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Resonant IR excitation of gas-phase molecules and clusters can lead to superhot species that thermally emit
an electron. Monitoring the mass selected ion yield as a function of IR laser frequency yields the IR-REMPI
(infrared resonance enhanced multiphoton ionization) spectrum of the molecule or cluster. Although this
IR-REMPI spectrum is not the same as the linear absorption spectrum, it can be quite similar and it yields
valuable information on the IR optical properties of the species investigated. In this article, the method and
the necessary tools are presented. Results from experiments on fullerenes, metal carbide, metal oxide, and
metal nitride clusters are shown.

1. Introduction When high power and fluence in the IR is desired and
tunability is not much of an issue, the laser of choice is the
CO; laser. Laser lines are available aroundutf, continuous
wave (cw) powers can be in excess of 100 W and, in pulsed
mode, several Joules in nanosecond pulses can be obtained. Such
lasers have been used intensely in the 70s to perform IR-
multiphoton excitation (IR-MPE) and dissociation (IR-MPD)
experiments on gas-phase molecdfe€xperiments served
fundamental science to investigate reaction kinetics and dynam-
ics. IR-MPD was also tried as a tool for isotope separatfon.
€n those studies, SPwas often used as a model system, as it
has resonances around 10n. Recent experiments show
isotopical enrichment for silicon after IR-MPD on Si In
another study, large amounts B were obtained in a CO
laser isotope separation procéss.

The mechanisms of IR-MPE and IR-MPD were also theoreti-
cally investigated316-1° Models assume that the IR photons
¥ FOM-Institute for Plasmaphysics Rijnhuizen, are absorbed resonar!tly by bright state;. Whgn the internal
*University of Nijmegen. energy of the molecule increases, the density of vibrational states
8 Fritz-Haber-Institut der Max-Planck-Gesellschaft. rises dramatically. The bright states couple to the abundant dark
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Over the last thirty years, lasers have revolutionized modern
spectroscopy. The narrow bandwidth, high intensity, and tun-
ability of continuous or pulsed UV and visible lasers brought
us a multitude of different schemes to interrogate gas-phase
molecules. Examples are laser induced fluorescence(alf)
resonance enhanced multiphoton ionization (REMRUsing
these two techniques provides information about excited elec-
tronic or ionic states and their vibrational structures. LIF and
REMPI detection can also be used in double (or more) resonanc
experiments. When one of the photons is in the infrared (IR),
spectral information on IR active modes on the electronic
ground-state surface of neutral molecttéscan be obtained.
Advances in laser technology now allow performing such
experiments at wavelengths up to and beyongmQ although
laser fluences decrease rapidly with increasing wavelength.
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states, resulting in a shortening of the lifetime of the bright state REMPI, spectrum. Such a spectrum is clearly not identical to
and an increase in line width of the transition. Depending on the linear absorption spectrum of the species, which, for many
the molecule, this effect can compensate for anharmonicities species investigated, is impossible to obtain. The IR-REMPI
and enable the efficient absorption of multiple photons. Most spectrum does in principle contain all the information on the
of those models are, however, developed for small to medium linear absorption spectrum, however, and is often in appearance
sized molecules and it is not a priori clear in how far they are quite similar to it, as we will show in this paper.

transferable to the comparatively large systems studied here. The paper is organized as follows. First, introductions to the
Mostly, IR-MPE leads to dissociation. There is, however, also experimental techniques are given. In the next section, IR-
an early® and a more recett report where CQ laser IR REMPI experiments on fullerenes are presented. These results
excitation leads to the ionization of molecules. It is clear that are then interpreted using theoretical models. In the second part,
the advantage of such a scheme is the potential for sensitiveresults from studies on metal carbide, oxide, and nitride clusters
and mass selective detection. are presented.

Hot molecules have several possible pathways to cool
themselves. Most molecules in low-pressure gas-phase environ2. Experimental Section
ments will cool via the emission of photons and via dissociation.
For bulk materials, the macroscopic equivalents to those
molecular processes are light emission and evaporation of atom
or molecules. Many strongly bound solids such as, for example,
metals have yet another cooling channel available: the ther-
mionic emission of electrons. This process is being heavily used
in technical applications, where electron-emitting filaments are
used, for example, in radio tubes. The microscopic equivalent
of this process is of considerable theoretical and experimental
interest as thermionic electron emission requires a coupling
between the nuclear motion (vibrational energy) and the
electronic degrees of freedom. One of the first observations of range. A generic layout of a typical FEL is shown in Figure 1.

thermionic emission occurred only at the beginning of the past S . .
y 9 9 P A relativistic beam of electrons, coming from an accelerator, is

decade with the observation that gas-phase fullerenes, which. . ) .
were heated by UV or VIS laser pulses, showed a delayed injected into an assembly of alternating permanent magnets, an

electron emissioA22 These results were interpreted in terms ;J”d‘;]'?‘tﬁ“ ‘?llh'i.h .;s inside ant ogﬁcal _rgso_rljﬁtor, cons;fstl?gl(;)f
of thermionic emission where the initially excited electronic inw?helgn;jrﬁla?grl}/sl yé?wgr)lziﬁcil;rl toetrhcsal d(iar.ectisnn:)?%f?: (Iacleclziron
states rapidly decay to vibrationally excited states on the beam and perio dicgll Fc):han es polarity a (large) number of imes
electronic ground-state surface. A coupling of electronic states | its | P th. Thi y ges pofe dy defl 9 Kk wwiaaling”
in those hot molecules then presumably leads to ionization. along Its length. This causes a periodic detlection, a ‘wiggling
. ; . motion, of the electrons while the undulator is traversed. This
Many experimental and theoretical studfeexists on the S i ; ;
L T transverse motion is quite analogous to the oscillatory motion
thermionic electron emission in fullerenes. However, the ques- - . . .
. o . L of electrons in a stationary dipole antenna and hence will result
tion if electron emission occurs from molecules with a statistical . o -2 )
. A in the emission of radiation with a frequency equal to the
internal state distribution is still not settl@gl. - ; o .
. : i ) oscillation frequency. This oscillation frequency is given by the
Essentially all organic molecules will fragment when being  raig of the velocity of the electrons to the length of one period
heated. The reason is that usually the lowest energy fragmentay the path traveled by the electrons. The latter is longer than
tion channel (frequently the loss of His lower than the  {he periodi, of the magnetic field of the undulator by a factor
ionization potential. Of course, this argument is not rigorous as (1 + K2 due to the transverse motion of the electrons induced
one needs to consider the relative rate constants of '[hoseby the magnetic field; the dimensionless fadtois a measure
processes that will certainly differ in their preexponential factors. 4 the strength of the magnetic field experienced by the electrons
Another class of gas-phase species that is known to undergo, the undulator. More precisely, the overall motion of the
delayed (thermionic?) electron emission after UV or visible laser glectrons in the undulator resembles the motion of oscillating
excitation are strongly bound gas-phase clusters. Examplesg|ectrons in a dipole antenna that moves with a velocity close
include metal and metal carbide clust&t?” which combine to the speed of light. This high velocity results in a strong
a high.stability (binding energy) with relatively low ionization Doppler shift, and the wavelength of the radiation emitted in
potentials. the forward direction as experienced in the laboratory frame is
We recently showed that gas-phase molecules and clustergeduced by a factory? relative to the length of the period of
can be efficiently excited to induce ionization using radiation the undulator as traversed by the electron. As a consequence of
from the infrared free electron laser FELPX:38 When being this Doppler effect, the energy of the radiation emitted by the
resonant with an IR active vibrational mode of the molecule or relativistic particles is concentrated in a narrow cone around
cluster, the absorption of very many photons can take place. Inthe forward direction, sometimes referred to as the “head-light”
fact, calculations indicate that more than 600 photons can, for effect. With the accelerators presently used for FELIX, the
example, be absorbed by a singlgy @olecule. The internal  Lorentz factory, a measure for the total electron energy in units
energy of the cluster can thus rise to levels high enough to enableof its rest mass energy, can be varied over the range from 20 to
the thermionic emission of electrons. The absorption will only 100. Given the 65 mm period of the undulator, this brings the
take place when being resonant with an IR active vibrational radiation wavelength in the IR range. This radiation, referred
mode of the cluster. Monitoring the mass selected ion current to as spontaneous emission, is usually very weak though. This
as a function of IR frequency will thus give an IR spectrum of is a consequence of the fact that the electrons are typically spread
the species of interest. We will call this spectrum the IR out over an interval that is much larger than the radiation
resonance enhanced multiphoton ionization spectrum, or IR-wavelength and will therefore not emit coherently. But on

2.1. Free Electron Laser.An essential ingredient in the
S’experiments is the “Free Electron Laser for Infrared eXperi-
ments”, FELIX3%40 In most lasers, a gas, liquid, or solid
compromises the active (gain) medium and limits the wave-
length range due to absorption. In a free-electron laser (FEL),
however, unbound, free electrons moving at relativistic speeds
through a magnetic field structure serve as the gain medium.
Many excellent books and reviews on (the physics of) FELs
can be found! In principle, such lasers can produce photons
of any wavelength. In practice, technical limitations restrict the
wavelength range and most FELs operate in the IR wavelength
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wavelength. The undulator period is usually fixed, and in most

mirror FELs, the wavelength is set by adjusting the beam energy and/
Py @ or the undulator field strength. Adjusting the beam energy
Andulgiocimagnet j G O o requires the readjustment of large parts of the electron beam

optics and can be a time-consuming task. For spectroscopic
experiments, where one would like to vary the wavelength
rapidly, tuning is best done by adjusting the gap between the
pairs of undulator magnets by means of a stepper motor. This
method of tuning has the advantage that the electron beam
mirror®{f parameters are not influenced and that a realignment of the
electron beam through the accelerator and undulator is not
needed.
| . | The high fluence in a microsecond time window is required
! , because in most gas-phase experiments, the molecules are not
fixed in space but move with typical velocities of hundreds of

electron

gun accelerator

(g — )

; 5-30um micrometers per microsecond. Having a collimated or focused
injector  Linac 1 Linac 2 IR beam with a diameter on the order of hundreds of
i S——— m micrometers to millimeters means that the interaction time
between a molecule and the laser is on the order of micro-
('"%..ﬁ%} seconds. For experiments in which multiphoton excitations of
16-250 um neutral gas-phase species are the objective, a high fluence per
! &m | microsecond is thus important.
Presently, eight FEL-based IR facilities are operational
worldwide. As the characteristics of these FELSs differ consider-
Pulse-structure: ably, so do the user programs conducted at these facilities. Due
N——— to its characteristics, FELIX is uniquely suited to do gas-phase
experiments. It is continuously tunable over the 250 um
““‘“m | | | | | MH HH| range. At a given setting of the beam energy, however, the
- —— /i - tuning range is limited to about a factor-2 in wavelength. In
100ms  Sus practice, that means that, at a given electron beam setting, for
MICROPULSE example the range from 5 to 26n can be continuously scanned
. . within a few minutes. To cover the full tuning range of FELIX,
consecutive overlapping scans, each with different settings of
P the electron beam energy, have to be made. The macropulse
e e length is 5us and the repetition rate 10 Hz. The micropulse

