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Abstract

A charge inversion mass spectrometer (PMS/NMS) by using alkali metal targets has been developed which produces clearer
differentiation of hydrocarbon isomers than collision induced dissociation (CID). In PMS/NMS, mass-selected positive ions
are made to collide with an alkali metal target, and the resulting negative ions formed upon two-electron transfer are mass
analyzed. On the basis of the observed target-density dependence of product ion intensity and thermochemical considerations
we propose that the process of dissociative negative ion formation in PMS/NMS is by way of near-resonant neutralization,
followed by spontaneous dissociation of the neutrals and then endothermic negative ion formation. CID spectra and PMS/NMS
spectra have been measured for two types of so-called thermometer molecules, namely partially deuterated methanol and
W(CO),. The differences between the CID spectra and the PMS/NMS spectra of partially deuterated methanol demonstrate that
the major process in PMS/NMS involves dissociation of the excited neutral species. The internal energy deposition of the
charge inversion measured for W(GO}Jn = 4-6) ions indicates that dissociation occurs in the energy-selected neutrals
formed by way of near-resonant neutralization. The relative peak intensities in the PMS/NMS spectra for some hydrocarbons
depend strongly on the alkali metal target used, indicating the importance of internal energy in the dissociation of the excited
neutral intermediates. These results demonstrate the utility of PMS/NMS as a technique for the investigation of the dissociation
of energy-selected neutral intermediates and for isomeric differentiation. (Int J Mass Spectrom 212 (2001) 229-247) © 2001
Elsevier Science B.V.
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1. Introduction

Tandem mass spectrometry (MS/MS) [1,2] and
metastable ions [3] provide a range of information
about discrimination of isomers, characterization of

ion structure, and the dissociation mechanism of ions.
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Although metastable ions dissociate spontaneously
without the benefit of an activation reaction, MS/MS
usually requires the use of collisional activation in
order for the precursor ions to dissociate effectively.
A variety of methods for excitation of precursor ions
have been developed, such as high-energy collision
induced dissociation (CID) [1,2,4-7], low-energy
CID [1,2,8-10], surface induced dissociation (SID)
[2,11-15], and electron transfer [16]. The dissociation
mechanism of the excited ions depends on the internal
energy of the ions [17], and the internal energy
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distribution of excited ions in MS/MS has been
measured by using thermometer molecules such as
metal carbonyls and akyl silanes. These measure-
ments were mainly reported by Cooks and co-workers
using CID [17-21], SID [14,22-24], and electron
transfer in doubly charged ions [25-28]. This type of
information about internal energy distribution is valu-
able not only for ions but also for neutrals because the
dissociation of excited neutrals is one of the most
important types of chemical reaction.

Although mass spectrometry is well suited to the
study of the dissociation of various stable and unsta-
ble ions, the investigation of neutral species using
mass spectrometry has been difficult due to their lack
of electronic charge. To investigate the dissociation of
neutral species, high-energy neutral detection meth-
ods were developed by Porter and co-workers [29—
32], athough these methods could not identify the
mass of fragment neutrals. Los and co-workers re-
ported [33-36] the dissociation mechanism for simple
molecules using a coincident technique measuring
position and time differences. However, loss of hy-
drogen atoms from polyatomic molecules, such as
hydrocarbons, was not studied using the coincident
method because this method could not analyze frag-
ments with mass ratios larger than 6.2 [37,38]. Peter-
son and co-workers reported [39—44] the dissociation
of neutrals formed by means of electron transfer from
ions not having stable neutral counterparts. Neutral-
ization reionization mass spectrometry (NRMS) has
also been developed as a method for generation and
structural characterization of neutral species [45—-49].
Recently, the chemical reactivity of neutral speciesin
the gas phase was studied by Turecek and co-workers
[50-52] using advanced NRMS methods such as
photoexcitation, photoionization and long-distance
NR, and the results of neutral and ion decomposition
difference (NIDD) studies were reported by Schwarz
and co-workers [53,54].

The alternative technique of charge inversion mass
spectrometry (PMS/INMS) using alkali metal targets
has been developed independently by the present
author and co-workers [55-67]. Charge inversion
reactions to form negative ions have been reported for
the precursor positive ions obtained by electron im-

pact on hydrogen [55,56], hydrocarbons [57-63],
tungsten hexacarbonyl [64], partialy deuterated
methanol [65,66], and dichlorobenzene [67]. On the
basis of the observed target-density dependence of
product negative ion intensity and the internal energy
distribution determined in these works, it was pro-
posed that the process of dissociative negative ion
formation in charge inversion mass spectrometry
occurs by way of near-resonant neutralization fol-
lowed by spontaneous dissociation of the neutrals and
then endothermic negative ion formation, and that the
dissociation of neutra intermediates can be investi-
gated by this method. In the present work, along with
providing some new data, we review these previous
studies, with particular emphasis on the internal en-
ergy distribution in charge inversion mass spectro-
metry using alkali metal targets. The differences in
the internal energy distribution between PMS/NMS
and the dissociation of positiveionsby CID, SID, and
electron transfer are also discussed. These results
demonstrate the utility of PMS/NMS as a technique
for isomeric differentiation and for the investigation
of the dissociation of energy selected neutral interme-
diates.

