

ing the energetics of closo-carborane decomposition [1, 2]. The ground state and

dissociation energies were calculated for possible dominating charge separation

routes by performing B3LYP hybrid density functional theory (DFT) with the stan-

dard 6-31G* basis set. The energies of three major ion pair species including (H+,
Y+), (BH+2 /CH+, Y+11), and (Y+3 , Y

+
9 ) (where Y+ denotes the mass region from B+

to CH
+
– see below, vide infra, for more details of the this nomenclature) were

constructed for the three isomers 1,2-, 1,7-, and 1,12-C2B10H12 (ortho-, meta-, and

paracarborane).All possiblemolecular structures of ion pairs with the samemass

were considered in the modeling of each dissociation pathway. All appropriate

symmetrically non-equivalent carbon and boron atom combinations from within

the closo carborane were considered (i.e. re-arrangements were not included)

and we report the fragmentation energies as those with the minimum energy

cost.

4 Di-cation fragmentation

The photoion-photoion coincidence (PIPICO) mass spectra show the coincidence

counts as a function of the di�erence in time of arrival of two ions, as exempli�ed

in Figure 2 formetacarborane. In order to discuss these spectra compactlywehave

adopted a notation “Y�”, which refers to a cluster with n vertices with an unspeci-
�ed mix of BH and CH, such that the total number of vertices is n and the number

of CH vertices cannot violate the overall stoichiometry of the parent molecule, as

used in our previous work [3]. In mass spectra, the label Y
+
denotes the mass re-

gion from B+ to CH+. As a result of stoichiometry of the molecules under study,

the contribution of some number of CH components to any cation fragment is ei-

ther 0, 1, or 2, for � ≥ 2, and similar restrictions exist for � = 1 and 2. Because of
the ≈ 20 : 80 10B : 11B natural abundance [29], each ion peak (except for the Y+

signal) is actually a family of peaks which cannot be resolved in the TOF spec-

tra.

The most prominent peaks in the PIPICO spectra of metacarborane recorded

at 192 eV photon energy (Figure 2 (a)) are associated with the following ion pairs
(H
+
, Y
+
), (Y
+
3 , Y
+
9 ), and (Y

+
, Y
+
11). The di�erences of time of �ight corresponding to

these pairs are about at 1.16 μs, 1.95 μs, and 3.75 μs, respectively. In Figure 2 (a)
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Figure 1: Schematic diagrams of the three isomers of closo-C
2
B
10
H
12
, i.e. orthocarborane,

metacarborane, paracarborane, with the total ion yield as a function of photon energy shown in

the spectrum below for orthocarborane (closo-1,2-dicarbadodecaborane or 1,2-C
2
B
10
H
12
) at the

B 1s and C 1s thresholds. Adapted from [1] and [3], with permission. For the other isomer total

ion yields see [9].

the shape of the peak for (Y
+
3 , Y
+
9 ) fragment pair suggests a “narrow” single peak

which indicates that most of the momentum is imparted perpendicular to spec-

trometer axis after dissociation. The peak corresponding to the (Y
+
, Y
+
11) ionic

fragments is slightly o� rectangular, which suggests that there is likely little or

no alignment after cation dissociation.

The triple coincidence PEPIPICO signals were recorded as a function of the

�ight times for each pair of ions. The ion masses were also calibrated from the

time-of-�ight mass spectra, as indicated elsewhere [1–3]. The PEPIPICO coinci-
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Figure 2: The (a) Photoion-photoion coincidence (PIPICO) spectrum (top) and the (b) photo-

electron-photoion-photoion coincidence (PEPIPICO) spectrum (bottom) for metacarborane

recorded at 192 eV photon energy, at the peak of the lowest energy B 1s excitation (see
Figure 1). The peaks corresponding to cluster fragments are denoted as Y+

�
, where Y+ denotes

the mass region from B+ to CH+.