Figure 1. The top part shows a generic layout of a free electron laser. Iength can be adeSted.and. ranges from .300 fs to several
Electrons are emitted from a gun, accelerated in an accelerator, andpicoseconds. The bandwidth is transform limited and can range
injected into an undulator. The electrons are then dumped. Light is from 0.5% fwhm of the central wavelength to several percent.
built up in a resonator, and a fraction of this is coupled out. In the The micropulse repetition rate can be selected to be either 25
middle, a scheme of FELIX is shown. The electron beam can either be MHz or 1 GHz, resulting in a micropulse spacing of 40 or 1

steered into FEL-1, which is used for the long wavelength range, or tivelv. Thi ds to 1 40 optical pul
the beam can be further accelerated and injected into the short"S: ESPECUVEly. ThiS corresponds to 1 or 4U opucal puises

wavelength FEL-2. At the bottom, the pulse structure of the light is circulating in tle 6 m long cavity of FELIX. When the
shown schematically. experiments so require, a single micropulse can be selected using

optical switching techniques. In the 1 GHz mode, the output

successive round trips in the resonator, this weak radiation can®Nergy can be up to 150 mJ/macropulse.
be amplified by fresh electrons, until saturation sets in at a power ~Recently, it was shown that the range between 2 apth5
level that is typically 10to 1Cf times higher than that of the ~ ¢an be covered as well by optimizing FELIX to lase on the
spontaneous emission. It is evident that the time structure of third harmonic. This is accomplished by replacing the metal
the light in such a FEL closely mimics the time structure of the Cavity mirrors by dielectric mirrors that have a high reflectivity
electron beam. In FELs that use (room-temperature) rf-accelera-in the desired wavelength range. Lasing on the fundamental is
tor technology the light output consists of a microsecond thus suppressed and gain is present at 3 times the photon energy.
duration “macro-pulse”, composed of a train of equidistant Using this approach, up to 20 mJ in a5 long macropulse is
picosecond duration "micro_pu|ses", typ|ca||y Spaced b}ﬂ_mo obtained. In all the experiments presented hel’e, FELIX iS,
ns. The macro-pulse repetition frequency is up to several tenshowever, only used on its fundamental frequency.
of hertz. In FELs that use either superconducting rf-accelerators The IR light beam travels through an evacuated optical
or electrostatic acceleration, continuous trains of picosecond transport system and is delivered to the experimental setups. In
duration micro-pulses or quasi-cw light pulses can be produced,the experiments described here, the distance between the
respectively. outcoupling mirror and the experimental setup is about 25 m.
For experiments on gas-phase molecular systems, two keyThe beam is steered through the transport system by means of
requirements for the FEL are (a) tunability and (b) high fluence gold-coated copper mirrors and is periodically refocused. The
on the microsecond time scale. The wavelength of the light is transport system is designed so as to create an image of the
determined by the electron beam energy and the periodicity andoutcoupling mirror at the experimental user station and it is
strength of the magnetic field in the undulator. Any of those found that the beam pointing stability is very good. Typically,
parameters can thus be varied to set the laser to the desiredhe IR beam is aligned before an experiment and the position



1674 J. Phys. Chem. A, Vol. 107, No. 11, 2003 von Helden et al.

Pulsed Valve

Focusing Mirror
B .
gas
NA:YAG
laser
TOF Plates
Fullerene,
Oven /
FELIX Beam Retro-
reflector Figure 3. Cluster setup. Clusters are produced in a standard laser

Figure 2. Fullerene setup. Fullerenes are evaporated from an oven Vaporization/supersonic expansion setup. The beam passes a skimmer,
and the effusive beam is crossed by the tightly focused FELIX beam. @nd charged clusters are deflected out using static electric fields. The
At some time after the FELIX pulse, the TOF plates are pulsed to high heutral clgster beam is then crossed _by the tightly focused FELIX beam.
voltage and a mass spectrum is recorded. In some experiments, gt some time after the FELIX pulse is over, the TOF plates are pulsed

reflectron TOE is used instead of the linear TOFE that is shown. to high voltage and a mass spectrum is recorded in a standard reflectron
TOF setup.

of the beam in our experiment does not drift by more than a
few percent of the beam diameter during a day.

2.2. Fullerene Setup.The experimental apparatus consists
of a turbo-pumped vacuum system containing a compac
effusive molecular beam source and a time-of-flight (TOF) mass
spectrometer, as schematically shown in Figure 2. This apparatu ; 1 i )
is directly connected to the beam delivery system of FELIX, ca_rbldes, 5;% CWOr SCH“) is seeded in argon. For metal
with only a KRS5 window separating the vacuum systems. An oxides, £5% O, in argon is used and for experiments on metal
effusive molecular beam of fullerenes is generated by evapora—n'tr'qes’ 1_5/0 Noin argon is used. AIFhough clustering is more
tion of fullerene powder from a quartz oven. efficient using He as buffer gas, it is chosen to use Ar, as it

The IR laser beam enters the apparatus slightly above thepro_ducgs S'OV_Vef beams and clustgrs thus have a longer inter-
quartz oven and is focused by a spherical mirror with a 7.5 cm action time with FELIX. The beam is skimmed and enters the

focal length in the center between the plates of the TOF mass“?gion between the acceleration plates of a reflectron “”.‘e'Of'
spectrometer. A second mirror with a focal length of 3.75 cm flight (TOF) mass spectrometer (R. M. Jordan Inc.) that is 20

is used as retro-reflector, effectively doubling the fluence in cm downstream from the clugter source. lons p_roduced_m the
the focus. The focusing arm of the IR cavity makes an angle of source p_Iasma are blocked directly aft_er the skimmer with an
23° with the axis of the molecular beam, thereby lengthening electric field (500-1000 V/cm) perpendicular to the molecular

the interaction time of fullerenes with the focused IR beam be_l"’_‘?' tical tf linain the IR b is simil
compared to a perpendicular geometry. The beam waist varies € optical arrangement for coupiing in the eam IS simiiar

: : : to the arrangement used in the fullerene experiments. The
from approximately 60 to 20@m in scanning FELIX from 6 ;
to 204m, yielding maximum power densities ofx1 102 to 3 FELIX beam enters the chamber above the axis of the molecular

x 1010 W/cn? during a micropulse, respectively. beam and is focused on the cluster beam using a 7.5 cm focal
To record IR resonance enhanced multiphoton ionization (IR- length gold mirror. The laser beam is focused back using a 3.75

REMPI) spectra of G, the TOF electrodes are pulsed to high cm foca_l length _mirror. The particles in the molecular beam
voltage some 3@s after the FELIX pulse, and the total number move .W'th a typ!cal velocity of 600 m/s. The IR Iaser_ beam
of Cgo™ ions is recorded as a function of IR laser wavelength. focus is, depending on wavelength, between tens of microns to

To record the time-evolution of the production of ions, the total Ezv:ralozggdtgetdhseoefnrlj;(ér(;résl_:;ilqzaeér'ghelgéustir:ev:Icl):]rlms n?é
ion signal is measured as a function of time with the voltage xp : pu u yup

on the TOF electrodes being constantly on (electric field of 600 lus O_f It . .

Vicm in the extraction region) and the IR laser fixed in Typically, the acceleration plates are pulsed to high voltage
frequency on a resonance. From the measured arrival time3_5 us after the gnd of the FEL.IX pulse. TOF spectra are

distribution of the ions at the detector, the flight time is recorded on a digital storage os_cnloscc_)pe ar_1d are tran.sferred
subtracted to obtain the “time-of-birth” (TOB) distribution. ;ﬁ aFCEOL”I‘Q”t%r_- tT_he ‘_’Vho'ete’if‘fj”[;“e”t' '{‘C][“Ld'ggl.the t””t'.“g of

These TOB distributions are the increment in total ion signal € radiation, IS controfled by a Set of LabView routines.

as a function of time; i.e., they correspond to tlage of ion
production (multiplied by the time-constant of the detection
system). Though TOB's give information on the excitation and  3.1. Infrared Excitation of Gas-Phase Fullerenes3.1.1.
ionization processe® they are, however, not further discussed Excitation of Go. Pure Go (Hoechst, “Super Gold Grade’sg;
here. purity > 99.9%) is evaporated from the quartz oven kept at

2.3. Cluster Machine.The clusters of interest are produced temperatures between 700 and 850 K. FELIX is focused on
by pulsed laser vaporization from a solid metal rod in an this effusive beam with an optical arrangement as described in
expansion containing several percent reactant gas in a standardection 2.2. At some wavelengths in the rang&6um, strong
setup. A scheme of the setup is shown in Figure 3. About 20  signals resulting from g* can be observed. The ion signal is
30 mJ of a frequency doubled Nd:YAG laser (Spectra Physics mass analyzed by pulsing the electrodes of the TOF mass
DCR 11) is focused on the metal surface. The metal rod can spectrometer some 365 after FELIX to high voltage.

have a diameter of 6 or 12 mm and is rotated and translated to
regularly expose a fresh spot on the surface. Gas from a pulsed
¢ valve (R. M. Jordan Inc.) quenches the laser plasma, clustering
and chemical reactions occur, and the clusters and carrier gas
£xpand into vacuum. When experiments are performed on metal

3. Results and Discussion
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Figure 4. The top part shows the experimental IR-REMPI spectrum intense line is the one dfCs and the weakest is dfCs7°Ca.

of fullerene Go. This spectrum can be compared to the linear absorption

spectrum of a & film, shown in the lower part. Black vertical lines .
show the positions of the IR emission bands of gas-phas@t®75 tion in the IR-REMPI spectrum because the IR laser fluence

