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Abstract

The 266 nm laser desorption ionization of frozen GATJO solutions at power densities of about<310® W/cn? is
studied. Characteristic ionic species desorbed incluge™D D,O" - (D,0),_ Ce", CeO", and CeO(D,0),. Large
quantities of DO vapor are released for an extended period of time. The velocity distributions of these species are analyze
to provide insight into their formation mechanisms. The hydrated metal ion in the frozen bulk sample absorbs the excitatior
photon and initiates an explosive desorption that ejects, among other species! @@dkat then becomes a nucleation core
onto which water molecules are sequentially attached. Energy relaxation into the ice matrix induced water evaporation
sublimation that lasted for 30@s after the 10 ns laser pulse. The experimental data strongly suggest tha(CLEQ), are
formed through a condensation mechanism instead of arising from dissociation of directly desorbed higher hydrates. Th
energy-sink role of the ice matrix and its low critical temperature in vacuum resulted in the release over a prolonged perioc
of a very slowly drifting atmosphere of JO vapor that acts to retard the explosively ejected Ce0Ore ions through BD
pickup/condensation and unreactive inelastic collisions. (Int J Mass Spectrom 189 (1999) 157-171) © 1999 Elsevier Scienc
B.V.

Keywords:Hydrated ions formed in laser desorption ionization; Laser desorption ionization from a frozen aqueous sample; Condensation ir
a laser ablated plume

1. Introduction Many of these metal complexes are ionic and become
conducting electrolytes when dissolved. Many of
In addition to those naturally existing transition them contain metal atoms either in ill-defined or in
metal and rare-earth complexes, new compounds arevery high oxidation states. In the case of rare-earth
being synthesized in the laboratory for purposes such complexes, our knowledge is far less complete than
as the development of new reagents and catalysts,that of d-orbital transition metal complexes. Main-
modification, and production of materials with desired stream studies of (ionic) transition metal complexes
new or special properties, etc. Transition metal com- have been limited to the condensed phase, and be-
plexes had in the past played a long-reaching role in cause of their lack of vapor pressure and/or thermal
establishing our knowledge of chemical bonding. stability they have received little gas-phase study.
Generation of gas-phase transition metal complex
ions was demonstrated in the 1980s with the advent of
* Corresponding author. E-mail: cchan@po.iams.sinica.edu.tw particle impact-induced [1-3] and laser desorption
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ionization techniques [4], but very limited progress continuous liquid feed interface that may evolve into
has been made in gas-phase studies over the pash highly sensitive detection system for some form of
decade. Electrospray ionization has recently opened achromatographic separation techniques or capillary

promising route to gas phase study [5-16].

Laser desorption ionization (LDI) and its close
relative, matrix-assisted laser desorption (ionization)
[MALD(1)], have now become one of several popular
and routinely applied analytical techniques for the
vaporization (and ionization) of thermally unstable or
nonvolatile compounds. Water is the most versatile,
friendly, and powerful solvent in common use and it
is closely tied to living organisms. A number of

electrophoresis devices [24]. Although the absorption
cross section of water at 1/8m is only 5% that of the
commonly used UV matrix material nicotinic acid,
Zare et al. have successfully demonstrated the detec-
tion of molecular ions of bovine insulin.

The potential of laser mass spectrometry with a
frozen water matrix for environmental and bio-or-
ganic applications has been nicely demonstrated re-
cently by the joint efforts of a Russian and British

research teams have demonstrated the desorption ofesearch group [25-27]. They used a pulsed 10r6

materials from frozen aqueous samples. Rabalais [17] CO, laser as the ablation light source, and they
and his co-workers used energetic (0.5-3 keV) parti- reported that the rotational and translational temper-
cle beams to induce secondary ion emission from atures of the desorbed phenol molecules initially
water—ice surfaces and observed protonated waterembedded in an ice matrix were approximately 140—
clusters composed of more than 50 molecules. Michl 150 K, because of the cooling effect of the ejected
and his co-workers used similar techniques on matrix water plume.
isolated organic as well as other condensed low- The combination of the solubility of ionic metal
temperature samples [18,19]. complexes in water with laser vaporization techniques
Nelson and Williams demonstrated the ablation of has inspired our curiosity and interest in developing a
high molecular weight DNA molecules from frozen LDI tool for gas-phase studies of ionic transition
aqueous solutions by laser ablation with 581 nm metal complexes. We choose Cg@Ii this study for
photons [20,21]. They etched the copper substrate totwo reasons. First, it has several absorption bands in
induce rust formation and the rust very likely acted as the UV region covering 200—275 nm that will even-
the chromophore that absorbed the 581 nm photonstually allow us to study wavelength effects with
they used in their laser ablation experiments. Al- laboratory UV laser systems, and the strong water
though their ensuing progress seemed not to have O-H stretching vibrational mode in the mid-IR can
been very smooth (likely due to difficulties in con- also be excited with a difference frequency crystal (to
trolling the property of the copper rust layer that induce vaporization effects) and compared to results
might have been the key to the success of their obtained with UV excitations. However, in this article
experiments) Williams firmly advocates the continued we will only present results obtained with 266 nm
exploration of laser ablation from frozen aqueous excitation and results obtained with other wavelength

DNA solutions [21].
Belov et al. used a pulsed Gdaser for ablation
from frozen solutions of organic molecules and pos-

tionized the organic vapor with a second tunable laser

via a resonance-enhanced multiphoton ionization
(REMPI) process [22]. Very recently, Hillenkamp et
al. finally made exciting and significant progress in
IR-LDI from water—ice that contained dispersed pro-
tein samples with 2.94m radiation [23]. Zare and his

photons will be reported in the near future when our
laser system is expanded to cover the desired wave-
length regions.