2. Experiment

Mass-selected positive ions are made to collide
with alkali metal targets, and the resulting negative
ions formed upon two-electron transfer are mass
anayzed in the charge inversion mass spectrometer
which is a MS/MS instrument, as shown schemati-
caly in Fig. 1. Positive precursor ions are formed by
electron impact ionization and are accelerated to a
kinetic energy of 3 keV. The precursor ions are mass
selected by a Hitachi M80B double focusing mass
spectrometer (MS-1). The central radius of the electric
sectors is 216 mm, and the magnetic field has a 200
mm ion orbital radius. The mass-selected precursor
ions enter a 3 cm long target chamber, which is
located between the two analyzers. The akali metal
target is introduced into the target chamber as a vapor
from a reservoir through a ball valve. The target
chamber, the ball valve and the reservoir are ther-
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Fig. 1. Schematic diagram of the charge inversion MS/M S instrument. Positive precursor ions are mass selected by MS-1. Alkali metal targets
were introduced into the target chamber. For collision induced dissociation (CID) spectra, the positive ions were measured by MS-I1. For
charge inversion spectra, the negative ions were mass analyzed by MS-II, after the polarities of MS-11 and the detector were changed.

mally controlled in order to control the alkali metal
density in the target chamber. Neutralization, dissoci-
ation, and anionization take place in the target cham-
ber filled with alkali metal vapor. The negative ions
are mass analyzed by a cylindrical electrostatic ana-
lyzer (ESA) with a 216 mm central radius (MS-11).
The mass-analyzed negative ions are detected by a 10
kV postacceleration secondary electron multiplier.
When the supply of akali metal vapor from the
reservoir is stopped by closing the ball valve, al of
the negative ion peaks in the charge inversion spectra
disappear, indicating that the negative ions are gener-
ated by the collision of the positive ions with alkali
metal targets.

CID spectra were measured by mass analyzing the
positive ions exiting the target chamber. By changing
the polarity of MS-I1 and the multiplier, the positive
ions were mass anayzed by MS-Il and the mass-
analyzed secondary ions were detected by the multi-
plier. CID spectra were measured usually with alkali
metal target, but sometimes with a rare gas target by
changing the gas inlet system of the target chamber.

Acetylene (99.6%, Takachiho, Japan) and tungsten
hexacarbonyl (99%, Aldrich, USA), W(CO),, were
used as received. Two types of partially deuterated
methanol, namely CH;OD and CD;0H (Merck), were
also used as received. The level of deuterium content
of both molecules was >99%.

3. Results and discussion

3.1. Reaction processes in charge inversion mass
spectrometry using alkali metal targets

In charge inversion mass spectrometry using alkali
metal targets, dissociative negative ions formed from
positive ions by transfer of two electrons are over-
whelmingly more abundant than nondissociative neg-
ative ions [55-67]. It is possible that the formation of
the negative product ions produced by transfer of two
electrons in the charge inversion mass spectrometer
may involve either double electron transfer in one
collision or successive single electron transfersin two
collisions. The determination of which of these pro-
cesses dominates in charge inversion mass spectro-
metry is essential because the dissociation mechanism
depends strongly on the electron transfer process. The
reaction process for double electron transfer in a
single

AB* + T —>AB * + T2+ 1)
AB* >A + B )

The reaction process for successive single electron
transfers in two collisions is shown in

AB* + T —>AB* + T* A3)
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Fig. 2. PMS/NMS spectra of (A and C)C,H* ionsand (B and D) C,H; ions. The experimental conditions for (A) and (B) are identical except
for the precursor ions, and so are those for (C) and (D). The target density for (A) and (B) is about 2.5 times higher than that for (C) and (D).
The nondissociative C,H™ ion formation shows a different dependence on the target density than the dissociative C; ion formation.

AB* >A + B (4)

(5)

where the dissociation takes place after neutralization,
as discussed in the following.

B+T—B +T"

3.1.1. Target density dependence of negative ions
formed from positive ions by meand of two electron
transfer

The PMS/NMS spectra of C,H ™" ions (m/z = 25)
and C,H; ions (m/z = 26) obtained by electron
impact on acetylene are shown in Fig. 2(A) and (B),
respectively. As the spectra of C,H™ ions and C,H;
ions measured alternately were averaged several
times, the experimental conditions of Fig. 2(A) and
(B) were identical except for the mass number of the
precursor ions. Although the spectra of C,H™ ions
(m/z = 25) and of C,H; ions (mVz = 26) shown in
Fig.2(C) and (D), respectively, were also measured

under identical conditions, the target density used to
obtain the spectrain Fig. 2(A) and (B) was 2.5 times
larger than that of Fig. 2(C) and (D). In Fig. 2(A) and
(C), nondissociative C,H™ ionsare observed at mz =
25 as a sharp peak. As seen from the comparison of
Fig. 2(A) and (C), the relative intensity of nondisso-
ciative C,H™ ions (m/'z = 25) to that of dissociative
C, ions became much smaller as the target density
increased. The relative intensity of dissociative C;
ions (m/'z = 24) ionsand C,H™ ions (m/z = 25) ions
formed from C,H; ions was independent of target
density, as seen from the comparison of Fig. 2(B) and
(D). The dependence of target density for these
dissociative ions observed in Fig. 2(B) and (D) are
comparable to that for the dissociative C, ions
observed in Fig. 2(A) and (C). This difference in
dependence on the target density of dissociative ions
compared with nondissociative ions indicates that the
collision process responsible for dissociative ions
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Fig. 3. Target density dependence of product negative ion intensi-
ties measured by the single-focusing charge inversion mass spec-
trometer. The target was Cs. He™ ions from He™ ions (open circle);
dissociative C, ions from C,HJ ions (inverted open triangle);
nondissociative C; ions from C; ions (open square); nondissocia-
tive C,H™ ions from C,H™ ions (open diamond). Although He™
ions and dissociative C; ions display a square dependence on the
target density, nondissociative C, and C,H™ ions show a linear
dependence.

observed in PMS/NM S spectraislikely to be different
from that for the nondissociative ions.

By using the single-focusing charge inversion
mass spectrometer at Osaka Prefecture University, we
have measured the target density dependence of the
product negative ions by monitoring the target density
using surface ionization of the akali metal target
[57-59]. The negative ion intensities versus the mon-
itor currents, which was proportional to the target
density of the alkali metal vapor in target chamber,
are plotted in Fig. 3. The monitor comprises a
stainless-steel tube collector and 1 mm width heated
tungsten ribbon filament, and measures the surface-
ionized current of the akali metal, which flowed
through the hole drilled in the target chamber. The
monitor current is proportional to the target density
calculated from the temperature of the alkali metal
reservoir [59].