K. will change when scanning the laser. If thg ©n signal would
depend linearly on IR laser fluence, one could just divide the
Cso™ signal by the laser fluence to get a normalized spectrum.
At the FELIX power levels used in the experiment, signals Because, however, thegon signal depends highly nonlinearly
from fragments, such as;§ (loss of G), are always very minor ~ on the IR fluence, such a normalization is problematic. In Figure
compared to the parent signal. Monitoring the amount of parent 4, we choose to present the raw data, without any normalization,
ions as a function of wavelength yields the IR-REMPI spectrum and it should be noted that while this spectrum is recorded, the
of the neutral parent. In Figure 4, the IR-REMPI spectrum of FELIX fluence varies much less than a factor of 2 over the
gas-phase & is shown. Clearly, several peaks can be recog- scan range shown. A comparison of the relative peak intensities
nized. Between the peaks, on the baseline, no ion signal isin both spectra can thus only be qualitative. Largely, the relative
observed-not even at the maximum power levels of FELIX. intensities in the two spectra are similar. The two exceptions
The observation of ions after IR excitation is at first glance very are the IR-REMPI peaks at 560 and 1527 émwvhere the
surprising. Go is known to undergo thermionic emission after relative intensity in the IR-REMPI spectrum is much smaller
heating using UV or visible lase?$:22 but for this process to  for the first peak and much larger for the second peak than
be efficient, however, its internal energy has to be substantially expected from the linear absorption spectrum.
higher than its ionization potential. Calculations indicate that  The position of the IR active mode in the molecule will shift
in order for thermionic emission to fall in the experimental to longer wavelength with increasing internal excitation of the
microsecond time window, the internal energy of the molecule molecule, due to anharmonicities. For efficient excitation, the
has to be well above 30 e¥.0n the strongest resonance, near IR laser has to be resonant with the IR active mode all the way
520 cntl, this implies that more than 500 photons need to be from the initially relatively “cold” molecules leaving the oven
absorbed by a single gas-phase molecule in a single macropulseip to the very hot molecules that are about to thermally eject
of FELIX! an electron. When the anharmonicity in a mode is too large,
This IR-REMPI spectrum can be compared to the linear-IR efficient excitation cannot occur and a line then appears weak
absorption spectrum of a thin film of solidsgYecorded at room or is not present at all in the IR-REMPI spectrum. In the
temperature, shown in the lower trace of Figure 4. This linear experiment, there is a correlation between the relative intensity
absorption spectrum shows peaks at the four well-known IR of a peak and its shift in the IR-REMPI spectrum, compared to
active modes of g, plus one combination band at 1540 either the linear absorption or the IR emission spectrum: the
cm 14344 Clearly, all peaks in the IR-REMPI spectrum have larger the shift of a peak, the lower its intensity in the IR-REMPI
their counterparts in the linear absorption spectrum. All peaks spectrum. A detailed explanation will follow in the theoretical
in the IR-REMPI spectrum are shifted to the red, compared to description of the excitation process (section 3.1.3).
the linear absorption spectrum. A priori it is not clear if it is When a reflectron TOF instrument is used for mass analysis,
useful to compare the IR-REMPI spectrum to the linear the mass resolution is sufficient to distinguisgy ©ns that differ
absorption spectrum ofggsolid. Due to molecular interactions  in isotopic composition and the IR-REMPI spectra of those
in the solid, line positions could be shifted and selection rules different species can be measured. When carbon has its natural
could be not as strict, due to the formal reduction of symmetry. isotope distribution, many & molecules will contain one or
A better comparison might be with the IR emission spectrum more13C atoms. With a natural abundance of 1.12% %z,
of hot gas-phasedg. Positions of the emission lines o at only 52% of the Gp molecules contain 60 atom3C, 34%
a temperature of 875 K are indicated as red lines in Figure 4. contain one ator®C, 11% two!3C atoms, and 2.2% thrééC
Clearly, the positions of the emission lines are shifted to the atoms. Fouf3C atoms are contained in only 0.4% of thgoC
red compared to the linear absorption spectrum of the solid andmolecules and the mass peaknalz = 724 is too weak to be
the peak positions in the IR-REMPI spectrum are even further observable in our experiment. In the inset of Figure 5, a high-
shifted to the red. When the relative peak intensities in the two resolution mass spectrum of¢ is shown when exciting at
different spectra are compared, one difficulty is the normaliza- 520 cnt. The corresponding IR-REMPI peaks of the different
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hard to purify are fullerenes. Althoughggand Go can be

separated from other larger fullerenes quite straightforwardly,
separation is difficult for higher fullerenes that can only be

purified with very large effort. Compared ta;gand G, much

isotopomers are shown in the figure. The strongest peak |ess is thus known about the structures of fullerenes with more

corresponds td“Cgo, and the weakest IR-REMPI peak, to
12Cs/13C3. In Figure 6, the lines fof2Cgp and 1°Csgl3C, are

than 70 atoms. In the group of higher fullereneg, @ceived
the most attention, because it is the easiest to produce higher

compared. A clear shift toward lower frequencies is apparent fyjierene. In addition to the difficulty of separating the fullerenes

for the 12Csg!%Cyo. In the inset, the peak positions relative to

based on the number of carbon atoms, most of them also contain

1%Cqo are shown for all isotopomers. As expected, the peak an jsomeric mixture that is often difficult to separate. For some,
positions shift to lower frequencies when heavy isotopes are the isomers that fulfill the isolated pentagon rule (IPR) are

present. This shift is small, however. It ranges from ap-
proximately—0.23 cnt? for the cluster containing on€C to
—0.78 cn1! for clusters containing thre€C.

cataloged by Fowlet” Whereas @ and Go possess only one
IPR fullerene, 24 different IPR structures are possible fgr C
For larger fullerenes, the number of possible IPR isomers

For a diatomic molecule, the changes in line position are easy increases dramatically. Soon after the first report on the isolation
to understand as the vibrational frequency is proportional to of the higher fullerene & 48 a considerable experimental and

w95 whereu is the reduced mass. In polyatomic molecules,

theoretical effort has been launched toward elucidating its

the situation is not as clear-cut because the reduced mas%tructure(s)_ On the basis of NMR experime‘iﬁ@i it is now
depends on vibrational mode and the motion of the atoms. Foragreed upon that Samp|es most|y contain two isomerS, one

pure 12Cgo the reduced mass is for all vibrational modes 12.
Diagonalizing a semiempirical (PM3) force constant matrix with
one carbon atom replaced by atom yields reduced masses
that range from 12.000 to 12.11 and the specific shift of a line
is critically dependent on the vibrational mode. FéCq, the
position of the (3-fold degenerate) IR resonance is calculated
to be at 557 cm. In the one'3C containing molecule, the line
is calculated to split with two modes within 0.04 chof the
original line (red. mass= 12.00) and one mode red shifted by
0.95 cnt! (red. mass= 12.03). Adding two-thirds of the
experimental line of2Cg to one-third of that line that is red
shifted by 0.95 cm! gives, when scaled in intensity, a line that
is in position and width indistinguishable from the observed
line of 12Csq!3C.

The situation becomes significantly more complex when two
13C atoms are present in one molecule. As they will be

isomer withD, and one withDyg symmetry.
The experimental approach is the same as in the experiments
on Gso. To obtain the G spectrum, a sample of puredand,
to obtain the @4 spectrum, a sample of “higher fullerenes” (both
MER Corporation) are placed in the oven. The *“higher
fullerenes” sample contains 30%g4 with the next most
abundant fullerene less that 15%. Less than 1 mg of sample is
found to allow several hours of stable operation. In Figure 7,
IR-REMPI spectra of & and G, are shown and compared to
the IR-REMPI spectrum of & (as also shown in Figure 4).
Surprisingly, in the spectrum of#; fewer lines are observed
than in the spectrum of g Peaks are observed at 525, 563,
1360, and 1480 cnt. However, all lines besides the line at
563 cnt! are found to be broad and asymmetric, so that they
are likely caused by several resonances.iiCits Ds, symmetry
has 31 IR allowed modes, 10 okAand 21 of ' symmetry.

incorporated statistically, many possible isomers will result, each Apout 10 of those lines are strong in the IR absorption

having possibly different line positions. However, the situation
becomes simple again féfCq. There, all lines are shifted by
a factor ofv/12/13, approximately 4% If we now do a linear
interpolation betweetCg and2Cgo, we obtain a shift ot/1=%

per 13C atom. At 520 cm?, this corresponds to 0.3 crhper
13C atom—in good agreement with the observations here. A

spectrum® and are found between 458 and 674 épmat 795
and 1134 cm?, and between 1414 and 1460 cinlt appears
that in the IR-REMPI spectrum, only the strongest modes are
found and the modes, for example, at 795 and 1134'are
not observed. The broad peaks at 1360 and 1480 ame the
red shifted counterparts of the structure found in the absorption

detailed and more accurate analysis of this problem is, however,spectrum between 1414 and 1460 éniThe peaks at 525 and

beyond the scope of this paper.
3.1.2. IR-REMPI Spectra of Higher Fullerenethe IR-

REMPI method combined with mass selective detection is

563 cnt! likely correspond to the strong IR absorption features
at 535 and 578 cnt.
The G, spectrum is very different and exhibits a much richer

ideally suited to obtain IR spectra of species that are only presentstructure than the g spectrum. It consist of three peaks at 475,
as a mixture with other substances. Samples that are intrinsically632, and 784 cmt, followed by a series of partially unresolved
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peaks, ranging from 1050 to 1600 cinlt should be noted that 10"
the peak at 475 cni is the lowest frequency IR-REMPI peak 1012 -
obtained so far. In order for the molecule to acquire the energy = 10T ]
necessary for efficient autoionization (380 eV*?) more than s 18100 I |
800 photons have to be absorbed by a single molecule at that § 10° | i
frequency. g 102 - .
The IR-REMPI spectrum of & has been compared to @ 1320 I 1
theoretical prediction® There, the experimental spectrum is 10°
compared to spectra of two isomers, gand theD,q isomer.
The two calculated spectra are found to be very similar to each Energy distribution
other and in very good agreement with the experimental T=800K
spectrum. A more detailed account of the experiments gn C 5
can be found elsewhe?8.
3.1.3. Excitation Dynamicgor molecules to thermally ionize
with a reasonable probability, the rate constant for thermal , ‘ ‘ )
electron emission has to compete with rate constants of other 0 10 20 30 40 50
cooling processes. In low pressure (collision-free) environments, Energy [eV]

these cooling channels are the emission of light (radiative Figure 8. In the top part, the density of vibrational states af &
cooling) and the emission of particles (evaporative cooling). In shown as a function of internal energy. The calculated energy
the case of evaporative cooling, the particles emitted can bed_istribution for thermal & at 800 K is shown in the lower part of the
atoms, molecular fragments, or electrons. All channels competefigure-

