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a b s t r a c t

Dissociation related to ion collision reactions produces neutral fragments in addition to ionic fragments,
and the ability to analyze both neutral and ionic fragments is crucial for fully understanding chemical reac-
tions in the gas phase. However, conventional mass spectroscopy (MS) instruments are unable to directly
analyze multiple neutral fragments without reionization. This inability is called “neutral loss.” We report
the first tandem MS instrument realized by a kinetic-energy-sensitive cryodetector (a superconducting
tunnel junction operated in the Giaever mode) as the second mass separation (KEMS) to quantitatively
eywords:
andem mass spectrometry
uperconducting detector
ryodetector
eutral molecule

analyze multiple fragment molecules, either neutral or ionic, in a keV kinetic energy range. The perfor-
mance of the MS/KEMS instrument was examined using the collisions of singly charged acetone or acetyl
precursors with a Xe target. These singly charged ions undergo either collisionally activated dissociation
(CAD) or electron transfer dissociation (ETD), including a dissociation path of ABA+ + e → ABA* → A + B + A
or AB + A, which produces neutral fragments only. Our approach is able to determine the branching ratios

d ETD
ollisionally activated dissociation (CAD)
lectron transfer dissociation (ETD)

of the competing CAD an

. Introduction

Ion collision reactions in the gas phase occur in many sit-
ations, including both natural phenomena (interstellar clouds,
ometary comae, planetary ionospheres) and artificial phenomena
combustion engines, thin film deposition, fusion reactors). These
ollisions stimulate our interest in prebiotic organic molecules in
pace, plasma-aided nanofabrication, and future power supplies
1]. A typical gas phase reaction that produces only neutral prod-
ct molecules is dissociative ion-electron recombination (DR) for
ingly charged ions, which has been actively investigated in the
elds of atomic and molecular physics and interstellar physical
hemistry [2]. In the DR processes, a singly charged ion is neu-
ralized by electron capture and the resultant metastable neutral

olecule dissociates into multiple neutral fragments including
adicals, which play an important role in succeeding chemical
eactions. The high abundance of organic molecules in the giant

olecular cloud Sagittarius B2, located near the center of the Milky
ay, is one of the mysteries of interstellar physical chemistry [3].

nterstellar organic molecules such as acetone, acetic acid, and
ormic acid may be formed through DR. Moreover, gas phase reac-
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processes and may provide a method to overcome the neutral loss.
© 2010 Elsevier B.V. All rights reserved.

tions are now essential for identifying and analyzing biomolecules.
The reactions are expanding from ion/molecule collisions to ion/ion
collisions [4], but singly charged precursor ions are difficult to be
analyzed because of the neutral loss. Therefore, the study on the
neutral fragment analysis is important.

In the field of mass spectrometry (MS), the DR-type reaction
is called electron capture dissociation (ECD) [5]. A similar reaction
occurs in electron transfer from a target atom or molecule, which is
called electron transfer dissociation (ETD) [5]. The gas phase reac-
tion studied in this work is based on either interaction of a singly
charged precursor ion with a kinetic energy (E) of a few keV with
an electron of the outermost orbit of a target gas or with a prac-
tically stationary target gas. If we take a precursor molecule ABA,
the processes associated with the electron capture are expressed
as follows

ABA+ + e− → ABA∗ →

⎧⎪⎨
⎪⎩

ABA∗

AB + A
AA + B
A + B + A.

(1)

The third reaction is rare because of a high rearrangement energy
barrier, so there are four neutral products to be analyzed: the

metastable neutral precursor, which is neutralized by electron cap-
ture and reaches a molecule detector within its lifetime (ABA*),
and the neutral fragments (A, B, and AB), which are dissociated
from ABA*. To evaluate the dissociation branching ratios, the yields
of those neutral products should be quantitatively analyzed; how-

dx.doi.org/10.1016/j.ijms.2010.09.027
http://www.sciencedirect.com/science/journal/13873806
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ver, the multiple neutrals cannot be separated by conventional MS
sing an electromagnetic force and molecule detectors operating
t room temperature except Nevatron [6].

