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Laser photoionization and ligand photodissociation in Ln@lidh) = Eu, Tb, Gd; thd= 2,2,6,6-tetramethyl-
3,5-heptanedionato) are studied in a molecular beam via time-of-flight mass spectrometry. The fragmentation
patterns are strongly wavelength dependent. With 355 nm excitation, the mass spectrum is dominated by
Ln?*, Ln*, and LnO" fragments. The bare Ln ions are believed to arise from photoionization of neutral Ln
atoms. The Ln atoms, in turn, are produced from the Ln§tbdinplex in a sequence of Ln reductions (through
ligand-to-metal charge-transfer transitions), with each reduction being accompanied by the dissociation of a
neutral ligand radical. In contrast, under visible-light (4450 nm) excitation, a significant Ln(thg)signal

is observed (wher@ = 2,3 for Ln = Th,Gd andn = 1-3 for Ln = Eu). Thus, with visible excitation,
photoionization of Ln(thd)competes effectively with the Ln-reduction/ligand-dissociation sequence that leads
to the dominant bare Ln-ion signal seen with 355 nm excitation. The fact that monoligated Lrigtbd$erved

only for Ln = Eu is interpreted in terms of the relative accessibility of an excited ligand-to-metal charge-
transfer state from the ground electronic state of neutral Ln(thd).

The gas-phase photofragmentation of metal-containing com-lowed by ionizatior?>-3° The metal ion is usually the largest
pounds is of interest because of its importance in understandingpeak in the mass spectrum, and observation of the parent ion is
laser-assisted chemical vapor deposifionOnly a few pho- rare31.32
tochemical studies of lanthanide-based precursors in the gas This communication reports the surprising formation of high-
phase have been reported; in contrast to substantial work  mass metatligand complex ions, detected via time-of-flight
on transition-metal complexé.22 (TOF) mass spectrometry, under visible-light excitation of

In a study of photoionization mass spectrometry of Eughd) Ln(thd); (Ln = Eu, Gd, Tb) in a molecular beam. The results
in a molecular beam, 266 nm nanosecond pulsed-laser excitatiorof the current study support the photochemical mechanism for
produced a mass spectrum dominated by bare europium ionghe production of bare europium ions propodexhd suggest a
and ligand fragments' A mechanism for metal-ion formation =~ more complete model for understanding the interplay between
was proposed whereby the excitation light induces a ligand-to- the competing photochemical processes that determine whether
metal charge-transfer (LMCT) transition that results in reduction a high-mass or a low-mass fragmentation pattern is observed.
of the europium ion and creation of a neutral thd radical that  The UV photoionization TOF mass spectrum of Eu(thd)
rapidly dissociates from the complex. Three sequential metal- obtained under pulsed (6 ns, 75 mJ/pulse) 355 nm laser
reduction/ligand-dissociation steps result in®Eatoms and  excitation is shown in Figure 1 (top). The fragmentation pattern
neutral thd radicals. The ion signal is then generated by sub-js similar to that reported for 266 nm excitatittwith the main
sequent photoionization of these low-mass neutral products. difference being the relatively larger EtiGignal seen here. In

The experimental observations described above for Eu(thd) the top panel of Figure 1, the dominant peaks are at 151 and
are similar to those reported for the nanosecond pulsed-laserl53n/z, corresponding to the two naturally occurring isotopes
photoionization of Co(acetylacetonateyhere Co was the only of Eu'. At 167 and 169m/z are peaks arising from diatomic

metal-containing fragment detect€dlndeed, metatligand EuO". Another metal-containing species, EdCis found at
bonds are generally we#kand a common gas-phase photo- 175 and 17#/z. A doublet at 75.5 and 7618/z, is assigned to
ionization mechanism involves metdigand dissociation fol- Ew'. The low-mass region exhibits peaks resulting from

extensive photofragmentation of tffediketonate ligand, with
*To whom correspondence should be addressed. E-mail: mberry@ te_rt—butyl+ dominating.. Mass spectra were obtained at 355 nm
usd.edu (M.T.B.); zink@chem.ucla.edu (J.1.Z.). Phone: 605-677-5487 with laser-pulse energies ranging from 20 to 75 mJ/pulsé<10
El'\o"-a%%);l 31)0‘825'8651 (J.1.Z.). Fax: 605-677-6397 (M.T.B.); 310-206- 1(® W/cnP). As the fluence decreased, the relative intensities
* University of California, Los Angeles. of the ligand fragments and Eudecreased, leaving only Eu