dence signals for correlated cation pairs are plotted for metacarborane in Fig-

ure 2 (b) (taken at a photon energy of 192 eV), and for all three closo carborane

isomers, in Figure 3 (taken at a photon energy of 202 eV). See Figure 1 for the en-
ergies correspond to spectral features in the total ion yield. The coincidence event

information from the PEPIPICO spectra is rich. Three major groups of features are

identi�ed in Figure 2 (b), for closo-1,7-carborane at a photon energy of 192 eV the
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Figure 3: Photoelectron-photoion-photoion coincidence (PEPIPICO) spectra taken at a photon

energy of 202 eV for ortho-, meta- and paracarborane. The time of flight values have been
converted to approximate mass values and denoted in brackets (amu). See Figure 2 for peak

assignments.

�rst peak in the B 1s spectrum [8, 9]. The signals of the (H+, Y+) ion pairs with

the neutral Y11 fragment, the (Y
+
, Y
+
11) ion pairs and the (Y

+
3 , Y
+
9 ) ion pairs yields

dominate the PEPIPICO spectra, which is consistent with the strongest PIPICO

features.

The contour plots of the PEPIPICO peaks in the t1-t2 plane provide an excel-

lent means for identifying the shape and intensities of the coincidence events.

The contour plots of sections of the PEPIPICO spectrum for orthocarborane, at

220 eVwere reported previously [3]. They are similar to the data presented in this

work. There are, however, distinct di�erences observed. Thus, in earlier work the

light cation pairs (H+, H+), (H+, Y+), and (Y+, Y+) dominated [3], whereas the

cation pairs involving heavier fragments were signi�cantly weaker in intensity.

This di�ers from the present results and may essentially be due to di�erences in

the excitation energy (220 eV was used in Ref. [3] instead of 202 eV in the current
work), which in�uences the kinetic energy distribution of the electrons trigger-
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ing the detection in correlated ion pairs in PEPIPICO spectra. The ion yield ratios

are also seen to vary with photon energy [1]. For the (H
+
, Y
+
) �ssion channels, the

PEPIPICO spectra reported earlier [3] indicate that H
+
is predominantly correlated

with 11B+ and CH+ as well as the unseen neutral fragment, which corresponds to
Y11. The kinetic energy release corresponds to charge delocalization before �s-

sion.

In addition, there are numerous other asymmetric �ssion products indicating

that the charges delocalize e�ciently before �ssion and the kinetic energy release

of these ion pairs can be explained by the geometry of the neutral molecule [3].

Speci�cally, it was previously observed [3] that the main signals in the (Y+, Y+11)

pair yield correspond to the (
11B+, Y+11) and (CH+, Y+11) ion pairs, where the (11B+,

Y
+
11) pair is dominant and Y

+
11 corresponds to �/	 = 124. The slope of the (B+,

Y+11) signal is −10.05, which is typical for two body �ssion or deferred charge sep-
aration. Overall, asymmetric dissociation dominates the dissociation processes

of 1,2-orthocarborane [3]. This is typical for most �ssion processes of cluster di-

cations [15].

The photoelectron-photoion-photoion coincidence time-of-�ight (PEPIPICO

TOF) mass spectra of the three carboranes, excited by 202 eV photons, are com-

pared in Figure 3. This energy corresponds to a B 1s→�∗ transition [9] (third peak
in the B 1s spectrum, as illustrated in Figure 1). Clearly the fragmentation yields

and charge separationmass spectra at a photon energy of 202 eV for all three iso-
mers are generally quite similar in the overall shape of PEPIPICO spectra, inwhich

the following ion pairs dominate: (H
+
, Y
+
), (Y
+
, Y
+
11), and (Y

+
3 , Y
+
9 ). The coinci-

dence signal strength increases as the incident photon energy is increased from

192 to 202 eV. This is well-known and is due to changes in ionization yield, i.e.

the number of charges created per absorbed photon [12]. The (H
+
, Y
+
) ion pairs

dominate the multi-photofragment ion yield of ortho- and metacarborane at the

B 1s threshold, while the (Y+1 , Y
+
11) ion pairs have almost same intensity as the (H+,

Y
+
) ion pairs for paracarborane at the B 1s threshold (Figure 3). These slight dif-

ferences in �ssion channel intensities are likely due to the local surroundings of

three isomers, as will be discussed in the following Section.

