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The first experimental observation of sequential decay of metastable cluster ions is reported herein.
Ar cluster ions are produced by electron-impact ionization of a supersonic Ar cluster beam. Some of
these ions are observed to decay via sequential decay series in the microsecond time scale, i.e.,

Ar,t* > Arp_, t*

- Ar,—27* (with n = 7), evaporating a single monomer in each of these successive

decays. Conversely, the dominant metastable decay of Ars** — Ar,* proceeds predominantly via a
single-step fissioning process leading to the simultanecous evaporation of two neutral Ar monomers.

PACS numbers: 36.40.+d

Recently a number of studies have reported the meta-
stable decay of singly and multiply charged cluster ions
in the microsecond time regime.' In most of these stud-
ies the evaporation loss of only one monomer was ob-
served and investigated.! Although, several investigators
have reported also the occurrence of metastable dissocia-
tions involving the loss of two monomers,!~!2 it was not
possible in these studies to determine whether the ob-
served loss of two monomers was simultaneous (single-
step fissioning process), i.e.,

Knn—2

Ar, ¥ — Ar,—.t+2Ar, 1)

or sequential (successive multiple evaporation), i.e.,
+ kn,n—]
Ar, " — Ar,— T*+Ar

Kn—1n-2

—»  Ar,—>T+Ar 2)

In order to gain more insight into the metastable dissoci-
ation mechanism and the concomitant evolution of clus-
ter ion spectra, it is of great interest to answer this ques-
tion (see discussions in Refs. 4-6, and 11).

In this Letter we present direct experimental evidence
that metastable argon cluster ions (produced by elec-
tron-impact ionization of a neutral-argon-cluster beam)
which lose two monomers in the microsecond time-region
decay via sequential decay series if their size is equal to
or larger than Ar;*. Conversely, the strong metastable
decay of Ary™* into Ar, " proceeds predominantly via a
single-step fissioning process. These findings were made
possible by the innovative use of a double-focusing sector
field mass spectrometer (reversed geometry). We have
also studied quantitatively the kinetics of these sequen-
tial decay series for cluster sizes including n=4 and
7=n=10.

The supersonic beam-electron impact ionization mass
spectrometer system used has been described in detail
previously.® In short, neutral argon clusters are pro-

duced by expanding neat Ar gas at = —130°C and
pressures up to =2.5 bars through a 20-um nozzle. The
ensuing supersonic beam passes a skimmer (differential
pumping stage®) and is crossed downstream at right an-
gles by an electron beam of variable energy. Cluster ions
thereby produced are (i) extracted at right angles from
the ionization region, (ii) accelerated by an acceleration
potential (typically to 1, 2, or 3 kV), analyzed in a 90°
magnetic sector field followed by a 90° electric sector
field, and (iii) detected with a CuBe conversion dynode
followed by a channel electron multiplier.

Essential to the present measurements (which go
beyond the usual mass-to-charge analysis and simple
metastable ion detection) is the existence of a first field-
free region between the end of the acceleration region
and the beginning of the magnetic sector field (Iength:
41 cm) and of a second field-free region between the end
of the magnetic sector field and the beginning of the
electric sector field (length: 25 cm). A possible meta-
stable decay of an ion m ;" (produced in the ion source)
into m3" can be detected according to Cooks et al.'? ei-
ther (i) in the first field-free region by tuning the mag-
netic sector field to a nominal mass m* =m3$/m, and the
electric sector field to an electric field E* =m,E/m,, or
(ii) in the second field-free region by tuning the magnet-
ic sector field to m" and the electric sector field to
E* =m,E/m, (with E being the correct sector field to
detect m ;). This corresponds to the usual operating
mode for the detection of metastable decay of polyatom-
ic ions. In the present study we employed an additional
experimental procedure in order to discover and study
the occurrence of successive metastable decay series. In
this alternative mode of operation we detect a possible
metastable decay of mi’ into m3 in the first field-free
region followed by a metastable decay of this m5 into
m3 in the second field-free region. This is accomplished
by tuning the magnetic sector field to a nominal mass
m* =m3/m, and the electric sector field to an electric
field E* =m3E/m,. In this case only those m3 ions
will arrive at the detector of our mass spectrometer
which stem from two successive decays in the first and
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second field-free regions, respectively.

