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A New Liquid Chromatography/Mass
Spectrometry Interface: Laser Spray
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Explosive vaporization and mist formation occurs when an aqueous solution effusing from the tip of the
stainless steel capillary (inner diameter: 0.1 mm) was irradiated from the opposite side of the capillary by a
10.6pm infrared laser focused to~0.1 mm. Application of a high voltage (3—4 kV) to the stainless steel
capillary produced strong signals of singly and multiply charged ions. The ion intensities were more than
one order of magnitude stronger than those obtained by conventional electrospray or ion spray for the same
agueous samples. For some amino acid samples (e.g. leucine), cluster ion$ [H(molecule),], n=1-3, were
observed by the present method, laser spray. This suggests that the sample solution was concentrated during
the laser spray due to the rapid vaporization of solvent. This enrichment of the sample concentration may
explain the high sensitivity of the present method. The degradation of thermally labile compounds was not
observed. This method was found to be very versatile for the analysis of aqueous solutions of peptides,
surface-active agents, metal ions, halide ions, etc., which are rather difficult to handle by the electrospray
and ion spray techniques.© 1998 John Wiley & Sons, Ltd.
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One of the ultimate goals for the analysis of ions in solution sensitivity for ion detection by this method. If vaporization
is to achieve the complete evaporation of the solvent of the liquid sample takes place inside the capillary tube, the
molecules around the solvated ions, to isolate both positive jet vapor stream generated in the capillary would help to
and negative ions in solution as gas-phase ions and transporshatter liquid droplets into finer ones and carry the mist
them efficiently to the mass spectrometer. In order to formed and gas-phase ions toward the ion sampling orifice
evaporate the solvent, the rotational, vibrational and/or of the mass spectrometer system. For this purpose, we
electronic modes of the solvent molecules may be excited. prepared the ZnSe crystal block and drilled a fine channel
The pioneering work on the vaporization of liquid using a through it with a diameter of 0.7 mm. When the aqueous
10.6pum infrared laser was performed by Vesglal! This solution in the channel was irradiated by the focused 50 W
new approach for a liquid chromatography/mass spectro-infrared laser at the right angle to the channel from outside
metry (LC/MS) interface used laser vaporization of the LC of the crystal, the aqueous solution was found to be
effluent at atmospheric pressure. The mist and vapor formedcompletely vaporized. This method seemed to be very
were sampled by the vacuum system as a molecular beanuseful for the instant vaporization of the liquid sample and
and were then ionized by chemical ionization or electron for application to atmospheric pressure chemical ionization
ionization. MS (APCI-MS). Unfortunately, however, fine cracks in the
In our recent work a similar study was made of the ZnSe crystal were easily formed along the path of the
explosive vaporization of a liquid beam using a 16 focused laser beam. Thus, we had to conclude that the ZnSe
infrared laser. When a liquid beam with a diameter smaller crystal is not a suitable material for the focused laser beam
than 20um was irradiated by a 50 W infrared laser in a work.
direction at right angles to the liquid beam, a non-directional  Vaporization of the liquid sample in the metal capillary
plume of fine liquid droplets was generated. A minimum using the infrared laser without heating the capillary may be
time required for the explosive vaporization of the liquid realized by the direct irradiation of the tip of the metal
water beam was found to be0.7us for a 50 W infrared capillary coaxially from the opposite side of the capillary by
laser with a spot 0f0.1 mm diameter~10° W/cm?). lons a laser beam. By this means, it was found that explosive
formed from a laser-irradiated aqueous solution were vaporization of the liquid sample took place and ions in the
directly measured by a mass spectrometer. lon signals wereaqueous solution could be detected with a high sensitivity.
found to increase with an increase of voltage applied to the The present work reports the new experimental results for
liquid. The sensitivity for the detection of ions in solution by aqueous solutions obtained by this method.
this method was found to be about one order of magnitude
lower than that by the conventional electrospray or ion
spray. When the liquid is vaporized in the open atmosphere, ExPERIMENTAL
the work PAV) made by the vaporization of the liquid is ] ] .
mainly wasted by expansion and it cannot be utilized The instrumentation currently used is largely the same as
efficiently for the atomization of liquid sample. This partly that described previousfy? A schematic diagram of the