He™ ions obtained from He™ ions are plotted in
Fig. 3 for comparison. He™ ion formation was re-
ported as two collision processes by the reaction [68]

He* (1s) + Cs — He* (1s2s) + Cs* (6)
He* (1s2s) + Cs — He * (1s2s2p) + Cs* 7

The square dependence of He™ ion formation on the
target density shows that this measurement for density
dependenceisreliable. As seen in Fig. 3, dissociative
C, ion formation from C,H; ions displays a square
dependence, in the same manner as He™ ion forma-
tion. In contrast to dissociative negative ion forma-
tion, nondissociative C, and C,H™ ion formation
displays a linear dependence on the target density.
As precursor positive ions were not selected by the
single-focusing charge inversion mass spectrometer at
Osaka prefecture university, peaks associated with
negative ions from different positive precursor ions
were observed in a charge inversion spectrum [55—
59]. Dissociative C5 ion formation from C,H™ and
C,H™ ion formation from C,H, ions showed the
same dependence on the target density as dissociative
C, ion formation from C,H; ions at various target
density conditions. The different target density depen-
dence of nondissociative negative ion formation com-
pared with dissociative negative ion formation ob-
tained using the single-focusing charge inversion
mass spectrometer is in accordance with those of the
peaks observed in the PMS/NMS spectra shown in
Fig. 2(A) and (C). From these measurements, it was
confirmed that nondissociative C; and C,H™ ion are
formed by double electron transfer in a single colli-
sion [reaction (1)], whereas dissociative C, and
C,H™ ions are formed by the successive single-
electron transfer in two collisions [reactions (3) and

QIE

3.1.2. Thermochemical consideration of the double
electron transfer in a single collision and successive
single electron transfer in two collisions

The endothermicity (AE) for the double electron
transfer in a single collision for a projectile (AB) and
atarget (T) is given by
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Table 1

lonization energies (IEs) and electron affinities (EAS) of relevant
species in electron volts; |Es for alkali metal targets are cited
from [69]

Species First IE Second |IE EA®

Cs 3.893 25.08

K 4339 31.81

Na 5.138 47.29
C, 12.11° 3.269
C,H 11.96° 2.969
aSee [70].

bSee [71].

°See [72]

AE = IE(T) + IE(TY) — IE(AB) — EA(AB) (8)

where |E and EA are ionization energy and electron
affinity, respectively. The ionization energies and
electron affinities relevant to this discussion are
shown in Table 1 [69—72]. Although alkali metas
have small ionization energies, |E(T), alkali metal
cations have large ionization energies, IE(T"), as
shown in Table 1. The experimental [73-75] and
theoretical [76,77] treatment for double electron
transfer in one collision indicates the existence of a
reaction window for the reactions. Langford and
Harris reported that the reaction window for the
CH4Br target is between endothermicities of about 8
and 22 eV using the S*, OH™, and F" ions as the
projectile [74]. Griffiths et al. aso reported that when
the projectile is either 6 keV OH™ or F* ions and the
collision gas consists of fluorinated benzene mole-
cules, then the cross section for the reaction maxi-
mizes when the reaction endoergicity has a value
between 10 and 14 eV [75].

The endothermicities of double electron transfer to
form C; ionsand C,H™ ionsareshownin Table 2. In
double electron transfer forming nondissociative C;

Table 2

Endothermicities for double electron transfer in single collisions
in eV; these values were calculated from the IEs and EA in
Table 1 using Eg. (8)

Cs K Na
C, 13.59 20.77 37.05
C,H 14.04 21.22 37.50

and C,H™ ions using alkali metal targets, the endo-
thermicity for the Cs target only is in this reaction
window, that for K is at the upper limit, and that for
Na is out of it, as seen from the endothermicities in
Table 2. This prediction for the reaction window isin
accordance with our experimenta results, in which
the double electron transfer processes were observed
only for the Cs target and not for K and Na targets
[57,60]. For H™ ion formation from H™ ions, cross-
section data have been compiled by Tawara and
Russek [78] and Nakai et a. [79]. Most of the
absolute cross sections for double electron transfer in
one collision are in the order of 107 *8-10"" cm? in
the kiloelectron volt energy range. The absolute cross
section measured for C; and C,H™ ion formation
by way of double electron transfer in one collision
with a Cs target is in the order of 10~ *8-10"*" cm?
[57,60].

If dissociative negative ions are formed from
double electron transfer in a single collision [ reac-
tions (1) and (2)], then the bond energy for the
dissociation must be added to the endothermicities of
the double electron transfer reaction. Asaresult of the
large endothermicity, the cross sections of double
electron transfer accompanied with the bond dissoci-
ation are estimated to be small. A decrease in electron
affinity results in a larger endothermicity, as seen in
Eqg. (8), and the reaction cross section is expected to
decrease due to the larger endothermicity. Although
W(CO), and vinylidene have positive electron affin-
ities, nondissociative W(CO), and vinylidene anion
were not observed in the PMS/NMS spectra using
alkali metal targets [63,64]. For acetylene and meth-
anol, both which have negative electron affinities, it is
unlikely that the dissociative negative ions are formed
from the dissociation of unstable C,H,* and
CHZ;OH™* ions, respectively, formed from double
electron transfer.

The endothermicity (AE) for the neutralization
[reaction (3)] for a projectile (AB) and atarget (T) in
successive single electron transfersin two collisionsis
given by

AE = IE(T) — IE(AB) + EE(AB) )
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where |IE, EA, and EE are ionization energy, electron
affinity, and excitation energy (the internal energy of
AB), respectively. For electron transfer in the kilo-
eelectron volt collision energy region, near-resonant
reaction (AE ~ 0) affords a larger cross section than
exothermic and endothermic reactions [80,81]. The
cross-section data of charge transfer for hydrogenions
in collision with alkali metal targets were compiled by
Morgan et a. [82] and Tabata et a. [83]. The
neutralization cross section for H* ions using alkali
metal target were in the order of 10" °~10"** cm? in
the kiloelectron volt energy range. Resonant and
near-resonant neutralization cross sections for organic
molecules were aso reported to be of the same order
of magnitude [84]. The cross-section data compiled
for akali metal targets indicates that the neutralization
reaction with alkali metal targets has preference over
the double electron transfer process. If near-resonant
neutralization occurs with alkali metal targets, the
neutral species formed by electron transfer may be
excited at the energy EE(AB) = IE(AB) — IE(T)
because the ionization energies of hydrocarbons are
usualy larger than those of alkali metals.