* University of South Dakota. and Eu0 observable above the baseline. At the lowest laser
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Figure 1. Photoionization mass spectra of Eu(thatyder 355 nm (top)
and 430 nm (bottom) excitation. The ultraviolet excitation is achieved
with the third harmonic of a Nd:YAG laser (75 mJ/pulse) and the visible
excitation with a Nd:YAG-pumped OPO (20 mJ/pulse) filtered (KV-
389) to remove residual 355 nm light. The dominant peaks with UV
light are E@", Eu*, and EuO. With visible light, the parent ion and
other ligand-containing fragments are dominant.

fluence, the parent ion was also detected, but with a signal
strength less than 1% that of Eu
To determine if the fragmentation pattern is wavelength
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Figure 2. TOF mass spectra of Tb(thdand Gd(thdy taken at 430
nm. The parent ion is dominant in both cases. In neither case is Lh(thd)
evident.

Ln(thd);" Ln(thd)," Ln(thd)" Ln"
hv T hy T hv T hv T
hv, CT v, CT A, CT
Ln(thd)y — Ln(thd), + thd — Ln(thd)+2thd ——> Ln°+ 3thd

Figure 3. Schematic of Ln(thd)photofragmentation and photoion-
ization. The horizontal arrows represent the sequential stripping of
neutral ligands from the metal as a result of photon access of ligand-
to-metal charge-transfer (LMC¥F CT) states. It is suggested that the
third ligand may be stripped from Ln(thd) in a zero-photon process
using thermal energy residual from the previous steps. Vertical arrows
represent photoionization of neutral molecules or bare metal. Single
arrows are used to represent multiphoton processes of unspecified order.
For example, to the extreme left of the figure, photoionization of
Ln(thd)s, yielding the parent ion, Ln(thg, is represented by a single

dependent, TOF mass spectra were measured using Vvisiblesertical arrow and requires at least three photons.

excitation from a Nd:YAG-pumped optical parametric oscillator
(OPO). In the excitation-wavelength region of 41680 nm,
430 nm excitation resulted in the strongest parent-ion signal,

355 nm excitation (not shown) are consistent with that of
Eu(thd), with the dominant peaks being #n Ln*, and LnO".

whereas, at wavelengths longer than approximately 470 nm, theFigure 2 shows the photoionization mass spectra of Th{thd)
parent ion was no longer observable. The shape of this broadand Gd(thd) generated using 430 nm excitation. The dominant

and relatively featureless profile results from both variation in
ionization cross section and variation in laser power (maximum
at~450 nm), and we leave its detailed analysis for future work.

peaks are Ln(thdJ, [Ln(thd)s™—tert-butyl], and Ln(thd)". The
peak corresponding to Ln(tht)s observed only for europium.
Figure 3 illustrates our proposed reaction model for describing

It does, however, suggest 430 nm as the optimal wavelengththe possible fragmentation outcomes observed in our photoion-

for observing the parent ion. The lower spectrum in Figure 1

ization spectra. The reaction path moving from left to right along

shows the mass spectrum obtained using 430 nm excitation (20the bottom of Figure 3 represents the sequential metal-reduction/

mJ/pulse), focused for a fluence ofl0® W/cnm?. The mass
spectrum obtained from visible-light excitation is dramatically
different from that obtained under 355 nm UV excitation (upper

ligand-dissociation steps, which result inlatoms and neutral
thd radicals. In these steps, absorbance into the charge-transfer
state has optimal FranelCondon overlap at a significantly

spectrum in Figure 1). Surprisingly, at 430 nm, the most intense compressed EdO bond length, well above the dissociation limit

peaks occur at very high masses, 336, 519, 645, anchvD2
Those features are assigned as EutthE)(thd}*, [Eu(thdyt—
tert-butyl], and Eu(thdy*, respectively. [Eu(thd) —tert-butyl]
represents the parent ion following the loss ¢€id-butyl group
from one ligand. Et, EuO", andtert-butyl™ are still observed

of the neutral ligand from the complex. Excited at the appropri-
ate wavelength, the neutral ligand will dissociate from the
complex in essentially one-half vibrational period. If this lower
path dominates, no ions are formed until all ligands are stripped
from the lanthanide, such that no high-mass Ln(thdh =

but are minor features in the mass spectrum. These results ard—3) ions are produced. The vertical arrows in Figure 3

unusual, since the parent ion is rarely observed in the photo-

represent competing “side reactions” along each step of the

fragmentation spectra of metal-organic compounds obtained withligand-dissociation pathway, whereby the neutral Ln(thd)

nanosecond pulsed excitation. Fragmentation of weak metal

ligand bonds usually precedes ionization. As mentioned previ-

complexes are directly photoionized to Ln(thid)resulting in
high-mass ions in the spectrum. Thus, the relative rates of the

ously, the same high-mass features are weakly observed withLn(thd), — Ln(thd),* direct-ionization reactions and the