With. each other.. Which of the channels is important in a  \When G effuses from the oven at 800 K, its mean internal
particular exp_erlr_nent depends strongly on the mol_ecule, its energy is with 39 000 cri# rather high, but with 16 states/
degree of excitation, and the relevant experimental time scale. ... ;-1 3t this internal energy, the density of states is even more
Radiative cooling can be approximately described by the remarkable. The density of states rapidly climbs to much larger
Stefan-Boltzmann law. The emission intensity scales then as values at higher energies (see Figure 8), and the coupling
T.* The rate constants for fragmentation or ionization can to a petween these many states due to vibrational anharmonicities
first approximation be estimated from the Arrhenius equation results in very fast IVR. It is therefore safe to assume that the
and scales with temperature ae/%", with E; being the VR process is much faster than the rate of photon absorption.
activation energy for dissociation or ionizatidg the Boltzmann  The vibrational energy is then at any time statistically distributed
constant, and the vibrational temperature. Radiation will thus  over the vibrational degrees of freedom and the excitation
dominate at low internal energies, but at high energies it will process can be described using a statistical apprdacis. also
not be able to compete with dissociation and ionization, of which expected that, due to the high density of states and the coupling
the rates increase much more rapidly with increasing energy. petween them, coherent excitation effects, such as chirped
When the excitation of the molecules or ions occurs via IR induced adiabatic passage, are not important in the experiments
multiphoton excitation to sufficiently high levels, the density described here.
of vibrational quantum states can be very highe molecule We now go on to derive a model for the absorption process
reaches a vibrational quasi continuum. The time evolution in and compare the results to the experinfrithe individual
phase space can then be highly statistical and can be describegvels in the ladder of levels that are in resonance with the
by statistical models. The rate constant for thermionic emission excitation laser field are enumerated by the indexO, ..., o
at a certain internal energy can be estimated using the well- and their energy; can be expressed & = fiwi wherew is
known RRKM expression as the ratio of the sum of available the angular frequency of the laser radiation. The dynamics of

product (separate ion plus electron) quantum sates to the densityhe population distribution can be described by the kinetic
of states in the reactant, divided by Planck’s constant. Detailed equations

investigations of the ionization process can be found elsevifiere.

Because @ has 174 vibrational degrees of freedom, its dnfdt=F . ; +F 1 —Fia—Fia 1)
density of states is enormous, even at moderate excitation . . . .
energies. A plot of the vibrational density of states as a function hereni is the population of théth level andFi; is the rate of
of energy is shown in Figure 8. The state density is evaluated the Population flow between levelandj induced by the laser.
using the BeyerSwinehart algorithm using published vibra- Fij can be written as
tional frequencie8? At an internal energy of 7.6 eV, for |
example, 16P states per wavenumber are present. Thus, when F,= 750N 2
the vibrational energy is just at the ionization potential, very
many vibrational states exist; however, only a few are leading where| is the laser intensity and;; is the absorption cross-
to ionization. In order for the ionization rate constant to reach section of thei — J transition. The Spectra”y integrated
the experimental time window, the internal energy has to be apsorption cross-sectiol is defined by
substantially higher than the ionization potential.

As is estimated? 30-50 eV of internal energy in adg 3
molecule is required for the rate constant of ionization to reach A= foi,j(w) do = e, - ©))
the experimental time window. Whens{leaves the oven at
800 K, the mean internal energy is 5 eV (Figure 8). At an whered;; is the dipole moment matrix element of the transition
excitation energy of 520 cm, the required additional 2545 andwiesis the frequency of the molecular resonance. We assume
eV of energy corresponds to 39@00 photons, which all have  that transitions in the ladder of levels are characterized by the
to be absorbed resonantly by a single molecule. statistically averaged values)2(Jof the appropriate matrix

2
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S 600 1 Figure 10. Calculated internal energy distribution of an ensemble of
é Cso molecules excited at 520 crhshown as a solid line. Shown with
2 a dashed line is a binomial distribution. A thermal distribution with
‘> 400 4 the same average energy is shown as a dot-dashed line.
o
@
s
T 200 . calculation, a laser fluence of 5 J/&and a laser bandwidth of
g 2.5 cnttis assumed. It should be stressed that all parameters
= in the calculations are fixed and no adjustable parameters are

000 505 510 515 520 525 530 535 540 used. The nonzero baseline in the calculation results from the

Frequency [cm' ] thermal energy of the hot &g effusing from the oven. The
Figure 9. The top part shows thee§ ion current as a function of ~ calculations show that the excitation ofdcan indeed be
FELIX frequency. In the lower part, the calculated internal energy, Substantial: more than 700 photons of 520 ¢érn a single
expressed in the mean number of absorbed 520 piotons, is shown molecule! The calculated excitation profile exhibits a maximum
as a function of FELIX frequency. at a frequency of 521 cm, in good agreement with the
maximum of the IR-REMPI peak at about 520 thninterest-
elements. The relation between up and down transitions mustingly, this maximum at 521 crt is obtained from a calculation

satisfy the principle of detailed balance that inc_lude_s a val_u_e of 527 crh as a value for the 0 K
absorption line position. Another striking feature is the asym-
0i 111101111 = A ir/ A1 = G119 4) metry in the calculated excitation profile as well as in the

experimental IR-REMPI line shape in Figure 9. In both spectra,
with g the density of states at level i. The absorption cross- the peak rises faster on the low-frequency side and decays slower

section of a vibrational band is given by on the high-frequency side. Qualitatively, this effect can be
understood by the changes in absorption profile when the
() = A0 — o) (5) internal energy of g increases and is described in detail in a
previous publicatiori?
where f(w — w9 is a normalized Lorentzian line shape In Figure 9, the mean number of absorbed photons is shown

function, in which broadening of the line due to IVR and shifts as a function of excitation energy. Of course, not all molecules
of the resonant frequency due to anharmonicities are incorpo-absorb the same number of photons and a distribution of
rated. The rotational contribution is neglected in view of the energies is associated with each excitation energy. The distribu-
small rotational constant ofgg We assume that both the width  tion resulting from the numerical calculation is shown as a solid
of the Lorentzian (fwhm)I'(E), and the resonant frequency line in Figure 10. It is interesting to compare this distribution
depend linearly on the internal enerfyasI'(E;) = ai andwyes to a much simpler model: a binomial distribution of the number
= wo + bi. The expression fas;j(w) has to be convoluted with ~ of absorbed photons. Such a distribution is shown as a dashed
the spectral profile of the excitation radiation, which is assumed line in Figure 10. This distribution is based upon the molecules
to be a Lorentzian as well. being exposed to = 2000 micropulses, and for each micopulse,

The parameters and b are estimated from temperature- the absorption probabilityis 0.355, independent of the number
dependent emission studies on gas-phagédi@sa = 0.0165 of photons already absorbed. The resulting binomial distribution
cm ! per quantum anth = —0.017 cnt! per quantum for the ~ is somewhat narrower than the distribution obtained from the
IR active mode withwo = 527 cntl. The spectrally integrated ~ numerical model; however, this distribution is based on a zero
absorption cross-section of this mode is obtained from FTIR Kelvin initial thermal distribution whereas the numerical simula-
data of solid Go as 2.8x 10717 cm. tion includes an initial temperature distribution of 800 K.

In the calculations, an initial thermal distribution of popula- Clearly, such a binomial distribution serves as a good ap-
tions is taken. The laser pulse is taken as a block function in proximation for the more elaborate full numerical simulation
time with the same time-integrated fluence as used in the of the excitation process. In calculations of MPE of thes SF
experiment. The set of differential equations (1) is solved molecule, a similar Gaussian distribution is obtained, using a
numerically using the RungeKutta-Merson algorithm. slightly different modek’ o o

In Figure 9, the experimental IR-REMPI spectrum afyC When the absorption probabilitg is small, the binomial
around 520 cm! is shown (top trace) together with the distribution goes over into a Poisson distribution. The standard
excitation calculated using the model (bottom trace). In the variation of such a Poisson distribution is given dy= v,
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wheren = npis the mean number of absorbed photons (710 in _ i S
Figure 10). In terms of energy, a Poisson distribution has a mean TieGrz | ‘ TigCr2 A=7.3 um
energy of ‘ ”"l
_ | nc.
= ) | TigCq il
E = nhv (6) 7 TizC12 " WJ\}J'\'LH M|
c
and a standard deviation of 3 1
S
- 3x3x4 - 4C
0, = vhhw (7) £ 3220 um
g 333 3xdx4 - 4C
A distribution with a mean energy of 710 photons at 520tm - q 4xdxd - 4C
(46 eV) has thus a standard deviation of only 1.7 eV. This can ‘ /
be compared to the excitation with 9 photons of 5.0 eV energy | ‘\/\_\
(248 nm, KrF excimer laser), in which the standard deviation P
of the.energy. distribution created is 15-edImost an order of 500 1000 1500 2000 5500 3000
magnitude wider. Mass [amu]

After amolecule is eXCIt(-_:-d in the multiple photon a_bsorptlon Figure 11. Mass spectrum of titanium carbide cluster ions when
process, one or more cooling pathways are energetically open.exciting at 7.3:m (top part) and 2gum (bottom spectrum). The inset
Which one a particular molecule with some specific internal above the top trace shows thesTi; and TiCi2 peak zoomed in,
energy will take depends on the probabilities (rate constants) showing the isotopic distribution.
leading to the different product channels. For fragmentation and
ionization, these probabilities will depend (near) exponentially FELIX. When FELIX is resonant with a vibrational mode of
on the internal energy. At most energies, there will be thus one the cluster, many photons can be absorbed and the cluster can
rate constant for a particular channel that dominates. Further,subsequently thermally ionize. This will only happen to very
when the energy is not too high, the molecule will be able to stable clusters, as less stable clusters will fragment, rather than
follow one and only one product channel within the experimental ionize and the observation of ionic signal is thus indicative of
time frame. In other words, if one excites and would obtain a the high stability of the corresponding cluster. In the forthcoming
microcanonical ensemble, the energy of the molecules could sections, results form experiments on metal carbide, oxide, and
be chosen such that the molecules would only ionize and not nitride clusters are presented.
fragment, or only fragment and not ionize. 3.2.1. Metal CarbidesBulk titanium carbide is metallic in