The endothermicity (AE) for negative ion forma-
tion [reaction (5)] for a projectile (B) and atarget (T)
in successive single electron transfers in two colli-
sions is given by

AE = IE (T) — EA (B) (10)

Although the ionization energies of akali metals are
the smallest among atoms, €electron affinities of hy-
drocarbon molecules and radicals are usually smaller
than the ionization energies of alkali metals[70]. The
energy of the lowest electronic excitation level of
akali metal cations is more than 10 eV [69] and the
excitation of negative ions results in spontaneous
electron detachment. Therefore both the product ions
are expected to be in their respective electronic
ground states, and most of the endothermicities of
negative ion formation with alkali metals are esti-
mated to be a few eV. This small endothermicity
associated with forming of ground state products is
likely to afford larger cross sections than those of the

more highly endothermic reactions accompanied with
dissociation of product negative ions.

3.2. Dissociation mechanism of neutral
intermediates in PMSNMS

3.2.1. Comparison between PMSNMS and neutral
detection methods

Because product negative ions were analyzed only
by the energy selector of the electric sector field in the
PMS/NMS spectrometer as shown in Fig. 1, we can
evaluate the kinetic energy release (KER) values from
the peak widths observed in PMS/NMS spectra.
Hudgins et al. measured the maximum scattering
angle corresponding to the highest fragment kinetic
energy released for C,H formation from C,H; ions
by using a neutral detection method [85]. The KER
value was evauated from full width at ten maximum
(FWTM) of the peak associated with C,H™ ions from
C,H, ions in PMS/INMS spectra [58]. This KER
value at FWTM showed good agreement with maxi-
mum beam spread in the neutral detection method of
Hudgins et a. de Bruijn and Los developed a posi-
tion- and time-sensitive detector for the coincident
measurement of two neutral fragments [33]. By using
this method, they reported the precise kinetic energy
distribution and dissociation mechanism of excited H,
molecules formed from neutralization of H; with
metal atoms containing alkali metals [34]. The KER
values were evaluated from full width at half maxi-
mum (FWHM) of the peak associated with H™ ions
formed from H; ions in the charge inversion mass
spectrum with an alkali metal target [55]. The KER
values of 8.2 eV in PMS/NMS spectra showed good
agreement with kinetic energy distribution of 7-9 eV
evauated for H neutrals generated by the collision of
H5 ions with alkali metal targets by de Bruijn et al.
[34].

3.2.2. Difference in dissociation mechanism between
CID and PMSNMS [65]

Fig. 4 shows the CID and charge inversion (PMS/
NMS) mass spectra of CH,OD™" and CD,OH™. The
target used for al these spectra was Cs, and the
collision energy in the laboratory system was 3.0 keV.
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Fig. 4. CID spectraof (A) CH;OD™" and (B) CD,OH™; (C) the PMS/NMS spectra of CH,OD ™", and (D) CD,OH™". The target was Cs. In both
CID and PMS/NMS spectra, there is only one prominant peak associated with dissociative ions. Although the CID process involves the
elimination of a hydrogen atom from the methyl group, the dissociative process in PMS/NMS results in the elimination of a hydrogen atom

from the hydroxy! group.

Only one strong dissociative peak is observed in the
CID spectra for both precursor ions. In the CID
spectrum of CH;OD™* (mVz = 33) shown in Fig. 4(A),
the mass number of the strongest peak is 32 which is
attributed to the CH,OD* ion resulting from elimina-
tion of a H atom from the methyl group. In the CID
spectrum of CD,;OH " (m/z = 35) shown in Fig. 4(B),
the dissociative species associated with the peak at
m/z = 33 is attributed to the CD,OH™ ion resulting
from elimination of a D atom from the methyl group.
These results are consistent with the well known
results for dissociation of methanol cation [86]. These
results also indicate that scrambling of H atoms and D
atoms does not occur in the precursor cations formed
by electron impact ionization.

The predominant peak in the PMS/NMS spectrum
of CH,OD™ (m/z = 33) [Fig. 4(C)] is the peak at
m/z = 31, which represents a decrease in mass num-

ber of 2 from the parent ion. This reduction in mass
number by 2 can be attributed to either the elimination
of a D atom from the hydroxyl group or the elimina-
tion of two H atoms from the methyl group. Since in
the CD,OH ™ spectrum [Fig. 4(D)] the CDOH™ ion
having a mass number of 31 was not observed, the
peak corresponding to mass number 31 is attributed to
the CH;O™ ion resulting from elimination of aD atom
from the hydroxyl group. The predominant peak in
the charge inversion spectrum of CD,OH* (m/z =
35) [Fig. 4(D)] is the peak at m/z = 33, which is
attributed to the CD;O™ ion resulting from elimi-
nation of a H atom from the hydroxyl group.
Therefore, the dissociation processes in both forms
of partialy deuterated methanol studied in this
work appear to be the same. The elimination of a
hydrogen atom from the hydroxyl group in PMS/
NMS isin agreement with the major process in the
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Fig. 5. CID spectrum of (A) W(CO)¢ ions and (B) with a magnified intensity scale. The m/z = 184 isotope of W was used for the precursor

ions.

photoinduced dissociation of neutral methanol [87].
Because the activation energy of scrambling of
hydrogen atoms is often higher in neutrals than in
cations, this assignment, which neglects any scram-
bling, seems reasonable. These two charge inver-
sion mass spectra show definitively that the disso-
ciative process of the neutral species involves the
elimination of a hydrogen atom from the hydroxyl
group. These CID and PMS/NMS spectra clearly
indicate different dissociation patterns for the cat-
ionic species and the neutral species. The agree-
ment both of the neutral detection methods with the
charge inversion mass spectrometry indicates most
of the dissociation occurring in PMS/NMS takes
place after exothermic neutralization of positive
ions with alkali metal target [reaction (4)] and
demonstrates that PMS/NMS is able to yield infor-
mation about the dissociation of neutral species.