Another dissociation reaction called collisionally activated dis-
ociation (CAD) [7] also produces neutral fragments in addition to
ne ionic fragment, when the precursor ions are singly charged, as
s expressed by

BA+ + T → ABA+∗ →

⎧⎪⎪⎨
⎪⎪⎩

ABA+∗

AB+ + A
AB + A+

A+ + B + A
. . .

(2)

here T is the target atom or molecule. The investigation on singly
harged precursor ions, which have the lowest ionization poten-
ial, is important because of the prevalence of singly charged ions
n gas phase chemical reactions. When we detect only ions, it is
mpossible to distinguish third and fourth paths in the reaction (2).
urthermore, in some collision systems, ETD and CAD competitively
ccur, thereby making branching path analysis difficult without a
irect analytical method for multiple neutrals.

If all product molecules are neutral, multiple neutrals can be
nalyzed using huge magnetic synchrotron storage rings for heavy
ons, which are operated in a kinetic energy range of MeV and
re assisted by kinetic-energy-sensitive silicon particle detectors
8]. The kinetic energy of a precursor ion is distributed among
eutral fragments according to their mass values with a small
inetic energy release (KER) of several eV upon dissociation of
he metastable neutral molecule. The neutralized precursor ions
nd neutral fragments escape from the circulation orbit of the
ing and are detected by the silicon detector. Mass analysis of the
eutral products is performed by measuring the kinetic energies
f individual neutral products, instead of the spatial and tem-
oral separations used in the conventional MS. The KER values
an be neglected compared with the E values. In the storage ring
xperiments, branching ratio determination requires a mesh grid
echnique [9] to distinguish different molecular species, because all
roduct neutrals impinge on the silicon detector surface simulta-
eously and such multi-impact events create a single output pulse.

The silicon detectors cannot be used for most MS instruments
r the recently developed compact electrostatic storage rings [10]
f which the precursor ion energy range is in a few tens of keV.
his is because the silicon detectors have a surface dead layer of
nite thickness, which originates from the detector structure and
revents the penetration of keV particles into the depletion layer
11]. In this situation, no electron–hole pairs are produced and thus
esults in no output electric pulses. Furthermore, the energy reso-
ution for 12 keV He ions is only 5.4 keV [12], which cannot be used
o separate multiple fragments in the keV range. Therefore, kinetic-
nergy-sensitive detectors which have a high energy resolution and
over a keV range are required [2].

The MeV storage ring method provides information only on neu-
ral molecules. In contrast, conventional MS instruments operating
n the ∼keV range can analyze only ionic molecules according to

ass/unit-charge (m/z) ratios. Therefore, in ETD, precursor ions
hould be multiply charged so that one of the fragments produced
rom a metastable ion with the reduced ionic state has a charge.
lthough neutralization reionization mass spectroscopy (NRMS)

14] or charge inversion mass spectroscopy (CIMS) [15] can shed
ight on neutral fragments, they require reionization processes
hich may lead to additional fragmentation and mask initial quan-
itative information on the product molecules [14]. No instrument
apable of quantitatively analyzing both ionic and neutral frag-
ents produced by the competitive processes of CAD and ETD has

een reported up to now.
ass Spectrometry 299 (2011) 94–101 95

In this study, we employed a cryodetector for fragment analy-
sis and demonstrated that a tandem MS instrument equipped with
a superconducting tunnel junction (STJ) detector overcomes the
limitations of both the huge heavy ion storage rings (MeV neutral
analysis only) and the conventional MS instruments (keV ion anal-
ysis only). We report the instrumentation development and the
detailed data analysis presented in Ref. [16]. The developed tan-
dem MS/KEMS instrument can effectively analyze both neutrals
and ions at the single-molecule counting mode, and thus can be
used to determine the branching ratios of the complex dissociation
channels associated with the competing CAD and ETD processes in
the keV range.

2. Methods

2.1. Kinetic-energy-sensitive mass spectroscopy (KEMS) with
superconducting tunnel junction (STJ)

Superconductivity has provided a class of solid-state particle
detectors that are capable of measuring the E values of ∼keV par-
ticles through a phonon detection scheme [17]. The Cooper-pair
breaking by the phonons created by a particle impact event results
in an increase of quasiparticle tunneling current through the tun-
neling barrier of an STJ in the Giaever mode [18]. Application of
this detection scheme to MS was first reported on lysozyme detec-
tion [19], and simultaneous measurements of time-of-flight (TOF)
and charge state were proposed [20]. There was a comprehensive
review about the cryogenic detectors before 1999 [21].

