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A liquid beam (continuous liquid flow in a vacuum) of a calcium iodide ¢ablution in ethanol (EtOH)

was irradiated with a 220 nm laser, and ions ejected from the surface following multiphoton ionization were
observed by a time-of-flight mass spectrometer. Cluster ions, CdBEH), (m = 2—9), Cal"(EtOH),

(m= 1-7), and H(EtOH),, (m = 3—5) were found to be produced. The measurement of the velocities of
the product cluster ions indicates that two mechanisms are operative; ions formed on the liquid surface are
ejected with accompanying solvent molecules, and ions generated by Coulomb explosion of a divalent cluster
ion, C&"(EtOH)., are repelled with gaining a sizable translational energy.

1. Introduction surface of a liquid solution, because?Mis not completely
solvated on the liquid surface. The dynamics of'\bn the
solution surface is studied most appropriately by use of the liquid
beam technique, since the technique enables us to prepare the

Solvation structures and reaction dynamics of divalent metal
ions, M+, have been studied extensively in various media, such
as gas, solution, and cluster. Collisions ofMwith various solution surface in a vacuum. The ion produced by laser

][lteagtant rf?olecuvl\t}aim tZe. gas phaste hal\;e_ be:?tn ur;ﬁertaken N Rradiation and ejected from the surface is characterized by a
owing aftergro and in an ion-trag.lIt is often the case time-of-flight mass spectrometer.

i chage ansir ocous between th clison parners and " 1) 8% ST e o in v
energy for M+ formagti)cgn frorr%ll\/lF (second ionizatio,n otential (EtOH) is introduced into a vacuum as a liquid beam. lons,
gy P C&', Cal™, and I, are considered to be present on the solution

?rjo:\ggzulli l?f??setr i(t)r;]?znattigi 'Ogt';ﬁ:;glr)] epﬁ;géir?]f It:eerrlzz;\cgiir::t surface, because Gab partly ionized in the ethanol solution
P : P 9 into C&", Cal*, and I". The divalent ion, C#, is expected to

e ™ b fepel fom he surface i severa accompanying EIOK
Y P molecules when the counteriom, is neutralized by irradiation

lﬁz i?w(:\:tsesfrgﬁgfzingzwézi I?htehedi\\lllgizlr?t/ i(gnthaenlgnasgcflr\]/ ?ntOf the surface with a UV laser. Consulting with the behaviors
9 of M2* in the gas phase and in the cluster medium, one infers

mol le is not favored. In som however h char . .
tr:nl:?eurer(?ceg[dsabgt\i/gen asgiv;ecnisisr?an% aesgl\}esnutcmo(l:ec?u?e%hat a nascent cluster ion, €4EtOH), leaving from the surface
P dissociates into fragment ions having a sizable translational

although the theoretical basis of the charge transfer is not fully

established. One typical example is hydrolysis of a divalent energy, namely,
metal ion, M*, (M = Be, Cd, and Cu) in an aqueous solution N .
of M(ClO,)2.5-8 The hydrolysis reaction is considered to take Ca’"(EtOH), — CaOEt (EtOH),, + H'(EtOH),, +

place in a location where its local structure specifically favors (n-m-m’)EtOH (1)

the reaction.

Behaviors of a divalent metal ion in a cluster medium have In the present paper, ions produced by irradiation of a UV laser
also been investigated extensively because the properties of then the liquid beam of a Calethanol solution were measured
cluster medium can be changed by varying its size. Combina- mass spectroscopically. The measurement of the translational
tions of alkaline earth metal ions and polar molecules have beenenergy of each ion shows that two mechanisms are operative
studied the most extensively by mass and laser spectroscopyfor the production of the ions.

