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Abstract

The dissociation energies of the mass-selected zirconium dimer c¥i#ra'() and niobium cation clusters, Mband N*, were inves-
tigated using laser vaporization techniques coupled with time-of-flight (TOF) mass spectroscopy for production of jet-cooled cationic cluster
beams. The selected cationic species were then fragmented by irradiation with an Nd:YAG-pumped (532 nm), tunable-pulsed PDL dye laser
in the 15,500-18,500 cm region. Dissociation energies were directly measured from a significant sharp rise in the spectral background as
Do(®°Zr,*) = 4.18+ 0.01, Do(Nb,*) = 5.94+ 0.01, andDo(NbZ—Nb) = 5.994+ 0.004 eV. We also estimate the first ionization energy of
%07r,* to be 582+ 0.01 eV using the thermochemical cycle.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ble lowest dissociation energy of the parention can be deter-
mined from the onset of the fairly sharp rise in the spectral
The ionic and neutral transition metal clusters have re- packground of the fragment ion when the multiphoton pro-
ceived special interest since advent of techniques such agess changes from amphoton process to am (- 1)-photon
laser vaporization of a solid target, supersonic cooling, process. The number of the absorbed photons may be de-
mass-selected resonant two-photon ionization, laser-inducedermined by observation of the dissociation fluence depen-
fluorescence, and collision-induced dissociafibA35]. We dence at the high and low frequency regions of the observed
focus here on examining the photofragmentation thresh- threshold energy.
old for several transition metal cluster cations produced |n the present work, we studied multiphoton fragmenta-
through laser vaporization. With existing particle counting tion spectroscopy of mass-selectédr,™ and N+, n = 2,
techniques it is possible to detect cluster ions with near-unit 4. Only the multiphoton fragmentation spectra of #igr,*,
efficiency and as a consequence, absorption spectra of a\bst—Nb cations, in the range of 15,500-18,500 ¢rex-
mass-selected cluster ion can be readily obtained usinghibit a sharp rise in their spectral background. The spectra of
high peak intensity probe lasers. Both one and multiphoton Nb,+—Nb, and Nb"—Nbs cations did not exhibit any sharp
absorption spectra and the dissociation energy limit can berise in their spectral background. This is most likely due to
studied at high sensitivity. the fact that the order of the resonance multiphoton process
For a multiphoton process, a molecule with energy in ex- for these species does not change fronmaohoton process
cess of its lowest dissociation threshold can dissociate givento an ¢ — 1)-photon process in the spectral region studied.

enough time assuming that there exist no barriers in excess The orders of the resonance multiphoton process for
of the threshold. The probability or normalized intensity of the 90zr,* and Nb* cations, at the threshold energy,
fragment cluster ions is inversely proportional to the number were determined from the fluence dependence study to be
of photons absorbed by the parent ion. Therefore, the possitwo- and three-photon processes, respectively, in agree-
ment with density functional calculations (DFT) at the
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measurements and density functional calculat[88%at the detected by a microchannel plate (MCP). Spectra are ob-
same level of theory suggest that the multiphoton processtained by monitoring the intensity of a chosen fragment ion
is a three-photon process for the §\b-Nb cation. Here, as a function of photo-fragmentation wavelength.
we measured the dissociation energies of these cations as
Do(®%Zr;%) = 4.18+ 0.01, Do(Nb}) = 5.94+ 0.01, and
Do(Nb{-Nb) = 5.9944 0.004 eV. We also estimated the 3. Zirconium dimer cation (9071 5+)
first ionization energy of%Zr,* to be 582+ 0.01eV us-
ing the thermochemical cycle. In addition, the dissociation 3.1. Dissociation fluence dependence study
energy of the Np was obtained a®g(Nby) = 543 +
0.01eV, using the thermochemical cycles. The background of the spectrum &ig. 1 is due to
multiphoton fragmentation dissociation d©Zr,* into
the 29Zr+ fragment. A sharp threshold may be seen at
) 16,870+ 40cnT!, and preliminary calculations indicate
2. Experimental procedure that this represents a change from a three-photon to a
] ) . o two-photon dissociation. In order to check this, we carry
A brief outline of the experimental procedure is given g fluence-dependent studi€sg. 2 shows the fluence de-
here, as detailed descriptions can be found elsewherependence for dissociation 89Zr,* into the Zr+ fragment,
[32,33] The apparatus used in the present study is specif-poth ahove and below the observed threshold. The pulsed
ically designed for the study of the photofragmentation of photo-fragmentation dye laser beam is fixed at 16,795,