5 Discussion

To further examine the favorable pathways of double ionization of the three iso-

mers of closo-carboranes, the dissociation energies of the three major ion pairs

species observed in both the PIPICO and PEPIPICO mass spectra were calcu-

lated to seek the dominant charge separation routes by consideration of Reac-
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Figure 4: Energetics of ortho-, meta-, and paracarborane double ion fragmentation for

experimentally observed ion pairs (H+, Y+), (Y+, Y+
11
), and (Y+

3
, Y+

9
). All energies were calculated

using density functional theory and are given in units of eV/molecule.

tions (1), (2), and (3):

C2B10H12 + ℎ → H+ + Y+ + Y11 + 2�− (1)

C2B10H12 + ℎ → Y+ + Y+11 + 2�
−

(2)

C2B10H12 + ℎ → Y+3 + Y
+
9 + 2�

−
(3)

The corresponding minimum values for the dissociation energies associated with

each fragmentation reaction are shown in Figure 4.

Due to the limited resolution of our time-of-�ightmass spectrometers and the

substantial kinetic energy release due to �ssion, ions with the same or similar

mass to charge ratio cannot be distinguished in the TOF mass spectra. In three

body �ssionprocesses (1), we examined the energy cost separately for dissociative

pathways including H
+
, Y
+
as B
+
, BH
+
, CH
+
and BH

+
2 , and corresponding neutral

fragments. The boron atom in all the calculations was assumed to be 11B. Even
with consideration of all the possible molecular structures of ion pairs with same

mass in modeling for each dissociation pathway related to the Reactions (1)–(3),

the lower energy dissociation processes are not always favored. Comparing the
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calculated minimum energy cost for the �ssion reaction for all three isomers, it

appears energetically that (H
+
, Y
+
) pairs are generally most favorable experimen-

tally (Figure 3) and yet the (Y
+
3 , Y
+
9 ) pair production of (CB2H

+
3 , CB8H

+
9 ) is favored

energetically according to the calculations.

In Reaction (2), resulting in production of the (Y
+
, Y
+
11) ion pairs, dissocia-

tion energies corresponding to formation of (BH
+
, C2B9H

+
11) and (CH

+
, CB10H

+
11)

were compared. Energetically, BH+ is preferred over CH+ formation. However, in

PEPIPICO spectra B
+
and CH

+
are correlated with �/	 = 124, whereas BH+ is

barely observed in this ion-pair channel [3]. For the (Y
+
3 , Y
+
9 ) pairs, the (CB2H

+
3 ,

B8H
+
9 ) pair combination is more favored than (C2BH

+
3 , B3H

+
3 ) as a choice for the

lighter fragment. Energetic arguments indicate that the Y
+
3 ion that is removed

from the parent molecule comes preferentially from a corresponding face or lin-

ear chain on the pseudo icosahedral cage rather than separate sites on the cage.

For example, for B3H
+
3 ions the energy cost corresponding to removing a face or

chain from the icosahedral cage could be as much as 3.6, 3.3, and 0.8 eV less

than separate sites for orthocarborane, metacarborane and paracarborane, re-

spectively.

It is likely that the local dipoles of the di-cation parent molecules play a role

in the experimentally favored dissociation processes. In comparing the calculated

di-cation fragmentation dissociation energies to the experimentally observedma-

jor ion pair pathways, the signi�cant di�erences observed for paracarborane (Fig-

ure 3) relative to metacarborane or orthocarborane are not re�ected in the calcu-

lated energetics (Figure 4). This suggests that for paracarborane, the di�erence in

the atomic pair local dipole attraction may play a role, particularly if CH
+
is a fa-