If the excitation results in a wide distribution of internal character. The structure of bulk TiC and similar metal carbides
energies, and one wants to observe products with somecan be thought of as a regular metal lattice in which the
reasonable probability, many molecules will be in the hot wing octahedral holes are intercalated by carbon atoms. When the
of the distribution and will be able to, for example, fragment size of the octahedral hole is large enough to accommodate a
after undergoing thermal ionization. This is expected to be the carbon atom without distorting the metal lattice, the intercalation
case when exciting with 5.0 eV photons to 45 eV mean internal is energetically favored, and very stable metal carbides result
energy, where a substantial amount of molecules will have 60 that have a metal-to-carbon ratio of 1:1 and a fcc crystal
eV or more of internal energy. And with UV photons this is structure. This is the case for metals in which the atom radius
almost unavoidable; when it is decided to use a lower excitation is above about 1.3 A, like Ti, Zr, Hf, V, Nb, Ta, Mo, and W.
to avoid the hot tail and fragmentation, the total ionization yield Their carbides are characterized by very high melting points
will be too low. On the other hand, when exciting with low (3000-4000 K), high hardness (between topas and diamond),
energy photons, the resulting energy distribution will be so and electrical conductivity. When the atom radius is smaller,
narrow that one can tune the mean of the distribution such thatas is the case for example for Cr, Mn, Fe, Co, and Ni, the
one has efficient ionization and hardly any molecules have corresponding carbides often have a stoichiometry that is
enough internal energy to undergo fragmentation afterward. This different from 1:1 and are significantly less stable. Observations
results in fragmentation-free mass spectra. This point is of in cluster beams are in line with this, as the first group of
particular importance in the cluster experiments where, when carbides are produced with ease whereas for the second group
ionization and fragmentation would both be occurring, it would carbides in cluster beams are hard to form and, if they form,
not be clear which neutral molecule is the absorbing speciesthe positions of the corresponding peaks in the mass spectra do
for a particular observed ion. not agree with the positions expected for nanocrystalline

3.2. IR Excitation of Gas-Phase NanoclustersMost structures.
fullerenes distinguish themselves from other molecules by the 3.2.1.1. Mass Spectra. Metal carbide clusters can be generated
fact that they are very strongly bound and that their ionization by vaporization of the corresponding metal in a gas mixture of
potential is low compared to the activation barrier for dissocia- 95% argon and 5% CHHere, results from studies on titanium,
tion. Vibrationally hot fullerenes can thus evaporate an electron vanadium, niobium, and zirconium carbide clusters are pre-
instead of fragmenting. The only other class of gas-phase speciesented. Mass spectra of titanium carbide clusters excited at two
where thermionic (delayed) emission is known to occur are different wavelengths are shown in Figure 11. When the clusters
strongly bound clusters containing highly refractory metals.  are excited at a wavelength of 7« (top trace), several small

Such clusters can be generated using the laser vaporizatiorclusters are observed. The largest peak (or better group of peaks)
techniques described in section 2.3. When the vaporization of results from clusters having the compositiogChb. Less intense
the metal rod occurs in a gas mixture containing a neutral rare peaks are observed forgl;; as well as for TiCi». In the inset,
gas and a reactant gas, mixed cluster materials, such as metan expanded view of the region aroungQij, and TgCas is
carbide, oxide, or nitride clusters, can be produced. Chargedshown. Clearly, fine structure can be observed that arises from
particles that are generated are deflected by electric fields andthe natural isotope distribution of titanium. The observed isotope
the neutral cluster beam reaches the interaction region with distribution is virtually indistinguishable from a simulated
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distribution, strongly supporting the stoichiometries indicated 3
in the figures. In addition, experiments have been performed TigCyp /\
using’3CH, as the reactant gas. The resulting mass peaks show wﬂ/ \
spectra, indicating that no hydrogen atoms are incorporated into aCi1 \
the cluster structure. §C;12" has previously been observed to _AMWJ \»M
be abundant (“magic”) in mass specttalVhen other ionization )
, . VeCiz !
are, however, not observed to be special. When a small peak is w
observed at the low mass side of a large peak, it is possible M
that the lower mass peak does not result from ionization of the M \
corresponding neutral cluster but from fragmentation of a higher ‘ M
500
at lower laser powers, and further;Ti," is a known fragment Frequency [cm™]
from the dissociation of BCy2". It is thus very likely that, in ) . .
the experiments presented here, this peak is caused by frag-F igure 12. IR-REMPI spectra for Bz TigCus, VeCaz and WCua
to result from an original stable neutral that independently  3-2-1.2. Infrared Spectra. For each mass peak, its wavelength
undergoes thermionic emission when excited. This mass peakdéPendence can be monitored and an IR spectrum can be
shows a power dependence very similar to the one &5t obtained. In Figure 12, the IR-REMPI spectra fogdi, and
from that of TkCy2 (vide infra). are dominated by a singl_e strong resonance, centere_d around
In the lower trace. a mass spectrum after excitation atrd0 1400 cnt?! (7.3 um). The ion signal for those clusters is also
. W ’ pectrum after excitatl at found at around 500 cnt (20 um), its relative intensity there
is shown. Clearly, the mass distribution is very different from
is found. and all K It f I lust Th above, in order for clusters to undergo thermionic electron
IS found, and all mass peaxs resuit from farger cius (_ar+s. € emission, they need to be very stable as neutrals; i.e., they need
lowest mass peak with significant intensity results fromdis". to possess high dissociation thresholds and relatively low
An intense peak from this ion, when looking at ions coming
; i ol o havi TigCi2 and VBCyyo, it comes as a surprise forgli; and VsCii.
assigned to a Cl_Jb'C cluster consisting ot 3 x 3 atoms having These clusters have not previously been observed to be special
a structure similar to that of bulk TiC, which has a fcc (NaCl (“magic”), nor did anybody propose a special structure for them.
follow the patterns that can be observed from direct ions from counterparts. Clearly, the spectra are very similar, but it is
; 53 . i ( . , ,
a TiC cluster sour¢&*3and those observed in the IR-REMPI important to note that they are not the same. If they were the
ionization of vanadium carbide clusté¥sProminent peaks are same, one could not exclude the possibility that the (8,11)
ideal cubes of atoms. In the mass spectrum presented, the,y fragmentation of (8,12) clusters. The peaks in the spectra of
isotopic distribution of Ti and the limited mass resolution of ne (8,11) clusters are somewhat red shifted compared to the
the mass spectrometer of 1662000 results in a not fully (g 12) clusters and, at least forTiy, the resonance is narrower.
are observed having rather sharp maxima. These maxima appeafiom the spectra of the other larger titanium carbide clusters
at masses corresponding to cubes of 3 x 4,3x 4 x 4, and (Figure 14). This is in line with the large differences in the
4 x 4 x 4 atoms, all however shifted 48 amu toward lower proposed structure of gC;, from the structures of the larger
titanium atom less than the ideal clusters. They could, however, on the details of the structure, all proposed structures for (8,12)
also correspond to clusters having four carbon atom less thancjusters involveC, units that coordinate to the metal atoPAs?®
the ideal cluster. Whereas a14T43 cluster with the dimensions  The IR spectra of the (8,11) clusters in Figure 12 are similar to
atoms, this is no longer possible if one or more sides have anmotives are similar as well. In our experiments on Ti, V, Nb,
even number of atoms. In this case, four corner atoms will be and zr carbide clusters, no larger clusters, in particular at masses
occupied by metal atoms and four by carbon atoms. In that would correspond to “multicage®é1with spectra similar
atom vacancies, presumably at the corners, are obsé¥en. IR spectra are the (8,12), (8,11), and (7,12) clusters. There are
vanadium carbide, it is also observed that other cubic structures,indications that the observed signal at the mass of the (7,12)
such as 3x 3 x 5 or 3 x 4 x 5 atom clusters are present. cluster does not result from excitation of neutral (7,12) and is

the expected shifts. Experiments usings3bBow unshifted mass - :,.\

methods are used, the smaller clustegTi as well as TiCy»

mass ionic cluster. The IC," peak is observed to disappear 1000 1500

mentation of T§C12™ as well. TgC11™ on the other hand appears

and further, the IR spectrum of g1, is distinctively different ~ 118C11@s well as for ¥Cy, and \kCy, are shown. The spectra
the one observed after 7;n excitation. Hardly any §Cxs" is, however, significantly less than at 1400 ¢imAs described
directly from the source, has been observed b&tsfand is ionization potentials. Although this is somewhat expected for
like) structure. The larger clusters observed in the mass spectrumyy,o spectra of the (8,11) clusters can be compared to their (8,12)
observed at masses that correspond to those of ideal or neagysters formed during or after the excitation/ionization process
resolved mass spectrum. Nonetheless, distinct groups of peaksrhe spectrum of the (8,12) and (8,11) clusters look very different
masses. They thus could correspond to clusters having onetitanium carbide clusters. Although there is some uncertainty
3 x 3 x 3 atoms will have all eight corners occupied by metal those of TiCi, and ViCio, indicating that the main structural
experiments on vanadium carbide clusters, clusters with carbonto those in Figure 12 are observed. The only clusters with similar
There, the 3x 4 x 5 structure shows again a tendency to form instead caused by fragmentation of (8,12).

clusters that lack four carbon atoms. Thex3 x 5 structure The spectrum of BCi2 can be compared to the spectra of
on the other hand can have all corners occupied with metal other (8,12) carbides. Figure 13 shows the spectra g1
atoms and the cluster prefers to form the ideal structute. VgCia, ZrgCi2, and NRCi2. The spectra are all very similar and

the case of TiC, the complicated isotope distribution of titanium are dominated by a resonance that lies between 1250 fom
prevents us from deducing detailed information from the mass NbgCy, and 1395 cm? for TigC;o. Because the spectra are so
spectrum. Nonetheless, it is clear that the mass distribution whensimilar, it is likely that the structures of the clusters are very
exciting at 20um is compatible with (defective) cubic cluster similar as well. It is expected that the resonance is mainly caused
structures. by C—C stretching motion in the BC;, clusters. The calculated
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Figure 14. IR-REMPI spectra of different nanocrystalline titanium
carbide clusters. Shown as dashed lines are the two optically active
surface phonon modes of bulk TiC, measured by HREELS.
1380 cm™1
Daa (TgC12) agrees very well with the experiment. THe* isomer is
calculated to have two peaks, which is clearly not observed in
A 1 \ 1 A 1 the case of BCia
1000 1200 1400 1600 In the spectrum of ZC;,, the main peak is observed at 1305
Frequency [cm™] cm~L. However, a clear second and weaker peak can be seen at
) ) 1 .
Figure 13. IR-REMPI spectra between 1000 and 1700 &for TigCiz, 1490 cntt. Such a second peak is not observed for the other
VeCiz, ZrsCrz, and NRCio. Shown in the lower part are calculated ~ Structures. In the case ofglli», the lack of a second peak can
spectra for different ECy, structures? lead to the conclusion that its structure is most likely a (possibly