Second, each t{eatom in the bulk sample nom-
inally carries seven ligated lattice water molecules
that will likely bring about interesting charge redis-
tribution phenomenon or redox reactions in an envi-
ronment with reduced solvation. However, the exact
solvated structure of the photoactive chromophore can

research team developed a method for desorbingbe a lot more complicated than the chemical formula
samples injected into a mass spectrometer through asuggests, as is reflected by the existence of many
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different crystallographic structures of highly coordi- Directly desorbed ionic species drifting into the sam-
nated C&' complexes. Typical aquo lanthanide ions pling zone or ions generated by El of neutral precur-
M3* are hydrolyzed in water, but this hydrolysis sors in the ion sampling volume of the mass spec-
channel accounts for only about 1% in the case of trometer are analyzed at various delay times with
Cée** and the main equilibrium has been reported to respect to the desorption laser pulse by applying two
be [28] synchronously pulsed high voltages to the Wiley—
McLaren-type ion extraction electrodes flanking the
ion sampling volume. These extraction electric fields

Lanthanides have a very high affinity for oxygen accelerate the ionic species perpendicular to their
ligands and this is apparently the driving force for the desorption axis and into the time-of-flight mass spec-

exclusive formation of the CeOcore ion observed in ~ trometer for mass analysis.
our experiment. The 266 nm photon pulses are generated from a

Lumonics HY750 Nd:YAG laser with a flat-topped

intensity profile and a full width at half maximum
2. Experimental (FWHM) pulse duration of approximately 8 ns. The

laser beam is steered into the laser desorption ioniza-

A commercially available CeGl- 7H,O sample tion source region with a series of right-angle UV-
(99%) is used without further purification. Fiftegih guartz prisms and finally focused with a translatable
aliquots of a 0.01 M solution, either in @ or D,0, 25 cm focal-length lens. The focal spot size is
are applied to a 5-mm-diameter recess on the tip of a adjusted by varying the distance from the focusing
homemade low-temperature sample probe under a drylens to the sample surface. The optimum optical
nitrogen atmosphere. The sample is then frozen by conditions are chosen by maximizing the hydrated ion
forcing a 4~ 5 I/min stream of liquid-nitrogen-  signals. Qualitatively reproducible shot-to-shot ion
cooled N, gas through the heat exchanging chamber signals are obtained when a laser beam energy of
at the low-temperature sample probe tip, however, the 2.5 + 0.1 mJ/pulse, measured with a Scientech P25
exact temperature of the sample is not measured. Thepyroelectric power meter, is focused to about X.1
ice layer thus formed has an average thickness of 102 cn on the sample surface, corresponding to an
approximately 0.8 mm. Compared with LDI experi- average power density of (2:8 0.1) X 10° W/cn?.
ments using dried room-temperature samples, LDI The laser is fired at a fixed repetition rate of 4 Hz and
from frozen aqueous solutions of a number of ionic under this experimental condition there were no
metal complexes we have so far tested consistently observable pressure jumps upon irradiation.
resulted in more stable signals, and the frozen samples The photon intensity used in this current study is
were more durable with respect to radiation damage. roughly one to two orders of magnitude above the
LDI experiments are performed with the same desorption ionization threshold. In contrast to our

home-built reflectron time-of-flight mass spectrome- previous report performed with a 10-fold lower laser
ter reported previously in similar experiments [29]; a intensity where sample preconditioning with up to 10
schematic presentation of the ion source configuration laser shots was necessary to start generating gas-phase
can be found therein. The desorption laser beam ions [29a], ion signals are observed upon the first laser
irradiates the sample surface at normal incidence. In shot with the present power density level on a newly
electron impact ionization (EI) detection of a neutral irradiated sample spot. Even so, we preconditioned
D,0 vapor, a sheet of ionizing electrons emitted from each newly prepared frozen sample by irradiating it
a homemade electron gun containing the desorption with some 16 laser shots across the sample surface
laser axis intercepts the desorbed plume at the ion before data acquisition started. Preconditioned sam-
extraction volume. An optimized signal is obtained ples yielded more stable signals in the early part of the
when the electron energy is set at about 300 eV. experiment; this may have to do with the generation

3CE" + 5 H,0 = [Cey(OH)]*" + 5 H"
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of defects or color centers that assist and stabilize later T —
photon absorption. We also observed that although -2+ 0 ' .
. . . CeO'(D,0)
the ion signals for Cé and Ced from a given ’
sample spot maintain a reasonably constant level for
>3000 laser shots, the hydrates display very similar
decay with radiation dosage (vide infra, for example,
see Fig. 6). After some £0aser shots have been fired
at a fixed sample spot, a shallow crater can usually be
observed by the naked eye. 000
It has been experienced by all LDI and MALD(I) 150 200 250 300
practitioners that ion signal intensities vary from shot m/z
to shot and from spot to spot across the sample
surface. This has usually been ascribed to sample IF 'g. 1. Typical time-of-flight mass spectrum obtained by 266 nm
. . ; aser desorption ionization from a 0.01 M frozen aqueous solution
inhomogeneity and/or laser power fluctuation. Sample of cecy, at a photon density of about 257 16° W/cn?.
inhomogeneity is evidenced by the widespread vari-

ation in Na" and K" signals, which are usually yyv wavelength, although at the visible wavelength
among the most intense peaks in LDI mass spectra, only sporadic ionic signals can be detected, even at
with sampled spot and with radiation dosage. In order gjgnjficantly higher photon intensities. These trials
to average out possible inhomogeneity the sample is reflect the positive correlation of sample absorption
constantly rotated so that consecutive laser shots cross sections on the effectiveness of the LDI process.