In a singly charged strontiumammonia cluster, [Sr(Ng] ™,

the strontium is present as a divalent form, that i3" @tHz)n, .2 . )

On the other hand, a cluster ion, [Mg®),]*, is considered 2. Experimental Section

to have a form, Mg(H20)ny, as well as M§"OH~(H,0),.10-12

Blades et at? have revealed by use of an electrospray technique  The description related merely to the present experiment was
that cluster ions, Ga(H20)m (m > 2) and St(H,0)m (M > 2) made here, as the apparatus and experimental procedures have
are stable in the gas phase and dissociate into MBKD), been given previously in detdit-1” A continuous laminar liquid

(M = Ca and Sr) and HH;0)q by collision of rare gas atoms.  flow of an ethanol solution of Calvas introduced into a vacuum
The reactivity correlates to the difference of the second chamber from a nozzle having an apertureu2®in diameter.
ionization potential of M and the first ionization potential of The flow rate was maintained at 0.2 mL/min with a pressure of
H,O. A similar question arises on how ¥ behaves on the  typically 20 atm inside the nozzle. The liquid beam was trapped
at 5 cm downstream from the nozzle by a cylindrical cryopump
* Corresponding author. cooled by liquid N. The source chamber was evacuated by a
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Figure 2. Intensities of H(EtOH); (), CaOEt(EtOH), (O0), and Cat-
(EtOH), (») as a function of the delay time from the laser ionization
Mass Number (m/2) to the pulse extraction. The solid lines give decay constants of 2.84,

] ) o 2.28, and 1.0gs™* for H(EtOH),, CaOEt(EtOH), and Cat(EtOH),,
Figure 1. Mass spectrum of ions produced by irradiation of a 220 nm  respectively.

laser on a liquid beam of a 0.5 M Gadolution in ethanol.
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35
1200 L s diffusion pump down to 1—107% Torr during ’T; 3
injection of the liquid beam. Commercially available ethanol S S
and Caj (n hydrate> 99.5%) were used without any further 2 23
purification. A small amount of insoluble impurity in the Gal g ) i}
ethanol solution was removed by filtration before the experiment 5
to prevent the nozzle from being clogged. o 19 ]

After traveling a distance of 5 mm from the nozzle, the liquid § 1 é&éﬁ] ?
beam was crossed with a 220 nm laser beam in the first 2 05 o
acceleration region of the TOF mass spectrometer. The UV laser '
beam was obtained by frequency-doubling of the output of a 0
Quanta-ray PDL-3 dye laser (440 nm) pumped by the third 0 200 400 600
harmonics of a Quanta-ray GCR-3 Nd:YAG laser. The laser Mass Number (m/2)

power (20QuJ/pulse) was monitored by a LAS PM-200 energy Figure 3. Decay constant of a product ion plotted as a function of its
meter. The laser was focused into the liquid beam by a lens mass: H(EtOH), (¢); CaOEt(EtOH), (d); Cal*(EtOH), (a).
with a focal length of 450 mm.

The mass-to-charge ratiosyz, of the ions produced in the (M= 3-5) (see Figure 1). The mass assignment was confirmed
gas phase were analyzed by a reflectron TOF mass spectrometepy replacement of ethanol with methanolrepropanol. By this
as follows. lons ejected from the liquid beam were accelerated replacement, the mass of each cluster ion contaimiisglvent
by a pulsed electric field in the first acceleration region in the molecules was found to shift by Im(+ 1), where 14
direction perpendicular to both the liquid and the laser beams corresponds to the mass difference between methanol and
with a time delay from the photoionization. The delay time was €thanol and ethanol amepropanol. In addition, there are several
varied in the range of 0:62.8 us in order to measure the peaks assignable to [@¢OEt)]*(EtOH), (m = 2-5) and
velocities of cluster ions leaving from the liquid beam surface. [Casl(OEt)4]*(EtOH)n (m = 1-2). The mass spectra also
It was necessary to apply at least a @6delay because the showed that no doubly charged species are produced in the
ions need the time to escape from the liquid surface after the present experiment. In summary, cluster ions, ‘C&fOH)n
production by laser ionization. The ions were then steered and(m = 1-7), CaOEt(EtOH)y (m = 2-9), and H (EtOH)x
focused by a set of vertical and horizontal deflectors and an (M = 3—5) in addition to a small amount of [GOEL)]*-
einzel lens. The reflectron provided a reversing field tilted by (EtOH)x (m= 2—5) and [Cal(OEt)s]"(EtOH), (M= 1-2) are
2° off the beam axis. After traveling a 0.5 m field-free region, Produced by laser irradiation on the liquid beam of a €al
a train of spatially mass-selected ions were detected by a Murata€thanol solution.
EMS-6081B Ceratron electron multiplier. Signals from the  3.2. Slow and Fast Product lons.Figure 2 shows the
multiplier were amplified and processed by a Yokogawa DL intensities of H(EtOH), CaOEt(EtOH), and Cat(EtOH)
1200E digital oscilloscope based on an NEC 9801 microcom- as a function of the delay time from the laser ionization to the
puter. The mass resolution, definedradm, was 300 atadelay ~ Pulse extraction. The intensityl, of each ion decreases
time of 2.8us. The absolute ion intensity was measured by a exponentially with the delay time, with a decay constant,
gated photon counter (model SR400, Stanford Research Sysas
tems). lons were found to arrive at the detector with a typical