isolated, internally cold, chemically bonded cluster ions. It 15 949 and 17,889 cn, respectively. The intensity of the
consists of a three-stage differentially evacuated Chamber’fragmented zirconium cation Zrwas then detected as a
which contains a laser vaporization cluster-ion source, a fynction of the fluence. The order of the absorption event
mass-selection section, which consists of a time-of-flight leading to dissociation was found from the extent of the
(TOF) mass spectrometer followed by a mass gate, and &agmentation as a function of laser fluence to be 2.29 at
tandem reflectron TOF mass spectrometer. The ion sourceg 795 cntl, 1.09 at 16,949 cmt, and 1.2 at 17,889 ¢

has been developed for production of positively and nega- The gissociation fluence dependence of fragmentation of the
tively charged cluster species prior to SUpersonic expansionzy,+ goes not give the exact order of the fluence-dependent
to minimize the internal excitation of the parent ions and, fragmentation curves for the following reasons: (i) Ideally,

therefore, its effect on the photofragmentation process. A gither in the determination of the one-photon absorption
metal atom plasma is formed by pulsed laser vaporization ¢yss-section or in the discrimination between one- and
of a metal target rod (Goodfellow, 99.9%) mounted in a yjtiphoton processes, one would irradiate an ensemble of
cluster source fixture. The second harmonic output (532 NM) ghsorbers with a homogeneous light field of known absolute

of an Nd:YAG laser is used for this purpose, focusing a f,,x (photons cm?2s~1) and determine the per-molecule
20-35-mJ, 10-ns pulse duration onto the rod source with a

lens. Crucial to the successful generation of a fairly intense
beam of niobium or zirconium cluster cation molecules was 0.0022 L L L 1 .
the continual ablation of the rod surface until the deeply
penetrating layer of metal oxide had been largely removed. .
Vaporization was synchronized to the passage of the peak 2 enore it
of a pulse of helium gas from a commercial molecular
beam valve (120-140psi backing pressure) over the tar-
get. The cluster concentration was augmented by allowing
the gas mixture to pass through to the clustering channel,
prior to supersonic expansion into vacuum and the first
TOF stage. The selected niobium and zirconium cluster
cations (NI, and %°Zr,*) were thereafter fragmented by
an Nd:YAG-pumped (532nm), tunable-pulsed PDL dye
laser in the 15,500-18,500 crh region. A tandem TOF
mass spectrometer and reflectron have been constructed to
monitor the dissociation caused by pulsed laser fragmention  0.0006 ' r r ' '
of the initially mass-selected cluster ions. This spectrometer 16600 16800 17000 17200
is optimized to allow for maximum overlap of the ion and Wavenumber (cm™ )
dissociation laser beams. In order to distinguish the parent _ - ,
. Fig. 1. The spectrum of th¥Zr+* fragment ion exhibits a sharp rise above
and fragmented particles from each other, the reflectron the background spectra at 16,8740 cnT 1, as indicated by the arrow. The
acts as a second TOF spectrometer to separate the fragmemrizontal bar at the top of the arrow indicates the assigned uncertainty.
and the parent in time. The resulting particles are then The estimated fragmentation laser fluence was abat0% mJcnr?.

ground state

Zr fragment relative intensit
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L L L L Zry (Dg = 3.052+ 0.01eV) [36] and using the thermo-

chemical cycle
-1.5
IE(Zr2) = IE(Zr) + Do(Zr2) — Do(Zr2™)

to obtain the ionization energy of Zras IEZry) =
5.82+0.01 eV in agreement with the DFT prediction (at the
BLYP/Lanl2dz level), 5.703 eV the DFT for the ionization
of Zry (3Ag) to the Zp* (23", ) [33].

--®--Log(Relative Int., at 17889 cm-1)

Log(Zr fragment relative intensity)

_- - —W— Log(Relative Int., at 16949 cm-1)
o oasd 2T —o— Log(Relative Int., at 16795 cm-1) a In the range 16,100-18,400 ct three electronic tran-
- ---y = 2,60 + 1.09x R=0.99 sitions were observed. One of them was relatively weak
. ——y=-2.68+120xR=0.99 - at 17,880cm?! and the other two were at 18,290 and
T TYTAMH 2N RE096 18,350 cnt!. Without high-resolution spectra, it is difficult
'4'50.2 o 0 0 T A to assign electronic transitions based in part on the only

these three peaks. We could not examine structure farther
to the blue due to lack of suitable optics to extend the dye
Fig. 2. The intensity of the fragment zirconium catichZr*) detected laser range further.