3.3. Internal energy distribution in PMSNMS [ 64]

3.3.1. Difference in internal energy distribution
between CID and PMSNMS of W(CO)g

The measured CID spectrum of W(CO)4 ions is
shown in Fig. 5. The target was Cs and the collision
energy was 3.0 keV. Then/z = 184 isotope of W was
selected for the precursor ions. The nondissociative
W(CO)q peak at m'z = 352 is by far the strongest in
the CID spectrum as shown in Fig. 5(A). The intensity
of the W(CO). peak is attributed mainly to precursor
ions that did not interact with the target, whereas
some of the W(CO)q ions may have been excited to
energies below the dissociation energy of the W—CO
bond. The main dissociative peaks at mz = 240, 268,
296, and 324 observed in the magnified spectrum
[Fig. 5(B)] are associated with W(CO);, (m = 2-5)
ions resulting from cleavage of the W—CO bond. The
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Fig. 6. PMS/NMS spectra of (A) W(CO). ions, (B) W(CO)< ions,
and (C) W(CO); ions with a Cs target. Vertical double lines
indicate the m/z values of the respective precursor ions. The
experimental conditions of (A) were as same as those of Fig. 5
except for polarity of product ions. The peaks corresponding to the
loss of two carbonyl ligands were by far the strongest apart from the
peaks associated with the precursor ions.

larger the number of CO ligands lost, the lower the
peak intensity becomes. Peaks associated with WC-
(CO),. (m = 1-4) resulting from CO triple bond
cleavage in W(CO),, (m = 2-5) are also observed at
m/z = 224, 252, 280, and 308, athough the intensi-
ties of these ions are very weak. An internal energy of
more than 10 eV is required for formation of WC-
(CO),, ions.

The PMS/INMS spectra of W(CO). (n = 4-6)
ions measured using a Cstarget at the collision energy
of 3.0 keV are shown in Fig. 6. Although the peak
intensity of dissociative ions decreases with decreas-
ing mass number in the CID spectrum shown in Fig.
5, the peak corresponding to the loss of two carbony!
ligands is the strongest in the PMS/NMS spectra for
each of the precursor ions used. Even though the
experimental conditions used to obtain the charge

inversion spectrum are the same as those for the CID
spectrum apart from the polarity of secondary ions,
clear differences were found between the CID spec-
trum of Fig. 5(B) and the charge inversion spectrum
of Fig. 6(A) of W(CO){ ions. Peaks associated with
nondissociative negative ions corresponding to each
of the W(CO),; (n = 4—6) precursor ions were not
observed in any of the PMS/INMS spectra in Fig. 6.
The very weak peak at m/z = 324 in Fig. 6(A) is
attributed to W(CO)5 ions. Because W(CO); and
W(CO), ionsare observed in Fig. 6(A), W(CO); and
W(CO), ionsare stable, and so the reason for the lack
of peaks associated with nondissociative ions is not
due to the instability of the corresponding negative
ions. This result simultaneously provides evidence
that dissociation after double electron transfer in a
single callision is not the main processin PMS/NMS,
as discussed in Sec. 3.1.

As shown in Fig. 6(C), the peak at m/z = 240
associated with W(CO), resulting from the loss of
two CO ligands from the parent ion is the dominant
peak in the PMS/NMS spectrum of W(CO),, and is
much stronger than the peaks associated with
W(CO); resulting from loss of one CO and W(CO) ™
resulting from loss of three CO molecules. Likewise,
in the case of the spectra using W(CO)4 and W(CO)2
as the precursor ions, the peaks associated with
W(CO), and W(CO)5 ionsresulting from loss of two
CO ligands from the parent ions were also dominant,
as shown in Fig. 6(A) and (B), respectively. The
dominant negative ion peak, therefore, appears to
depend on the number of CO ligands lost from the
precursor ion, rather than the number of CO ligandsin
the negative ion. The constancy of the number of CO
ligands lost for the different parent ions suggests that
the distribution of negative ions in the charge inver-
sion spectra is determined not by the nature of the
negative ions, such as their electron affinities, but
rather by the internal energy of neutral species
formed. Peaks associated with the nondissociative
negative ion corresponding to each precursor ion were
not observed, and peaks associated with WC(CO),,
(m = 0-5) resulting from CO triple bond cleavage
were also not observed in any of these spectra. This
result indicates that the excitation was too low to
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Table 3

Thermochemical data for W(CO)E and W(CO),; IE/AE are the ionization energies or appearance energies, and BE are bond energies; g
and e, are activation energies for fragmentation of ions and neutrals, respectively; |E/AE values are cited from Wysocki [18] BE(neutral—

CO) vaues are cited from Venkataraman [88]

lon lon Neutral
IE/AE e BE(ion—CO) Neutral e, BE(neutra—-CO)

W(CO)% 85 0.0 W(CO)g 0.0

W(CO)5. 9.7 1.2 1.2 W(CO)s 2.0 2.0

W(CO)% 119 34 22 W(CO), 37 17

w(co)2 13.7 5.2 1.8 W(CO), 48 1.1

W(CO)2 16.0 75 2.3 W(CO), 6.5 1.7

W(CO)* 18.6 10.1 26 W(CO) 82 17

w+ 215 13.0 29 W 10.3 21

cause the dissociation of the CO triple bond, but was
not sufficiently low for the precursors to survive. The
level of excitation seems to have selected specifically
for that required for cleavage of two W—-CO bonds.

The thermochemical data for W(CO)¢ ions and
W(CO)g neutral speciesare listed in Table 3. The data
for W(CO),., (m = 0—6) ions were obtained from the
measured ionization energy of W(CO){ ions and
appearance energies of the fragment ions reported by
Wysocki et al. [18]. The activation energies for
fragmentation, g, shown in Table 3 were obtained
by subtracting the ionization energy from the appear-
ance energy of each fragment ions. The corresponding
bond energies were obtained by taking the difference
between the consecutive activation energies g,,,. The
data for W(CO),, (m = 0—6) were obtained from
measured W—CO bond energies for W(CO),, reported
by Venkataraman et al. [88] The activation energies
for fragmentation, €4, ShOwn in Table 3 were
calculated by summation of the corresponding bond
energies.