distorted) Doq structure. It is now tempting to speculate that

C—C distance in the €units in TigCy, is between 1.32 and  calculated spectra for §C,5, ZrsCiz, and NBRC;2 would look
1.37 A5 This corresponds to a typical bond length in aC qualitatively similar to those of EC;, and that the presence of
double bond, for which, however, a vibrational frequency of the second peak for &€, indicates a change of symmetry for
1600-1700 cntt would be anticipated. The values observed that cluster. However, further theoretical input is needed to
here are closer to those anticipated forCsingle bonds. It s, unambiguously answer that question.
however, also clear that the vibration will also contain contribu-  In Figure 14, IR spectra for JT, clusters in the frequency
tions from motion of the metal atom, plus that the bonding range between 400 and 1000 chare shown. The mass spectra
between the two carbon atoms cannot be classified in simplerecorded when exciting in this spectral range are dominated by
terms of single or double bonds. It is observed that the resonanceclusters with a very different stoichiometry than the (8,12) or
shifts to the blue when going from the heavier to the lighter (8,11) clusters. These clusters have a near 1:1 ratio of Ti/C and,
metal atoms. Two effects will give rise to that. First, heavier as is discussed in the previous section, the distributions observed
atoms result in a lower reduced mass for the vibration and thusin the mass spectra that are recorded when exciting at around
also in a red shift of the resonance. As a second effect, the bond500 cnt? point to nanocrystalline structures. The IR spectra of
order and bond strength of the-© group will vary in the four all clusters are dominated by a strong resonance at 483.cm
MgCi> molecules and a stronger (and thus stiffer) bond will When going from Ti4Ci3 (3 x 3 x 3 atom cluster) to clusters
shift the frequency up. The observed shift in vibrational of sizes in the range §iCs2 (5 x 5 x 5 atoms cluster), the
frequencies is rather continuous, whereas the change in massposition of this peak does not shift to within experimental
on going from the first row transition metals Ti and V to the uncertainty. For Ti,Ci3, an additional peak at 630 crhis
second row transition metals Zr and Nb, is rather discontinuous. observed. For larger clusters, this peak becomes weak and broad
It is thus more likely that the shift in vibrational frequency is and melts into an almost constant background that persists up
caused by an increased strength in the@bond for the MCi» to 1000 cn! and beyond.
compounds containing the lighter metal atoms. Because it is claimed that the TiC nanoparticles have a

The experimental spectrum of gl;» can be compared to  structure that is very similar to the structure of bulk TiC, their
theoretical spectra. At the bottom of Figure 13, two spectra of IR spectra should be compared to spectra of bulk TiC. As is
TigCyo that are calculated by Pacheco and co-wofRease mentioned before, bulk TiC is a conductor (metallic). When
shown. In their work, several different gld;, isomers are bulk TiC is irradiated with (IR) light, the light will interact with
considered. The lowest two isomers are of (slightly distorted) the conduction electrons, leading to the reflection of the
Tq and D,y symmetry. Their calculated spectra are reproduced incoming electromagnetic wave. This effect will effectively
in Figure 13. TheTg* isomer is calculated to be the lowest shield the lattice vibrations and a phonon spectrum is thus
energy isomer, 1.8 eV below the second highest isomer with difficult to measure using IR light. An alternative method to
(near)D,q symmetry. When the calculated spectra are compared get information on (surface) phonons of bulk samples is electron
to the experiment in Figure 13, it is clear that thg/* isomer energy loss spectroscopy (EELS). Using this technique, the
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entire phonon dispersion curve can be measured, including theidentified in meteoritic samples that are believed to have been
k = 0 optically active phonons. The group of Oshima has done produced near AGB staf$.

so for most of the refractory metal carbides, including ¥4C. As mentioned before, for bulk TiC, an IR spectrum cannot
In Figure 14, the positions of the two optically active phonon be measured directly. The small particles we measure, however,
modes of the TiC (100) surfa®eare indicated as dashed lines. do have a regular IR spectrum as one would expect for a
Surprisingly, the peak positions observed in the spectra of TiC molecule or cluster with a HOMOLUMO gap larger than the
nanoclusters are very close to the surface phonons observeghoton energy. When the HOM@.UMO gap would be smaller

for the bulk in the EELS experiment. In the EELS experiment, than the photon energy, electronic transitions would occur,
it can be argued that the lower frequency line at 504tm  resulting in a broad and unstructured spectrum. We can thus
corresponds to the motion of the surface carbon atoms perpen-conclude that the particles considered here do have a band gap
dicular to the surface whereas the higher frequency mode athigher than the photon energy and are thus not yet metallic. It
653 cm'! corresponds to motion of carbon atoms parallel to would be very interesting to investigate the transition to the
the surface. Itis of course not clear how such a mode descriptionmetal using IR-REMPI and such experiments are planned in
can be applied to the small nanoclusters that are studied herethe future.

as many carbon atoms will be located on edges or corners. 3.2.2. Metal OxidesMany metal oxides are of great tech-
Nonetheless, it is striking how close the here observed reso-nological importance in, for example, ceramic materials,
nances are to the bulk and it is surprising that clusters as smallcatalysis, and electronic devices. Metal oxides can have proper-
as 3x 3 x 3 atoms seem to have already “bridged the gap” to ties that change significantly with composition and stoichiom-
the bulk, at least as far as their vibrational properties are etry. Their electronic properties can, for example, vary from
concerned. insulators, semiconductors, metals, to even higlsupercon-

At Ti14Ci30r V14Cy3, the vibrational properties seem already ductors. Some of them can be produced and used as nano-
converged to the bulk. It would thus be interesting to investigate particles using wet chemical techniques. For example, nano-
smaller nanocrystalline clusters. Unfortunately, for titarigm  particles of AbOs, ShOs, CeQ, SiO,, SnG, Y203, ZnO, and
and vanadiuni® no ion signal for smaller nanocrystalline ZrO: with sizes of several nanometers are large scale chemical
clusters is observed. This can have several reasons. First, it mighproducts and are commercially available. Understanding the
be that there are no smaller neutral nanocrystalline clusters ingeometric and electronic structures of these small particles is
the beam. This seems unlikely, as they are expected to beof obvious importance.
intermediates in the growth of the (observed) larger clusters. Small particles of metal oxides play also an important role
Another reason might be that the clusters are not excited highin the formation of cosmic dust. During the Infrared Astronomi-
enough using FELIX. This could be caused by either resonancescal Satellite (IRAS) and Infrared Space Observatory (ISO) space
being weaker or significantly shifted from those of the bigger missions, IR spectra of many stellar objects have been obtained.
clusters. Or, alternatively, their anharmonicities might be Surprisingly, many spectra show a rich structure and many peaks
significantly larger and resonances thus quickly shift out of the have been assigned as resulting from oxide mateiiddsiring
excitation profile of FELIX. The most likely explanation is, identification of the carriers of spectral features, comparison is
however, that when the small clusters are excited, they decidesometimes made to laboratory spectra; however, for most
to evaporate neutral atoms and not electrons. When particlesmaterials, the IR spectral properties of small particles are
get smaller, their ionization potentials usually increase and their calculated from bulk optical constants. The validity of such a
dissociation thresholds decrease. It thus might be the case thatomparison is a priori not clear, and the real spectra for small
small TiC or VC nanocrystals are just not stable enough to and very small particles might deviate from the expected ones.
undergo thermionic emission in the IR-REMPI experiment.  Metal oxide clusters can be investigated using IR-REMPI.
Recently, in experiments of tantalum and niobium carbide Thus far, we have observed IR laser induced thermionic electron
clusters, IR-REMPI signal was observed for clusters as small emission for magnesium, aluminum, zirconium, and titanium
as MiC4.38 In those experiments, it is observed that the very oxide clusters. Here, we will present results from studies on
small clusters from MC,4 to MgCg have an IR spectrum thatis  zirconium and titanium oxide clusters.
significantly different from larger clusters and the bulk. Starting  Titanjium oxide has been thoroughly studied because of its
from M10C1s, the low-frequency mode appears and, as for TiC importance in materials and catalysis as well as because of its
and VC clusters, becomes the dominant mode for larger clustersinteresting electronic properties. TiGs naturally mainly

When the TiC or VC spectrum is averaged over all cluster- occurring as rutile. The metal atoms have an oxidation state of
sizes, the only peak that remains is the one at 485'cin a +4 and TiQ is an insulator, which can exhibit n-type conduction
previous publicatiod? this averaged spectrum of TiC nano- when doped or slightly reduced. An oxygen deficient structure
crystals was compared to the emission spectrum of dying starsTi>Oz contains the Ti atoms in &3 oxidation state and 703
(post-AGB objects). This comparison led to the assignment of exhibits a temperature induced insulator to metal transition. TiO
the so-called “21um feature® in the emission spectrum of contains the Ti atoms in ar-2 oxidation state and shows
these stars as resulting from the thermal radiation of TiC metallic behavior. However, TiO is significantly less stable and
nanoparticles in their dust shell. In the meantime, spectra of is difficult to obtain and study in pure form. The vibrational
the other metal carbides &, TaC38 and NbG® have been properties of TiQ bulk®® and surfac¥ have been studied
measured. For all these materials, the spectra of nanocrystaléntensively. It is found that the highest frequency bulk mode is
larger than M4C13 are dominated by a resonance just above 20 around 800 cm! and the corresponding surface mode is
um. In principle, the “21um feature” could thus be caused by ~downshifted by about 50 cm. Defect (TOs containing)
any of the metals mentioned above, or a mixture of them. surfaces of titanium oxide have been studied as%vafid it is
Nonetheless, TiC nanocrystals remain the most likely candidate,found that modes are then slightly red shifted.
as they are extremely easy to produce, titanium has the highest Due to the outstanding properties of ZrGhe structure of
cosmic abundance from the group of metals that produce its bulk phase and that of small particles are the focus of an
strongly bound carbides, and further, TiC nanocrystals have beenintense research effort. The melting point of Zri® around
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Figure 15. Mass spectrum of titanium oxide clusters after IR excitation
at 750 cn1t.