explains larger sizes of the liquid droplets and a lower apparatus is shown in Fig. 1. A stainless steel capillary
(inner diameter:0.13 mm, outer diameter:0.3 mm) parallel

to the interface plate was supplied with sample solution by

*Correspondence to: K. Hiraoka, Faculty of Engineering, Yamanashi means of a computer regU|at_ed pump (TO_SOh CCPD,
University, Takeda-4, Kofu 400, Japan. Akasaka, Tokyo, Japan). Nebulizer gas, Bffusing from
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Figure 1. Sprayandionizationregionof the apparatusgrawingnot to scale.

the concentric stainlesssteeltube (innerdiameer: 0.7 mm)
reduestheangulardivergerceof the plumeandentransthe
mist andgastowardsthe samplingorifice. A distane of 3—
7 mm betwee the capilary andthe interfaceplateand 10—
15mm betwea the capilary tip and the ion sanpling
orifice gavethe highestion signals.

A SYNRAD (Bothel, WA, USA), model48-5,Duo-Lase
50W infrared laser (10.6um) was used. The tip of the
stainlessteel capillary wasirradiatedfrom theopposie side
of the capillaly by a laserbeamfocused to ~0.1mm. We
foundthatthefinestliquid dropletsweregeneratdby laser
irradiaion when the inner diameer of the stanless steel
capillaly was aboutthe sameas the diameterof the laser
spot (=0.1mm). When the diameer of the stanless steel
capillary becamdargerthanthe laserspot(~0.1mm), the
sizeof theliquid droples becameappareny larger Whenit
was smaller, the tip of the capillaty melted easly dueto
overheating.

The ions formed at atmosyheric pressurewvere sampla
into the vacuumsysem througha 100pm diameterorifice
and massanalyzedby a quadupole massspectraneter,
modd MSQ-400 (ULVAC, Chigaski, Japah over the
rangem/z1-1000.

The flow rate of the aqueoussolution was 100uL/min
through the measuremats.

RESULTS AND DISCUSSION
Experimental Results
The presentmethod referredto as‘laserspray’,is foundto

lon Intensity (arb. units)

Voltage (kV)

Figure 2. lon intensity of [M—2CI]?*" vs. voltage applied to the
stainlesssteel capillary for aqueous10~°wm tubocurarinechloride
solutionwith (flow rate:3 L/min) andwithout usingnebulizergasN,.
Laserpower:5W, flow rate of the samplesolution: 100puL/min.

© 1998JohnWiley & Sons,Ltd.

be applicabe to a wide variety of sanples suchasamino
acids, peptides, surface active agents,metal ions halide
ions, etc.,for bothpositiveandnegative ion modes. It needs
no specialskill for succasful operation.As far asthe laser
spotis propely directedon the cener of the capillaty tip,
stable ion signalscould be obtaned over the period of the
meauremats.

Figure 2 shows the ion intensty of [M—2CI]*" vs.
voltageappied to the stainksssteel capillaty for aqueos
10 °Mm tubocuraine chloride solution with and without
using nebulizergas, N,. Laserpower of 5W was usedto
atomize the sanple solution.Whenthe appliedvoltagewas
low, no ion signals were detected although explosve
vapoiization of the liquid sampletook placeandthe plume
of fine mistandvaporemergel from thetip of the capillary.
The absencef anion signalmay be dueeitherto the less
efficientpostive andnegaive ion sepaationin liquid by the
method,or to the recanbinatian of generagd positive and
negaive ionsin amhkientatmospherencreasng thevoltage
appied to the capilary, madethe sprayedliquid droplets
becane appareny finer. Thefine laser spray hada similar
appeaanc as the normal electrospay. When the applied
voltage was higherthan +5kV in the postive-ion mode
signal intensifes deceased due to the occurreme of
electrical discharge at the tip of the capillaly. The gas-
phasedischarg breakdown took placeat a lower voltageof
about3kV in the caseof the negative-ion modeoperation.