Fig. 7(A) and (B) shows the internal energy distri-
butions, P(E), obtained for the PMS/NM S spectra and
the CID spectrum, respectively, using the thermo-
chemical data tabulated in Table 3. The internal
energy distribution for the CID process was estimated
from the measured peak abundances in our spectra
shown in Fig. 5 using the same method as that
reported by Wysocki et al. [18]. Our data and the
results reported by Beranovaet al. [89] use peak areas
as peak abundance. The peak abundances in our data
are based on peak areas for both CID and PMS/INM S

spectra. The value at 0.6 €V which corresponds to the
intensity of W(CO)¢ in the CID spectrum cannot be
plotted because the intensity of the ions is attributed
mainly to precursor ions. The plots in Fig. 7(B) are
normalized at an internal energy value of 2.3 eV
which corresponds to the intensity of W(CO).. The

A) E

-e- W(co)*

£ w(co)’

P(E)

-A- W(CO),'

'ﬂ. - O— T 1
0 2 4 6 8 10 12
Internal Energy (eV)
B) —@—This work
4 Wysocki et al.

) -4 -Beranova et al.
a

0 2

Internal Energy (eV)

Fig. 7. Internal energy distributions, P(E), (A) obtained for the
PMS/NMS spectra shown in Fig. 6, and P(E), (B) for the CID
spectrum shown in Fig. 5, using the thermochemical data tabulated
in Table 3. Precursor ions in (A) were W(CO){ (open circle);
W(CO). (open square); and W(CO), (open triangle). Also shown
in (B) are the P(E) distributions for CID at 7 keV with an Ar target
[18] and at 3 keV with an O, target [89].
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features of the internal energy deposition for 3 keV
collisions with a Cs target are similar to the high
energy CID results using rare gas targets reported by
Wysocki et a. [18] and an oxygen gas target reported by
Beranovaet d. [89]. Thissimilarity isconsistent with the
empirical observation that quite different targets often
function with similar effectiveness in terms of internal
energy depostion in CID [16]. The P(E) intensities
decrease with increasing internal energy, whilethereisa
finite probability of depositing more than several eec-
tron volts of energy. Although the value at the lowest
internal energy of 0.6 eV cannot be plotted, the internal
energy distribution of the CID process is estimated to
have a maximum at the lowest energy limit.

The internal energy distributions associated with the
products in PMSNM S were estimated from the known
bond energy between W and CO ligands given in Table
3 and the measured peak abundancein the spectrashown
in Fig. 6, in the same manner as for the estimation of
internal energy distributions from CID spectra [18]. In
contrast to CID, P(E) distributions for PMS/NMS were
narrow and were centered a similar values for each
precursor ion. The excitation was not sufficiently high to
cleave the CO bond, indicating that the excitation is less
than 10 eV. Also, the lack of negative ions correspond-
ing to precursor cations indicates that the excitation was
not sufficiently low for the precursor cations to survive.
The internal energy distribution function for the neutral
products shows a maximum a 3-5 eV for al the
precursor ions, as shown in Fig. 7(A).

The digtributions plotted in Fig. 7(A) are the internal
energy distributions of the excited neutrals from their
respective ground gates of W(CO), (n = 4-6). As
discussed in Sec. 3.1, the process of formation of the
negetive ions in PMSNMS involves exothermic or
thermoneutral neutralization, followed by spontaneous
dissociation and then endothermic negative ion forma
tion. The dissociation occurs from the neutral interme-
diates obtained by near-resonant neutralization. In order
to clarify the reason for this energy distribution, the
internal energy distribution as a function of the energy
below the ionization levels are plotted in Fig. 8(A). The
position of the pesks for al the precursor ions is
approximately —4 eV. Thisvaueisin good agreement
with the ionization potentia of the Cs target of 3.89 eV.

A) Cs target
- W(CO)G"
—_ £ W(C())5+
w
a
-10 -8 -6 -4 2 0 2
Energy Difference (eV)
B) K target
- W(CO)S+
. B W(eo)!
@ \
[-%

', - W(CO),

-10 -8 -6 -4 -2 0 2
Energy Difference (eV)

Fig. 8. P(E) distribution plotted from the energy levels correspond-
ing to the precursor ions for (A) a Cs target and (B) a K target.
Precursor ions were W(CO)s (open circle); W(CO)s (open
square); and W(CO); (open triangle), respectively. Vertical double
lines in the figures indicate the energy levels of resonant electron
transfer process.

This correlation indicates that the neutralization reaction
(3) is a near-resonant process. After near-resonant neu-
tralization, the excited neutral dissociates spontaneoudly.
The anionization process (5) is usualy endothermic by
1-2 eV when dkdi metd targets are used. If dissocia-
tion occurred in the anionization process, the interna
energy distribution would be expected to disperse to the
lower energy region as found for CID processes, which
are endothermic. The sharp profiles of the internal
energy distribution functions show that dissociation does
not occur in the anionization process. These results are
aso accordance with the discussion in Sec. 3.1.

3.3.2. Absolute values for internal energy
distribution in PMSNMS

Heats of formation of W(CO),, W(CO). , and their
fragments are shown in Fig. 9. Dissociation of ther-
mometer molecules is proposed to require no activa
tion energy, so the loss of two CO ligands from
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W(CO)4* +2CO

2.4eV
W +6CO 1.1eV
W(CO)5 *+ CO
——————— 0.2V

W(CO) + 5CO
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----------- » (-1.5eV)
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Fig. 9. Heats of formation of W(CO)e, W(CO)4 ions and their fragments in electron volts. The thermochemical data of W(CO)g and W(CO)gs
are from [70]. The data for fragments were taken from Table 3. The values shown in parentheses are the energy values predicted by

near-resonant neutralization.

W(CO)g must be the result of formation of neutrals
having energies between —4.4eV and —5.5 €V on the
heat of formation scale shown in Fig. 9. Near-resonant
neutralization of W(CO), yields excited neutral in-
termediates which have an energy of 3.89 eV lower
than the energy level of the corresponding cation. The
near-resonant level for the resulting W(CO)g is —4.89
€V in the scale of heats of formation, which coincides
with the region in which excited neutrals lose two CO
ligands. The near-resonant levels for W(CO)g and
W(CO), aso coincide with an internal energy which
will result in loss of two CO ligands.