Using these experimental techniques, we were able to
detect and measure metastable abundance fractions of a
specific cluster ion Ar, " (up to n=10 in the present
study'®) as a function of cluster size for the following
dissociation reactions:

Kyt (D)

Ar,** — Ar,-, T+Ar, (3)

in the first field-free region,

Kpney (11)

Ar,t* —  Ar,_,T+Ar, (4)

in the second field-free region,

Ky s (D

Ar,t* — Ar,—, T +2Ar, (5)
Kpme i (1) K=y nea(ID)

A, t* — Ar,,T*+Ar  —~  Ar,_.T+Ar+Ar

(first field-free region)

Some of the reactions occurring in the first field-free re-
gion are contaminated by collision-induced dissociations
due to the presence of background gas.!” However, by
studying these unimolecular dissociations as a function
of pressure in the first field-free region (in the range
from 4x 10 7% Torr up to 2x 10 =3 Torr), it is possible to
distinguish between truly metastable dissociations and
collision-induced dissociations leading to the same frag-
ment ion. Figure 1 shows as an example some of these
pressure dependences for the dominant dissociation reac-
tions of Arjo™.

Careful analysis of this pressure dependence yields the
metastable abundance fractions (for details see Ref. 6; a
simple linear extrapolation is shown in Fig. 1). It is
found that all dissociation reactions mentioned above
[processes (3) to (7)] show metastable abundance frac-
tions for cluster ions 7<n<10. In contrast, Ars™,
which exhibits a particular strong loss of two monomers
in the first field-free region [i.e., k, ,—,(I) is approxi-
mately 1800 s ~! compared to k, ,—(I) =100 s ~'], does
not show any metastable decay signal via reaction (7).
Of particular interest, however, is the observation of re-
action (7) for cluster ions 7 <n < 10. This constitutes

the first experimental evidence for the occurrence of

sequential decay of metastable cluster ions. In view of
the fact that several molecular-dynamics calculations
have shown such multiple decay reactions to occur in the
picosecond time regime'®!7 directly following the ioniza-
tion event, it is especially intriguing that these sequential
decay series are observed here in the microsecond time
regime.

With use of the appropriate kinetic rate equations
(coupled differential equations) it is possible to derive
corresponding metastable dissociation rates k. Figure 2
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(second field-free region)

in the first field-free region, or alternatively,
Koy (D)
Ar, T* /‘\r,,_]J’* +Ar

1 kp—1n=2(D)

j— >

Ar,— T +Ar. (5a)

Kpop—2(1D)
Ar,7* —  Ar,_,T+2Ar, (6)

in the second field-free region, or alternatively,

Kn pey (1D
+
Arn * g :’Ar,,_[+*+Ar
(kn— (11D

L, Ar,—> T +AT, (6a)

(7N

shows as an example calculated (with the derived reac-
tion rates) ion currents as a function of time within the
apparatus for Arjo ™™ decaying via the sequential decay
reaction (7) (for more details and consistency checks see
Ref. 6 and a forthcoming full paper). Table I gives the
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FIG. 1. Precursor (Arjo*, designated by triangles) and
fragment (Aro*,Arg¥) ion currents as a function of uncorrect-
ed gas pressure in the first field-free region for the unimolecu-
lar reactions Arjo* — Are* (first field-free region), designated
by squares and multiplied by 20; Arjo* — Arg* (first field-free
region), designated by lozenges and multiplied by 300; and
Arjot — Argt — Arg™ (first and second field-free regions, re-
spectively, see text), designated by circles and multiply by
15000. Stagnation pressure: 2.5 bars Ar, stagnation tempera-
ture: —130°C, electron energy: 180 eV, electron current: 0.3
mA, acceleration voltage: 3 kV. Lines drawn through the ex-
perimental points have been obtained from least-squares fits,
and metastable fractions obtained by extrapolating to zero
pressure are statistically significant nonzero values.
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FIG. 2. Calculated ion currents in the mass spectrometer

(see upper scale) as a function of flight time (lower scale) for
parent ion Arjo*, fragment ion Are* (produced by a metasta-
ble dissociation Arjo™* - Are* in the first field-free region)
and fragment ion Arg* (produced via the sequential decay

