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Abstract

The technique of time-resolved photodissociation in a Penning trap has been extended from cationic to anionic metal clusters. As a proc
principle the size-selected gold clusters;fiuand Au;~ have been investigated. Superposed on the expected exponential decrease (increase)
the intensity of the precursor (product) cluster ion an oscillation of the yield is observed. This oscillation, which has not been noticed irfthe case
cations, is attributed to the magnetron motion of the ions in the trap. Reaction-rate constants for the monomer evaporation have been determ
The dissociation energies deduced from the Weisskopf rate equation are compared to extrapolations from model-free dissociation energie
positively charged gold clusters.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ionic core and like in atomic physics they obey the Pauli principle
and occupy different energy levels. Thus closed electronic shells

Clusters form anintermediate state of matter betweenisolatddad to a higher stability, i.e., to larger ionization and atom-
atoms and bulk material, where the properties do not necessarinding energy. Likewise geometric shells and especially stable
ily scale with the cluster size, i.e., with the number of atoms orstructures have been found, e.g., for noble metal cluptérs
molecules of the cluster. On the contrary, some cluster proper- Whereas in the case of geometric structures the charge state
ties show significant deviations from a smooth transition fromz of the cluster may be of minor importance, electronic shells
large to small systems where each atom co{titsThe bind-  depend directly onthe number of electrons, i.e., the stable cluster
ing energy of atoms to the cluster, i.e., the dissociation energgizes are a function of bothandz. Thus to distinguish electronic
in the case of monomer evaporation, describes the stability aind geometric effects, the investigation of the cluster properties
the cluster against disintegration after an excitation by collisioris required not only as a function of size but also as a function
with atoms, photoabsorption or electron interaction. The bindef charge state. For highly positively charged monovalent metal
ing energy, like other parameters, is not a smooth function of thelusters the dependence on the number of valence electrons has
cluster sizen, but exhibits large steps, which appear as correbeen observel—8]. In this work, the extension of the method of
sponding characteristic ion yields in mass spectra both directltime-resolved photodissociation in a Penning fi@jpis shown
from cluster sources and after forced fragmentation of (sizefor negatively charged gold clusters in order to test its feasibility.
selected) clusters.

Afamous example are the abundance spectra of small sodium .
clusters, that showed not only an odd—even staggering but aldo EXperimental set-up and procedure
large steps at cluster sizes 8, 20, 40, 58, 922]. These were ]
explained in the framework of the Jellium mog@]: the atomic The measurements have been performed with the Cluster-

valence electrons are bound in the mean-field potential of th&r@P Set-up which employs a Penning trap for the storage,
size-selection and investigation of cluster ions. An overview and

details of the experimental procedures can be fourfdOh In
* Corresponding author at: CERN, Physics Department, 1211 Geneva Zg,lg' la Sk.etCh of the main d.eVICeS and seqtloqs is shown. The
Switzerland. cluster anions are produced in a laser vaporization source (along
E-mail address: alexander.herlert@cern.ch (A. Herlert). with cations and neutral species) and transferred via ion optical
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Fig. 1. Sketch of the experimental set-up of ClusterTrap as used for the present investigations. For the cluster production and excitation tHaGdaseNths
been applied with the second and third harmonic, respectively.

elements into a Penning trap where they are captured in flightvhereNp(r) andN, () are the numbers of recorded precursor and

The Penning trap is located in a vacuum tube inside a supercopfoduct clusters which are described by

ducting magnetE=5T). The ions perform oscillatory motions kit

in the crossed static electric and magnetic fields, asuperpositioINO(t) = Noo + Noa(6™ — 1) = Noz, @)

of three independent modes: the cyclotron, the magnetron, ang, (1) = No,o — No(r) = No 1(1 — € ') + No.. 3)

the axial (trapping) motiofiL1]. For the present experiments the

cluster size of interest is selected by removing the unwanted ions No,0 is the number of initially stored precursor clustevs,

from the trap by increasing the radius of their radial Cyc|0tronthe initial number of precursor clusters that are observed to dis-

motion with a dipolar radiofrequency (rf) excitation. sociate delayed into the product cluster, avigh denotes the
After centering of the size-selected anions in the middle ofumber of precursor clusters that decay faster than the experi-

the trap by use of a buffer-gas assisted quadrupolar rf-excitatiomental time scale, e.g., due to multi-photon absorption, and that