vored fragment, as suggested by prior work [3]. Although the energy cost path-

ways among the two possible �ssion pathways of (Y
+
, Y
+
11) suggests that BH

+
may

be more preferred (Figure 4), even if for orthocarborane (CH
+
, Y
+
11) is experimen-

tally found to be the favored ion pair combination [3]. This may be the origin of

the increase in the relative intensity of the di-cation coincidence feature corre-

sponding to (Y
+
, Y
+
11) seen in paracarborane (Figure 3) compared to the (H

+
, Y
+
)

di-cation fragment production. This seems to occur in spite of the reduced energy

cost of the (H
+
, Y
+
) di-cation fragment production compared to (Y

+
, Y
+
11), even for

paracarborane (Figure 4).

Table 1 presents the calculated dissociation energies for ion pairs involving

Y
+
2 and Y

+
3 . The (CB2H

+
3 , CB8H

+
10) ion pairs are most preferred on the basis of en-

ergetics. The energy cost is about 8.6 eV to 10 eV lower than the (B2H
+
2 , C2B8H

+
10)

ion pairs and 11.2 eV to 12.9 eV lower than the (CBH+2 , CB9H
+
10) ion pairs. Ener-

getically, Y
+
3 is more stable and favored in �ssion processes than Y

+
2 . This is in

generally good agreement with the PIPICO and PEPIPICO observations. It is ob-

served that the �ssion processes involving Y+2 are weak in PEPIPICO, which is due
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Table 1: Comparison of energies required to create ion pairs of (Y+
3
, Y+

9
) and (Y+

2
, Y+

10
), where Y+

denotes the mass region from B+ to CH+.

B
3
H+

3
+C

2
B
7
H+

9
B
2
H+

2
+C

2
B
8
H+

10
CB

2
H+

3
+CB

8
H+

9
CBH+

2
+CB

9
H+

10

(Y+
3
, Y+

9
) (Y+

2
, Y+

10
) (Y+

3
, Y+

9
) (Y+

2
, Y+

10
)

(eV) (eV) (eV) (eV)

Orthocarborane 23.359 24.159 14.126 25.607

Metacarborane 23.922 24.324 14.826 26.308

Paracarborane 24.696 24.045 15.479 28.347

to the instability of Y+2 . On inspection of the detailed fragment intensities (Fig-

ures 2 and 3), we seemore evidence that energetics is not the sole guide to favored

di-cationproduction. It is clear that charge density distributionsmust also be con-

sidered. Dipolar character or strong cation character localized on some bondswill

favor thosemoieties for cation formation inmolecular dissociation events. The de-

viations in cation fragmentation expected from the energetics (Figure 4) aremuch

better understood when one takes note of the anisotropic charge distributions vi-

sualized in Figure 5, and summarized in Table 2. For the corresponding (Y
+
, Y
+
11)

di-cation pair production, (BH+, Y+11) should be favored over (CH
+, Y+11) according

to energetic considerations. However, even for orthocarborane, (CH+, Y+11) is fa-

vored [3], indicating that the lowest energy routes do not occur with the highest

abundance in the PEPIPICO spectra.

The calculatedMulliken charge populations (Table 2) indicate that, for the di-

cation, the strongest local dipole is at the C-H bond for each of the three isomers.

In Reaction (2), this provides one reason for (CH+, Y+11) being favored over (BH
+,

Y+11) in the (Y
+, Y+11) di-cation pair production, as was experimentally observed for

orthocarborane [3]. The fact that the B-H bond is not usually a strong dipole in

the di-cation tends to explain why B+ separation from H+ is far more commonly

observed than C+ separation from H+ in the di-cation fragmentation route (1) [3].