sampled different surface sites, unless otherwise Only results obtained with 266 nm photons will be
stated, and we take 10 mass spectra at each delay timgyesented in this article.

from 10 different sample spots before moving on to
the next preprogrammed delay. In each run of an
experiment, 5 delay-time-scan cycles are performed 3. Results and discussion
to step through the time window (1-5@s) over
which ion signals are detected and 50 mass spectra Fig. 1 shows a typical mass spectrum obtained
(10 from each of the 5 scans) so obtained at a commonfrom a frozen sample of 0.01 M CeCtlissolved in
delay time were extracted and averaged to form the D,O. This spectrum contains Ce(m/z 140/142),
basis from which one set of temporal profile for all CeO" (m/z 156/158), and CeO(@D), (m/z 156/
ionic species of interest is reconstructed. To assure 158 + 20 X n) with n = 1 ~ 11. Except for the
self consistency of the experiment, 5 to 8 runs, each occasional weak Cé& signals, no other multiply
consisting of 5 repetitive delay-time scans, were charged ions can be unequivocally identified in the
obtained with one sample, and these 5 to 8 temporal mass spectra. The generation of dominantly singly
profiles were compared against one another. They charged transition metal complex cations by various
were then used to produce averaged temporal profilesparticle impact and photon-induced desorption tech-
and standard deviations for that particular sample. niques has been noted in most previous related re-
Experiments were repeated with 5 different samples ports. The lanthanide elements are known to have a
prepared under similar conditions, and these 5 sets ofvery high affinity for oxygen ligands, and this prop-
temporal results are used to generate the final tempo-erty alone can account for the dominant formation of
ral profile of each ionic species and for estimating the Cé"O" instead of the CECIJ core ion, as well as the
overall experimental accuracy. tendency to form hydrated cluster ions. Mass peaks at
LDI with 355 nm and 532 nm photons has also m/z= 155+ 20 X n are due to unidentified species.
been tried. Highly unstable signals and overall irre- Not shown in Fig. 1 is the lower mass region that
producible velocity profiles are obtained at the former contains the following identifiable species: N&K ™,
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CeO'(D,0),

-0.10

Ion Signal Intensity (V)
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— T tive species. Results obtained for each of the three
- l%.

] independently prepared samples are represented b
.4'\._ p y prep p p y

1k - _‘7‘_‘ -——_ " different styles of the lines connecting the data points.
i R & T For CeO and CeO(H,0),, the signal intensity
- variations are of a typical random fluctuation type.
E Interestingly, the laser desorbed,@" signal level
5; showed a general increasing and final leveling-off
2 3 trend with radiation dosage; no other ionic species
~ showed a similar trend. The significance and cause of
this special behavior in the ©" signal with the
S AT radiation dosage delivered to a sample awaits further
001 | e o T ] investigation, but we currently suspect that it is
I l . ? . . ] somehow related to the extent of radiation damage in
0 200 400 800 800 1000 1200 the sample that directly affects the efficacy of energy
Number of laser shots coupling from the radiation field to the ice lattice.

_ - N g _ In addition to unavoidable pulse-to-pulse photon
Fig. 2. Variation of LDI signal intensities of C€Q(solid square), . . . .
D,0" (solid diamond), CeO(D,0), (open circle) as a function of  11UX fluctuations, the variation in experimentally ob-
radiation dosage taken from three different constantly rotating served LDI signal intensities between different irra-
frozen samples. Each ionic species is measured at a specific delaygiated spots of the same sample and between different

time after the laser pulse that corresponds to its maximum signal les i t likel lated t le inh
intensity and is the average of ten consecutive laser shots. The samples Is most likely refated to sample inhomogene-

styles of the connecting lines represent the three independently ity arising from solvent—solute segregation during
prepared samples. freezing of the aqueous solution. Instead of trying to
characterize the frozen samples by a technique other
H,O", D,O", and DO" - (D,0),_s The CeO than LDI-MS itself, we tried preparing the frozen
(D,0), series of hydrated ions are unambiguously sample by pneumatic spraying of the solution at a

identified by mass increments of 18 versusu2it the sample feeding rate of approximatelyu®/min onto
corresponding LDI mass spectra, obtained with sam- a precooled sample probe with the belief that this
ples dissolved in KO and DO, respectively. Al- alternative sample preparation procedure would min-

though the commercial sample contains seven crys-imize the solvent—solute segregation problem during
talline H,O molecules for each Ceatom, only traces  freezing. However, this latter method did not notice-
of H,O are present in the gas-phase hydrates of CeO ably improve the signal stability and reproducibility
when D,O is used as the solvent. This is consistent when compared to the much more straightforward
with the 800-fold excess of J» over H,O in the 0.01 sample preparation procedure described in the exper-
M solution, and facile ligand exchange is suggested. It imental section. With either sample preparation method,
is worth mentioning that no sign could be identified we do not really have precise knowledge of, and control
for the existence of a “magic” hydration number in over, the actual local sample concentration, either be-
this and our previous article [29a]. This suggests that cause of the nature of freezing of a bulk solution under

the stepwise hydration free energy chanyg,_, , a dry nitrogen atmosphere in one case, or uncontrollable
varies slowly and smoothly with and there is nota  (and hard to calibrate) solvent evaporation during aero-
clear-cut closing of a first hydration shell. spray in the other case. What we can be sure of from the