3000 K, its hardness is exceptionally high, and it can be an
ionic conductor, leading to widespread applications in industry.
The crystal structure of bulk ZrDis complicated by three
different structural phases that, depending on pressure, temper-
ature, and the possible presence of small amounts of other
materials, can exist. For bulk ZgDthe stable phase at room
temperature has a monoclinic structure. Interestingly, small
particles of ZrQ with a radius of<150 A8 70are stable in the
higher symmetry tetragonal phase. For bulk material, the IR
spectra depend strongly on the crystal phfagéFor clusters
of zirconium oxide, no information on the (vibrational) structure
is available. Small anionic clusters of zirconium oxide have been
studied in the gas phagéThe clusters observed contained up
to nine Zr atoms and their composition deviates significantly 0 ]
from that of the bulk with the number of oxygen atoms for all 2000 2100 2200 2300 2400 2500
clusters (having more than one Zr atom) being more than twice Mass [amu]
the number of Zr atoms. When oxygen is present in a larger Figure 16. Zoomed in views of the mass spectrum shown in Figure
amount than the natural 1:2 stoichiometry, the cluster is expected15. A mass assignment is given in the foxy, wherex andy are
to have a high electron affinity but also a high IP. In clusters 9€fined via (TiOs)—(TiO),. Marked in red are peaks for which IR-

- . . : REMPI spectra are shown in Figure 17.
with less oxygen than the 1:2 ratio, the IP is expected to be
lower than in the stoichiometric cluster. However, it is also of the isotope distribution to determine the number of titanium
expected that the thermodynamic stability is lower. It is thus atoms exactly. The peak could thus result frorgOiy or, for
not clear which clusters one expects to observe in the IR-REMPI example, from TiO;7 or TigO11. TizO17 does not seem a likely
experiment. candidate because clusters with more oxygen than the 1:2 ratio

3.2.2.1. Titanium Oxide Clusters. Titanium oxide clusters are have high ionization potentialé. TigO1; has a titanium-to-
generated using the techniques described in section 2.3 by usingxygen ratio near 1:1 and could thus have a comparatively low
argon as a carrier gas, and seeding it with 5% ® typical IP. On the other hand, TiO in the bulk is not the preferred
mass distribution when exciting with FELIX at 750 cfncan composition and one would expecDi; to be reactive toward
be seen in Figure 15. Large clusters, spanning to clusters heaviebxygen. Thus, if T§O11 would be the composition, one would
than m/z = 5000 are observed. At large masses, the massalso expect to see clusters such aglTj or TigO12. TigOu4 is
spectrum becomes unresolved due to the wide titanium isotopetwo oxygen atoms short of (Ti. In bulk material, oxygen
distribution. The shape and center of the distribution depends deficiency in TiQ is frequently observed and is attributed to
strongly on source conditions. Zoomed in views are shown in sites containing £Os. It could well be that the eight titanium
Figure 16. No signal is observed at masses that correspond tacontaining cluster contains two of those sites and that a better
(TiO2)n. An assignment of the mass spectrum is, however, not way of writing TigO14 would be (TpOs3)x-(TiO2)y with x = 2
straightforward. The isotope distribution for a titanium atom is andy = 4. Starting with a cluster containing nine titanium atoms,
centered around 48 amu, which corresponds to the mass of threa cluster containing three oxygen atoms less than the 1:2 ratio
oxygen atoms. A peak in the mass spectrumméat = 1072 is observed, (BO3)x—(TiO2)x with x = 3 andy = 3; however
could thus correspond to 150,st; however also for example  with the 16 amu distantx(= 2, y = 5) cluster being more
to Ti;sO08" or TizsO22". Nonetheless, it is clear from the figure  intense. For clusters containing 11 titanium atoms, thgQ@)b
that mass peaks occur in groups, with each group consisting ofand (TkO3)3 family become equal in intensity and, for larger
three peaks that are 16 amu apart and each group being thelusters, starts to dominate. At 12 titanium atoms, a@3)y—
mass of a TiQ unit apart from the next group. The smallest (TiOy), progression starts. The ¢0s3), progression is no longer
group of peaks observed is aroundz = 608. There, about  visible for clusters with 18 titanium atoms or more. In general,
seven individual peaks are observed, spaced by 1 amu. No peakthe larger the clusters the more, @} defects are observed.
16 amu higher or lower are observed. The pattern observed is For each peak in the mass spectrum, the wavelength
consistent with the presence of several titanium atoms. The dependence can be monitored and the resulting IR-REMPI
limited signal-to-noise however does not yield a basis for a fit spectra are shown in Figure 17 for three different clusters. The
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Figure 18. Mass spectrum of zirconium oxide clusters after IR
excitation at 625 cm. Marked in red are peaks for which IR-REMPI
spectra are shown in Figure 19.
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Figure 17. IR-REMPI spectra for three different titanium oxide r ]
clusters. Shown as dashed lines is a bulk phonon A¢866 cnt?)
and a surface phonon mddg€766 cn?) of bulk TiO,.
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. . Zr,c0
spectra observed for all clusters are characterized by a single 2651

almost 200 cm?® broad peak centered around 750 ¢mNo
clear dependence on size or number of defects is observed. For
rutile TiO,, bulk and surface phonon modes have been measured.
Shown as dashed lines in the figure is a bulk phonon ffaate
806 cnml, measured via IR spectroscopy, and the corresponding
surface phonon mofieat 766 cm?, measured by HREELS.
Clearly, the surface phonon mode agrees well in position with
the IR-REMPI mode(s) of the clusters shown here. In the bulk
experiments, resonances are also observed around5>000
cm~1. We do not find corresponding modes is our experiment.
It could be that they are not present, or that they are too weak
to be observable in the IR-REMPI experiment. For bulk material,
HREELS is also performed on oxygen deficient Ti€urfaces
that contain TiOs. Itis found that the 766 cnt mode undergoes 500 600 700 800 200 1000
a gfd a?f_t to 716% cm' and becomes broader when the ratio Frequency [cm™]
Ti/Ti*" is 0.56° No ne:W mOde_S a}re found for this r_nate”al Figure 19. IR-REMPI spectra for three different zirconium oxide
and the spectrum remains qualitatively the s&fnie. Figure clusters.
17, the T#/Ti*" ratio is 0.66 for the top two traces and 0.8 for
the lowest trace. Nonetheless, the band positions seem to lietions after UV excitation were recently observed by otHers.
closer to the positions of the surface modes of pure, Téther The smallest cluster ion observed is ZrGHowever, as also
than to the position of oxygen deficient TiOHowever, the discussed elsewhefejt is unlikely that this ion results from
IR-REMPI bands are broad and could contain more than one excitation of neutral ZrO and it is most likely produced by
unresolved peak such that a peak around 700 ¢éram a defect fragmentation of larger ions. The mass spectrum shows pro-
site and one around 760 cfor TiO, could be present. nounced intensity variations. It is, for example, observed that
3.2.2.2. Zirconium Oxide Clusters. Zirconium oxide clusters Zris049is a cluster that is always more intense than neighboring
can be generated by laser ablation from a zirconium rod in the peaks. This could have to do with either a high stability of the
presence of the argon carrier gas that containés@e section corresponding neutral cluster and/or a low ionization potential.
2.3). In fact, the presence of zirconium oxide clusters in the  Figure 19 shows the IR spectra of three zirconium oxide
IR-REMPI experiments was first noticed as a nuisance when clusters. It is found that all clusters studied show similar
doing experiments on zirconium carbide clusters. Apparently, spectra: a broad feature consisting of two peaks, one at 620
traces of oxygen in the carrier gas or in the rod are sufficient to cm™! and one at 680 cni. For larger clusters, the two peaks
produce zirconium oxide clusters very efficiently. Also, when melt into each other, and for ZOs;, for example, the two
using plain laboratory air as a carrier gas, zirconium oxide features have merged into one broad peak. An IR-REMPI
clusters are produced in large abundance. Nonetheless, all datapectrum is also measured when monitoring ZrChe spectrum
presented here are obtained with a 5%i®argon mixture as looks very similar to those shown in Figure 19. However, neutral
a carrier gas. ZrO is known to have a vibrational frequency of about 900
Figure 18 shows a mass spectrum of zirconium oxide clusterscm~1.76 In addition, an efficient multiple photon excitation of a
after infrared excitation at 625 crh All peaks result from ions diatomic molecule with FELIX is unlikely, as anhamonicities
having the composition Z0.n-1y". Presumably, clusters that  will shift the resonance outside the spectral profile of FELIX
lack one oxygen atom do have a lower IP than clusters having after a few absorbed quanta. The Zr@Gbserved thus does not
the stoichiometric composition &D2,". Similar mass distribu- result from excitation of ZrO. It is also not likely that larger
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zirconium oxide cluster ions lose subsequent Zf@gments ‘ !
to end up at ZrO. The loss of a single Zrpunit can be ' )1000 - 1050 e A |
estimated to cost about 8 &vand it is unlikely that a cluster |

has enough internal energy to lose more than one or twg ZrO
units. The only possible source of Zr@s then the evaporation B Nasstamy o 7
of ZrO* from large ZrOz—1" clusters. This might be an
inefficient process and most cluster ions might prefer to lose
neutral ZrQ. However, as Zr® from many different cluster
sizes will contribute, even a low efficiency per cluster will lead
to a large amount of Zr@

The most important question that arises concerns the geo- [b)950 -1000 cm™
metrical structures of the observed clusters. Depending on the ! »JMM
temperature, bulk Zr@crystallizes in one of three different ‘ by
phases. Up to 1180C the stable structure is monoclinic,
between 1180 and 23AC a tetragonal phase is formed, and
at higher temperatures (up to the melting point of 2600 a
cubic structure is preferred. The coordination of the Zr atom in ) ‘ ‘
the monoclinic phase is seven whereas it is eight in the tetragonal 200 400 600 800 1000
and cubic phase. Small ZgQarticles are known to have a lower Mass [amu]
transition temperature for the monoclinic to tetragonal phase Figure 20. Averaged mass spectra of zirconium nitride clusters while
transition and particles with a radius less than 150 A are the IR excitation laser was scanned between 1000 and 1050(twp
measured to be tetragonal, even at low temperafdréshe trace) and between 950 and 1000 ¢noottom trace). The ranges
IR spectra of Zr@in its three crystalline phases are distinctively corresponding to clusters containing five zirconium atoms are shown
different. As the symmetry of the unit cell is reduced from cubic zoomed in.
to tetragonal to monoclinic, more modes become IR allowed.
Cubic ZrG has only one IR active mode at 480 chi!
tetragonal Zr@ has three IR active modes (575, 435, and 365
cm~1)72 and monoclinic Zr@ has 15 IR active modes. The
highest frequency mode of these is at 740 ¢nand is

5 495 515 535
Mass [amu]

nitrogen. In Figure 20, two mass spectra are shown. To obtain
spectra a shown in the top trace, FELIX is scanned from 1000
to 1050 cnT?, and to obtain mass spectra b, FELIX is scanned
from 950 to 1000 cml. In both cases, the data are averaged
during the scan. Both spectra were part of the same, larger, scan

characteristic for the monoclinic phase. The other monoclinic . . o ;
modes are situated below 620 chi2 For the ZrG molecule so that thg experimental condltlpns are e_ssentlally identical. The
structure in the mass spectra is complicated due to the broad

in a rare gas matrix, the IR active modes are determined to be; S ) . " L
at 818 and 884 77 isotope distribution of zirconium. An additional complication

arises from the presence of a small and seemingly unavoidable
The IR active modes observed here at 620 and 680'cm b gy

heref . : i . h contamination with oxygen. In both mass spectra in Figure 20,
therefore give us no direct information about the symmetry and peaks are observed to appear in groups. The group of peaks
structure of our clusters. The clusters in the present experiment