[12], the clusters are subjected to a putsQ ns) of afrequency- appear as an offset in the plot. In the exampléigf. 2(a), the

tripled Nd:YAG laser £pn=3.49 V). The FWHM of the laser relative yield for fast and time-resolved decay is 10% and 20%,

profile was about 8 mm while the cluster ion cloud has usually d€spectively.

width of about 1 mm after the buffer-gas centerjhg]. Thus all The normalization in Eq1) reduces the effect of fluctuations

ions experience almost the same fluence. In the present in\/esﬂfthe cluster production inthe Iaservaporization source. Inorder

gation the laser fluence was also kept low deliberately to avoi#P® also take care of drifts in the dissociation-laser intensity, a

extensive multi-photon absorption (see below). further normalization is performed, where a second experimen-
In order to observe the decay process time-resolved, the tinf@! cycle with a fixed delay time (which is much larger than

between photoexcitation and analysis of the surviving precurthe life-time 1k) is performed in alternation to the cycle with

sors as well as the fragments produced (axia| eiection of tha varied delay time. The “normalized relative abundance” then

anions and time-of-flight (TOF) mass spectrometry) can be valecomes:

ied between 1Q.s and up to several hundred milliseconds. The | Ri(?) Ni(r)

Daly-type micro-channel-plate detector has single-ion detectiofi() = Ri(to) = No(®) + N1(?)

capability and allows to monitor the ion yield as a function of l

cluster size. About 20 anions are observed in each measure- i Ni(t = to) i_l i—0 1 )

ment sequence of ion production, capture, storage/interaction, No(to) + Ni(t0) S

and detection. In order to obtain a statistically significant number

of events, the sequence is repeated 50-100 times. to =100 ms is the fixed delay time of the example shown in
As mentioned above, the relative abundance of the precufig. 2b). Note that by definition both normalized relative abun-

sor and the product cluster is measured as a function of théancesR, and R} are equal to 1 as the timg is approached.

delay between irradiation and ejection. The expected behavid¥or r = 0 andry = oo the normalized relative abundances are

is demonstrated ifrig. 2a): 20% of the precursor clusters are

. . . . Noo — N
assumed to dissociate with arat&ef10*s1. Since 70% ofthe  Rp(0) = N 0’3\/ O’ZN , (5)
clusters have not absorbed enough photons to undergo a decay, a 0,0~ 01— 0,2
plot with a logarithmic time scale is advantageous. In principle, , 0) = No.2 6
th_e shape of_ the curve stays the same a_nd only its posiiion_reﬁl( )= No1+ No2’ ©6)
ative to the time axis changes. The relative abundance is given | ] ) ) )
by which give, when experimentally determined, the relative abun-

dances of clusters with a time-resolved decay:

NO o ORI TO G AR
No(®) + Na(r)" 7 Noo 6(0) — R1(0)

Ri(f) = (7)
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and a fast decay:
0.90 O 1
N, —
02 _ R&(O)io( ) : (8)
No,0 0(0) — R} (0)
© 0851 : 0 1
8 In addition to dissociation, the emission of an electron from
c . . . .
S 0801 the photoexcited cluster anion may occur. The branching ratio
§ for electron emission versus neutral-atom evaporation is strongly
© depending on the element under consideration and the cluster
e 075 sizes investigated. This has been observed in experiments on
photoexcitation of small silver and gold-cluster ani¢h4,15]
0.70 — and in the study of photoexcitation of dianionic gold-clusters as
' ' . . a function of cluster sizgl6].
0.30+ 1 With the present approach electron emission cannot be
observed. However, in an independent experiment, where two
_ 025] cycles were alternated with the laser enabled in the first and dis-
‘fl:, abled in the second one, no significant ion loss was observed
% for delay times up to 100 ms. Electron emission will thus not be
T 0207 considered in the following.
2
©
° 0157 3. Results
0.104 As an example for delayed photodissociation of gold clus-
i : i : : ter anions, the sizes Ay~ and Au 7~ have been studied. The
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Fig. 2. Demonstration of the relative abundaRgeandR; (a) and “normalized 0.0 5 61 0'1 '1 1'0 160
relative abundanceR;, and R; (b, see text) of the precursor and the product ’ '
cluster as a function of the delay between photoexcitation and ejection for mass delay / ms

analysis. The solid lines are theoretical curves for decay rafes b8 s~1 with
atime-resolved decay and fast decay for 20% and 10% of the precursor cluste
respectively.