Fig. 2 shows the signal variation of three represen- similar extent of signal stability observed with samples
tative ionic species as a function of the number of prepared by both methods is that the freezing rate of a 15
laser shots fired for three independently prepared ul aliquot of sample solution is fast enough so that the
samples under constant rotation. The signal intensities salting-out effect does not significantly affect the results
represent the temporal signal maxima of each respec-of our experiments.
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Rescaled Ion Flux

Speed (Km/s)

Fig. 3. Rescaled ion flux velocity distribution functiof(s) vs. ion velocityv of some ionic species of interest. The amplitudes of the
curves do not reflect the relative ion populations when different curves are compared due to data normalization before making furthe
data treatments.

The experimentally measured ion signal intensities current experiment, antl is the delay time of ion
represent the populations of ions with differeniz extraction with respect to laser firing. The flux-related
values being sampled in the ion source region at eachdistribution functions(v) will later be used to calcu-
time delay after the firing of the laser. Thus, this |ate averaged ion kinetic energies. The 5 td(9)
observable is proportional to the ion densities inside curves of a giveim/zion obtained from a sample are
the ion sampling volume at the moment of ion then compared against each other for self consistency
eXtraCtion. The data treatment algorithm Used by Zare and averaged to give the representaﬁ&e for that
et al. [3O]Iis applit.ad.to analyze ou.r experimental particular sample. Five sets of independent measure-
temporal signal variation. Because different samples yents obtained for five different samples are finally
yielded sizable variations in absolute signal level, the .o pined to give the ndtv) and standard deviation.
experimentally observed ion density-related signal Fig. 3 shows the correspondifiy) versusv profiles
?der{t) fron|1_ e?jCh |:dependenktly preparled Sla"f]ql? 'S for ionic species of interest. As a result of normaliza-
Irst nqrma 1€ t,o ave a peak intensity eye 0 (,)r tion of the raw velocity distribution profiles before data
each ionic species, and then converted into an ion . . o

. e . , averaging, the amplitudes of the curves shown in Fig. 3
flux-related velocity distribution functio(v) using o . .
. . . do not reflect the relative ion populations when different
the following relationship: : . .
curves are compared. The right-most term in Eq. (1) is
mA the Maxwell-Boltzmann velocity distribution function
t* Gaed ) *f(1/t) = f(v)>v® exp ( - ZkT) (1) for flux-sensitive detectors. After converting the raw
experimental quantitg,.{(t) into f(v), the ion-flux data
wherel is the free-drift distance from the sample to is fitted to the following modified Maxwell-Boltzmann
the ion sampling volume, which is 38 mm in the velocity distribution function
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f(v) = a;-v3-exp[—a,- (v — ay)?] (2)

Here, a; are the adjustable parameters in the fitting
procedures, andi; is usually termed the stream-
velocity (V,), which describes the center-of-mass
flow of the system, in analogy to that found in

molecular jets generated from a nozzle, wheweais 04
related to a phenomenological temperaflig¢ghrough 0
154
g pp— 3
ST 2 kg 2y €)) .
. . . . . . E
wherem is the mass of the ionic species being studied 5 51

and kg the Boltzmann constant. In laser desorption
processes, the stream velocity term is ascribed to

near-surface collisions [31]. Under our experimental 6 2 | i s
conditions, the solute absorbs with a moderate cross
section at the photon wavelength [29a], and large 4

guantities of water vapor are generated through rapid
energy redistribution so that a Knudsen layer [32]
guarantees frequent near-surface collisions, therefore,
a modified Maxwell-Boltzmann distribution function
[iie. ag > 0 in Eq. (2)] is anticipated to be more
appropriate for describing our experimentél)’s.
Indeed, data fitting incorporating a stream-velocCity Fig. 4. Best nonlinear least-squares fitting of experimental velocity
term consistently yielded significantly better fits to distributions to modified Maxwell-Boltzmann functions. (a) CeO
our data. Displayed in Fig. 4 are three representative () €9 (D20), and (c) DO" generated by direct laser desorption

. . . ionization (i.e. without El). The best fitting parameters are summa-
fitted curves to experimental results; the vertical bars yi,eq in Table 1.

represent one standard deviation based on five sets of

independent experiments, each using a newly pre-

pared frozen sample. The numerical results extracted other species detected in this work, and this is the only
from the fitting procedures along with average and species that could not achieve a satisfactory fit by the
most probable kinetic energies are summarized in Maxwell-Boltzmann distribution functions. Accord-

Speed (Km/s)

Table 1. ing to the best nonlinear least-squares fitting results
From the results presented in Fig. 3 and Table 1, it summarized in Table 1, Ceand CeO share the
is quite apparent that Ce CeO", D,O", and D,O* same stream velocity of about 1.8 km/s, and the same

generated in direct laser desorption ionization behave nominal temperature of approximately 30 000 K.
distinctly different from the higher hydrated ions Although D,O" generated by direct LDI also has this
CeO"(D,0),_s and D,0"(D,0),_» All of these de- same phenomenological temperature, it is character-
sorbed ionic species have peak velocities well over 1 ized by a notably faster nominal stream velocity
Km/s. lonic velocities of this magnitude are unusual (best-fitted value of 2.6 km/s) than the corresponding
for typical MALD(l) experiments, yet quite common  values for C& and CeO (=~1.8 Km/s). It is interest-

in laser ablated metallic plumes. On the other hand, ing to note that QO™ also has the same best nonlinear
desorbed neutral f® molecules, also detected with least-squares fitted stream velocity as that g©D,
electron impact ionization as D", are much slower  nevertheless, BD* has a significantly lower phenom-
(most probable velocity/,, = 130 m/s) than all the  enological temperature of 22 000 K versus that of
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Table 1
Best parameters obtained from nonlinear least-squares fitting of experimental velocity distributions to (modified) Maxwell-Boltzmann
distribution functions