In this study, we fabricated the STJ detectors at our institute
with photolithographic microprocessing [22] that allowed us to
obtain a small pixel size (a few 100 �m), which is favorable for
the detection of individual molecules without the multi-particle
impacts that occur in large single-pixel detectors. Although an STJ
detector chip has one-hundred pixels, one of the STJ pixels was used
in this demonstration study. Imaging analysis of product molecules
or coincidence analysis between the positions and kinetic energies
of product molecules is promising.

The STJ detectors and a few other types of superconducting cryo-
detectors have been attached to MS instruments for the last decade,
especially for the purpose of detecting high-mass molecules such
as macroglobulin, immunoglobulin, polystyrene, and viral cap-
sids [19–25]. This trend has evolved because the superconducting
detectors have in principle a 100% detection efficiency independent
of mass. In addition to detecting large molecules, the supercon-
ducting detectors can discriminate different charge states using the
kinetic energy measurement for individual ion impacts because the
value of E is in principle proportional to the number of unit charge
(z) when ions are accelerated in a certain electric field. An ion yield
of 14N2

2+ was extracted from a peak at a m/z value of 14 by dis-
criminating different charge states: the peak (m/z 14) is dominated
by a large yield of 14N+ [26]. This separation using the E measure-
ment is also useful for analyzing multiple neutral fragments, since
it is valid for either neutral or ionic fragments. There is a report
for measuring ionic or neutral fragments due to scattering with
residual gas [27] and a presentation for post-source decay (PSD)
[28,29] using superconducting junction molecule detectors for TOF
MS with matrix-assisted laser desorption ionization (MALDI).

For this study, a collision cell was added to our earlier instrument
[26] with a double-focusing mass spectrometer (JEOL JMS-600W
with Nier–Johnson geometry). The slit width of the electrostatic

sector affects the kinetic energy distribution of precursor ions. At
a current slit setting, the distribution is estimated to be about
30 eV, which is negligibly smaller than the kinetic energy resolution
(216–430 eV) of the STJ detector. In front of the STJ detector, an elec-
trostatic ion deflector can select either ionic and neutral molecules
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Fig. 1. Comparison between two MS instruments using kinetic energy separation of product molecules. The kinetic energy of the precursor ion is distributed into the
fragments according to their mass values: E = E1 + E2 + E3. (a) Synchrotron-storage-ring-based MS at MeV range only for neutral molecules. The neutral fragments deviate
from the synchrotron orbit and fly toward the Si detector, which can differentiate among multiple neutral molecules at the MeV range. All fragments impinge on the detector’s
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urface simultaneously, so that a mesh technique is required to obtain individual mo
nd ionic molecules. Each fragment deviates slightly according to kinetic energy rele
ixel are almost impossible. One of the STJ pixels in the array detector was used in

r only neutral molecules. The same arrangement was also adapted
n Ref. [28] for biomolecules. By comparing two spectra taken by
ctivating and deactivating the ion deflection, one can obtain the
ractions of neutral products. An infrared reflection filter that trans-

its molecules was set on a 4 K stage in front of the STJ detector to
void room-temperature black-body radiation from the ion source
ide, which led to the improvement of kinetic energy resolution by
voiding noise due to infrared photons [30].

.2. Tandem MS/KEMS experiments
Fig. 1 illustrates the difference between the synchrotron-based
ethod and our method. Our instrument that operates at 3 keV is

ompact compared to the accelerator that occupies a building and
perates at MeV. The MS/KEMS instrument consists of a double-
r yields. (b) Superconducting compact MS, built as part of this study for keV neutral
on dissociation; therefore, simultaneous impacts of multiple fragments on a single

udy.

focusing MS, an STJ detector operating at 0.3 K, and an ion deflector.
The distance between the ion deflector, which is placed 20-cm
downstream of the collision cell, and the STJ detector was 60 cm.