rate of 16 particles/laser shot. | = I, exp(=4t) 1)
wherel, represents the ion intensitiestat 0. Evidently, an

3. Results ion escaping from the acceleration region with a higher velocity
has a larger decay constant. Figure 3 shows that the decay

3.1. lons Produced by Laser Irradiation on Liquid Beam. constants of the ions observed are plotted against their mass

Figure 1 shows a mass spectrum of ions produced by irradiationnumbers. The intensities, of the other observed ions exhibit

of a 220 nm laser on a liquid beam of a 0.5 M gathanol almost the same— t dependence. As shown in Figure 3, most

solution. Peaks in the mass spectrum are assigned &EE2H),, of the ions have almost the same decay constants, but the ions

(m = 1-7), CaOEt(EtOH), (m = 2—9), and H(EtOH), H*(EtOH), and CaOEt(EtOH), with m < 4 andm' < 2 have
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larger decay constants; that is, these ions escape from thewith a solvent molecule as
acceleration region with higher velocities than the others. This

finding indicates that there exist at least two different paths for e, + EtOH (sol)— EtO (sol)+ H (sol) (6)
production of the ions. As argued in our previous pap&rs

ions are ejected from liquid beam surfaces by repulsion of a C&' + EtO (sol)— CaOEt (sol) (7)
surface charge built by neighboring ions produced by multipho-

ton ionization (Coulomb ejection scheme). The slower ions from Cal" + EtO (sol)— CaOEt (sol)+ 1~ (sol)  (8)

the surface are likely to be produced in this way. On the other
hand, the faster ions must be produced by a different mannerEfficient formation of EtO by the reaction of & with EtOH
during which the ion gains more translational energy. In the is also observed in an ethanol solution of sodium iodide (Val).
following section, these two different paths are shown. The involvement of & in the formation of EtO is proved
further by disappearance of Et(by addition of an electron
scavenger in the solutidi.The species, EtQ is also contained
4. Discussion in other ions, such as [GEOEt),] * or [Cal(OEt)4] ™.
Our previous study on an anisole solution in ethanol shows

4.1. Reaction SchemeAs described in section 3, at least that ions emerging from the liquid surface via the Coulomb
two different mechanisms operate for the production of the ions €jection have aimost the same velocity of about 700 m/s within
having lower and higher velocities. It is highly likely that the the experimental errof$, because the observed ions are
slower ions are produced via the Coulomb ejection scheme, asproduced by unimolecular dissociation of a single nascent cluster
mentioned in the previous section. In addition to it, there exists 10N in the gas phase and the ions produced by the unimolecular
the other path in which the product ions gain much larger dissociation have the same velocity. Assuming that every nascent
translational energy; the translational energy gain is substantiatecfluster ion concerned has the same velocity as that of the ions
by Coulomb explosion of a divalent cluster ionC¢EtOH), observed in the anisole :_stuél%/,one can conclude that the
produced nascently from the solution surface. product ions have a velocity o¢700 m/s.