(Ew

m/z Composition Vg (Km/s) Temp. (eV)° Ex.mp (ev)!
20(LDI) D,0* 2.6*0.7 30600 7.41 5.99
22 (D;0)" 26*04 21800 5.76 4.52
140 Ce 1.8+0.2 30400 9.96 8.67
156 CeO 1.7+0.1 29200 9.55 8.12
20(LDI) D,O* 1.8 36000 7.67 5.99
22 (D;0)* 1.8 27000 6.03 4.97
20 (LDI) D,0" 1.8 30000 6.54 5.99
22 (D;0)" 1.8 30000 6.62 5.43
42 (D;0)*(D,0) 22+0.1 6600 2.75 2.33
176 CeO(RO)* 1.51+ 0.09 17000 6.41 5.86
196 CeO(RO); 1.23+0.07 10100 4.16 3.14
216 CeO(RO); 1.29+ 0.04 7400 3.85 3.46
236 CeO(RO); 1.43+0.04 5100 3.97 3.65
256 CeO(RO): 1.25+ 0.07 6400 3.85 3.62

2 Stream velocity is set at 1.8 km/s in a separate fit. Refer to Fig. 5(a) and (c). The corresponding fitted best temperatures are noted on t
respective figures.

b Both stream velocity and temperature are set at these specified values and the simulated velocity distribution curve still agrees with ot
data within experimental error. Refer to Fig. 5(b) and (d).

¢(Ey) represents average ion kinetic energy.

d Ew mp represents the most probable ion kinetic energy that corresponds to the peak maximum of each régpectine.

D,O" (30 600 K). However, the relatively large the system at a much lower level [33,34]. Thus, an
uncertainties in the fitted stream velocities for both alternative mechanism must be sought in order to
D,O" and D,O™ reflect the intrinsically deteriorating  account for our observations. A possible simple
velocity resolution toward higher velocity particles in  mechanism is that the surface chromophoric ligated
our experimental scheme; the numerical results ob- metal ion, C&(D,0),CI*™¥", or [Ce(OH)s*"
tained for fast DO* and D,O" have to be interpreted  (vide supra) absorbs the desorption UV photon
with more caution. Within our experimental uncer- through an electronic excitation transition into a
tainty, the LDI generated D" and D;O" velocity repulsive state followed by immediate repulsive ex-
distribution profiles can also be described by the same pulsion into the gas phase. A photon intensity of
set of stream velocity and/or nominal temperature as 10°-~10° W/cn? is generally accepted as a ball park
those of Cé and Ced, as shown in Fig. 5(b) and (d), value for the plasma ignition threshold [35,36]. The
respectively. fitted temperature of 30 000 K may very likely
The similarity in hydrodynamic properties among suggest the formation of a hot plasma arising from
LDI generated DO", D,O", Ce", and CeO photon absorption by the opaque plume near the
strongly suggests their common origin in the LDI surface. The incipiently ejected parent hydrated ion,
process. Had a photothermal desorption mechanismwhatever its exact chemical composition and charge
been operative, the phenomenological temperature of state, may then further fragment into,@", D;O7,
30 000 K would seem unreasonably high because this Ce", and CeO; these small secondary fragment ions
temperature is far above the critical temperature of then all acquire the characteristic local temperature of
water in vacuum. Based on existing experimental the hot plasma as well as the ballistic stream velocity
evidence regarding LDI processes, one would expect of the incipiently ejected parent ion. This hypothesis
that rapid water sublimation, melting, and subsequent can account for the same hydrodynamic characteris-
evaporation should have clamped the temperature oftics observed for these species. This ion formation
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Simulated with
Vs=2.6 Km/s

Simulated with
VS=2.6 Km/s

»
z ,
= [ 27000 K
= : 0 ‘
S o 0 |
g 0 5 10 15 20 0 5 10 15 20 1 2 3 4 5 6 7 8
s ° 6 '
@ + 1 +
K (b) D,O (d) D,O :
4] Simulated with | - | Simulated with |
VS=1.8 Km/s
T=30000 K and
2 . 124 T=30000 K.
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Speed (Km/s)

Fig. 5. D,O" generated by LDI (i.e. without EI) with different fitting parameters: (a) best-fitted results with no constraints set forth on the
parameters,,, a,, andas in Eqg. (2). The corresponding phenomenological temperature obtained from Eq. (3) is 30 600 K, (b) simulated
velocity distribution curve with enforced stream velocity of 1.8 km/s and a temperature of 30 000 K. Corresponding best-fitted and similarly
constrained fitting results for JO* are shown in (c) and (d), respectively. (€) and (f) are best-fitted results;@t (@,0) and DO " (D,0),,
respectively.