The acetone molecules were ionized by electron impact (EI) at
70 eV and accelerated by a voltage of 3 kV. The double-focusing
mass spectrometer selected the precursor ions, either acetone rad-
ical ions (CH3)2CO+• (m/z = 58) or acetyl ions CH3CO+ (m/z = 43)
that are the fragments created by the EI ionization. The precur-
sor ions passed through the collision cell causing a part of them
to dissociate. When the Xe gas was introduced into the colli-

sion cell, the reduction of the precursor ion flux was kept at less
than 20% to maintain a single-collision condition. The collisions
with a neutral Xe atom can induce both collisional activation and
charge-exchange neutralization [31]. A high charge-exchange neu-
tralization efficiency is expected in Xe [32,33]. This predicts a
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onsiderably large competitiveness between CAD and ETD. The
ompetitive CAD–ETD of singly charged precursor ions is very dif-
cult to study using conventional tandem MS instruments.

The energies of the precursor molecule ions, neutralized precur-
or molecules, product ions, and product neutrals were measured
y two STJ detectors with different sizes (100 �m and 200 �m)
nd structures. The MS/KEMS spectra that plot molecular yield
istograms against the kinetic energy axis were recorded for
00–1000 s by deactivating or activating the electrostatic ion
eflector at 1 kV. Discrimination between CAD and ETD can be
erformed through dissociation channel analysis by comparing
he (ions + neutrals) and (neutrals only) spectra. The current KEMS
nstrument has a mass resolution of 5–10 on the kinetic energy axis.
lthough the mass resolution makes the separation of minor molec-
lar peaks (CH2CO+, HCO+, CH2

+, CH+, C+, etc.) difficult, it suffices to
nalyze the major reaction channels for ETD and CAD expressed in
he reactions (1) and (2). The energy resolution should be improved
n the future by modifying the detector design. As per our obser-
ations, small junctions have better energy resolution. However,
o use a small junction, we require solving a fabrication problem of
ow to decrease an area of the SiO2 insulating passivation layer that
overs the junction edge and causes an undesirable artifact peak;
his will be discussed later.

It has been reported that acetone ions created by EI at 70 eV
ave a keto structure and ∼10% of these acetone are in the first
lectronically excited A state. The A-state acetone radical ions
re known to be an extremely long-lived species and survive for
30 �s prior to the dissociation [34]. The radiative lifetime of
he A-state was reported to be from 4 to 14 ms [35], which is
egligibly longer than a total flight time of 25 �s in the present
xperimental setup. The dissociation from the A-state is prompted
y a low energy collision that induces an efficient electronic-to-
ranslational energy conversion. In our experimental data without
he Xe target, the fraction of the CH3 neutral, which is recogniz-
ble and presumed to be a product of the spontaneous dissociation
f (CH3)2CO+•(A) → CH3CO+ + CH3•, was only 0.08% of the precursor
cetone yield. This small dissociation fraction corresponds to a time
onstant for the spontaneous dissociation in the order of ms. Con-
equently, the spontaneous dissociation of the ions that are initially
xcited to the A state by the EI is negligible in this study.

. Results

.1. Kinetic-energy mass analysis (KEMS)

In the course of the detector development for the neutral frag-
ent analyses, the high sensitivity for phonons resulted in an

nexpected artifact peak in addition to the main peak. As shown in
ig. 2 (a), the response of the 100-�m-square STJ to 3 keV acetyl ions
H3CO+ formed double peaks instead of the desirable single peak in
he pulse height spectrum (ion yield vs. kinetic energy). An artifact
eak at the lower kinetic energy side was unremarkable for several-
ens-kDa macromolecules such as albumin and immunoglobulin G
11,29]. The peak was greatly enhanced for low-mass molecules.
t is suggested that the molecule impact at the high kinetic energy
er nucleus is related to the double peak formation.

