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Observation of Triply Charged Metal lon
Clusters by Electrospray and Laser Spray

T. Kojima, I. Kudaka, T. Sato, T. Asakawa, R. Akiyama, Y. Kawashima and K. Hiraoka*
Faculty of Engineering, Yamanashi University, Takeda-4, Kofu 400, Japan

Studies of the gas phase ion chemistry of triply charged metal ions, f = S, Y3', La®", Ce*", and Yb®",
were made by electrospray and laser spray. Triply charged ion ligand complexes, #(ligand),, were
produced in the gas phase by electrospray and laser spray for the following ligands; glucose; sucrose;
raffinose; cyclodextrin; ginsenoside Rb; dimethyl sulfoxide (DMSO) and hexamethylphosphoramide
(HMPA). The ion evaporation mechanism must be invoked to explain the transfer of more surface active
ions (e.g., NH(H,0),) in solution to the gas phase, while the transfer of low surface active ions (e.g.,
La®"(sucrose)) may be explained by the charged residue model. In general, the laser spray gives stronger
ion signals than electrospray for aqueous and water/methanol solutions. The laser spray is found to be more
suitable for the observation of ions with larger solvation energies (e.g., $6(DMS0),,). These results may be
due to the enrichment of the sample concentration by the selective vaporization of the volatile solvent on the
tip of the stainless steel capillary and also to the finer droplet formation caused by the laser irradiation.
Copyright © 1999 John Wiley & Sons, Ltd.
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Metal ions play an important role in the function of many MOH?%"(H,0), and no M"(H,0), were observed.Quite
metalloenzymes. For example, the interaction of regulatory recently, Kebarle extended the study of the gas phase ion
proteins such as calmodulin with other proteins depends onchemistry to the observation of triply charged ion ligand
whether C&" is specifically bound:? Studies of metal ion ~ complexes, M (ligand), produced in the gas phase by
solvation provide information, not only about the metal ion electrospray of a solution of the Wl salts (M=, La, Ce,
chemistry in solution, but can lead to an improved Nd, and Sm) and with the ligand DMSO.
understanding of the structure and functions of many In the present work, the cluster ions of triply charged
biomolecules in which metal ion interactions play a role.  metal ions M*(ligand), with M=Sc, Y, La, Ce, and Yb
Multiply charged metal ions have not received much and with the ligand DMSO and hexamethylphosphoramide
attention in electrospray experiments due in part to the (HMPA) have been studied systematically in order to obtain
belief that charge exchange occurs exclusively. Since information on the solvation of these ions in solution and in
doubly and triply charged ions exist in solution, preparation the gas phase by using electrospray and laser spray. Because
of gas phase ions such as'Msolvent), and M**(solvent), metal ions play important roles as mediators for the function
might be possible by transfer of multiply charged ions of the glycoprotein enzymes, sugar samples such as glucose,
solvated in solution from the liquid to the gas phase. sucrose, raffinose;-cyclodextrin and ginsenoside Rivere
Although the ion signals were very low, Pelzet al. also examined as ligands. A comparative study of electro-
observed some Rf (ligand), with fast-atom bombardment  spray and laser spray was also made.
(FAB) and then only when large multidentate complexing
agents were used, presumably because these stabilize th
charge by extensive charge delocalizaffdrater, Rdlgen EXPERlMENTAL
et_al® reported the observation of €gH,0), and The instrumentation currently used is largely similar to that
Sr**(H,0), using thermospray. These doubly charged ions described previously for electrospfand laser spraff:° A
should be easy to detect because the ionization energies (IE}tainless steel capillary (i.d. 0.13 mm, o.d. 0.3mm) parallel
of Ca’(11.9 eV) and Si(11.0eV) are lower than that of o the interface plate was supplied with sample solution by
H220(12.6 eV). Recently, Kebarle and co-workers found that means of a computer-regulated pump (Tosoh CCPD,
M#*(H,0), were formed as major gas phase ions when Akasaka, Tokyo, Japan). Nebulizer gas, Kffusing from

suitable liquid solutions containing the’Mions (M =Mg, the concentric stainless steel tube (i.d. 0.7 mm) reduced the
Ca, Sr, Ba, Mn, and Co) were electrosprayeklvariety of  angular divergence of the plume and entrained the mist and
M?* ion ligand complexes with the above and?GrCu?*, gas toward the sampling orifice.