Figure 3 represets the ion intensiy of [M—2CI]** vs.
laser power for aqueos 10 °m tuboaurarine chloride
solution with andwithout using the nebulizergas.Theion
intensties with laser power setat zero just correspad to

fon Intensity (arb. units)
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Figure 3. lon intensity of [M —2CI]?* vs. laser power for aqueous
10~°m tubocurarinechloride solutionwith (flow rate: 3 L/min) and
without usingthe nebulizergas.The flow rateof the samplesolution:
100uL/min, voltageappliedto the capillary: +3 kV.
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Figure 4. Massspectrunfor aqueoud 0~° M D-leucinesolution.Flow
rate of the sample solution: 100uL/min, voltage applied to the
capillary: +3kV, laserpower: 6 W, flow rate of nebulizerN, gas:
3 L/min.

those obtaned by the convertional ion spray(nebulizergas
used)and elecrospray (nebulizer gas not used) The ion
intensty increasedby more than 30 times under laser
irradiationwith 5—-8W laserpower, cormparedto thenormal
ion spray operation.When nebulizr gaswas not used,no
ion sigrals could be detected with the laser powe set at
zerq i.e. electosprayfailed to spraythe aqueoussoluion
used.With anincreag of laserpowerto about10W, the
stanless steel tip glowed red and the signal intensiies
deceasedto about 60% of the maximum value. Laser
powes higherthan10W causedhetip of the stainlessteel
capilary to melt and the laser spray to cease.Under the
presnt experimenal condtions, a laser power of 5-7W
gave the best results. This laser powa of 5W nearly
correspondgo the heatnecesaryfor the aqueos soluion
with a flow rate of ~100puL/min to raiseits tempeature
from 300K to boiling point andto vaporizeit comgetely.
Since liquid mists were visible to the naked eye by
illuminatingthe spray with a diodelaser,it is appaentthat
not all but only sore fraction of the laserpowe wasused
for the vaporizdion of aqueow soluion.

In thepresentexperinents,alaser powea densityof about
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Figure 5. Laserspraymassspectrafor aqueouslO M angiotensinl
solution (a) with and(b) without additionof 10 2m aceticacid. Flow
rate of samplesolution: 100uL/min, voltageappliedto the capillary:
3kV, flow rateof nebulizerN, gas:3 L/min.
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Figure 6. Massspectrunfor aqueoud 0> M Ba(NOs), solution.Flow
rate of the sample solution: 100uL/min, voltage applied to the
capillary: +3KkV, flow rateof the nebulizergas:3 L/min.

10° W/cm? was used.It is necessaryo checkthe thermal

degradabn of the labile compounds.We did not observe
any fragment ions formed from amino acidsand pepides.
As atestcompoundto checkthe thermal degralation,mass
spectra of cholesterol 3-sulfae were measured. This

compoundis known to be ratherlabile and decompae to

form HSO,~ (M/z97) andSO;~ (M/z80) ions asfragment

ions® In thelaserspraymassspectraof this compaind (not
shown),a strong molecularion [M —H]~ wasobseved but
neither HSO,~ nor SO;~ was deteced. These results
indicatethat thermal degradabn is negigible in the laser
spray. It seens likely that the laser powe is efficiently

converta to the heatfor vaporizdion of aqueos solution
andthelocal overheatingdeadingto thethermal degradabn

of samplemolecues doesnot take place to any serious
degree.