4.2. Formation of Slow lons: Coulomb Ejection Scheme. 4.3. Formation of Translationally Hot lons: Coulomb
The solute molecule, Calin its ethanol solution, is partly ~ EXplosion +°f Divalent lons. As described in section 3,"H
dissociated into Cdland I~ and further into C& and 2f~. The (EtOH),;, H*(EtOH), and CaOEt(EtOH), escape from the first
UV absorption band associated with electron transfer from | acceleration region of the TOF mass spectrometer with much
to the solvent is known as the CTTS (charge transfer to solvent) larger velocities than the other ions (see Figure 3). This finding

band. As the absorption maximum of the broad CTTS band in indicates that a different mechanism should operate in the
the ethanol solution is at 218.5 nm, the 220 nm laser excites | formation of these cluster ions. Although®as a stable entity

into | and a solvated electrons € The solvated electron is in a water clustet? no such ion is present in an ethanol cluster;
ejected into the vacuum as a free electron by absorbing onethatis, C&"(EtOH)y s not observed in the present experiment,

more photon in the same pulse duratiriThis process is However, C&" is present in an ethanol solution as a stable entity
expressed as as stated in the Introduction section. The comparison of the two

results leads us to conclude thafCis present as a stable entity
on the liquid surface and then ejected with accompanying several
ethanol molecules as a form of €4EtOH), (nascent cluster
N N ion). Just after leaving from the surface 2Q&tOHY), dissociates
& (sol)+hv—eg ) into CaOEt(EtOH), and H"(EtOH), by Coulomb explosion

as

I~ (sol)+ hv—1*(sol) = I (sol)+ e, (sol) (2)

where ¢ is a free electron and (sol) represents solution.
Thus, the laser irradiation results in the preparation of an C&" (sol)— C&" (EtOH), (9) (©)]
electron-depleted region in the vicinity of the liquid beam
surface owing to the electron ejection into the vacuum by the Ca”(EtOH)n (9)— CaOEfL(EtOH)m (9) +
multiphoton excitation. lons such as CalCaOEt, and H +
generated by various processes in the solution are ejected with H"(EtOH),, (9) + (n-m-n)EtOH (10)
several accompanying ethanol molecules by Coulomb repulsion
exerted from the depleted regiétr1® The nascent cluster ions
ejected from the surface release several so[vent mqlecules as C#" + EtOH— Ca" + EtOH" (11)
they travel in the gas phase due to evaporative cooling. These
processes are described as follows: because the second ionization potential of Ca (11.9 eV) is larger
than the first ionization of EtOH (10.7 eV). The ion, EtOH
X" (sol)— X+(EtOH)n (9) (4) thus produced further dissociates into EtO and Hnd as a
whole, the reaction of Ca with EtOH makes CaOEt+ H*

X*(EtOH), (g) — X (EtOH),, (g) + (n-m)EtOH  (5) as

The energetics also favors the reaction

+ . +
where X' represents an ion produced in the solution and (g) Ca" + EtOH— CaOEt +H (12)
represents the gas phase. The Coulomb explosion causes the product cluster ions to gain
As stated above, the ion,™Xis generated through various a sizable translational energy.
processes. The cluster ion, CHEtOH)y, is formed by a simple Scheme 1 illustrates the process related to Coulomb explosion

combination of Cat with EtOH. On the other hand, CaOEt of the divalent cluster ion: (1) charge separation id'Q&tOH),
which is the core ion of CaOE(EtOH),, is produced by (process (12)); (2) Coulomb explosion of LA EtOH), into
reactions initiated by an encounter of a solvated electrgn, e CaOEt (EtOH),, and H"(EtOH),; (3) evaporative cooling of
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Figure 4. Velocity of a product ion plotted as a function of its mass:
H*(EtOH), (©); CaOEt(EtOH), (O). The solid curve represents the
om @ @ aM-m) prediction based on the Coulomb explosion scheme.