) ) around 520 amu (also shown in an expanded view) corresponds
contain less than 30 Zr atoms. Most of these atoms will be , o;sters containing five zirconium atoms. To lower masses,

located on or very near th_e s_urface of_the cluster. It might thus groups that correspond to four and three zirconium atoms can
be no surprise that no coincidence with the bulk IR modes of o seen For clusters containing more than six zirconium atoms,

Zr0; is observed. Unfortunately, HREELS data on the ZrO 5 ghserved peak structure becomes broad and unresolved.
surface is not available. Although the spectra presented here\ithin a group of peaks, the substructure corresponding to
are very different from bulk spectra, they compare well to the different amounts of nitrogen and possibly oxygen atoms can
calculations for small clustef$.There, IR active modes are o seen as well as fine structure that results for the zirconium
calculated between 600 and 800 Cnthat are characteristic  jsotqnic composition. An oxygen atom is only 2 amu heavier
for motion in (ZrO} four-membered rings. In addition, the a4 3 nitrogen atom. Compared to this, the zirconium isotope

calculations indicate that, at least for clusters with up to four gisripution of clusters containing, for example, five zirconium
Zr atoms, the preferred structures have connectivities similar 5;0ms is much broader. It can thus be very difficult to

to those found in the bulk. It thus seems reasonable that thedistinguish for example, ZNs* from ZrsN4O*.

plusters investigated here also'resemble bulk structures and \yhen the two mass spectra are compared, they appear very
incorporate four-membered Z@ings. similar. However, two differences can be clearly seen. First and
3.2.3. Zirconium Nitride Transition metals, such as zirco- most pronounced, the most intense group of peaks around 520
nium, can form not only very strongly bound carbides and oxides amu, containing five zirconium atoms, is much larger in the
but also strongly bound nitrides. Some of those species can haveop spectrum than in the spectrum below. Further, when the
highly interesting properties, such as, for example, supercon-spectra, the group of peaks around 495 amu is, although being
ductivity below aTc value of 10 K for ZrN. In this context,  very weak in both spectra, more intense in the top spectrum as
investigations of the vibrational properties are of special interest. well. Besides those two differences, the mass spectra appear
In the bulk, ZrN has a NaCl like fcc structure. For zirconium |argely identical.
nitride C|USterS, one mlght thus eXpeCt similarities with the metal As a|ready mentioned, an assignment of mass peaks to
carbide clusters presented here. Here, we will present resultsgifferent stoichiometries is difficult. We have chosen to fit the
from IR-REMPI studies on ZrN clusters. However, we will only  mass spectra to calculated isotope distributions to determine the
give a brief account of some results and the experiments will contributing clusters. Such a fit is done for every wavelength
be discussed in detail in a forthcoming publication. point of FELIX using a linear least squares algorithm. For the
The experiments are performed in a similar way to those on sake of efficiency, the mass spectra are binned into 1 amu wide
the carbides and oxides, only that ¢ used as a source of intervals. In the fits presented here, only clusters containing up
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ZrgN, ZrgN,0 ZrgN, 0, In addition, the variations as a function of cluster size were

R usually small. The spectra of (oxygen containing) zirconium

4 nitride clusters clearly do not follow this behavior. First, as bulk
ZrN has a NacCl like fcc structure, one might expect mass spectra
that show intensity variations (magic numbers) similar to those
of the mass spectra of the carbides presented in the previous

j sections. This is not the case and the mass spectra of zirconium

) or nitride clusters do not show the typical nanocrystaline patterns
5% observed for many of the carbides. In addition, the IR-REMPI
£ o spectra of the zirconium nitride clusters investigated look very
> 0 different from the IR-REMPI spectra of the carbides. The most
':2; 8l surprising cluster is &Ns. The large number of resonances
£ j : imply a low symmetry of the cluster. Nonetheless, it is very
E; 5 abundant in our experiment and apparently very stable. Its
0 strongest resonance at 1020 ¢nis close to the matrix value

of the ZrN vibrational frequency of about 980 chv® This
points to the presence of (at least) one terminal nitrogen atom
on the cluster bound to a zirconium atom. Surprisingly, only
ZrsNs and most likely also ZiN3 show the presence of a peak
at this position. In combination with theoretical calculations,
the large number of resonances observed for thBlsZcluster
should allow an unambiguous identification of its structure.

o A~ O
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Figure 21. IR-REMPI spectra for twelve possible clusters containing 4. Conclusions and Outlook
five zirconium atoms. The spectra are the results of a fit and if a ~ Many of the fascinating species that can be produced in the
spectrum Z.howsl OTV noisetharc:)und Zero?bthtiﬁ Coé“d mteag th%t_(azh”?gas phase are so reactive or labile that they will disintegrate or
o o) iy 1 ok 2050t 1 1! Soverely change their properties when being n 2 iuid or Sol
environment. They can thus only be investigated when being
to two oxygen atoms are considered as higher oxygen contentsn the gas phase. A technique that is frequently used is mass
are unlikely and fits showed that if they are present, they are spectrometry to determine the mass (composition) or mass
only present in very small amounts. For the rest of the discussionchange (chemical reactivity) of molecules and clusters. Com-
of the zirconium nitride clusters, we focus on the clusters bining mass spectrometry with other technique can give
containing five zirconium atoms. The most intense group of thermodynamic information. Such data, however, yields only
peaks for these clusters at around 520 amu could result fromlimited and indirect structural information. Size information can
ZrsNs*, ZrsN4O™, and/or ZEN3O,™. be obtained by gas-phase ion chromatograiShy.

Figure 21 shows the wavelength dependence in the range Optical spectroscopy can be applied for some species. Direct
400-1200 cm! of the twelve species used to fit the cluster absorption spectroscopy is, however, for most species impracti-
distribution (containing five zirconium atoms) between about cal if notimpossible. Measurable properties are the re-emission
490 and 550 amu. The spectra are obtained by a simultaneouf photons (fluorescence), mass changes (fragmentation), charge
and unconstrained fit of the data with the twelve free parameters.changes (ionization or electron detachment), changes in quantum
Due to this, additional noise is introduced in the wavelength state that are monitored by resonant photoionization techniques
spectra, as noise and fluctuations in the mass spectra can causer the direct bolometric measurement of the internal energy.
a fit, in which one cluster shows a negative intensity, partially Monitoring a mass or charge change gives the advantage of
compensated by a positive intensity of a cluster with a slightly mass selectivity and very high sensitivity. When such experi-
different mass. Nonetheless, we felt that such an approach isments are to be performed in the IR spectral region, usually
most unbiased. Some of the spectra shown have a clear resolvediany more than only one photon need to be absorbed by a single
structure whereas others mainly consist of noise. When the molecule to induce the desired effect. A high power/fluence
lowest three spectra are reviewed, onlgNyand maybe some  laser is thus required. When spectroscopic information is desired,
ZrsNO; are present whereassEhO is most likely not observed  wide tunability is required. At present, the only laser that
and its apparent spectrum shows only noise around zero. In thecombines those two features is the free electron laser.
spectrum of ZgN3, structure can be seen around 600 émnd Here, we have shown that such an IR laser can induce
around about 1020 cmd. The latter peak gives rise to the ionization in strongly bound molecules and clusters. Resonant
increase in ZgN3s* around 495 amu in the top trace of Figure IR excitation can lead to superhot species that thermally emit
20. In the next higher group of traces, signal is observed for an electron. Monitoring the mass selected ion yield as a function
ZrsN4 and ZsN0O, and maybe for ZN3O. Structure can be  of IR laser frequency yields the IR-REMPI spectrum of the
seen at around 600 and 750 cinin the next larger group of  molecule or cluster. Although not being the same as the linear
clusters, the most interesting spectrum can be observed. In theabsorption spectrum, such an IR-REMPI spectrum can be quite
spectrum of ZgNs, at least seven reproducible peaks can be similar and yield valuable information of the IR optical
seen. The most intense peak at 1020 tis responsible for properties of the species investigated.
the increase for ZNs* in the top trace of Figure 20. For the The IR-REMPI technique is useful to study the IR optical
heaviest clusters containing five zirconium atoms and six lighter properties of neutral, strongly bound species with comparatively
atoms, ZgN4O; is the most abundant species. Its spectrum is low IPs. When the molecules or clusters of interest are less
dominated by a peak around 600 T strongly bound and/or have relatively high IPs, they will not

Most IR-REMPI spectra of clusters presented in the preceding undergo thermionic electron emission after IR excitation and
sections were unstructured and show one or two broad featuresone has to resort to other techniques. One possibility is to
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monitor the fragmentation as a function of IR wavelength of
either neutrd or charged! species. For negative ions, electron

J. Phys. Chem. A, Vol. 107, No. 11, 200B587

(24) Amrein, A.; Simpson, R.; Hackett, B. Chem. Phys1991 95,
1781.
(25) Leisner, T.; Athanassenas, K.; Echt, O.; Kandler, O.; Kreisle, D.;

detachment can be monitored as a function of wavelength, andgecknagel, Ez. Phys. D1991 20, 127.

when the aim is to investigate for example biomolecules or
biopolymers, IR induced conformational changes could be
monitored by either ionization technigues or gas-phase ion
chromatography.

We hope to have shown that multiphoton IR excitation has
a bright future for the spectroscopy of gas-phase molecules,
clusters, and complexes. Although it requires exotic equipment

(26) Leisner, T.; Athanassenas, K.; Kreisle, D.; Recknagel, E.; Echt, O.
J. Chem. Phys1993 99, 9670.

(27) May, B. D.; Cartier, S. F.; Castleman, J. A. ®hem. Phys. Lett.
1995 242, 265.

(28) von Helden, G.; Holleman, I.; Knippels, G. M. H.; van der Meer,
A. F. G.; Meijer, G.Phys. Re. Lett. 1997, 79, 5234.

(29) von Helden, G.; Holleman, |.; van Roij, A. J. A.; Knippels, G. M.
H.; van der Meer, A. F. G.; Meijer, @?hys. Re. Lett. 1998 81, 1825.

(30) von Helden, G.; Holleman, I.; Putter, M.; van Roij, A. J. A.; Meijer,

such as a free electron laser, improvements in nonlinear opticalG. Chem. Phys. Letf1999 299, 171.

materials and techniques might bring, for a limited spectral
range, similar performance to table top systems. At present,

(31) von Helden, G.; Holleman, I.; Meijer, G.; Sartakov, ®pt. Exp.
9 4, 46.
(32) van Heijnsbergen, D.; von Helden, G.; Duncan, M. A.; van Roij,

however, the very wide tuning range, high pulse energies, anda. J. A.; Meijer, G.Phys. Re. Lett. 1999 83, 4983.

ease of use as well as the reliability that (for FELIX) is

comparable to that of standard nanosecond laser systems makg

FELs the lasers of choice for those studies.
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