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This paper addresses the interaction of molecular cluster ions with a solid surface in the kinetic energy range
of 1-100 eV/molecule. We report experimental results on the energy acquisition by the cluster following its
impact on the target, the size distribution and the time scale of cluster fragmentation, and first examples of
chemical reactions induced by cluster impact. In particular we show that fetype diamond film and
moderate collision energies the elasticity of the cluster-surface impact is surprisingly high: The intact cluster
recoils with typically 75% of its collision energy. Once, however, the clusters have acquired sufficient internal
energy they will shatter, mostly to monomers. In the case of protonated ammonia cluster ions this shattering
of clusters upon surface impact is shown to be faster than 80 ps. It provides evidence that the technique of
cluster impact allows an ultrafast energy redistribution within superheated cluster ions prior to their
fragmentation. The feasibility of this fascinating new approach to femtosecond chemistry is demonstrated
with impact-induced chemical reactions of iodomethane clusters to molecular iodine and of trifluoromethane
clusters to molecular fluorine. The detected reaction yields are surprisingly high, even for the small cluster
sizes investigated so fan (< 16).

1. Introduction 2. Experimental Setup

While cluster science has grown to a well-established field The basic setup of the experimental apparatus has been
during the last decades, recently a new and potentially useful described in detail elsewhet®. Here we give only a brief
area has emerged, i.e., the investigation of phenomena involvingdescription of the features relevant to the present study.
the interaction of clusters with solid surfaces. Experimental  The instrument used for our investigations consists mainly
results for the scattering of atomic and molecular clusters from of a cluster ion source, a primary time-of-flight mass spectrom-
solid surfaces have been reported for netitFaland ionic¢?-° eter, an ion mirror, and an ultrahigh vacuum target collision
clusters, as well as secondary electron emission due to the impacthamber containing a secondary time-of-flight mass spectrom-
of clusterss26-78 for a large variety of clean or adsorbate- eter.
covered, polycrystalline or single-crystal surfaces. Cluster ions are efficiently generated by supersonic expansion

Whereas detailed information about cluster properties in the of the gaseous substance diluted with a carrier gas and
gas phase and surface scattering gfadd its derivative®:79-110 subsequent ionization by electrons emitted from a pulsed
has been obtained, little is known about the interaction processfilament. The expanding jet is collimated and passed to the
of clusters with solid surfaces at hyperthermal energies. primary time-of-flight mass spectrometer, where ions are

The net result of these investigations is the observation of extracted perpendicular to the axis of the neutral beam and are
cluster fragmentation upon surface impact. With increasing accelerated to a kinetic energy of about 2000 eV. Mass selection
kinetic energy of the clusters, their fragmentation, neutralization, of the beam is achieved by pulsing the high voltage applied at
and adsorption on the target surface in general increases. Undea planar ion mirror, at the correct timing, deflecting a single
certain circumstances even the emission of electrons and thecluster size by 90into the scattering chamber (aboufiéns/
dissociation or the ionization of the clusters can be observed, pulse). Incident cluster ions are perpendicular to a silicon target,
which possibly could be explained by an energy localization which is coated with a=10 um thick p-type diamond film!!
within the cluster and the substrate. Another mechanism for and heated to about 400 K. Cluster ions are decelerated to the
the dissipation of the initial kinetic energy, besides target desired collision energy by using a strong retarding field between
excitation, is the conversion to vibrational excitation, especially a grounded mesh and the target surface, to which a high voltage

in the case of . is applied. The same high field that decelerates the incoming
In this paper we will address the inelastic interaction of ion cluster ions is also used to efficiently collect and reaccelerate
clusters with solid surfaces in the kinetic energy range-e1@0 scattered ions. It allows a mass analysis of fragment ions

eV/molecule, aiming at collision-induced cluster-specific chemi- through their time-of-flight from the target to the detector. This
cal reactions. The experimental method is presented in sectionsecond time-of-flight mass spectrometer is equipped with a
2, while in section 3 the results will be reported and discussed: retarding field energy analyzer in front of the ion detector to
The fragment size distribution of clusters following theirimpact determine the kinetic energy distribution of ions.

on the target is addressed in section 3.1, the time scale of cluster This measurement is accomplished by a mass-specific
fragmentation in section 3.2, the transfer of kinetic energy of integration of transmitted ions as a function of the retarding
the clusters to the target in section 3.3, collision-induced cluster voltage of the analyzer. As has been shown previotfsie
dissociation in section 3.4, and first examples of cluster impact measured data can be fitted nicely to an error function, which
chemistry in section 3.5. corresponds to a Gaussian energy distribution of the beam. The
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Gaussian maximum is taken as the mean kinetic energy of the

ions. The energy spread of the primary cluster beam is less
than 1% of the kinetic energy.