Fig. 3(a) shows a photograph of the STJ detector used to acquire
he data in Fig. 2(a) and the cross-sectional structure. Because the
on beam size was over 1 mm, it was assumed that the entire
rea of the detector structure was uniformly irradiated with the

olecules. The trajectory of the fragments was slightly but surely

eyond the STJ size deviated by KER [36], and thus no simultaneous
mpact occurred on the multiple fragments produced by a single
ollision, unlike the heavy ion synchrotron experiment with the
emiconducting detector. The ion counting rates were kept below
ass Spectrometry 299 (2011) 94–101 97

3 kcounts/s (cps), which is far below a counting rate at which pulse
pile-up occurs (∼30 kcps). Therefore, the double peak formation
certainly represents the response function to single ion impacts.

The top superconducting electrode had a Nb(200 nm)/Al(50 nm)
bilayer structure in order to increase the current output signal
by multiple quasiparticle tunneling (Gray effect) [37]. The 700-
nm-thick insulating SiO2 layer was necessary for insulating the
top electrode lead and the bottom electrode and for passivating
the junction edge. The SiO2 layer covered the top electrode near
the junction edge forming a 6-�m-wide frame at a ratio of 32%
between the SiO2 frame and the exposed Nb surface. The artifact
peak had a relative intensity of 32% to the main peak. In addition,
a 200-�m-square junction with a SiO2 frame ratio of 13% exhib-
ited an artifact peak intensity of 12%. These results demonstrate
that the artifact peak formation is definitely related to the impact
events on the SiO2 frame. Phonon down conversion due to anhar-
monic decay [38] in the 700-nm-thick amorphous SiO2 layer may
have resulted in less phonons capable of breaking Cooper-pairs,
and thus the low pulse height compared with the direct impact on
the Nb surface. The fact that the artifact peak was unremarkable
for the macromolecule impacts that created low energy phonons
due to low kinetic energy per nucleus supports this explanation.
When the initial phonon energy is low, it is expected that, by the
anharmonic decay, phonon energies are quickly reduced to below a
threshold energy for breaking Cooper-pairs in the superconducting
electrode.

The above-mentioned artifact peak phenomenon validated the
high sensitivity of the STJ detector for molecule impacts. Even if
there was a contamination layer of the Nb surface, it was possible to
detect the molecules in contrast to the microchannel plates (MCPs)
and secondary electron multiplier (SEM) detectors both of which
rely on secondary electron emission. Nevertheless, the large artifact
peak precluded the use of the STJ detector for neutral fragment
analysis because of the possible peak overlap with the artifact peak.
To solve this problem, we fabricated a new detector structure: a
200-�m junction size, a 1600-nm-thick SiO2 layer, and a phonon-
down-conversion layer of Al(100 nm)/Nb(50 nm) at the middle of
the SiO2 layer, as shown in Fig. 3(b). The large junction size led to a
low SiO2 frame ratio. The thicker SiO2 layer with the phonon-down-
conversion layer also reduced the number of phonons with over the
threshold energy, which propagated and reached the top electrode.

The phonon-down-conversion Nb/Al layer was expected to have
a superconducting gap parameter of 0.4 meV, which was smaller
than the 0.6 meV of the Nb(200 nm)/Al(50 nm) electrode, because
of the superconducting proximity effect [39]. The 0.6 meV is the
threshold energy for breaking Cooper-pairs. With the increase in
the proximity effect, such as the Al thickness, the gap parameter
decreased. The phonons created by the molecule surface impact
on the SiO2 layer were absorbed in the phonon-down-conversion
layer and may have been converted to the phonons of 0.4 meV. The
0.4-meV phonons could not break Cooper-pairs in the supercon-
ducting electrodes because of the higher threshold value (0.6 meV).
We expected these structural modifications to lead to a decrease
of the pulse height for the SiO2 events to electric noise level. Our
expectation did not materialize completely, but a less pronounced
artifact peak is seen in Fig. 2(b). We employed this 200-�m-square
STJ detector for the MS/KEMS experiments, although the energy
resolution degraded from 216 eV to 430 eV. Further investigation is
necessary for a more precise understanding and a detector struc-
ture adjustment.