as a function of the relative fluence. The order of the absorption event

leading to dissociation was found from the extent of fragmentation as

a function of laser fluence to be (a) 2.29 at 16,795tm(b) 1.09 at L . . n
16,949 cmr?, and (c) 1.20 at 17,889 crh. 4. Niobium dimer cation (Nb2™)

Log(Power; mJ/cmz)

Fig. 3 shows the multiphoton, photo-fragmentation spec-

absorption rate as a function of this intensity. This scenario 'um of Nk into Nb™ in the region 1,5’_500_15’100@%1 _

is practically unrealizable, particularly when intrinsically 1"e background of the spectrlim exhibits a fairly sharp rise
pulsed experiments are performed. In the pulsed case,atthe threshold, 15,9525 cm . Fluence-dependent stud-
the incident light-field intensity varies in time from zero €S on Nk at 17,857 and 17,849 cmh were performed to

to some maximum value and back again, not necessar-deter_m'_”e the order of thg multiphoton process in a man-
ily monotonically (because of, for example, longitudinal "€’ similar to that of;{r, discussed .above. However, since
cavity mode beating in a laser). The ideal experiment is the dye laser intensity drops considerably, we could only
then reduced to the measurement of the absorption of theMake good measurements on the high-energy side of the ob-
molecular ensemble as a function of the pulse-integrated S€rved threshold. The order of the absorption event, leading
flux or fluence (photons cn? pulse). (ii) In averaging over to dlss_omathn, was estimated from the fluence dependence
the temporal profile of the light pulse, most experimental ©f the |ntenS|tylof NB fragments to be about 2.4 at 17,857
situations have imperfect overlap of the light field and the @nd 17,849cm”, as shown irFig. 4. As discussed above,
molecular ensemble producing sub-ensembles that receive®€cause of fluctuations in the laser and cluster beams and
different fluences, all contributing to the observed signal. Mismatch in the laser and cluster ion beam overlap, the ap-
This is typical for experiments with a pulsed laser, which parent order of a multiphoton process will be somewhat less

exhibits high spatially structured output beams. Therefore, than the actual order. From this, it appears that the frag-
two-photon absorption events have a fluence dependencdn€ntation in this region must be a three-photon process.

less than 2, three-photon events have a fluence dependenc@dditional information supporting this view comes from a
less than 3, etd34,35] previous determination by collision-induced dissociation of

the bond dissociation energy of hb (5.8740.12 eV)[27]
and several DFT calculatiorf83]. The lowest dissociation
threshold energy of Ni¥ is therefore 47,92% 75cnt?
(5.94 + 0.01 eV), in agreement with the collision-induced
dissociation experiment. This value can be combined with
the known ionization energy of Nb (IE 6.88 eV)[38] and
d Nby (6.368+ 0.001eV)[12] to obtain the dissociation en-
ergy of Nly to be 5434 0.01 eV, using the thermochemical

3.2. Multiphoton fragmentation 8PZr,*

As mentioned in the previous sectidrig. 1 shows the
one-color, two-photon fragmentation spectrum %gr,*
into Zrt. In the range 16,100-18,400 ch) the spectrum of
the Zr" fragment ion exhibits a sharp rise in the backgroun
at 16,87@:40 cnT L. Evidence from the above studies of dis-
sociation fluence dependence indicates that the multiphotonCyCIe
process is a three-photon process before the threshold anqlE(sz) — IE(Nb) + Do(Nbyp) — Do(Nby ).
is a two-photon process after threshold (16,870 cnt 1).

Thus, the dissociation energy of Zr is determined to be In addition, we observed somewhat complicated elec-
33,740+ 80cnt ! (or 418+ 0.01eV). This value can be tronic transitions in the multiphoton fragmentation spectrum
combined with the known ionization energy of Zr (K of the Nbt? cation in the 16,000-18,500 crh region [33].
6.953eV or 56,077 cmt) [37] and dissociation energy of  This result will be published elsewhej@2].
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0.00014 L 1 1 1 1
Dissociation
energy limit
0.00012 -
0.0001 -
0.00008 =

Ground state

0.00006 -

Nb* fragment relative intensity.