Fig. 3. Normalized relative abundance of At and Au~— as a function of the
c?élay time between photoexcitation and ejection for mass analysis. The lines
are fits of Eq(4) to the data points.
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Fig. 4. Normalized relative abundance of Au and Aug™ as a function of Fig. 5. Normalized relative abundance of Au and Aus~ as a function of

the delay time between photoexcitation and ejection for mass analysis plottef€ delay time between photoexcitation and ejection for mass analysis plotted
with a linear time scale. The solid lines are fits of F3).to the data points. The with a linear time scale. The solid lines are fits of E).to the data points. The

dashed lines show only the exponential behavior. dashed lines show only the exponential behavior.

. . . =6.7(6.4 ,thef i 27 =1070(37)H
normalized relative abundance of &0 and its product Ay~ ZTS/T;;: 61306(8(323;1 |_S|Zt gnr;qtﬂzngﬁgg/ q;: _012((;1{)3)) Zaigd

is plotted as a function of the delay between laser irradiation, ~~_ + . " N
and TOF mass analysis iRig. 3. The fit of Eqg.(4) to the ¢13=—146(16) + 180'. Again, no damping of the oscillation

. . could be determined from the data.
(:atzi 8(282)3??:5 decay constanig = 1/17=0.39(4) ms and By increasing the focussing of the laser beam a higher
16=0. .

. . . . . fiuence was achieved (the FWHM was about 4 mm). It led
Plotting the data points with a linear time scale as shown i

. o R - "My the absorption of further photons by &u and thus to a
gle;géaé_\l/_ﬂ}erﬁseéz;bgeagec;iﬂgaetéogym addition to the exponential sequential decay to Ay~ (seeFig. 6). Note that the evapora-

tion of a neutral dimer is not expected in the case of Aubut
9) may occur for Ays~ [17]. In addition, the oscillation ampli-
tude is larger than in the case of less focussing. However,
where w is the oscillation (angular) frequency, the damp- the fitted frequencies/2r = 1062(18) Hzw/2r = 1067(20) Hz,
ing of the oscillation andp is the phase of the oscillation and o/27=1062(22)Hz for Ay~, n=14, 13, 12, respec-
at rt=0. With this approach a fit yields the decay constantdively, and the phasef4=—151(9), ¢13=—162(10) + 180,
717=0.49(7) ms and1s=0.46(4) ms, which are slightly larger and ¢12=—141(11y +180° are similar as for the decay
than those from a fit without oscillation. The oscillation has aAu14~ — Auig™ at low fluence.
frequencywi7/2r = 1274(92) Hz andv16/27 =1211(92) Hz, a In all cases an offset of the relative product yield is observed.
phase ofp17=84(23) and@1s=92(24y + 180", and a damping The application of Eq$7) and (8}o the fitted relative abundance
of y17=810(550) 51 andy16=500(600) s1. Thus the dataare atz=0as shownifrigs. 4 and ¥ields a fraction of 8% of time-

consistent with no damping of the oscillation on the time scaléesolved A4z~ decays and a fraction of 2.7% with a fast decay
of the present experiment. (where more than two photons have been absorbed). ForAu

In the case of Aw~ (seeFig. 5) the oscillation is much only 1.2% of the precursor cluster anions are observed to decay
more pronounced as compared to the exponential behavid#elayed whereas about 10% exhibit a fast decay (absorption of
A fit of Eq. (9) gives the decay constantg,=3.2(1.8)ms Mmore than one photon).

r=c1+coe ¥ 4 cze sin(t + ¢),
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between ring and endcap electrodés= 12V, and trap dimen-
siond(z) = 200 mn? [11]. This suggests, that the ions have gained

a magnetron radius after the excitation and that their center of
rotation is not aligned with the experimental axis. The origin of
this coherent motionis not clear. In case of experiments with pos-
itively charged clusters no such oscillation has been observed.
One difference between the storage of positively and negatively
charged ions is that in the latter case electrons can be trapped
simultaneously with the cluster anions. This may create a space
charge due to laser irradiation which can influence the trapping
potential of the ions and thus their ion motion in the trap. It
would explain the increased value of the magnetron frequency
[18,19] However, as long as the ion distribution is symmetric
with respect to the trap axis there is no obvious reason for the
observed behavior. In addition, the symmetry breaking seems
to depend on the role of the species in the decay process: pre-
cursors and fragments are observed to move in opposite phases.
However, sequential decay does not lead to any additional phase
shift: in the case of the decay of AT the products Ay~ and
Aui>~ show the same phase.