There are two reasons for the energy resolution degradation

as the junction size increased. First, spatial inhomogeneity of cur-
rent output pulse heights was enhanced, probably because of finite
quasiparticle diffusion length [40]. Second, it is generally known
that large capacitance, which is proportional to the junction area,
causes an electric noise increase. We plan to fabricate a junction



98 M. Ohkubo et al. / International Journal of Mass Spectrometry 299 (2011) 94–101

Fig. 2. Response functions (pulse height spectra) to 3 keV CH3CO+ ions. (a) 100-�m-square STJ detector. (b) 200-�m-square STJ detector with a thicker SiO2 layer and a
p or sur
m r ions
l Fig. 3.
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honon-down-conversion layer (see Fig. 3). Kinetic energy deposited on the detect
ain peaks in the histograms were calibrated by the kinetic energy of the precurso

eads and electric noise pulses. The corresponding detector structures are shown in
idth at half maximum. The unexpected artifact peaks appear around 1 keV.

ith a SiO2 frame area as small as possible, which is a challenge of
icrofabrication.

.2. Tandem MS/KEMS analysis
Raw KEMS spectra are shown in Fig. 4(a) for the acetyl precur-
or, CH3CO+, and (b) for the acetone radical precursor, (CH3)2CO+•.
he raw data show the fractions of the product yields relative to
he precursor ion yields and the ratios of ions and neutrals. The

ig. 3. Top and cross-sectional views of the STJ detectors corresponding to Fig. 2. (a) 100
ayer, forming a frame, to insulate the wiring leads for the bottom and top electrodes.

ith the relative intensity of the artifact peak. (b) 200-�m-square STJ. The junction edg
ayer [Al(100 nm)/Nb(50 nm), shown by white] in the middle. The frame ratio is 16%. Th
uperconducting energy gap (2�), so that the STJ has no sensitivity and thus reduces the
face for each single-molecule impact event was measured. Horizontal positions of
(3 keV). Peaks at the lowest energy side are due to impact events on the electrode
The energy resolution values of the main peaks are (a) 216 eV and (b) 430 eV in full

difference between Figs. 4(a) and (b) is apparent: the fraction of sur-
viving neutralized acetyl radicals relative to the precursor ion yield
is almost undetectable (0.04%) in Fig. 4(a), whereas the fraction of
the neutralized acetone molecules is as high as 6% in Fig. 4(b). The

difference in the neutralization fractions can be understood by con-
sidering the enthalpy values (�H), CH3CO+ + Xe → CH3CO• + Xe+

(�H = 5.20 eV), (CH3)2CO+• + Xe → (CH3)2CO + Xe+ (�H = 2.41 eV),
and dissociative rate constants (to be discussed later). It is rea-
sonable that the reaction channel with the smaller endothermic

-�m-square STJ. The junction edge is covered by a 700-nm-thick amorphous SiO2

The frame area ratio to the naked Nb area in the middle is 32%, which coincides
e is covered by a 1.6-�m-thick SiO2 layer which has a phonon-down-conversion
e absorbed phonons in the down conversion layer can have energies less than a

relative intensity of the artifact peak.
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Fig. 4. Raw and processed tandem MS/KEMS spectra. (a) Raw data for acetyl precursor, CH CO+. (b) Raw data for acetone precursor, (CH ) CO+. Blue and red curves were
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easured with and without activating the ion deflector, respectively. (c) Processed
rocessed data for acetone precursor. The precursor ion signal of the acetone radica

nergy difference has a higher event probability at the present col-
ision energy, which is far below the maximum electronic transition
robability based on Massey’s adiabatic criteria [15,41].

To eliminate the strong precursor signals and to analyze the
issociated fragments more precisely, the spectra measured with-
ut the target gas were subtracted from the raw KEMS spectra
n Fig. 4(a) and (b); the results are shown in Fig. 4(c) and (d). In
ddition, using the detector response function for acetone ions, the
ignal of the neutralized acetone molecules in Fig. 4(d) was also
ubtracted. The dissociated fragments are clearly separated on the
inetic energy axis. The peaks are assigned to CH3CO+, CH3CO, CO,
H3

+, and CH3.
A striking feature of the MS/KEMS spectra is the large peak of

eutral CO in Fig. 4(c), which is completely missing in conventional
S/MS data. It is recognized that the peaks of CO and CH3 in Fig. 4(c)

nd (d), respectively, contain only neutrals within the accuracy of
he present experiment, whereas the peaks of CH3 and CH3CO in
ig. 4(c) and (d), respectively, contain high fractions of the respec-
ive product ions. The CO peaks in Fig. 4(d) seem to show there
re CO ions, but this may be an error when the residual artifact
eak was subtracted because of the overlap between the CO and
he residual artifact peak.