mechanism is different from a gas-phase Coulomb an alternative to the picture in which LDI incipiently
explosion induced by the loss of solvation stabiliza- generated large and internally excited@ (D,0),,
tion upon desolvation of a multiply charged core CeO"(D,0),, or even [CgOD)s(D,0),]*" hydrates
complex ion [such as Ce@@)>*, CeCI(I—bO)f,+ or that relax by evaporative cooling. Rather, two alter-
even [Cg(OH):]*"], because in this latter case all the native models can qualitatively interpret our data.
fragments would display similar velocity distribution  First, the large hydrated clusters are directly ejected
instead of similar hydrodynamic parameters (stream with high speeds in the LDI process and the higher
velocity and characteristic temperature). clusters are simply slowed down more by the slowly
As for the hydrated species,D"(D,0), , and expanding water atmosphere as a result of their larger
CeO"(D,0),_5 they shift to increasingly reduced collisional cross sections. Although this model can
speeds with increasing mass (Fig. 3). This behavior correctly account for the observed reduction in stream
apparently disagrees with a picture in which they had velocity with the size of the hydrate, a concomitant
all originated from the fragmentation of a larger broadening of velocity distribution, i.e. an increase in
internally excited metastable cluster ion on its flight the characteristic temperature with hydrate size
from the sample surface to the ion-sampling zone. In should occur, which is contrary to our experimental
other words, our experimental results strongly suggest observation. Alternatively, our observations also fit a
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picture where the BD™, D;O", and CeO ion cores and conservation of linear momentum consideration
generated in an explosive photochemical process ascan semiquantitatively account for our limited exper-
outlined in the previous paragraph, pick up water imental results on BD"(D,0),. Based on this simple
molecules from the slowly expanding (vide infra) nucleation model, sequential nucleation of 1-§0D
dense layer of water cloud formed by the same molecules onto the CeQOion core will result in the
desorption laser pulse. In a first approximation, each following peak velocities for Ce®(D,0), ¢ ions:
of the successive nucleation steps will reduce the 2834, 2567, 2351, 2170, and 2018 m/s, respectively.
velocity of the growing cluster ion by a predictable We will denote the simple nucleation model described
amount, determined by the law of conservation of in this paragraph “model 1,” in order to distinguish it
momentum that we will shortly show to predict a from the slightly modified version to be discussed in
concomitant reduction in temperature with the extent the next paragraph.
of hydration. Based on this speculative mechanism,  Although the simple solvent pick-up model 1
each subsequent nucleation is expected to retard thepresented in the previous paragraph already enjoyed
cluster system to a lesser extent as the hydrate growssemiquantitative success, it is not without flaw. There,
in size, qualitatively reflecting what is observed in energy relaxation after each nucleation step has not
Fig. 3. been explicitly considered. Here we make a slight
A qualitative insight into how the particle speeds modification to model 1 by assuming that the growth
vary with stepwise hydration can be achieved from a of hydrated ions involves a three-body process where
crude conservation of linear momentum calculation an extra water molecule is responsible for carrying off
based on the aforementioned simple solvent pick-up the ion—water interaction energy, and this modified
model. Assuming that neutral ,O molecules leave  version will be dubbed “model 2.” Because this model
the surface with a mean stream velocity of 225 m/s now involves momentum exchange with two slowly
(vide infra) and that O™, DO, and CeO ion moving water molecules, the predicted most-probable
cores possess a most-probable ballistic spegg)(of energy will be lower than that predicted by model 1.
7500, 6600, and 3167 m/s, respectively, as obtained The experimentally determined and theoretically pre-
from the best least-squares fitting of the experimental dictedV,,, obtained with both nucleation models are
data shown in Figs. 4 and 5. A deuterium atom summarized in Table 2.
transfer resulting from B0 colliding with a specta- From the results listed in Table 2, it appears that
tor D,O molecule is expected to acquire a reduced although model 1 underestimates the rate of decrease
D5;O" velocity of 6839 m/s, in satisfactory consis- in V,,, with hydration size, model 2 overcorrected the
tency with the observed peak speed of 6600 m/s for trend. A long-lived three-body ion—(watggomplex

D;O". Similarly, this model predictS/mp(Ce(T) = implicit in model 2 is the cause for the excessive
3123 m/s, had CeObeen produced from the reaction momentum removal by the departing water molecule.
of Ce* (Vimp = 3455 m/s, spectator) with @ (V, = Therefore, a situation based on model 1 with allow-

225 ml/s, spectator), again in close agreement with the ance for partially inelastic collisions between the
experimentally determined value of 3167 m/s. Then, incipiently formed ion—water binary adduct with the
sequential attachment of 1 and 2@ molecules to dense water cloud to stabilize the adduct can concep-
D;O" will further reduceV,, of the growing hy- tually depict the formation of the hydrated species.
drated ions to 3564 m/s and 2487 m/s fo@ (D,0) The origins of O™ and Ced cannot be un-
and D,O"(D,0),, respectively. These values again equivocally identified in our present experiment, as
agree surprisingly well with the experimentally ob- reflected from the numerical values shown in Table 2.
served peak values of 3300 and 2600 m/s for these Although we have chosen to treat them as if they were
first two hydrated hydronium ions shown in Fig. 5(e) independently and directly formed in the LDI process,
and (f), respectively. From these results we can which receives support from the data presented in Fig.
conclude that the simple model of stepwise hydration 6 (vide infra), we have no sound evidence to exclude
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Table 2

Comparison of the most probable desorbed ion velocitigg,X
obtained from experiments, and the two simple solvent pick-up
models described in the text

Vinp Vinp Vinp
lon (m/s, expt.) (m/s, model 1) (m/s, model 2)
D,O* 7500
D;O0" 6600 6839 2487
D;0"(D,0) 3300 3564 1384
D;0*(D,0), 2600 2487 929
Ce* 3455
CeO" 3167 3128
CeO"(D,0) 2533 2834 2567
CeO"(D,0), 1900 2567 2134
CeO'(D,0); 1757 2351 1810
CeO'(D,0), 1727 2170 1562
CeO"(D,0)s 1652 2018 1369

#Value obtained by assuming,0™ (V,,, = 7500 m/s)+ D,O
(Vs = 225 m/s, spectatory> D,O" + OD, under conditions of
conservation of linear momentum.