Theinternal energy distribution for the K target as
a function of the energy below the ionization levels
are aso shown in Fig. 8(B). Although the interna
energy giving the strongest peaks for the K target is
the same as for Cs target, intensities in the lower
internal energy is larger for the K target than the Cs
target, for each of the precursor ions used. Because
the near-resonant levels for the K target also coincide
with an internal energy, which will result in loss of
two CO ligands, the strongest peaks for the K target
are the same as those for the Cstarget. The difference
in the internal energy distribution between the K

target and the Cs target suggests that the energy level
of the excited neutral islower for the K target than the
Cstarget. Analysis of the internal energy distribution
using the thermometer molecule W(CO)s demon-
strates that neutralization in charge inversion mass
spectrometry is a near-resonant process and that while
the absolute value of internal energy can be estimated,
it is not possible to distinguish clearly whether the
differencesin the energy levels of the excited neutrals
is correlated with the ionization potential of the alkali
metal target.

3.4 Dependence of dissociation mechanism on
target species in PMSNMS

3.4.1. Dependence of peak abundance and peak
shape of dissociative negative ions on target species
Fig. 10(A), (B), and (C) shows the PMS/NMS
spectra of acetylene cations using a Cs target, a K
target, and a Na target, respectively. The peaks
associated with C; (m/z = 24) and C,H™ (m/z = 25)
resulting from loss of hydrogen atoms are predomi-
nant, whereas the peaks associated with CH,, (n =
0-2) (m/z = 12-14) resulting from the C-C triple
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Fig. 10. PMS/NMS spectra of an acetylene cation using (A) a Cs
target, (B) aK target, and (C) a Natarget. The relative intensity of
C; ion peaks to C,H™ ion peaks depend strongly on the target
Species.

bond cleaved are very weak. Therelative ion intensity
of m/z = 24 and 25 depends strongly on the target
species, asseen in Fig.10. Therelative intensity of C;
to C,H™ evaluated from peak areas are 8.4, 1.6, and
0.21 for Cs, K, and Na target, respectively. Relative
intensitiesof Cl~ to CgH,Cl ™ in PMS/NM S spectra of
ortho-, meta-, and para-C¢H,Cl; ions also depend on
the target species[67]. In this case, the dependence of
the relative intensities on the targets indicates clearly
that the near-resonant states of the neutral intermedi-
ates in the PMS/NMS depend strongly on the target
species, in contrast to W(CO)g where the dependence
of theinternal energy distribution on the target species
was not obvious.

The CID spectra obtained using the Cs target and
PMS/NMS using the Cs, K, and Na targets of
CD,OH™ ion are shown magnified in Fig. 11. The
dissociative peak observed in the CID spectrum at
m/z = 33inFig. 11(A) isattributed to CD,OH " ions.
The peaks observed at mVz = 34 in the charge inver-
sion spectra Fig. 11(B), (C), and (D) are attributed to
CD;O" ionsfor each of the targets. The similarity of
the peaks in Fig. 11(B), (C), and (D) indicates the
dissociation patterns of the neutral species are inde-
pendent of the type of target. The shape of the
dissociative peaks in the CID spectrum in Fig. 11(A)
resembles a triangle. This shape is typical of disso-
ciative peaks observed in CID spectra generaly, and
is the result of dissociation from various internal
energies [16]. The peak widths associated with
CD,OH" ionsin the CID spectrawere independent of
the target species. This independence of target typeis
in accord with other work [2,16], which reports that
different targets function with similar effectivenessin
CID. Values for the kinetic energy release (KER)
were calculated to be 0.04 eV using the FWHM of the
CD,OH" peak (m/z = 33). The small KER value of
CID agrees with the internal energy distribution
obtained using W(CO)g molecules, which has a max-
imum in the very low energy region as shown in Fig.
7(B).

On the other hand, the peak shape of the charge
inversion mass spectra in Fig.11(B), (C), and (D)
resembles a trapezoid. This shape suggests that dis-
sociation is from a state with a specific internal energy
[58,66]. Widths of the dissociative peak for the
neutral species (CH;OH*) observed in the PMS/INMS
spectra are much broader than those of the cations in
the CID spectra. This difference suggests that the
internal energy of the dissociative level in neutral
dissociation is much higher than in ion dissociation.
As seen in Fig. 11, the peak width of the charge
inversion spectra become narrower as the ionization
potential of the target increases. KER values for
PMS/NMS spectra were calculated using the FWHM
of the CD;O™ peaks (m/z = 34), and these are listed
in Table 4. The KER values become smaller as the
ionization potential of the target increases. The de-
pendence of the KER values on the target species
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Fig. 11. Expanded CID spectrum of CD;OH* using (A) a Cstarget and (B) the expanded PMS/NM S spectra of CD,OH™ using a Cs target,

(C) aK target, and (D) a Na target. The peak widths in the PMS/NMS spectra depend on the target species.
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Table 4

Kinetic energy release (KER) values evaluated from the FWHM
of the CD;0 ion peak observed in Fig. 11, ionization energies
and available energies in electron voalts, and ratios of the KER
values to the available energy

Cstarget K target Natarget 193.3 nm?

KER values 1.96 1.70 1.29 159 + 0.13

lonization energy  3.89 4.34 514

Available energy  2.45 2.00 120 1.90

KER vaue

Available energy  0.80 0.85 1.07 0.82 = 0.07
3See [87].

displays atrend similar to that of the relative intensity
of C; and C,H™ peaks for the acetylene molecule
(Fig. 10).