355 nm excitation at the lowest fluences studie@@ mJ/pulse),

Ln(thd), — Ln(thd),-1 + thd ligand-dissociation reactions

but the bare metal and metal oxide fragments strongly dominate.determine whether a high- or low-mass fragmentation pattern

Our studies clearly show an unusual wavelength selectivity

associated with the photochemical behavior of gaseous

Eu(thd}.

To determine if the observation of Ln(thd)ions using
visible-light excitation is unique to Le= Eu in the Ln(thdy
series, TOF mass spectra of Gd(thelhd Tbh(thd) were also
obtained. The Th(thd)and Gd(thd) mass spectra produced by

is observed.

Figure 4 shows a single-configurational-coordinate schematic
representation for the alternatives of direct multiphoton ioniza-
tion of Eu(thd} to Eu(thd}™ versus dissociation of the neutral
molecule into the neutral fragments Eu(thdhd thd. The lower
limit on the ionization continuum, the ionization potential, is
estimated from the appearance potential for the parent ion in
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Figure 4. Potential energy diagram for Eu(thgghowing multiphoton
ionization of the intact molecule in competition with dissociation
through the LMCT state into the neutral fragments Eu@laa)d thd.

the electron impact mass spectréimThe potential energy
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TABLE 1: Slope, n, of log(l) versus logP/Py) Power Plotst

ion species Eu(thd) Gd(thdy  Tb(thdy AP33
Ln(thd)* 244+0.2 2601 2504 34
Ln(thd)s*—tertbutyl  3.1+0.1 3.7£0.1 29402 4.4
Ln(thd)* 40+01 4.0+£03 42+04 5.8
Ln(thd)* 6.0+ 0.4 8.3

aLaser-pulse energies range from 7 to 20 mJ/pulse, focused for a
fluence of~1C® W/cn?. Errors are for the 95% confidence limits on
the fitted slopes. Also given are the 430 nm photon number equivalents
of the reported appearance potentials (APs) for EuftfdyFor
Ln(thd)*, the power plots show evidence of saturation at the higher
powers. The slope at low power approaches 3, and this is thought to
be the most likely photon dependence.

which results in a higher barrier to neutral dissociation of
Pr(thd). At 430 nm and EOW/cn?, the photoionization mass
spectrum of Pr(thd) unlike Tbh(thd} and Gd(thdy, exhibits a
prominent Ln(thd) feature. It is worth noting that the Pr(thd)
feature does not appear in the electron impact mass spectrum
of ref 33.

To explore the number of photons involved in the formation
of the high-mass ions, power studies were conducted with 430
nm excitation. The logarithm of the ion-signal intensity, I9g(
for each of the species was plotted versus the logarithm of the

curves, which are intended as qualitative representations, rathefelative laser power, lo§(Po), yielding linear plots with slopes,

than rigorously quantitative, are calculated as described in re

14. Our results suggest that, at 355 nm, dissociation through'®

the charge-transfer state is more efficient than multiphoton
ionization of the intact molecule, whereas, at 430 nm, the
photoionization process competes quite effectively.

An alternative explanation for the high-mass fragmentation
pattern is that all of the Ln(thd) fragments result from

¢n. The slopes provide a lower limit for the number of photons

quired for ion formation.

For the formation of Eu(thdy, Gd(thd}™, and Th(thd)",
power-dependence measurements yielded slopes-dt.4, 2.6,

and 2.5, respectively. Saturation effects are evident in the
curvature of several of the plots at the highest laser powers.
For example, the slope for Eu(thd)gradually increases from

subsequent fragmentation of the parent ion and indeed the samé:Ato~3as the h|gh-energy_p0|nts, most SUbJECt. to saturation
high-mass fragments are observed with electron impact ioniza- €ffects, are sequentially eliminated. The most logical inference

tion33 where such a process might be presumed. This mechanisn’from th(i;e results is .th.at production of each of the three
likely accounts for the fact that the parent ion is only observed L_”(t_lhdk lons Zas a (l;nmlmum ph?cton de;r)]endence_of s ThE
in the lowest fluence 355 nm experiments and it may still be similar power dependence seen for eac parent lon can be
operative at low fluence for both 355 and 430 nm. However understood in terms of ionization occurring via removal of an
fragmentation of the parent ion alone does not account well for €1€Ctron from a ligand; the ligand, therefore, becomes a

the observed formation of bare metal ions which are reduced re_sqnance_—sta_bilized radicgl,_and the _I_n(I_II) remgins in _its
relative to the original Ln(lll) original oxidation state. This interpretation is consistent with