The observed neutral fractions indicate that the
ajor dissociation channels are CH3CO+ → CH3

+ + CO
CAD) and CH CO+ + Xe → CH • + CO + Xe+ (ETD) for
3 3
he acetyl precursor, and (CH3)2CO+• → CH3CO+ + CH3
CAD), (CH3)2CO+ + Xe → CH3

• + CH3
• + CO + Xe+ (ETD), and

CH3)2CO+• + Xe → CH3CO + CH3
• + Xe+ (ETD) for the acetone

recursor.
3 3 2

for acetyl precursor. The precursor ion signal of the acetyl ions was subtracted. (d)
and the signal of the neutralized acetone molecules were subtracted.

4. Discussion

The dissociation of acetone molecules has been extensively
studied at low center-of-mass collision energies (Ecm) at 1–60 eV
(e.g. [42]). CAD of acetone cations occurs primarily from electroni-
cally excited states that are isolated from the ground state, which is
valid even in the present collision energy range of 3 keV [43]. Dis-
sociation from the long-lived electronic states cannot be treated
within the widely used framework of the quasi-equilibrium theory
(QET) for dissociation [44]. The energy levels of the discrete elec-
tronic excitation states, which are designated as A, B, C,. . ., can be
obtained from tables in Ref. [45] or other optical spectroscopic data.
Compared with acetone, there is very limited information avail-
able about the electronic excitations of acetyl molecules [46]. It
is expected from our following results that the lifetime of the elec-
tronic excitation states of acetyl molecules is also lengthy, however,
shorter than that of acetone. We used the yield of the neutralized
precursors, which survives at the detector position, the yield of the
products, and a flight time of 9 �s between the collision cell and
the detector to obtain the initial yields of the excited precursor
neutrals. The dissociative time constants are estimated to be ∼3 �s
for CH3CO(A)• and ∼80 �s for (CH3)2CO(A), provided that all the
surviving neutralized molecules are in the A states. The difference
in the dissociative time constants is consistent with the fact that
CH CO+ ion and (CH ) CO neutral are stable, while the radicals of
3 3 2
CH3CO• and (CH3)2CO+• are unstable. In addition, the longer time
constant of acetone is also consistent with the greater freedom for
the dissociation channels in the neutral acetone than in the acetyl
radical.
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Fig. 5. Diagram of heats of formation. (a) The acetyl precursor, CH3CO+. (b) The
acetone precursor, (CH3)2CO+. Molecules in the diagram are categorized as the
precursors (black letters), electronically excited precursor ions (orange letters),
electronically excited precursor neutrals (blue letters), identified products (green
l
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o
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o
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l
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w

etters), and unidentified products (black letters). Energy levels are indicated by the
olid lines for the ground states and by the dotted lines for the electronically excited
tates. The reaction channels are illustrated by the orange arrows for CAD and by
he blue arrows for ETD.

The thermochemical energetic diagram is shown in Fig. 5,
ogether with the reaction efficiencies and the dissociation branch-
ng ratios. The energy levels were taken from the literature: CH3CO•

nd CH3CO+ [47], CH3CO(A)• and CH3CO(D)• [48], (CH3)2CO(A) and
CH3)2CO(D) [46], (CH3)2CO(A)+• and (CH3)2CO(E)+• [49]. The other
evels were obtained from Ref. [50]. Excitations to the higher elec-
ronic states (B–E, . . .) are possible, but we expect those fractions
o be small. Major possible reaction channels expected from Fig. 4
re listed below with the dissociative branching ratios obtained
n this study. The numbers followed by % indicate the efficiencies
f the reactions relative to the precursor ion yields for the reac-
ions (3), (5), (8), and (11) and the dissociation branching ratios
btained from the current experiment for the dissociations (6), (7),
12)–(14). The labels “CAD” and “ETD” depict the respective disso-
iation paths. The enthalpy differences were mostly calculated on
he basis of the ground states except those marked by “A,” for which