0.00004

T T
15500 15700 15900 16100

Wavenumber (cm'l )

Fig. 3. The multiphoton photofragmentation spectrum o Ntnto Nb* in the region 15,500-16,100 cth The background of the spectrum exhibits
a fairly sharp rise at the threshold, 15,9¥®5cnT!, as indicated by the arrow. The horizontal bar at the top of the arrow indicates the assigned
uncertainty. The estimated fragmentation of laser fluence was ahaBmJcnt?2,

fragment ion exhibited a sharp rise in the background
at 16,115+ 10cnt! (Fig. 5. The dissociation energy
We now examine photofragmentation of Nb into of the Ny*—Nb has been found to bed® + 0.30 and
three possible fragmentation pathways in the ranges5.90 £ 0.20eV by Armentrout and co-workerf5,27]
16,060-16,380, 16,800-17,100, and 17,700-18,008cm  These results suggest that the multiphoton process at the
observed threshold (16,11 10cnT?) in the photofrag-
mentation experiment is a three-photon process. The
threshold energy of the NBb—Nb fragment ion was then
determined to be .994 + 0.004eV, in excellent agree-
ment with both the previous experimental resyfzs,27]
A useful review of a considerable body of experimental
No optical resonances were found in these regions. How- data on dissociation energies has been written by Ervin

5. Niobium tetramer cation (Nbs™)

Nb4+ — Nb3+ + Nb
Nb4+ — Nb2+ + Nby
Nb4+ — Nb+ —+ Nb3

ever, the multiphoton fragmentation spectrum of thegNb  [22].
2 [T T T T T N N TN S T T T T T N T T T T |
i | 1 1 1 1
= 4 7e® |
Z s’ L 0.0004 . . -
S | | = Nb, " ----> Nb "~ +Nb -
c -3 - % A Dissociation energy limit
2 ] [ T 1 -
; . - '3 0.0003 16,115 cm |
@ ] [ 3 T [
s 4 e hv hy
s ] [ ; T !
g, ] =—@— Log(Relative Int., at 17849 cm-1) |[° o 000027 Nb4 _
© 7 I ) - = Ground state
= i og(Relative Int., at 17857 cm-1) | o
‘a5 —y=-570+225xR=094 | z [
é 7 B 0.0001 -
o | ==y=-5.60+247x R=0.97 | : |
o
| . [ ] -
b B —rT r T 1 1T T
-6 Trrrrrrrrrrrrr.rrr.rrrr 1T 1 16000 16100 16200 16300 16400
0.2 0.4 0.6 0.8 1 1.2 14

Log(Power; mJ/cmz)

Wavenumber (cm'l)

Fig. 5. The multiphoton fragmentation spectrum ofsNbNb exhibits a
sharp rise at 16,1510 cnT . The estimated fragmentation laser fluence
was about 5 0.5mJcnt?,

Fig. 4. Plot of NI fragment relative intensity vs. laser power for fluence
dependence studies at 17,849 and 17,857cm
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Table 1
Measured dissociation energies (in eV) of the zirconium dimer cation and
niobium dimer, trimer, and tetramer cations

Present work CID
Do(Zr2*) 4,18+ 0.02
IE(Zr2) 5.82+ 0.02
Do(Nby) 5.94+ 0.0 5.87+ 0.12
Do(Nby) 5.43+ 0.02
Do(Nbst—Nb) 5.9944+ 0.004 6.00 £+ 0.3C
5.90 + 0.2C°

2Measured by resonance multiphoton photofragmentation techniques

[27].
b Estimated using thermochemical cycle, see text for dé2ai.
¢ Determined by collision induced dissociation (CID) experimda®.

6. Conclusion

In conclusion, we have studied multiphoton fragmentation
of zirconium dimer cation in the range 16,100-18,400¢m

Observation of the fragmentation spectrum spectrum of

Zrt indicates a sharp threshold in the background at
16,870+ 40cnT!. Studies of fluence dependence of the

multiphoton process is a three-photon process below the
threshold and is a two-photon process above the threshold.

The dissociation energy of th#Zr,* is then measured,
Do 4,18 £ 0.01eV, for the first time. Furthermore,
in the range 16,100-18,400c three electronic tran-
sitions were observed. One of them at 17,880 ¢&nis

relatively weak and the other two are seen at 18,290 and

18,350 cnrt.
The multiphoton fragmentation of niobium dimer
cation has been studied in the range 15,500-18,506 cm

The resonant multiphoton fragmentation spectrum shows

a complicated pattern of electronic transitions in the
16,000-18,450 cmt region and exhibit a fairly sharp rise
at 15,975+ 25cnT . The studies of dissociation fluence
dependence and CID measuremddg, = 5.87 + 0.12 eV
[27], indicate that this sharp rise in the background is due
to the change of multiphoton process from a four-photon

95

energy of the neutral niobium dimer. These results are sum-
marized inTable 1
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