The model shown in Figure 3, invoking photodissociation the observation of the [Ln(thgl’).—tert-butyll] fragment in thg
into neutral fragments, can also be used to account for the mass spectrum, because the ligand radical, still bound in the

primary difference in the high-mass fragmentation patterns for parent ion, can easily rearrange to eliminater&butyl radical:
the three Ln(thd)complexes, namely, that Ln(thd)s detected
only for the Eu complex. The activation energy for the formation
of Ln® + thd from Ln(thd) can be approximated as the crossing
point of the potential energy curves of the Ln(thd) electronic
ground state and the LMCT stdt€This step, in contrast to the According to our model in Figure 3, Ln(thg) production

two previous ligand-dissociation steps, is predicted to occur in first requires the formation of neutral Ln(thdfollowing laser

a zero- or one-photon process with a moderate thermal barrier.excitation to a LMCT state of Ln(thg) and subsequent
The calculated electrostatic potential energy curves (as a functionphotoionization of Ln(thd) The data in Table 1 suggest that

of lanthanide-oxygen bond distance) for the ground state and this requires four or more photons and that the analogous process
lowest LMCT state of Ln(thd) yield an estimated crossing point for Eu(thd)" requires six or more.

for Eu(thd) which is greater than that for Tb(thd) which is, in Table 1 also shows a comparison of our power-dependence
turn, greater than that for Gd(thd). The difference in barrier results with the electron impact appearance potentials (APs)
heights results from differences in the first ionization energies, reported for Eu(thg) .33 The AP gives an upper limit on the

IP;. For example, IPis lowest for Eu, therefore lowering the ionization potential. For ease of comparison, the AP units have
Eu(l) ground state relative to the Eu(0) LMCT state and been converted to the equivalent number of 430 nm photons.
effectively raising the barrier to LMCT access. The implication, Visible-light laser-photoionization mass spectrometry of
therefore, is that only for Eu(thd) is the ligand-dissociation Ln(thd); provides an unprecedented opportunity to visualize the
barrier high enough to permit competition from direct Eu(thd) mechanism whereby bare metal ions and atoms are produced
— Eu(thd)" photoionization. To test this model, the photoion- in the photofragmentation of gas-phase metalanic com-
ization mass spectrum of Pr(thdyas measured. Praseodymium plexes. In the mass spectrum, snapshots of each of the neutral
exhibits a first ionization potential lower than that of europium intermediates are provided by photoionization of those inter-

[(CH2),C—COJ,CHe —
(CHy)sC—CO—CH=C=0 + (CH,),Ce
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mediates, competing effectively with the neutral dissociation  (10) Bassett, A. P.; Magennis, S. W.; Glover, P. B.; Lewis, D. J.;

; ; ; Spencer, N.; Parsons, S.; Williams, R. M.; De Cola, L.; Pikramenod, Z.
steps which proceed to Enin future work, we will examine AM. Chem. S0@004 126, 94139424,

Wavelength control for.str.ategi.es lthat either optimize this (11) Kurikawa, T.; Negishi, Y.. Hayakawa, F.; Nagao, S.; Miyajima,
mechanism for ligand stripping, yielding the bare metal product, K.; Nakajima, A.; Kaya, K.Eur. Phys. J. D1999 9, 283-287.
or, alternatively, reduce the efficiency of this path and optimize  (12) Gibson, J. KAnal. Chem1997 69, 111-117.

her competing r which r It in the pr ion of metal  (13) (&) Campbell, M. LJ. Chem. Physl999,111, 562. (b) Campbell,
ot .3 co t])oet gdogt?s tg. esu td t tehp oduclzo 0 .tﬁta M. L. J. Phys. Chem. A999 103 7274. (c) Campbell, M. LPhys. Chem.
oxides (observed but not discussed in this work), or With & Cem. phye1999 1 3731 3735,

different ligand, production of metal nitrides for chemical vapor  (14) Nelson, B. N.; Caster, A. G.; Berry, M. Them. Phys. LetR004
deposition. 396, 256-260.
(15) Lou, X.; van Buijtenen, J.; Bastiaansen, J. J. A. M.; de Waal, B. F.

; ; J. Mass Spectron2005 40, 654-660.
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