Two unique features of the experimental setup should be
emphasized: The first is a design where the angle of incidence
is always normal to the target surface for all ions, contrary to
most scattering experiments using a reflectron col#étThis
setup avoids the complication of a collision-dependent angle

of incidence and the errors caused by disregarding the parallel

component of the ion energy. The second and more important
aspect is the extremely short deceleration region of-Q.2
mm, corresponding to an electric field of up to’A0m~1. This
value is more than 30 times stronger than in a typical reflectron-
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type mass spectrometer. Thus, in contrast to angle-resolved

scattering experiment;1% problems of low-energetic ion
beams are eliminated and the collection efficiency of charged
collision products is maximized. Using SIMIGN trajectory
simulations, we verified that all ions leaving the target with a
kinetic energy of less than 100 eV parallel to the target surface
can be collected. This feature is highly relevant for two
reasons: First, it is known from thedfy11® and experi-
men#1016.25that clusters scatter into large angles with respect

to the surface normal and thus can escape collection and

detection. Second, it allows us to investigate the important low-
energy range of collision energies down to 1 eV without
significant loss in ion transmission.

3. Results and Discussion

3.1. Size Distribution of Charged Cluster Fragments.
Applying a voltageUiarget to the target that is higher than the
kinetic energy of the incident ions causes the cluster ions to be
reflected elastically; that is, without impacting the target. To
initiate collisions of cluster ions with the scattering surface, the
voltage applied to the target has to be lower than the beam
energy. Thus, the collision energyo is given by the difference
between the mean kinetic energy of the impinging i&hand
the target potentialiarges Ecol = Ei — eUiarges € being the
elementary charge; negative collision energiggmean reflec-
tion.

Figure la shows the fragmentation pattern of protonated
clusters of 16 water molecules as a function of the collision
energyEco. At very low impact energiego = 0 €V most of
the impinging (HO);eH™ cluster ions recoil intact from the
target surface. For slightly higher collision energies only few
intact parent cluster ions are left, with the simultaneous
observation of small ionic fragments, {B),H*, n = 1-4. No
other charged species are detected. As the collision energy i
increased, the fragment ion size decreases. The large dip i
the total ion yield for impact energies Bf, = 0—10 eV could
be attributed to efficient neutralization of slow ions on the
conducting target.

As a general result, for all the cluster substances and cluste
sizes investigated, the fragment ions are small, typically
monomers. Especially neither cluster ions that lost one or two
subunits nor intermediate-size fragment ions are detected.
Obviously there is a pronounced transition from the largely intact
rebounding cluster ion to a regime where the cluster disinte-
grates. However, it should be borne in mind that in the present
experimental setup only positively charged ions are measured,
and only fragmentation that is faster than the reacceleration time
t can be detected directly. This time window is given by

_ m 1/2
t= d(ZeU )

targe

(CH,OH) H"

(CH,OH) H*
(CH,OH)H*
(CH,OH),H*
(CH,OH),H*

Integrated Ion Yield [arb. units]
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Collision Energy E., [eV]
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Figure 1. (a) Yield of charged cluster fragments due to the collision
of protonated water cluster ions {8l);¢H* with a diamond target. The
measured signal of scattered cluster ions is integrated for each mass
and is plotted as a function of the collision enefgy. Data points to

the left of Ecoi = O eV represent reflected cluster ions. The relative
energy spread of the incident cluster ions is less than 1% of the primary
beam energys = 1950 eV. (b) Fragmentation pattern of protonated
methanol cluster ions (3@H)sH" as a function of the collision energy.

d is the distance between the grounded mesh and the target
surface (typically 2.0 mm), andh the mass of the fragment
ion. Typical values are several tens of nanoseconds, which is
considerably shorter than what is usually accessible by experi-
ments using reflectrons.