4.2. Decay rates

Although the origin of the oscillation is not clear, it can be
taken into account in the fit of the exponential decay (or growth)
oftheionyieldin orderto extract the relevant decay rate as shown
above. In the following the experimental rates will be compared
to a decay-rate model to deduce the dissociation energy of the
cluster anions. As in previous investigatid@8] the Weisskopf
rate equation is applied. It is given f31]:

_1(E—D
k(n, E) = 8y an_1k%TF2>7pn it )
pn(E)

2R3
where the degeneracy of the product (monomep ¥, the
reduced mass of the decay chanagk= (n — 1)n~Lmg (with mg
mass of the gold atom), the capture cross-section of a gold atom:

: (10)

on1 = mr((n — Y3 + 1)° (11)

with the Wigner—Seitz radiug = 1.59A, the temperature of the
product clusteffp=T,,_1(E — D), and the level densities,_1
andp, of the product and the precursor cluster, respectively.
is the dissociation energy to be determined.

tion of the delay time between photoexcitation and ejection for mass analysisin  The |level densities are approximated h:y|H(,O) =S, with

the case of a more focussed laser beam. The solid lines are fits ()& the
data points.

4. Discussion

4.1. Oscillation of ion yield

the entropy of the clustg22]:

1
&:/D@ﬁﬂ (12)

where the temperature is deduced from the energy—temperature
relation

In all investigated cases an oscillation of the ion yield is T
observed. This oscillation is in phase with the photoexcita-g(7) = ney / c(T)dT’ (13)
tion with no damping in the millisecond time range. The fre-

quency of this oscillation is close to the expected magnetro
frequency of the cluster anions, e.g., 991 Hz forn Aucalcu-
lated from the trap parameters: magnetic fiekd5 T, potential

0
n

with the effective number of atomgs = (3n — 6)/3=n— 2. The
heat capacities are taken from the gold bulk va[@8%as shown
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Fig. 7. Heat capacity of bulk gold as a function of the temperature. The dashed
line shows a fit of Eq(14)to the data points above= 230 K. valence electrons ng
13 14 15 16 17 18 19 20 21 22 23

in Fig. 7. For temperatures abov&e= 230K a linear behavior of > 457 anions 35
C(T) is assumed: < 4.0] 4} \
C(T) = a1 + 2aT (14) £ 3.5 AN
with the fitted parameters a;=0.257meVK?! and £ 301 o ¢ ‘#
a1=151x 10°meVK=2 (see dashed line inFig. 7). § 2.5] § ¢

The energy becomes 2 50

E(T) = nefi(ao + a1T + azT?). (15) 12 13 14 15 16 17 18 19 20 21 22

. cluster size n
Matching Egs. (13) and (15) for temperatures above

T=230K vyields the fit parametafg=— 16.1 meV. The tem- Fig. 8. Model-free dissociation energies of gold cluster cations (top, f26i)

perature of a cluster can now be calculated by inversion of E(fnd dissociation energies of gold cluster anions from (@) (bottom) as a
unction of the number of valence electransand the cluster size. The full

(15)' symbols represent the values from the present investigation.
The decay rates calculated from HG0), where the total

excitation energy ist=Epn+Ey with the photon energies
Eph=3.49eV and X 3.49eV for Au4~ and Au7~, respec-
tively, and the thermal energ¥i,=FE(300K), is matched
to the experimental decay ratés-1/r by varying the dis-

The two values from the present work show a match in the
case of: =14 and a discrepancy in the case:ef17. However,
the dissociation energies calculated with the Born—Haber cycle
are deduced from five experimental values, where four have

sociation energyD. The resulting dissociation energies are - - o
_ ~ o unknown uncertainties. Thus significant deviations cannot be
D14=2.57(4) eV and17=3.80(1) eV, where only the statistical . . : ;
ruled out. The same conclusion applies for the increased ampli-

uncertainty is given. These error bars are quite small since the : . o
: . . tude of the odd—even-staggering as compared to the dissociation
relation between the energy and the rate is exponential.