Arpot* — Arg* in  the first field-free region and
Argt* —+ Arg™ in the second field-free region) using the de-
rived reaction rates (see Table 1) k,,-;=4030 s~ ' and

kn—1.n-2=65s7" respectively [without taking into account the
recently discovered dependence of k on time (Ref. 12)]. It is
interesting to note that the respective ion current ratios
Arg*/Ario* and Arg*/Ario* present at the end of the flight
time are in excellent agreement with the experimental data
(zero pressure ratios in Fig. 1). Curve designated Arg™ multi-
plied by ten and curve designated Arg* multiplied by 40000.
Note: The calculational model includes the successive dissocia-
tion reaction Arjo** — Arg*— Arg?. These decay reactions
occur at any time during the flight of these ions through the
mass spectrometer with the derived reaction rates given above.
The curves calculated and shown, however, illustrate the situa-
tion for the three operational modes, i.e., (i) normal mass
analysis of Ario™, (ii) detection of Are™ produced by metasta-
ble decay from Arjo*t in the first field-free region, and (i)
detection of Arg* produced by metastable decay in the second
field-free region from Are™ which has been produced before by
metastable decay from Arjo* in the first field-free region. a:
acceleration region (3 cm), b: first field-free region (41 cm), ¢:
magnetic sector field (33.6 cm), d: second field-free region (25
cm), e: electric sector field (33.6 cm), and f: third field-free
region before detector (12 cm).

dissociation rates obtained for Ar,* cluster ions with
n=4 and 7=n =10 for fragmentations in the first
field-free region [reaction (3)] and successive fragmenta-
tions in the first and second field-free region, respectively
[i.e., reaction (7)]. Several conclusions and points follow
from these data:

(1) It can be seen that k, ,—(I) [reaction (3)] is for
all cluster ions smaller than k, ,—(I) deduced for reac-
tion (7). This is caused by assuming in the analysis that
Ar,—; 7 ions produced in the first field-free region via re-
action (3) are stable for the rest of the flight time.
Hence, previous analyses of such data, which have
neglected the additional decay [i.e., as evidenced by re-
action (7)1, give too low values of the decay rates.

(2) The metastable decay rates in the sequential decay
of reaction (7) are very different, ie., k,,— ()
> kyn—1n—2(I1). This is a result of the cooling which ac-
companies each decomposition (leading to a lowering of
the rate for further evaporation) and is in accordance
with a theoretical prediction of Klots.'®

(3) Finally, it is interesting to note that we have also
observed the loss of two monomers only within the first
field-free region [reaction (5) and/or (5a)] and also only
within the second field-free region [reaction (6) and/or
(6a)]. In this case it is not possible to distinguish in the
experiment between a simultaneous decay [reaction (5)
and reaction (6), respectively] or a sequential decay [re-
action (5a) and reaction (6a), respectivelyl. It is possi-
ble, however, to use the derived reaction rates k, ,—(I),
knn—1(ID1), and k, ,—>(I1) and to simulate possible ion
current evolutions in our mass spectrometer assuming ei-
ther simultaneous and/or sequential decay. Comparison
between calculated ion current ratios at the end of the
mass spectrometer and the corresponding measured ra-
tios indicates that the loss of two monomers of Ar, *
(with 7 < n =< 10) occurs predominantly via a sequential
decay series. It is interesting to note that Polymero-
poulos, Loffler, and Brickmann'® found evidence in re-
cent computer simulations of the dissociation dynamics
of argon ion clusters that only single-particle dissociation
are observed. This is in agreement with the present ob-
servation that the dominant channel is sequential eva-
poration of single monomer units. Moreover, charac-

TABLE I. Metastable reaction rates k(s ~!) for the reactions (3), and (7) (see text) as a function of cluster size. 7,: time at
which the ions enter the first field-free region, Ar(I): sampling time window in first field-free region, Ar(I1): sampling time window
in second field-free region, and t5: total flight times from ionization to detection. Acceleration voltage: 3 kV.

1 At (1) Ar(I1) 3 Reaction (3) Reaction (7)

Cluster ion (us) (us) (us) (us) knn—1 (1) knn—1(1) kn—1.n—2(11)
Arpo? 5.8 10.8 6.6 41 3900 £ 120 4030 = 200 65+ 15
Argt 5.5 10.2 6.2 39 700 * 35 1250 = 60 180 %+ 30
Arg ™ 5.2 9.6 5.9 36.5 650+ 35 940 *+ 50 110X 20
Ar* 4.8 9.0 5.5 34 490 + 30 890 + 40 150 £ 30
Arst 3.6 6.8 4.2 100 + 20 Not observed
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teristic adsorption difference spectra of N, cluster ions
(produced by secondary-ion mass spectroscopy*) and of
other polymer ions have been rationalized on the grounds
that repeat units are lost sequentially.?®