v, v,

l Evaporation

) ] considered to be similar in nature to the arrangement of the
these cluster ions by leaving several EtOH molecules before gq\yent molecules around &ain C&*(EtOH), d is ap-

detection. The energy,, of the Co'ulomb. repulsion between proximated by the distance (0.25 nm) betweed'Gand O in
the two charges separated by a distamtés given by the Ca(NQ); solution. As argued in the previous subsection,

5 one can conclude that the product ions gain a velocity by the
= _€ (13) Coulomb explosion in addition to the velocity gain of 700 m/s
4reqd by the Coulomb ejection of the nascent cluster ion of interest.

It follows that the product ions have a velocity of 760v;'
wheree s the elementary electric charge ands the dielectric m/s. Substituting all these values into eq 17 leavings the
constant. On the assumption of full conversiongfinto the variable parameter, one obtains the velocity of a product ion as
translational energy of the product ions, one obtains the gz function of its mass number as shown in Figure 4 (solid curve).
following relations by taking into consideration the energy and The calculation reproduces the experimental values reasonably

momentum conservation. well whena is set to be 0.57. The number of ethanol molecules
1 1 accompanied by Ca (n = 8) and the average fraction of the
E.=>mu+=(M—mu,’ (14) evaporation¢ = 0.57) are consistent with the observation that
2 2 the maximum number of solvent ethanol molecules ofEOH),
mo, = (M — m)o, (15) is about 5 while the most probable number of solvent molecules

of H*(EtOH)y is about 3 (see Figure 1).

whereM is the total mass of the divalent cluster ionandM

— m are the masses of the product ions, apénd v, are the
velocities of the ions whose masses areand M — m,
respectively. Assuming that the mass after the evaporatian is . o
times as large as that before, the velocity of the ion after the 0N formation processes followed by laser excitation of.Cal

5. Conclusion

evaporationyy', remains unchanged. in ethanol solution were revealed by using the liquid beam
multiphoton ionization mass spectroscopic technique. The
vy (am) = v,(m) (16) observed ions were CaOHEtOH),, (m= 2—9), Cal"(EtOH),
(m= 1-7), and H(EtOH),, (m= 3-5). The velocity of these
Equations 1416 are reduced to give ions were almost the same, except for Ca@EtOH), and
H*(EtOH), which have smalm values. This shows that the
. [aM — m2E)2 ions, CaOEt(EtOH)., are formed via two different channels:
e YD (17) EtO™ capture by C& or Cal" and Coulomb explosion reaction

of a doubly charged cluster ion, E4EtOH),. The analysis
The maximum possible velocityy', gained by the Coulomb  revealed that Coulomb explosion of a nascent divalent cluster
explosion should be added to the velocity gained under the ion, C&"(EtOH), takes place after it is repelled from the surface
Coulomb ejection scheme, so as to obtain the maximum possibleby the Coulomb ejection.
velocity of the product ions, CaOFEtOH), and H (EtOH)y.
The massM, is assumed to be 408 amu: that is, the nascent Acknowledgment. The authors are grateful to Mr. Yoshihiro
divalent cluster ion is CA(EtOH). This assumption is based Takeda for his assistance in the early stage of the liquid beam
on the conjecture that €a accompanies almost the same studies and also to Mr. Hisashi Matsumura for his helpful
number of the solvent molecules as Calnce Ca" is smaller discussion. This research was supported by the International
in size but more in charge than Cahlnd hence these two factors  Joint Research of NEDO and the Special Cluster Research
compensate each other to give almost the same solvent numbeProject of Genesis Research Institute, Inc.
to these ions; the solvent number of C& 7 so that the number
of the solvent molecules given to &ais within a reasonable  References and Notes
range. X-ray diffraction of an aqueous solution of C_:a@)igo (1) Spears, K. G.. Fehsenfeld, F. &.Chem. Phys1972 56, 5698,
shows tha? C# and ,the O atom of a 0 molecule in the (2) Spears, K. G.; Fehsenfeld, F. C.; NcFarland, M.; Ferguson, E. E.
nearest-neighbor position is separated by 0.25his. the local J. Chem. Phys1972 56, 2562.
structure around Ca in the agueous solution of Ca(NJ@ is (3) Tonkyn, R.; Weisshaar, K. @. Am. Chem. Sod.986 108 7128.