3.4.2. Dependence of internal energy distribution on
target species in PMS/NMS [65]

Fig. 12 shows the heats of formation of the neutral
species and the cations of CH;OH and those of the
fragments. In PMS/NMS, supposing that neutraliza-
tion is resonant, as discussed from the results using
W(CO)g molecules, the energy level of the formed
neutral species should be lower than the level of the
precursor cation by an amount equal to the ionization
energy of thetarget. The energy levels associated with

CH,O*+H
10.99 eV
CH,OH* + H
CH,OH* — 2 9556V
8.76 eV

l | Cs:3.89eV
K:4.34eV
Na:5.14eV

l CH,OH*
4.87 eV

4.42eV —_—
3.62.eV A 4326V

CH,0 +H
— 242¢eV

GO 1 1998V

OeV

CH,OH
2,09 eV

Fig. 12. Heats of formation of CH;OH and CH,OH™ and their
fragments in electron volts. Thermochemical values are taken from
[70]. Also shown are the energy levels for near-resonant neutral-
ization and for photoexcitation.

these resonance processes are also shown in Fig. 12.
The available energies are the differences between
these resonant levels of each target and the level of
dissociative state CH;O + H.

The major channel of dissociation induced by
photoexcitation of CH;OH at 193.3 and 157 nm has
been reported to be direct hydroxyl H elimination;
CH;O + H [87,90,91]. The quantum yield of this
process at 193.3 nm was determined to be 0.86+0.10
[87]. The excited CH;OH produced by this photon
was elucidated [87,90-92] as being in the 3s Rydberg
state [93], which is purely repulsive in the O-H
coordinate. The dissociation time from the Rydberg
state is estimated to be shorter than 1 ps, since the
dissociationisadirect process by way of the repulsive
3s surface [90-92]. The broad trapezoidal profile of
the CH;O™ peak in the PMS/INMS spectra is attrib-
uted to this direct dissociation [66]. The mean free
time between neutralization and negative ion forma-
tion for the CH;OH ™" ion is calcul ated to be about 100
ns from the ion velocity and the length of the target
chamber. As the dissociation time is much shorter
than the mean free time, dissociation of H atoms from
excited CH;OH molecules takes place before negative
ion formation. The KER vaues and the ratios of the
KER values to the available energies are compared
with those in the photoexcitation experiment of Satya-
pa et a. [87] in Table 4. The available energy in the
charge inversion spectra was estimated from the
near-resonant state and the energy of the dissociative
level, as seen in Fig.12. The available energy of K
target was nearly equal to that for 193.3 nm photoex-
citation. The close agreement of the KER values and
the ratios with different excitation methodsin Table 4
provides evidence that in charge inversion mass
spectrometry, the neutraization is resonant, the ex-
cited neutrals dissociate to neutral fragments sponta-
neously, and the negative ions are formed from the
neutral fragment by a second electron transfer. The
smaller value of the ratio of the KER value to
available energy for the Cs target in Table 4 is
attributed to the excitation of CH5O into a higher
vibrational level. The larger value of thisratio for the
Na target is attributed to the electron transfer to
CH3;OH* having ahigher energy level than resonance,
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Fig. 13. Schematic representation of internal energy distributionsin
various types of tandem mass spectrometry. Activation and deac-
tivation for the studied ions are indicated by solid and dotted line,
respectively.

due to lack of the resonant state. The clear difference
in the PMS/NM'S spectra of both C,H, and CD;OH™
using a Cs target compared with a K target indicates
that the internal energy distribution in PMS/NMS is
so narrow that the 0.5 eV difference in ionization
potential between Cs and K becomes significant.

3.5. Dependence of internal energy distribution on
activation method

Typica shapes of internal energy distribution and
their relative position on the energy axisareillustrated
in Fig.13 for isolated ions activated by different
means. CID has a maximum at the low energy limit
and has a long tail to higher energy beyond several
electron volts, as shown in Fig. 7(B) [18-21]. The
internal energy distribution of CID iswide, as shown
schematically in Fig.13. For low-energy CID, the high
energy tail is short, and the energy distribution can be
controlled by changing the collision energy and the
target density [18]. High-energy CID shows isomeric
differentiation more clearly than low-energy CID

owing to the high-energy tail, because direct dissoci-
ation becomes more dominant than the rearrangement
process at high internal energy. For example, allene
and propyne ions were differentiatied for ions in the
mass range m/z 12-15 using high-energy CID [94,95].
However, the resultsin both of these reports are based
on differences of only 1.5% of total ion abundance.
Thissmall differenceisinsufficient to prove that most
of the isomeric C;H ions do not isomerize.

Metastable ions are situated only near the lowest
dissociation limit. Since the energy distribution of
metastable ions is very narrow, these ions showed
isomeric differentiation for some molecules with re-
arrangement reaction. Surface induced dissociation
can control the internal energy by changing the
collision energy to the surface arbitrarily, and has a
width of about a few electron volts [22-24]. |someric
differentiation between alene ion and propyne ions
was clearly achieved by controlling the collision
energy with a fluorinated self-assembled monolayer
(F-SAM) surface [15]. The interna energy distribu-
tion in electron transfer to doubly charged ions from
a target yields a smaller width than SID [25-28],
though ion intensities of doubly charged ions obtained
by electron ionization are usually weak and the
control of internal energy is achieved by changing the
target species. To the best of our knowledge, isomeric
differentiation between allene and propyne cannot be
achieved by metastable ions or electron transfer to
doubly charged ions. The isomeric differentiation
observed in the SID spectra indicates that most of the
stable C;H; ions formed from allene and propyne by
electron impact ionization do not isomerize. PNS
NMS gives clear differentiation between these iso-
meric C3H, ions [61,62]. These results indicate that
isomeric ions which are not differentiated by the
conventional MS/MS technique are not aways
isomerized.

The differences between PMSNMS and CID or
SID indicate that the dissociation patterns of neutral
species and cationic species are definitely different. It
is expected that dissociation of neutral species will
result in a higher probability of isomeric differentia-
tion because the isomerization barrier for neutra
species is higher than that of ions. The width of the
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dissociative peak and itstarget dependence shows that
the electronic state of excited neutrals can be selected
using this technique. These results demonstrate that it
ispossibleto study the dissociation of energy-selected
neutrals by using the PMS/NMS techinique. Because
ions of intermediates can be generated easily, PMS
NMS makes possible the study of the dissociation of
unstable radicals obtained from the parent ions by
way of near-resonant neutralization, such as vinyli-
dene [63]. To give higher internal energy to the
neutral intermediates in PMSINMS, targets with
smaller ionization energy, such as metastable neutrals,
are required.
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