This kind of fragmentation pattern is similar for other
hydrogen-bonded cluster ions such as amnféffand metha-
nol; see Figure 1b. For the smaller (gbH)H™ clusters,
fragment ions up to three monomers can be detected, reflecting
the overall picture that the larger the parent cluster, the larger
the fragments can be. But even for clusters of up to 64

.rS]‘molecuIes, the largest detected fragment ions consist of a

maximum of six molecules only.

Thus theshatteringof clusters upon surface impact appears
to be very much different from the size distribution of cluster
fragmentation induced by low-energy deposition, usually in-

rterpreted in the frame of the well-known evaporative ensemble

model, which is dominated by the (sequential) loss of mono-
meric unitst!” The fragment size distribution explored in the
present experiments covers the regime of multiple fragmentation
event$®123 yp to complete disintegratioi*

This sharp transition between mostly parents and mostly
small(est) fragments as a function of impact energy has been
predicted theoreticalhf>126and can be explained as due to the
competition of two, exponentially rising, entropic effects. It
essentially depends only on the multitude of possible isomers.
In this theoretical approach there is one underlying assumption,
namely, that there is a rather rapid thermalization of the
translational degrees of freedddi. In other words, the
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Figure 2. Schematic diagram illustrating the setup used for measuring
the time scale of cluster fragmentation due to surface collision. It is b
based on the kinetic energy analysis of fragment ions.

(NH,),,H*

experimental result of the pronounced transition to shattering
can be explained by using thermodynamics.

Moreover, this theory suggests that the shattering is practically
instantaneous<(1 ps) on impact. This prediction is investigated
experimentally in the next section by placing an upper bound
on the fragmentation time.

3.2. Time Scale of Cluster Fragmentation. The essential . ,
idea for the measurement of the fragmentation time scale of 520 1810 1800 1850 1900 1o S0, Tt
ion clusters upon surface impact is an energy analysis of the Kinetic Energy of Fragments E, [eV]

charged cluster fragments as S_hown in Figure 2 for_ thef case OfFigure 3. (a) Retarding field analysis of Nfi cluster ion fragments,
protonated ammonia cluster cations. Because the kinetic energ¥esulting from the impact of (NE,H* ions on the diamond target.

release during unimolecular decomposition of @HH™ is in Shown are three measurements for collision energigs= 30, 40,
the order of only 10 meW2812%any recoil energy of scattered  and 48 eV. The data points represent the integrated yield af Nis
fragment ions is neglected. If we assume a homogeneousas a function of their kinetic energy as measured with the retarding
electric field between the grounded mesh and the target Surface,ﬁeld analyzer. The solid lines are fits of error functions to obtain the

the kinetic energyEqn of cluster fragment ions thus depends Mean kinetic energy of the fragment ions. (b) Simultaneous retarding
on where the fragmgntation takes place: field analysis of monomer and dimer fragment ions resulting from the

collision of (NHs)10H™ cluster ions with a diamond targeEf = 54

eV). Because both kinetic energies are derived from the same high

E., = eU, (m _X + 1) voltage (of the retarding field analyzer), the accuracy can be higher by
kin argetidM  d a factor of 2.5.
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xis the distance from the target where the fragmentation occurs,dissociation of protonated ammonia cluster ions can be ex-

andM is the mass of the intact parent cluster ion. pressed as
The measurement in Figure 3a shows the result of a retarding
field analysis of protonated ammonia fragment ions,Nffor (NH) H™ — (NHy),_, H" + xNH, Xx=1