P Value obtained by assuming CZe(Vmp = 3455 m/s)+ D,O
(Vs = 225 m/s, spectatory> CeO" + 2D/D,, under conditions of
conservation of linear momentum.

167

their formation through reactions of,D*/Ce* with
D,O. The experimentally measured,,, values for
D;O" and CeO are nearly identical with those
predicted by model 1 assuming their generation
through reactions of BD*/Ce" with D,0.

If we go one step further in analyzing our data by
starting with the experimental C&€Ovelocity profile
f(v) to derive the simulated velocity distributions of
CeO'(D,0), based on the aforementioned conserva-
tion of linear momentum principle (model 1), we
predict temperatures of 25 550, 22 650, 20 300, 18
400, and 16 800 K, and stream velocities of *.6
0.1,15+0.1,14+ 0.1, 1.3+ 0.1, and 1.2+ 0.1
Km/s, respectively, fon = 1 ~ 5. The stream ve-
locities obtained from this more cumbersome simula-
tion of the evolving velocity profiles after each
attachment of DO parallel the experimentally derived
trend summarized in Table 1. Although the trend of
decreasing characteristic temperature parallels our

06 : : .
+ +
CeO (D,0) | o) | CeO (D,0), |
0.4 1 0.4] ]
0.4
0.4/
—_ 02 0.2 ]
D + + 0.24 1
2 Ce CeO 0.2
-
=
so 0.0 : . . 0.0 : : . 0.0 . : , | 0.0 . , .
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X , } : : 06
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& 06 CeO (D20)3— CeO (D20)4 0641 CeO (DZO)S' CeO (DZO)6
0.4 0.41
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0.2 0.21
0.2] 0.2 ]
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Number of laser shots/30

Fig. 6. Signal variation of a variety of ionic species as a function of radiation dosage delivered to a fixed sample spot. Each data point is th

average of 30 consecutive laser shots. Whereas all the hydratet! iGe©appear to have very similar signal variation profiles, CERO)
displays a slight but detectably slower decay rate with radiation dosage than the other higher hydrates.
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experimental observations, the predicted rate of cool- ties of the system under study. First, the finite absorp-
ing with increasing hydrate size is much too slow. tion cross section of the frozen sample at 266 nm
This may be attributed to the fact that in the real world [29a] entails a penetration depth that is considerably
the probability for clustering increases for the low larger than encountered in typical resonance laser
temperature portions of the precursor population, excitation desorption experiments from thick sample
either because of improved interaction time or for layers. Second, the small thermal conductivity of
simple energetic reasons. Alternatively, partially in- water, which is roughly three orders of magnitude
elastic collisions not included in our oversimplified smaller than typical metals, entails a long thermal
model 1 may also account for this discrepancy. In our relaxation time for photoexcited sample volumes at a
opinion, the qualitative or even semiquantitative distance from the solid—vacuum interface. Because of
agreement in these characteristic temperatures andthe lack of quantitative knowledge on the optical and
Vmp's Obtained from this oversimplified model 1 with  thermal properties of our sample, a detailed numerical
those listed in Tables 1 and 2 provide support for the modeling of the thermal relaxation process applying
nucleation mechanism for the formation of the heat-conduction equation was not attempted. We
CeO"(D,0),. Consistent with this picture, when this  simply point out that other examples can be found
experiment was carried out on a linear TOF (time-of- where desorption signal extends into the ms range
flight)-MS instrument with continuous ion draw out [37].

(i.e. a static acceleration electric field constantly acts  Applying the algorithm developed in our previous
on the frozen sample), only feeble signals correspond- work, we derived a relaxation time constant of 3%

ing to the first few CeO(BD), ions were observed. and an average speed of 225 m/s for the emission of
The latter LDI experiment is carried out in the neutral DO [29a]. To a first approximation, this 0.35
presence of a strong ion extraction field so that the ms relaxation time can be viewed as the amount of
incipiently formed ionic cores are immediately sepa- time the irradiated spot needs to dissipate the local
rated from the neutral water vapor cloud and the heat produced by the laser pulse. The slow stream
probability of water condensation onto the ionic core velocity of the desorbed neutral,D vapor can be

is greatly reduced. However, the possible counteract- ascribed to a photothermal desorption process occur-
ing effect of collision-induced dissociation of hy- ring at a relatively low effective surface temperature
drated species in this latter experimental setup cannotdemanded by the low critical temperature of ice in

be excluded.