The fact that paracarborane favors the di-cation pair fragmentation (Y
+
, Y
+
11)

(Reaction (2)) far more than metacarborane and orthocarborane (as seen in Fig-

ure 3), is not explained as easily by the local charge populations or the ground

state energetics. It is rather assumed that in a sequence of core level excitation and

relaxation preceding fragmentation via�ssionhas to be considered alongwith the

local surroundings of the core-excited sites. This implies that in the present study

the boron sites are exclusively initially excited. However, the electronic structure

of the B 1s-excited carboranes is known to be quite delocalized [9]. Subsequent

Auger relaxation will create the di-cations or even triply charged cages, where the

sinks for positive charges can be identi�ed from Figure 5. The energy remaining
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Figure 5: Changes in the relative surface charge densities of the three

closo-dicarbadocedaborane isomers, from neutral (left) to cation (center) to di-cation (right).

Blue color indicates relatively more positive charge, whereas red color indicates negative

charge.

Table 2: Selected atomic charges (|e|) of H and B/C on selected positions for closocarborane
di-cations, calculated by the Mulliken method.

Main Group Atom 1 2 4 7 10 12

Position

1,2-C
2
B
10
H2+

12

H 0.349 0.3349 0.256 0.256 0.182 0.209

B/C −0.373 −0.373 −0.067 0.067 0.033 −0.014

1,7-C
2
B
10
H2+

12

H 0.339 0.256 0.204 0.339 0.247 0.196

B/C −0.419 −0.018 0.020 −0.419 −0.067 0.020

1,12-C
2
B
10
H2+

12

H 0.335 0.253 0.253 0.253 0.253 0.335

B/C −0.383 −0.043 −0.043 −0.043 −0.043 −0.383
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in the di-cation after electronic relaxation is not exactly known since there have

been no resonance Auger spectra published to the best of our knowledge. How-

ever, one can expect that the energy that is available in the di-cations iswell above

the energies calculated in Figure 4. This can be estimated by the ’rule of thumb’

for direct double ionization [37], indicating that the threshold for direct double

ionization is about 2.8 times the �rst ionization energy. If one uses the values of

the �rst ionization energies of the compounds under study [2], one derives a dou-

ble ionization energy of about 28 eV. Most of the values shown in Figure 4 are

below this threshold value. Furthermore, Auger relaxation is expected to leave

substantially more energy in the di-cations, so that all calculated routes can be

accessed.

The present results indicate that charge localization at the carbon sites has

a crucial role, which is consistent with earlier work [3]. There it was shown that

for the (Y
+
, Y
+
11) channel the CH

+
contribution is intense and only minor intensity

was observed for BH
+
. The occurrence of an intense B

+
signal may be an indica-

tion for secondary stabilization of an intermediate BH+. Di�erences between the

isomers under study are found in the local surroundings of the absorbing boron

sites. In the case of orthocarborane there are four sites that are not directly bound

to carbon, in the case ofm-carborane these are only two suchboron sites, whereas

for paracarborane all boron sites are directly bound to carbon. Thismight be a hint

to a plausible rationalization for the slightly di�erent �ssion patterns in the dif-

ferent isomers, since charge delocalization will certainly precede prior to �ssion,

yielding the distinct di�erences in intense ion pair channels via �ssion.

6 Conclusion

In this study of the coincidence time-of-�ight (PEPIPICO TOF) mass spectra of

three closo-carborane isomers taken using photo-excitations in vicinity of the B 1s

core threshold, we see many similarities between the three isomers. Fragmenta-

tion yields and charge separation mass spectra of all three isomers are generally

quite similar in that the ion pairs (H
+
, Y
+
), (Y
+
, Y
+
11), and (Y

+
3 , Y
+
9 ) dominate, where

Y+ denotes the mass region from B+ to CH+. The strong dominance of selected

cation pairs indicates that the di-cation fragmentation is not a statistical pro-

cess, i.e. it is not solely governed by the fragmentation energetics. Distinct di�er-

ences in intensity of the main �ssion channels between the isomers are observed,

which are rationalized in terms of changes in local structure. With the di-cation in

the vicinity of the B 1s core threshold, we �nd that the fragmentation energetics

are not an infallible guide to the observed fragmentation. This is quite di�erent
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from the more simple cation fragmentation [1] and the loss of H2 from the parent

cation [2], where the energetics are a reliable indicator of the likely fragmentation

pathways.
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