Figure 4 shows the positiveion mode massspectrafor
aqueoud 0~° M D-leucinesolution. It shoul benotedthata
strong molecuar ion [M+H]* was detectedeven though
acidwasnot addedto the solution. This is alsothe casefor
the strong appearane of the [M —H]™ ion signal for the
samesanple in the negaive-ion mode operation,without
the addition of base in soldion. In the figure, it is
worthwhile noting that the cluster ions of H™(M), with
n=2 or 3 areobsened in addtion to the major monamer
molecularion, [M+H]*. The appeaanceof such cluster
ionswasalsoobseved for othe aminoacid sanplesin the
laser spray massspectra We confirmed that such cluster
ions were not obseved by converional electrospray.The
appearaneof the cluste ionsformedby laserspray maybe
due to the efficient vapoiization of water solvent during
the laser spray which resultedin the enrichnent of the
sample.Such a processof sampleenrichmentmay party
explain the high sensitivity estabished in the present
method.

Figure 5 shows the laserspraymass specta for 10> m
angiotersin Il with and without addition of 107 ?M acetic
acid in aqueos solution. Without addtion of acetc acid,
only the [M+2H]*" and [M+3H]*" ions are obseved as
major ions. When acetic acid was added,a new peak of
[M-+4H]*" with m/z262.5appeaed.We madeconsideable
effort to observethis multiply chargedion by electospray
and ion spray by optimizing the experimenal conditions
(e.g. solvents, sample concentration, addition of acids,
appliedvoltage etc.), but we failed to detectthis ion. This
suggestghat laserspraycould be superiorto electrospray
and ion spray for the obsevation of higher, multiply
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chaged ions. This may be related to the fact that the
aqueos soluion wasusedin the presentwork. It is well
known thatamorepolar solventis betterfor the obsewation
of higher,multiply chargedons.’

Figure 6 showsthe massspectrun for aqueos 10 °M
Ba(NOs), solution.The Ba*" ion appearssthe basepeak.
In the current work, it was also found that othe alkdine
earthandtranstion metalcluster ions M%*(H,0), could be
easilydetectedasmajorions by the laserspra.

In our previouswork, we failed to observehe halideions
from amixedsolution of 107> or 10~ M NHX(X=F, Cl, Br
andl) by meansof electosprayor ion spra.> In contast,
halideionsof F~ to |~ couldbe easilyobservedvith nearly
equal intensties for mixed sample of aqueos 10 °M
NH X (X=F, Cl, Br andl) solution by thelasersprg. This
alsoindicatesthe verstility of the laser spraytechnique.

Mechanism for ion formation in laser spray

As describedabove the presentaserspray wasfoundto be
a very versatie methodfor observirg a wide variety of
analyteions, eitherpostive or negatiwe ions,andespecidy
suitabk for the obsewation of multiply chaged ions In
sone caseshighe multiply chagedionscouldbe obseved
thanby electosprayor ion spry.

As already descrited, strong ion signals could be
obseved only when a high voltage was applied to the
stainlesssteel capillary. This indicatesthatthe high electic
field on the tip of the stainlesssteel capillaly plays an
important role for the separationof postive and negative
ions Theelectric field E; onthetip of thecapillaly of radius
r. which is at a distanced from a plarar electode canbe
evaluaed with the approimate relationsip givenin Egn.
(1) 2°where V. is the potential appliedto the capillary.

Ee = 2Vo/[reIn(4d/rc)] (1)

The value E., found under the preent expeimental
condiions, is estimaedto be ~6 x 10* V/cm. The electic
field penetréedin the liquid may be esimatedto be about
10° V/cm by dividing E by the dieledric constantof the
liquid. In sucha field in liquid, the drift velocity of H;O™,
for exanple, with the mobility of 4 x 10 3cm?V s is
estimaedto beabout4 cm/s.In the presenexperimentthe
linear velocity of the liquid in the capillary (diameter:
0.13mm)is ~3 cm/s.Thatis, theion drift velocityin liquid
andthe linear velocity of liquid in the capilary are of the
same order. Thus, the postive and negative ions have
enoughtime to be pulledapartin liquid by the high electic
field andthe postive ions are enrichedover the surface of
the liquid in the postive ion mode, for exampk. The
negatiwe ions drift aganst the direction of the liquid flow
toward the capillary and dischage there. The typical
thickness of the drift region is estimaed to be
~102cm ! In this drift region,the postive ionsarebeing
enrichel. Hale and Quary*® measued the absorfion
coefficient of water for 10.6um infrared light to be
=832cm L. This value leadsto the absoption length in
bulk water(1/o) to be 12 um. Thatis, the penetationdeph
of the laserlight in agueos soluion is only about12pum
thick. Thus,the explosivevapoization of aqueos solution
may take place within the top surfacelayer of aboutthis
thickness. This guaranteesthe formation of a fine mist by
thelaser spray.Thepenetréion depthof 12 um is aboutone
order of magnituc thinner than the thickness of the drift
region (10~2 cm). This suggess that the top surfaceliquid