Finally, we comment on the nature of desorbed
neutral water molecules. The experimental velocity
distribution of this species cannot be fit satisfactorily
to any reasonable modification of the Maxwell—
Boltzmann distribution function. This can be ac-
counted for by the fact that this fitting procedure
implicitly assumes that the duration of particle emis-
sion is short compared to either the time resolution
(ms in our experiment) or the drift time from the
sample surface to the spot of particle density deter-
mination. As the emission of neutral,O molecules
continue for~3 ms after the desorption laser pulse,
our failure to satisfactorily fit its velocity distribution
to the Maxwell-Boltzmann function is not too sur-
prising. The long DO thermal emission time arises
from the combination of two major physical proper-

vacuum and this clearly implies the benefit of using
water ice as matrix material. Both water evaporation
or sublimation and heat conduction will eventually
bring the surface temperature at the irradiated spot
back to a nonvaporizing level, and this cooling down
takes about 35@s in our case. The average velocity
of neutral DO is much slower than the nominal
stream velocity of the ionic species detected in this
study and this appeared to be the opposite situation
observed in typical MALD(l) processes, where the
ejecting matrix molecules imparts kinetic energy to
the embedded analyte molecule [38]. In our present
case, the water matrix is not playing the role of a
photon-absorbing chromophore at 266 nm; instead, it
acts as a passive energy sink [39]. Its peculiarly slow
gas-phase drifting behavior can be rationalized by
considering that the b atmosphere acts to buffer the
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explosive ejection of the incipiently formed ionic fired at a fixed spot. This can be the result of two
species instead of acting in the conventional sense of physical processes. First, the low-melting temperature
being a carrier gas that imparts a stream velocity to of the icy sample creates a shallow and widely open
the entrained particles. crater as opposed to the deep and narrow tunnel-like
Whereas all the experiments discussed above weresurface damage observed in high-melting samples;
carried out with the sample under constant rotation to thus, the plume confinement effect is not as effective
expose new sample spots to consecutive laser shotswith radiation dosage as observed in the other high-
Fig. 6 displays the signal variation of a variety of melting materials. Second, even if there was plume
ionic species emitted from a fixed sample spot as a confinement due to crater formation, it may not
function of radiation dosage. Here, each data point is manifest itself for increased overlap of the 8 ns UV
the average of 30 consecutive laser shots, and there-desorption laser beam with the desorbed plume that
fore, these spectra are a record of signal variation over resulted in a heating effect.
a total of 6000 laser shots being fired at a fixed sample
spot. It is interesting to note that Ceand Ced
display qualitatively identical dependence on radia- 4. Concluding remarks
tion dosage imparted at a given sample spot.
CeO"(D,0) displays a notably slower decay rate with We have provided experimental evidence that
radiation dosage than the other higher hydrates whereCe", CeO", D,O" and very likely DO" generated in
qualitatively identical rapid decays in their signal 266 nm laser desorption ionization of frozen CgCl
intensities are observed. Based on the cluster growth solutions are directly formed under practically iden-
mechanism we proposed for the observed hydratestical conditions initiated by electronic excitation of
and the observed faster decay rates for the higherthe hydrated metal complex ion chromophore in the
hydrates, the results shown in Fig. 6 as a whole can bebulk icy sample. The incipiently desorbed parent
interpreted as reflecting the decreasingOR, yield species, say, CedD):*, CeO(DO),, or
with radiation dosage delivered to a fixed sample spot. [Ces(OH)5(D,0),]*" undergo fragmentation within a
On the other hand, the very similar behavior of'Ce  possible plasma region to yield fragments sharing the
and CeO seems to suggest their parallel and inde- same hydrodynamic characteristics. On the other
pendent formation in the LDI process, because CeO hand, available evidence suggests that the hydrated
would otherwise be expected to display similar decay species RO"(D,0); ; and CeJ(D,0), s are
properties because the hydrates had their origin comeformed through a nucleation route.
from the bimolecular reaction between Cand D,O. Water in the solid state is an ideal matrix material
The initial rapid increase in ion signal observed in because its low critical temperature will act to clamp
Fig. 6 reflects the pertinence of the sample precondi- the highest system temperature achievable due to
tioning procedure we took (see Sec. 2) before collect- photothermal effects, and its effective gas phase
ing velocity distribution data. Typical covalently cooling collisions with the entrained analyte mole-
bonded cluster systems generated by laser ablationcules work to minimize further sample decomposi-
processes, such as carbon, semiconductor, and metaltion. In our present experiment, we have used our
lic clusters, display an increased extent of clustering analyte sample (the metal salt) as the chromophore, a
with the formation of a crater in the bulk solid target practice opposite to typical MALD(I) experiments.
as a result of the accumulated laser drilling effect. For this reason, we are setting up new experiments
This phenomenon has been ascribed to the confineddesigned to excite the water O—H stretching vibration
ejection angle set by the crater that increased three-in the 3 um region so as to utilize the majority of
body collision probability and thus cluster formation. water molecules in the icy sample systems as a normal
In our case, an opposite trend for the cluster popula- matrix. lonization may be a problem in one-laser
tion has been observed with the number of laser shotsIR-LDI of neutral molecular samples but this may not
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be a concern for ionic samples. In addition, photo-
chemical reactions of the analyte molecules can be
largely avoided by using IR radiation for desorption,
thus eliminating complications arising from analyte
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currently used UV-MALD(I) technique, and this di-
rect excitation of the water mode in the ice matrix has
potential applications in water quality monitoring and
biomedical screening tests of body fluids and tissues.
The time-scanning nature of our current TOF-MS
setup makes it very difficult to measure the photon
fluencelintensity dependence of ion yields and veloc-
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mass spectrometer that will allow us to register the
complete velocity distribution profile and ion yield for
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and more detailed studies promise better understand-
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