Co®" with ligands such as dimethyl sulfoxide (DMSO), For electrospray, a sample flow rate of aboytL3min

dimethylformamide, pyridine, and the polydentates: pep- gave the most intense ion signals with a voltage of about

tides, di- and polyketones, cyclic tetramines, and polycyclic 3kv applied to the capillary. For the laser spray, a

hexamines, could also be observed. Begtrml. made a SYNRAD (Bothel, WA, USA) model 48-5, Duo-Lase

similar observation for an aqueous solution of triply charged 50 W infrared laser (10.6m) was used. The tip of the

metal ion (M) salts in electrospray, where only stainless steel capillary was irradiated from the opposite side
of the capillary by a laser beam focusecktf.1 mm. With a

*Correspondence to: K. Hiraoka, Faculty of Engineering, Yamanashi Sample flow rate of a_bOUt 1Q(]_/min_, a laser power of
University, Takeda-4, Kofu 400, Japan ~5W and ~3 kV applied to the stainless steel capillary

CCC 0951-4198/99/212090-08 $17.50 Copyright1999 John Wiley & Sons, Ltd.



COMPARISON OF ELECTRCSPRAY AND LASER SPRAY 2091

100
© = PR
m mn Q |
P S 5 3
_ 80t B \% \% 2 |
:; i 8 & Ezg mC\'S |
<, 503 = -
~ ~—
| ~~ + B
g @ o 2 3
2! 0 <
o - o 3] ]
g E 3
+ 3 2
r—|q 40* +$/ g ‘-‘t’“ P T
g > g 8 - %
S = g 2 -
5 S 5
20t 2 2 & 1
-’ + +
+ N N
| g 3 3 ]
=3
O | L I| |I 1 1 1
200 300 400 500 600 700 800 900 1000
m/z

Figure 1. Electrospraymassspectrurrfor aH,O/CH;OH (1:1,v/v) solutionof 10 %M LaCl; and5 x 10~ M sucrose.
TheothermajorionsLaOH**(H,0), areomittedfrom thespectrunfor clarity. Thepeakintensitiesarecorrectedaking
into consideratiorthe transmissiorefficienciesof the quadrupolemassspectrometer.

gave the mog intense ion sigmals under the present ions, halide ions etc., for both positive and negatiwe ion
expeimental condtions. As descrited previously, laser modes without any sanple degradabn. Whenthelaserspot

spray is applicble to a wide variety of samplessuch as is propely focused on the centr of the capillaty tip, steble
amino acids, pepides, sugars surfaceactive agens, metal ion signalswereobtainedoverthe periodof meauremats.
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Figure 2. Electrospraymassspectrumfor a H,O/CHsOH (1:1, v/v) solution of 107> M YbCl; and 5 x 10°% M

raffinose. The other major ions YbOH?"(H,0),, are omitted from the spectrumfor clarity. The peakintensitiesare
correctedtaking into consideratiorthe transmissiorefficienciesof the quadupole massspectrometer.
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Figure 3. Electrospraymassspectrumfor a H,O/CH;OH (1:1, v/v) solutionof 10> M CeCk and5 x 1074 M a-
cyclodextrin. The othermajorions CeOH* (H,0), areomittedfrom the spectrurfor clarity. The peakintensitiesare
correctedtaking into consideratiorthe transmissionefficienciesof the quadrupolenassspectrometer.

For sample of aqueos soluions laser spray gives 5-10 obtainedby laser spray areaboutthe sameor higherthanby
times strongerion signalsthanelectospray.For sanplesof electrospay.
H,O/CH;OH (1:1, v/v) soluions, the signal intensiies The ions formed at atmosyneric presurewere sanpled
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Figure 4. Electrospraynassspectraor a H,O/CH;OH (1:1, v/v) solutionof 10~ M LaCls, 10*M NaCl,and10~*M