three different collision energies of the impacting (4™ ion.
In all cases the mean kinetic energy of the fragment ions, and has been determined to be in the microsecond ddifatft
resulting from the fit of an error function, is identical to the The reason why we pay special attention to this fast shattering
voltage applied to the target surface. The voltage resolution of is because this phenomenon provides evidence for the ultrafast
1V corresponds to a spatial resolution of 200 nm, and the time dissipation and redistribution of energy in the impacting cluster.
to cover this distance is less than 120 ps. The implications for cluster impact chemistry are that this energy
Because this value is mainly limited by the voltage resolution, will be available to activate reactants in the cluster and also
determined by comparing the high voltage applied at the targetthat the products of any chemical reaction will be kinetically
surface with the high voltage of the retarding field analyzer, stable because the cluster rapidly disintegrates after impact and
this upper boundary can be improved by a simultaneous thus is not able to confine or relax the products.
measurement of the kinetic energies of both the monomer and 3.3. Collisional Energy Loss to the Target. Another
the dimer fragment ions of a larger cluster. As shown in Figure important aspect toward the goal of energetically rich cluster
3b for (NHg)10H™ parent clusters, the mean kinetic energies of reactants is the collisional energy loss of the impinging cluster
both fragment ions differ by less than 400 meV. Thus the time ions to the target. This question can be solved by measuring
interval between the appearance of the dimer and the monometthe recoil energy of the intact scattered parent cluster ions. The
fragment ions as the last (and slowest) step of the completerecoil energyEc is given as the difference between the mean
fragmentation process of a (NHoH™ ion cluster is derived to kinetic energy of scattered ioiis and the target potenti&lirgei
be shorter than 80 ps. Ere= Es — €Uarges
This prompt shattering of cluster ions upon surface impact  Results for the elasticity as the ratio of the recoil energy
is faster than the well-known evaporation process, dominated Eec to the impact energ¥., are presented in Figure 4 for
by the (sequential) loss of monomeric urité,as has been  protonated ammonia ion clusters (yHT, n=1, 2, 4, 5, 7,
shown by molecular dynamics simulatiot¥s.The metastable  as a function of the impact enery,: For low impact energies
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Figure 4. Collisional elasticitye = Ed/Ecq for protonated ammonia ‘E ,J\A E,= 88eV

cluster ions (NH),H" as a function of the collision enerdsto. =) JL E,= 80eV
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(<2.5 eV/molecule), cluster ions scattered off the target surface & J\‘ E,= 64eV

lost most of their initial kinetic energy, while for higher impact j\\: Eu= 56eV

energies the elasticity of the cluster-surface collision is surpris- A Eq= 48eV

ingly high: Typically 75% of the impact kinetic energy is L Eey= 40eV

retained by the intact scattered parent cluster ions. Due to the j\_ Eeq= 326V

stiff diamond surface, the small energy transfer to the target is N Lo = 24V
not completely unexpected; it is compatible with the results of ]\ i'f 13 ez j\
molecular dynamics calculatioA% 134 w 2 ° -

Larger cluster ions are scattered less elastically and a large Time-of-Flight [arb. units]

fraction of them shatter to smallest fragments. Because at higherFigure 5. Secondary time-of-flight spectra of ions scattered off the
collision energies most of the ion clusters are already shattereddiamond target surface after the impact of toluene cluster cations
(see Figure 1), the large elasticity implies that the initial kinetic CeHeCHo)s

energy of the cluster ions is efficiently converted to internal A -
excitations of the ion clusters: Once the clusters have acquired r
sufficient internal energy, they will shattef. T J\ L g —s30ev

3.4. Collision-Induced Dissociation. The results presented ol

- . . E =495V
so far prove the fast and efficient fragmentation of ion clusters
. . . N . L E,, =470 eV
upon surface impact, the fast kinetic energy redistribution within T aiev
the cluster ions, and the minor loss of kinetic energy to the E‘""420 EV
col = €

target. Another indication for the high energy content within
the cluster ions is the possibility of breakingplecularbonds.

An example for the dissociation of toluene cluster ions upon
surface impact is given in Figure 5.

Shown are secondary time-of-flight spectra of ions scattered
off the target surface after the impact of toluene pentamer ions
(CéHsCHo)s™. For collision energies small&;o = 30 eV some
intact rebounding parent cluster ions and some dimer ions
(CeHsCHo),™ as well as the toluene monomer ion can be
detected. At collision energies betweEg, = 16 eV andEc

K E =195V
~ 160 eV the toluene monomer ion is the dominating mass A jr\\¥ Ly =170V
A

Ey=395eV

E, =370eV
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E.,=320eV
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peak, while for collision energies higher th&g, =~ 60 eV the jj\ Eey=145eV
cluster ions start to dissociate. The most abundant dissociation Eoy =120V
product detected is ¢ t, until at impact energies larger than A Lo = 95eV

E= 70eV

Ecol = 120 eV the molecules dissociate completely and the
whole GH;* series evolvesy = 2—6. B = _45eV