© 1998JohnWiley & Sons,Ltd.

layer enrichel by the positive ionsareselecively vapoized
by the laser irradiaton. This may explain the high
sensiivity of the presentmethod.

CONCLUDIN G REMARKS

Whenanaqueousoluion (flow rate:100uL/min) effusing
from thetip of the stainlesssteel capillaly wasirradiatedby
afocusedinfraredlaser,paositive andnegativeion signalsof
amino acids, pepides, surface active agents,metal ions
(alkali metal, alkaline-earth metal and transtion-metal
ions), halide ions etc. were obtaned at high sensitivity.
Laser spray is particularly suitabk for the analysis of
aqueog soluion sampleswhich are rather difficult to
handk by electrosprayandion spray.

The laserbeamhasthe Gauwssian-typentensity distribu-
tion with ~0.1 mm half-width at half-maximum. Some
fractions of laserpowa may be absobed by the charged
liquid droplets preentin the laser beampath and by the
stanlesssteel capilary. Thusonly afraction of laserpower
may be usedfor liquid heatng. If vapotization of theliquid
takes place on the tip of the capilary but not inside, the
liquid surfacebeingvapoizedonthetip expeiencesa high
electric field and the chage separabn mugd take place
there. The enrichal ions(pogtive or negaive) on the liquid
surface are selectivdy vapoized by the laserirradiation
The useof acapillaty with aninnerdiameteraboutthesame
asthat of the laser spotis necesarybecaseall the surface
of thesampldiquid mustbeilluminatedby thelaserin order
to estblishthe efficient atomization. The high electric field
onthetip of the capillary mustalsofunction to separat the
gasphasepositively and negatively chargeddroplets and
also vapoizedions

A deceasein ion signals was found with increasing
electrolyte concentrations but it waslesspronowncedwhen
compared with elecrospray or ion spra). The decrease
obseved may partly be dueto the decreasén the thickness
of the ion drift regionformed nearthe liquid surfacesince
the thickness of the drift region is depenént on the ion
concentration.

The presentmethodwasfoundto be applicable not only
to aqueows soluion but alsoto otherorgaric solvens such
asalcoholsandacids(e.g.aceticacid). Furtherinvestigaton
on this aspects in progressn our labaratory.

Ikonomou and Kebarlefound that an elecrosprayinter-
face provideshigh sensitvity andsignal stability for mass
spectometric detecton of analtesin solvens with high
water contentincluding 100%waterwhenthe electospray
capilary tip sectim is heatedcloseto the boiling point of
the solvent™® In this method, the disperson of the liquid
sanpleinto dropletscouldbedrivenpartidly by theelectic
field andpartidly by thetemperatire. Thatis, their method
could be a form of electro-themospray where droplet
chagingis providedby thefield whereasdropletdispersion
is aprodud of thefield andthe nearboailing temperatire.In
the presentlaser spray the droplet dispersion is mainly
driven by the laser heating becase the explosive mist
formation takesplacewithout theelectic field, althoughthe
sprayed liquid droples becone finer by the applicationof
the high electric field. The high sensiivity of the present
methodmay partly be dueto the efficient vaporizationof
water solvent by the laserirradiaton which resultsin the
enrichmentof the sampleconcentration.
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