ginsenosidéRb,. The othermajorions LaOH?"(H,0), areomittedfrom the spectrurrfor clarity. The peakintensities
arecorrectedaking into consideratiorthe transmissiorefficienciesof the quadrupolemassspectrometer.
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Figure 5. Theintensitiesof LaOH>*(H,0),, La>"(sucrose), La®*(sucrose) andNH,*(H,0), asa functionof sucrose
concentratiorfor a H,O/CH;OH (1:1, v/v) solution of 10°° M LaCl; measuredby electrospray The intensity of
ion(ligand), correspondso the value summedup for all n observedThe transmissiorefficienciesof the quadrupole
massspectrometeweretakeninto consideration.
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Figure 6. Theintensitiesof La>"(sucrose) asa functionof sucroseconcentratiorfor aH,O/CH;OH (1:1, v/v) solution
of 10° M LaCl; measuredy electrosprayThe transmissiorefficienciesof the quadrupolemassspectrometewere
takeninto consideration.
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Figure 7. Laserspraymassspectrunfor anaqueousolutionof 10~ M ScCkand2 x 10~ M DMSO. Thetransmission
efficiencesof the quadrupolemassspectrometeweretakeninto consideration.

into the vacuumsystemthrougha 100pm diameterorifice
and mas analzed by a quadupole mas spectometer,
modd MSQ-400 (ULVAC, Chigaski, Japan over the
rangem/z5-1100.

The calibration of the transmissin efficiency of the
guadupole mass spectraneter was mack using tetraalk-
ylammonium salts,(C, H2n+ 1)4NBr, with n=1-10.In this
expeiment,a5 x 10 ° M solution of seveal sats in H,O/
CHsOH (1:1, v/v) was electosprayel and the relative
intensties of (C,Han . 1)4NT ions were measued. It was
assuned that the tetraalkylamnoniun ion (C,Hap 1 1)4N"
hasa 100% efficiency for the transferfrom the chaged
liquid dropletsinto the gasphase It wasfoundthata cross
check of the samplesgave excelent agreenent for the
relaive ion intensties of (C,H2, 1)sN™ ions.

RESULTS AND DISCUSSION
Triply charged metal ion suga complexes

In order to obtain information on the specation of triply
chagedmetalionsin solution, all combinaticsof themetal
ions of SG*, Y3+, La®*, Ce*, and Yb* and the sugar
sanples glucose, suciose, raffinose, and a-cycdodextrin
were examired. The electonic structures of the metal
atoms are: Sc(Ar3d4s); Y(Kr4d'5s); La(Xe5d'6s);
Ce(Xe4f'5d'6s’) and Yb(Xe4f'46<). The ionization
enegies (eV) of doudy chaged metal ions are
SAT(24.8) Y?7(20.5), La®'(19.2), C&(20.2) and
Yb?*(25.2).

Figure 1 showstheelectrospay mass spectrum for aHZO/
CH5OH (1:1, v/v) soluion of 10> M LaClzand5 x 10°*M
sucose.A strongappearan(eof theseriesof La>" (suaose),
with n>3, in addition to weaker La®"(sucrosg, with

Rapid CommunMassSpectrom13, 2090-2097(1999)

n: 1-3, is obseved.  Mixed cluster ions

+(sutrose)1(H§O)x(CH30H)y were negigible. This sug-
geststhat the La™" ion is more strongly solvated by the
sucrosdigandsthanby the H,O or CH3OH li gands ThIS is
likely to be dueto the multidertateinteracton of La®>" with
sugarligands™*

For all the H,O/CH3OH (1:1, v/v) solutionsof M3* and
sugarsnocluger |onsM3+(H20)X(CH30H)y wereobserved
althoughstrongsignalsof the cluste ions MOH?*(H,0),
aggeared (the SA" ion is excepional and neither

*(H20)x(CHzOH), nor SCOI-I2+(H20)><(CH3OH)y ions
could be detected). The absenceof the cluste ions
M37(H,0), and insteal a strong appearane of
MOH?"(H,0), suggestthat the ions M*"(H,0), formed
by the electosprayor laser spray expeiencethe intramo-
lecular proton transer reactionthrough the formation of
salt-bridgeintermedate® MOH?"(Hz0™)(H,0),_», which
is followed by a Couomb explossion to form
MOH2+(HZO)n 1—x-

M3*(H,0),, =MOH?"(H30")(H,0),, , —
MOH?* (H,0) + H30" (H20),

n—2—x

It is interesing to note that for all the metal ions studed
(exceptfor Sc™), the cluster ions MOH?"(H,0), were
found to be dominan and thosee composedof the mixed
ligands MOH2+(H20)X(CH30H)y(suge:)Z were bardy ob-
servedThismaybedueto thefactthattheinteractionof the
MOH?" ion with H,O is strongerthanwith CH;OH or sugar
ligands(seethe latter part of this sectim).