The two dissociation energies are plotted as a function of thgnergy ofthe cations. Ifthe model-free dissociation enedjjes

. . and the calculated energi®s are both plotted as a function of

cluster size inFig. 8 (bottom, full symbols). For comparison LT ) _

; - : o . the valence electrons as indicatedFig. 8 a larger value foD
the dissociation energies of anionic gold clusters as determlnea o= 18 miaht be expected. i.e.. an electronic subshell crosure
with the Born—Haber cycle are shown, too (open circles). To this ¢ 9 P B '
end experimental values for the ionization potentigl24] and
electron affinitiesZA [25] as well as the model-free dissociation 5+ Summary and outlook
energies for the singly positively charged gold cluste}s[26]

(seeFig. 8, top) have been applied: Singly charged size-selected gold cluster anions have been

stored in a Penning trap and were subjected to a laser pulse
X; Edy X, RLLY X+ fat a photon energy dfph = 3_.49 eV. The monomer evaporation
B i is time dependent as monitored by varying the delay between
D | D, D (16) o e : .
n EA, 1Py n photoexcitation and ejection for mass analysis. In addition to the
X, +X 5 X+ X S5OXT+X expected exponential decay, the ion yield shows an oscillation,
nd thus the di iation enerav for the anionic clusters is giv which has a frequency in the order of but somewhat higher than
g us the dissociation energy for the anionic Clusters 1S givey, expected frequency of the magnetron motion of the stored
y ions. The origin of this oscillation is not yet understood and
D; = EA, — EAy,_1+ 1P, — IP,_1+ D;'. (17)  furtherinvestigations are required. '
Nevertheless, from the observed exponential decrease of the
Since no uncertainties are given for the IP and EA values, arelative ion abundance decay rates can be deduced. An evalu-
estimate ofA7TP= AFA=0.1eV is used for the calculation. ation in the framework of the Weisskopf decay-rate equation
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yields dissociation energies for the cluster aniong4Auand [8] A. Herlert, S. Kiickeberg, L. Schweikhard, M. Vogel, C. Walther, J.
Au17~. These have been compared to extrapolated model-free  Electron Spectrosc. Relat. Phenom. 106 (2000) 179.

. .. . L . - [9] U. Hild, G. Dietrich, S. Kiickeberg, M. Lindinger, K. lUtzenkirchen,
dissociation energies from cationic gold clusters. While this L. Schweikhard, C. Walther, J. Ziegler, Phys. Rev. A 57 (1998) 2786.

comparison gives no conclusive reSU|F1 the presentinvestigatiqo) |, schweikhard, K. Hansen, A. Herlert, G. Marx, M. Vogel, Eur. Phys.
is a proof of principle for the extension of the time-resolved  J. D 24 (2003) 137.

photodissociation to anionic clusters. However, the observefd1] L.S. Brown, G. Gabrielse, Rev. Mod. Phys. 58 (1986) 233.

ion yield oscillation limits its application. Further studies are[12] G-Ssiz’aquhSI-dBeCkgry IG Bbo”e”' H.-J. K'“geh R.B. Moore, Tsh' %‘g"
required to find a conclusive explanation for the yield oscilla- L Schweikhard, H. Stolzenberg, U. Wiess, Phys. Lett. A 158 (1991)
tlons.an(_:ito determine the dlssomauo_n energies c_)fthe fgllrang[%] C. Walther, St. Becker, G. Dietrich, H.-J. Kluge, M. Lindinger, K.
of anionic gold clusters for an extensive comparison with their  Litzenkirchen, L. Schweikhard, J. Ziegler, Z. Phys. D 38 (1996)
cationic counterparts. 51.

[14] Y. Shi, V.A. Spasov, K.M. Ervin, J. Chem. Phys. 111 (1999) 938.

[15] V.A. Spasov, Y. Shi, K.M. Ervin, Chem. Phys. 262 (2000) 75.

[16] L. Schweikhard, K. Hansen, A. Herlert, M.D. Haiz Lablanca, G.

) Marx, M. Vogel, Int. J. Mass Spectrom. 219 (2002) 363.
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