In conclusion, we have found that the evaporative loss
of two monomers from Ar, * clusters observed in the mi-
crosecond time range proceeds predominantly via
sequential dissociations of single monomers if n=7.
Conversely, for Ars™ the loss of two monomers appears
to be a single fissioning process. We want to emphasize
that this discovery strengthens the view that magic num-
bers observed in mass spectra are due to a sequence of
monomer evaporations'®!"2! occurring after the ioniza-
tion event. Surprisingly, these evaporation sequences ex-
tend from a first evaporation at around 10 ~'% s !¢ into
the microsecond time regime. B

This work was partially supported by the Oster-
reichischer Fonds zur Forderung der Wissenschaftlichen
Forschung. It is a pleasure to acknowledge helpful dis-
cussions and a critical reading of the manuscript by Pro-
fessor A. W. Castleman, Jr., Penn State University, in
the frame of the United States— Austria Cooperative Sci-
ence Program, Project No. 5692.

ISee a recent review on this subject by T. D. Mark, Int. J.
Mass Spectrom. Ion Phys. 79, 1 (1987).

2K. Stephan and T. D. Mirk, Chem. Phys. Lett. 90, 51
(1982).

3K. Stephan, T. D. Mirk, A. Stamatovic, N. Djuric, and
A. W, Castleman, Jr., Beitr. Plasmaphys. 23, 369 (1983).

4T. T. Magnera, D. E. David, R. Tian, D. Stulik, and
J. Michl, J. Am. Chem. Soc. 106, 5040 (1984); T. F. Magnera,
D. E. David, and J. Michl, Chem. Phys. Lett. 123, 327 (1986).

50. Echt, P. D. Dao, S. Morgan, and A. W. Castleman, Jr.,
J. Chem. Phys. 82, 4076 (1985).

1816

oT. D. Mirk, P. Scheier, K. Leiter, W. Ritter, K. Stephan,
and A. Stamatovic, Int. J. Mass Spectrom. Ion Processes 74,
281 (1986).

7W. Begemann, K. H. Meiwes Broer, and H. O. Lutz, Phys.
Rev. Lett. 56, 2248 (1986); W. Begemann, S. Dreihofer, K. H.
Meiwes Broer, and H. O. Lutz, Z. Phys. D 3, 83 (1986).

8D. Kreisle, O. Echt, M. Knapp, and E. Recknagel, Phys.
Rev. A 33, 768 (1986).

9D. Kreisle, K. Leiter, O. Echt, and T. D. Miirk, Z. Phys. D
3,319 (1986).

10K Leiter, D. Kreisle, O. Echt, and T. D. Mirk, J. Phys.
Chem. 91, 2583 (1987).

T, D. Mirk and P. Scheier, Chem. Phys. Lett. 137, 245
(1987).

I2T. D. Mirk and P. Scheier, J. Chem. Phys. 87. 1456
(1987).

BR. G. Cooks, J. H. Beynon, R. M. Caprioli, and G. R. Les-
ter, Metastable Ions (Elsevier, Amsterdam, 1973).

14Above size n =10 decays of different cluster ions in the first
and second field-free region cannot be resolved with sufficient
accuracy.

15The background gas pressure in the second field-free region
is too low to induce appreciable amounts of collision-induced
dissociations.

16J. M. Soler, J. J. Saenz, N. Garcia, and O. Echt, Chem.
Phys. Lett. 109, 71 (1984).

17J. J. Saenz, J. M. Soler, and N. Garcia, Chem. Phys. Lett.
114, 15 (1985).

18C. E. Klots, J. Chem. Phys. 83, 5854 (1985), and Z. Phys.
D 5, 83 (1987).

9E. E. Polymeropoulos, S. Loffler, and J. Brickmann, Z. Na-
turforsch. 40a, 516 (1985).

20p. J. Derrick, in Advances in Mass Spectrometry 1985,
edited by J. F. J. Todd (Wiley, Chichester, 1986), Pt. A,
p. 101.

2INote the change of kn,—(I) with cluster size. These
differences reflect the different stability of the positively
charged clusters ions leading to particular structures in the
mass spectra (magic numbers) (Refs. 1, 6, and 11).