Figure 2 displays the electrospay massspectrumfor a

ZO/CH3OH (1:1, v/v) soluion of 10° M YbCl; and
5 x 10 * M raffinose.The cluste ions of Yb*"(raffinose),
andYb?*(raffinose), arestrongly observedCompaedwith

Copyright © 1999JohnWiley & Sons,Ltd.
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Figure 8. Laserspraymassspectrunfor anaqueousolutionof 10~* M Ce(SQ), and2 x 10~2M DMSO. Thetransmission
efficienciesof the quadrupolemassspectrometeweretakeninto consideration.

Fig. 1, the doubly charged metal cluger ions
Yb?*(raffinose), appear much stronger and they are
comparableto Yb®*'(raffinose),. This indicates that the
intradustercharge-trasferreadion followedby a Couomb
explosiontakesplaceto a greaterextentthanin the caseof
La>*(sucrosg,.

Yb3* (raffinose,, — Yb?" (raffinose)(raffinose,, ; —

Yb** (raffinose),,_,_, + (raffinose, ;"

This is reasonabléecaise the ionization energyof Yb*"
(25.2¢V) is consideably higherthanthatof La®" (19.2eV).
Here again, cluster ions Yb**(suga), and Yb®"(sugar),
solvated by H,O or CH3;OH ligands were negligible. It
seemsthat the core metal ions Yb®*" and Yb?" are well
stabilized by the interaction with sugar ligands and the
competitive solvation by protic solventsH,O or CH;OH is
enepetically lessfavorabk.

Figure 3 showstheelectrospraynassspectrun for aH,O/
CH3OH (1:1, v/v) solutionof 10> M CeCk and5 x 10
M a-cydodextrin. C& " (a-cyclodextrin), is found to be
strongerthan Ce**(a-cyclodestrin),. There is a general
trend that the triply chargedmetal ions are more easily
redued to doubly chargedons when cyclodextins (for all
of a-, -, andy-cydodextin andalsofor glucose)areused
as ligands The hydrophilic sites of cyclodextin locate
outdde of the ring. In the complex of M3*" with
cyclodextrin, the multidertate interection may be more
restriced comparel to other oligosaccharices due to the
rigid (i.e., non-flexible) structure of the ring-shaped
cyclodextrin molecue. Thusthe interactions of metalions
with cyclodextins may be weger thanwith more flexible
oligosa:charides.The longe distan@sof thebondshetwee
M>" and ligands for weaker complexes may restt in a
deceasein the Couomb barrier leading to the more
efficient intramdecular chage-transfer readions in the
conmplex M3"(suga), to form M2 (suga)n,.

Copyright© 1999JohnWiley & Sons,Ltd.

In this work, glucose,suciose raffinose anda-cycodex-
trin were used as sugar sample. The intensiies of the
obseved M3*(sugar), signals are roughly in the order,
glucose= a-cyclodexrin < sucrosex< raffinose.Thelarger
oligosacchades (exceptfor cyclodextin) seemto form
more stablemetalcluste ions. The minimum numbersof n
(Nmir) for the observedtlusterionsM*"(suga),, werefound
to deceasdn theorder, glucose— suciose - raffinose.For
exanple, the ny,;, valuesfor La3+(suga)n areb, 3 and1 for
glucose, sucrose,and raffinose, respedtely. The multi-
denateinteractionsetwea M>" ionsandoligosacchaides
seemto be enhanedwith the molecuar size.

For the combinationsof thetriply chargednetalionsand
sugarsample dealtwith in this work, all the cluste ions
M3*(sugar), couldbe obsevedexceft for S¢* (sugary), for
all sugas, and Yb*"(glucose,. The difficulty with the
obsewation of Sc*(sugar), may be dueto the small-sze
Sc* (0.88A) and the high ionizaion enegy of
S ((24.8eV) which lead to the facile reductbn of Sc*
in the clusterions Theabsereof Yb*"(glucose), mayalso
bepartly dueto thehighionizationenergyof Yb?"(25.2¢V).