1522 J. Phys. Chem. A, Vol. 103, No. 11, 1999

(4) Buckner, S. W.; Freiser, B. S. Am. Chem. S0d.987, 109, 1248.

(5) Ohtaki, H.Inorg. Chem.1967, 6, 808.

(6) Ohtaki, H.; Kawai, T.Bull. Chem. Soc. Jprl972 45, 1735.

(7) Tsukuda, H.; Kawai, T.; Maeda, M.; Ohtaki, Bull. Chem. Soc.
Jpn. 1975 48, 691.

(8) Matsui, H.; Ohtaki, HBull. Chem. Soc. Jprl977 50, 1472.

(9) Shen, M. H.; Farrar, J. Ml. Phys. Cheml1989 93, 4386.

(10) Misaizu, F.; Sanekata, M.; Tsukamoto, K.; Fuke, K.; lwata].S.

Phys. Chem1992 96, 8259.
(11) Misaizu, F.; Sanekata, M.; Fuke, K.; lwataJSChem. Phys1994
100, 1161.

(12) Sanekata, M.; Misaizu, F.; Fuke, K.; Iwata, S.; HashimotoJ K.

Am. Chem. Sod 995 117, 747.
(13) Blades, A. T.; Jayaweera, P.; Ikonomou, M. G.; Kebarld, Ehem.
Phys.199Q 92, 5900.

(14) MafuneF.; Takeda, Y.; Nagata, T.; Kondow, Them. Phys. Lett.

1992 119 615.

(15) MafuneF.; Takeda, Y.; Nagata, T.; Kondow, Them. Phys. Lett.
1994 216, 234.

(16) Mafune F.; Kohno, J.; Nagata, T.; Kondow, Them. Phys. Lett.
1994 218 7.

(17) Matsumura, H.; Mafuné-.; Kondow, T.J. Phys. Chenil995 99,
5861.

Kohno et al.

(18) Matsumura, H.; Mafuné-.; Kondow, T.J. Phys. Chemin press.

(19) Our previous study on an anisole solution in ethanol show that
ions emerging from the liquid surface via the Coulomb ejection have almost
the same velocity of about 700 m/s within the experimental etfdyecause
the observed ions are produced by unimolecular dissociation of a single
nascent cluster ion ejected into the gas phase; it is evident that the ions
produced by the unimolecular dissociation from a single cluster ion have
the same velocity. Assuming that a nascent cluster ion possesses a number
of solvent molecules, which is the same as that owned by the ion having
the largest number of solvent molecules in the resluting mass spectrum,
one can conclude that the nascent cluster ions for CH§@&2H), and Cat-
(EtOH), are CaOEt(EtOH), and Cat(EtOH);, whose mass numbers are
499 and 489, respectively. In the case of our previous study on an anisole
solution in ethanotf the nascent cluster ion for (anisoléfetOH),, was
(anisole) (EtOH);, whose mass number was 430. If the nascent clusters
have the same translational energy, the velocities of the nascent ions,
CaOEt(EtOH) and Caf(EtOH);,, are 1.08 and 1.07 times as fast as
(anisoley (EtOH);, respectively. Therefore the ions produced by the
Coulomb ejection are regarded as having the same velocity, 700 m/s within
the experimental errors.

(20) Kresov, G. A.; Novosyolov, N. P.; Perelygin, I. S.; Kolker, A. M.;
Safonova, L. P.; Ovchinnikova, V. D.; Trostin, V. Mnic sobation; Ellis
Horwood: New York, 1994.