3.5. Impact-Induced Chemical Reactions.While collision- Ea= 20eVA\
induced dissociation reactions are well-known from individual Time-of-Flight [arb. units]
molecule surface scattering, the most demanding challenge forrigure 6. Secondary time-of-flight spectra of impacting iodomethane
cluster solid target collisions are cluster-specific, collective cluster anions (CHl)s~ for various collision energieEc..
phenomena, such as thiermation of chemical bond$3>-141
The first example of a chemical reaction induced by clusters exist for higher impact energies, a new peak due to molecular
colliding with a solid surface is the reaction of iodomethane iodine b~ evolves for collision energie&,, > 25 eV. It reaches
cluster anions (CH),~ to molecular iodine 4~. Figure 6 its maximum intensity at arouné, = 200 eV, where it
presents secondary time-of-flight spectra of ¢Qk cluster saturates.
anions scattered off the diamond target surface for various The cluster size dependence of the normalized reaction yield

impact energies: For very low collision energiEg, < 20 is shown in Figure 7 and can be best described by a fit of the
eV, besides the parent cluster ions, hydrogen anionsatdmic functional form p~/I~ 0 +n—1. Each data point represents at
iodine I~ as well as a few iodomethane dimer ions @Dk least three experimental measurements. The standard deviation

can be observed. While the dimer anions gradually cease toof the reported values is in the ranged 5 10%.
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as well. Figure 8 presents secondary time-of-flight spectra due
to the impact of (CHE)s™ cluster anions on the diamond target.
For collision energies abo\E,, = 25 eV GH,™ anions can be
detected, which exhibit a maximum intensity for intermediate
impact energies of abou., = 150 eV. This behavior is
markedly different both from the observation of theffagment
ions as well as from the measurement of the Feaction
product. In the latter cases the intensity grows steadily with
increasing collision energy.

Finally the impact of difluorchloromethane cluster anions
(CHCIF,),~ has been measured to lead to fragment ions H
F~, CI7, and the reaction product ions Cilas well as k.

4. Summary and Conclusions

We have presented experimental results showing that the
scattering of molecular cluster ions from a solid surface can be
almost elastic with only a minor energy loss to the target. In
the particular case of protonated ammonia cluster cations
(NH3),H™ impacting on a diamond-coated silicon target, typi-
cally 75% of the initial kinetic energy is retained by intact
scattered cluster ions.

Once the impinging cluster ions have acquired sufficient
internal energy, they will fragment, mostly to monomers. This
pronounced transition from intact scattered cluster ions to their
complete fragmentation as a function of the collision energy is
very remarkable due to the absence of any fragments with
intermediate sizes or sizes close to the original parent. This
behavior seems to be quite general for hydrogen-bonded ion
clusters.

The time needed for the complete fragmentation of a
(NH3)10H™ cluster ion upon surface impact is faster than 80 ps.
According to molecular dynamics simulatiotfsthis upper
boundary actually can exclude a sequential loss process, such
as metastable dissociation.

Due to this ultrafast energy distribution within the cluster
ions, one can prepare “superheated” clusters with enough energy
for breaking most or all intermolecular bonds. The technique
of cluster impact opens a new energetic regime, allowing energy
deposition of 350 eV/molecule on a femtosecond time scale.

This energy can be used to break and everfoton new
molecular bonds Chemical reactions, induced by cluster
impact, have been demonstrated with quite a large reaction yield.
Even for the small (Chl),~ cluster ions investigated so fam (
< 15), a relative reaction yield of 15%1 molecules per
fragment could be achieved. Similar reactions have been
presented as well and lead us to conclude that cluster impact-

We would like to emphasize some important characteristics induced chemical reactions might represent a new and quite
of the above results: The first one is the existence of an energy9eneral applicable mechanism of femtosecond chemistry.

threshold of about 3 eV/molecule for the detection of the

collision-induced reaction of the iodomethane pentamer anion
to molecular iodine, depicted in Figure 6. The second aspec
is the remarkable cluster size dependence of the reaction yield:
While no reaction can be detected for the single molecular ion,
the relative reaction yield rises constantly up to 15% for cluster

ions consisting of 15 iodomethane molecules. Also, within the
accuracy of the data, no effect due to the filling of the first
solvation shell can be observed. Finally, the low flux of
approximately 16 cluster ions per second impinging on the

target surface should be mentioned: Even if we assume aR®:

sticking factor of 1, the probability for a significant contribution
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