As thetriply chargedmetalions arefoundto form steble
conmplexeswith sugarmolecues, the studywasextendedto
the glycoside sanple. Figure 4 dispays the electospra)/
mass spectrum for aH,O/CH;OH(1:1,v/v) soluion of 10~
M LaCl;, 10~ M NaCl,and10 %M ginsenosideRb;. Since
ginsenosideRb; hastwo glucose-gluose groupsat both
terminal ends,a ginsenosiddrb, molecde attadedby two
La*" ionsmaybeexpetedto appearHowever,asshownin
Fig. 4, only the La*"(ginsenside Rb;) ion could be
obsewved in additionto the strongerNa'(ginsenside Rb,)
and Nay*"(ginsenoside Rb,) ions. The abseme of
(La®>"),(ginsenosiddRb,) may be dueto the desabilization
cause by Coudomb repulsion betweentwo La®*" ions. We
think that multiply cationized molecues may be observed
for largersizeglycosides glycoproteins glycolipids, etc. A
further studyis now in progressn this resgect.

Rapid CommunMassSpectrom13, 2090-20971999)
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Figure 9. Intensities for all ions observedby laser spray and
electrosprayfor a H,O/CHsOH (1:1, v/v) solution of mixed samples
of 5x 10°® M ScChk, YCls, LaCl; and 2 x 1072 M DMSO. The
intensityof ion (DMSO), correspond$o thevaluesummedupfor all n
observed. The transmissionefficiencies of the quadrupole mass
spectrometeweretakeninto consideration.

In Figs 1-4 the peaksof MOH?*(H,0), and otherions
dueto impurities (mainly NH,") havebeeneliminated for
theclarity of thespectrumFigure5 showstheintenstiesof
all ions observedfor a H,O/CH;OH (1:1, v/v) solution of
10"° M LaCl; measued by electrosprayas a function of
sucipose concantration. Here, the intensiy of ion(ligand,
correspondgo thatsummael up for all valuesof n. Gradual
increags for NH,"(H,0), and LaOH*"(H,0), with in-
creaseof sucoseconceantrationupto~ 5 x 10~ areseernn
Fig. 5. This suggestshat the efficiendes for the formation
of gas phaseions from the chargedliquid droplets are
enhanedby theaddtion of sucose(upto 10> M). With an
increag of the suciose concentration in soluion, the
netwok structureof the solvatedions in solution may be
distutbedto a greaer extentby the solue molecdesadded.
This maydecreas¢hehydration energie of ionsin solution
andthusincreasehe efficiency of the transferof ionsfrom
soluion to the gasphase.

To our surprie, the cluster ions of NH,"(H,0), and
LaOH?"(H,0), solvatedby sucoseligandsarefoundto be
negigible up to the highest sucoseconcantration of 103
M. If thecluste ionsNH, " (H,0), andLaOH* " (H,0), were
formed by the chargedresiduemecharsm, a number of
suciosemoleculesmustbe presenin the offspring droplets
with >10"* M*? andthe cluste ions mug be composedbf
mary sucroseligands (sucroseis nonvohtile). Apparernly
the chaigedresiduemodd cannotexplainthe formaton of
gas phase NH,"(H,0), and LaOH**(H,0), ions for
solutions of high sucroseconcentration. It is highly likely
that these ions are formed by the ion evapoation
mecdanism.This maybe dueto the highersurfaceactivities
of NH," andLaOH?*" ionsthanof La>" andLa?" ions.

Rapid CommunMassSpectrom13, 2090-2097(1999)

The La®*(sucrose) stars to be observedat 10’ M and
showsazgradtal increasaipto ~ 10> M. The mixedcluster
ions La“*(sucrosg,(H-0), are negligible. This indicates
thatthe La®" ionsformedby the chage redudion of La®"
are solvated predaninantly by sucrose molecues in
aqueousolution.Thisis amarkedcontras thatthe LaOH**
ions solvated only by H,O ligands are obseved. It is
worthwhie noting that the structures of the inner solvation
shellsfor the solvatedions are highly specificon the kinds
of the coreions andalsoof the ligands

ThelLa®*"(suaose), ionsareobservedvith ~ 5 x 107 ° M
andshowa steepincreasewith >10"° M. The decreasef
La®*(suaose), but the steadyincreag of La®>"(sucrose)
with >10"% M indicate that the chargeredudion La®t -
La®*" is being suppessed with increag of sucrose
concentation.