H values were calculated by taking into account the A state energy
evels. The energy level of CH3CO+ (A) is unknown, but it should be
etween 10.2 and 14.4 eV because no CO+ products are detectable

n the acetyl precursor. It is energetically reasonable that reactions
ith large threshold energies (4), (9), and (10) are unobservable.
Threshold energies of acetyl reactions

CH3CO+ → CH3
+ + CO(CAD) 4% �H = 3.37 eV (3)

CH3CO+ → CH3
• + CO+(CAD) unidentified �H = 7.57 eV (4)
ass Spectrometry 299 (2011) 94–101

CH3CO+ + Xe → CH3CO• + Xe+(ETD) 1% �H = 5.20 eV (5)

Identified dissociation channels for acetyl

CH3CO+(A) → CH3
+ + CO(CAD) 70% �H = 0 to−4.20 eV (6)

CH3CO(A)• → CH3
• + CO(ETD) 30% �H = −2.13 eV (7)

Threshold energies of acetone reactions

(CH3)2CO+• → CH3CO+ + CH3
•(CAD) 2% �H = 0.81 eV (8)

(CH3)2CO+• → CH3CO• + CH3
+

(CAD) unidentified�H = 3.63 eV (9)

(CH3)2CO+• → CH3
+ + CH3

•

+ CO(CAD) unidentified �H = 4.23 eV (10)

(CH3)2CO+• + Xe → (CH3)2CO + Xe+

(ETD) 6% �H = 2.41 eV (11)

Identified dissociation channels for acetone

(CH3)2CO(A)+• → CH3CO++CH3
•(CAD) 70% �H= −2.07 eV (12)

(CH3)2CO(A) → CH3CO• + CH3
•(ETD) 10% �H = −1.00 eV (13)

(CH3)2CO(A) → CH3
• + CH3

• + CO(ETD) 20% �H= −0.38 eV (14)

Concerning the acetyl precursor, the yield ratio of
CH3

+:CH3
• = 7:3 in Fig. 5(a) indicates that the branching ratio of

dissociations (6):(7) is 7:3. The ratio of CH3CO+:CH3CO•:CO = 7:1:2
in Fig. 5(b) corresponds to that of dissociations (12):(13):(14). It
has been assumed that the dominant channel for acetone is solely
reaction (12), and the branching ratios of other minor channels
identified are less than a few percent [46]. In reality, the present
MS/KEMS data has revealed that the reaction channels involving
only the product neutrals have a considerably high branching ratio
of 30% for the dissociation channels (13) and (14). Moreover, it is
also emphasized that the branching ratio between reactions (8)
and (11) is 1:3, which means that the most dominant reaction for
the acetone precursor with the Xe target is the neutralization of
reaction (11). Most of the neutralized acetone molecules survive
without dissociation, as seen in Fig. 4(b).

The present quantitative data on neutral fragments of acetyl and
acetone are consistent with qualitative data reported using conven-
tional MS and reionization-assisted MS. The MS/KEMS quantitative
data have revealed that the reactions producing only the neutral
products have considerably high branching ratios. The accuracy of
branching ratio determination has to be improved in the future.

5. Conclusions

We have demonstrated that the tandem MS/KEMS with the
cryodetector is effective for quantitatively identifying gas phase
reaction and dissociation paths, including the cases where only
multiple neutral fragments are produced, and for determining the
branching ratios even when both CAD and ETD competitively occur.
Such analysis has never been reported using any instruments that
use the molecule detectors operating at room temperature. Our

new approach is one of the ways to compensate for the neutral
loss and to completely promote understanding of the gas phase ion
reactions.

The high production rate of the dissociated neutral radical of
CH3

• may play an important role in the formation of ethyl cyanide,
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ethyl formate, and other prebiotic molecules in the interstel-
ar space. It is also frequently suggested that neutral companion
roducts have crucial structural information in fields such as gly-
obiology, agricultural chemistry, and cluster science. The analysis
ethod of this work may be effective for DR experiments with com-

act electrostatic storage rings. The direct mass analysis of neutral
olecules will contribute to ionic or molecular reactions in many

reas ranging from physical chemistry to biology.
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