The relaive intensitiesof the LaOH?"(H,0),, ions with
different n were found to be nearly independat of the
sucroseconcentation. Theintensitesof LaOH " (H,0),, for
respectiven areroughlyin theordern=16 < 15< 14 < 13
<12<11<10<9<2<8<7<6<5<4<3.In
contrast,the relaive intensiies of the La*"(suaose), ions
with differentn showa markeddependencen the sucrose
concentation. Figure 6 shows the intensifes of
La>"(suaose), for all n observedasa function of sucrose
concentation. It shouldbe notedthattheLa®>" (sucrose)ion
with only n=3 is obseved at 5 x 10°® and10°°> M: The
absenceof smallercluste ions La>"(sucrose) with n=1
and 2 but only the appearane of La>"(sucrosg; sugges
that the La®>" ion is already solvated by three sucrose
moleculesn theliquid phaseThisargumenis supporte by
the crudecalcultion thatthe numkber of sucrosemolecues
in the third-generabn offspring droples with sucrose
concentations of 5x 10°® and 10> M are less than
0.1} This is alsosuppoted by the obsewation of Petrucci
and co-workers™ that the multiply chaged metal ions
form stable complexes with carlohydrats in aqueos
solution.

Figure 6 shows the appeaance and rapid growth of
clusterions with largern (n > 3) with sucioseconcenta-
tions>5 x 10> M. Similar resuls havealsobeenrepoted
for the formaion of alkali metal cluser ions and
protonated arginine clustas™ with an increag of the
sampleconcentation. The clusterions La>"(sugar), up to
n= 10, are obseved. Theseresultsmay be ratioralized by
thechagedresiduemodel? Dueto solventevapoationand
droplet shrinkage the nonvolatile solute (sucrosg concen-
tration may undergoa large increasein offspring droplets.
The chaged droplets prone to uneven fission give
approximaely 20 smdler dropletsat the Rayleighinstabil-
ity limit*® andthes offspring droples may in turn produce
third—geneationdrogleswhentheRayleighinstablity limit
is again reached® An increasein nonvohtile solute
concentation by a factor of 140 may be expeded after
three such uneven events, eventally leading to the
formation of cluster ions!? Figure 6 showsthe intensiies
of La®**(suaose), with n=9 and10, increasingby afactor
of ~ 10 with anincreaseof the sucroseconcentrationfrom
10* to 103 M. This suggets that the formation of these
clusterionsarereasonablyexplainedby the chargedresidue
model. Becaug the massrange of the quadruple mass
spectromeerusedn thepresenexperiments limitedto m/z
1100, the measuementof the clugter ions La®>"(sucrose)
with  n>11 was not possibé Corsidering that
La>"(sugose)y is the stronges of La>"(sucrosg, at 10>
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M, the cluste ionswith n > 11 may alsobe presentat this
sucloseconcatration.

In summay, the ion evaporabn medanism must be
invokedto explainthetransferof moresurfaceactiveionsin
solution to the gasphasewhile the transkr of low surface
activeionsmay be explainedby the chargedresiduemodel.

Tripl y charged metal ion DMSO and HMPA complexes

Kebarle and co-workerg observedabundat triply chaged
metalion cluste's, M*"(ligand),, for M =Y, La, Ce,Nd, and
Sm and the ligands dimethylsulfoxide (DMSO) and
dimethylformaride by electrospay. They did not detect
the Sc* cluste ions Howeve, strong cluster ions
ST (DMSO0), could be observedin the presnt study by
elecrospray and laser sprgy. Figure 7 displays the laser
spray mas spectrun for an aqueoussolution of 10> M
Scdszand2 x 101 M DMSO. Seriesof S¢"(DMSO), ions
areobservedasmajorions No ScOH,™ ion andits clusters
were observedinderany experimenal conditionsasin the
case for the soluion of S¢* and sugar sampls. The
appeaanceof muchstrongersigralsfor S¢¢*(DMSO), than
for S (DMSO), in Fig. 7 clearly indicatesthe presencef
the appreiable enegcg barier for the intracluger chage
transkr readion in Sc’t(DMSO),, despte the fact that the
ionization energyof DMSO (9.01eV) is consideably lower
thanthatof S (24.8eV) andthegasphasechagetransfer
reactian, S 4+ DMSO — S + DMSO', is asmuchas
15.8eV exoerdc. It is likely that the bond distanes
between M3" and DMSO ligands are so close that the
intradusterchagetransferreactionbecomesndoergt due
to Coudomb repulsionbetwees M?>* and DMSO" in the
conplex. In Fig. 7, S¢*(DMSO),, clustersup to n= 15 are
obseved. If some DMSO ligandslocate in the secondor
oute shellsand are separagd from the core Sc* ion long
enough, the tunnding chargetransfer betweenSc®™ and
oute DMSO would become=xoepic. Nonoccurrenceof the
intraduster chargetransger in S¢’t(DMSO),, up to n=15
may meanthat the chaige-transfer reactionis suppesse
due to the extensive chage stabilizaton of SE* by the
coopeative solvation of highly polarizedfirst-shell DMSO
ligands

For all the triply chaged metal ions M3 usedin this
work (M = Sc,Y, La, Ce, andYb), abundat M**(DMSO),,
cluste ions could be observedHexamethyphosphoamide
(HMPA) wasalso exanmned asligandto obseve the triply
chaged metalion clusters.Although strongsignalsof the
cluste ions M**(HMPA), for M =Y, La, and Ce were
obsewved, thosefor S and Yb®" could not be deteced.
Gererally spealing, DMSO seemsto be one of the best
ligandsfor the obsenation of multiply chagedmetalions

We alsomack someeffort to obseve the gasphaseCe*"
ion clustersFigure 8 displaysthelaserspraymassspectrin
for anaqueos soluion of 1074 M Ce(SQ), and2 x 102
M DMSO. The strong appeaance of Ce* (DMSO), and
[Ce(SQ)]*"(DMSO), wasobsewed but no Ce*"(DMS0),
could be detected.This resut is rea®nablebecase Ce™"
has a very high ionizaton enegy (36.7eV). When the
concentration of Ce(SQ), was deceasedto 10 ° M, the
[Ce(SQ)]*"(DMSO0), ions becane almost negligible
althougha strong Ce*"(DMSO0),, was still obseved. The
fact that the ion Ce(SQ)*"(DMSO), is observedonly for
the higherconcentrationof Ce,(SQy), indicatesthatthision
is formed by the recombinaibn of C&*™ and SO,*~ in the
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chagedliquid droplets. Thechargeredudion of Ce*" in the
cluser CeSQ?"(DMSO), is suppessedy the ionic bond
formedbetwea Ce* andSO,%.

Comparative study of laser spray and electrospray

In orderto investigatethe characterists of the laserspray
devebpedin our labaratory*° a comparaive studyof laser
spray and electrospay was performedusing H>,O/CHsOH
(1:1, v/v) soluiions of mixedsanplesof 5 x 10°° M ScCh,
YCl;, and LaCl; and 2x 102 M DMSO. Figure 9
summarizesthe intensites for all ions obseved by laser
spray andelectrospay. Herethe intensity of ion (DMSO),
correspong to the value sunmed up for all n taking into
consderationthe transnissionefficiency of the quadruple
mas spectometer.In geneal, laser spray gives stronger
intensties for the metalion clugersthanelectospray.The
outgandingdifferenceis thatthe cluste ions S (DMSO),
could notbe detectedby elecrospraywhile strorg signalsof
the= clusterionswereobtaned by laserspray.In contrast,
theintensitesof H (DMSQ),, measuedby electrospay are
strongerthanthoseby laserspray. Becausethe sizeof Sc*
is thesmallesbf thethreemetalionsstuded (S, Y3+ and
La®>"), S mayhavethe leastefficiency for the formation
of gas phaseions from the liquid phasedue to its large
solvationenegy. On the otherhand,the H* (DMSO), must
be the easiestto transferfrom the liquid to the gasphase
becase the protic H atom is sandwched by two
hydrophobic DMSO molecules (CH3),SO--H*--
OS(CHy),. Figure 9 clearly indicates that laser spray is
more suitablefor the detecion of ions with low surface
acfvities. This merit of laserspraymaybedueto the ability
of the formation of finer and more highly chaged liquid
droplets. A further study on the mechansms for the
formation of gasphaseions by lasersprayis in progress
in our labaratory.
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