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Rapid laser-induced thermal ablation of aerosol particles can result in the ejection of desolvated ions into the
gas phase. In an effort to understand this phenomenon, we have carried out studies of ethylene glycol droplets
containing 10® and 10' M RbCI. A high-power infrared C®laser pulse vaporized the aerosol particles,

and the resulting ions were detected by time-of-flight mass spectrometry and by total current measurements.
The absolute number of ions in the particle was varied by controlling the size and the concentration of the
ions in the particles. The results show that, at low concentrations, the ion signal is directly proportional to the
ion concentration, whereas the signal saturates aboveM ®bCl. By comparing the TOF signal to the total
current measured on the ion repeller plate, we were able to determine thabmorecombination is the

major cause of this signal saturation. The ion collection efficiency of the TOF mass spectrometer at low ion
concentration, where ierion recombination is not important, was found to be 5%. An-H@mn recombination

model, developed by Langevin and Thomson, was found to accurately reproduce the measured ion collection
efficiencies for various particle sizes, as well as ion concentrations ranging over 4 orders of magnitude.

Introduction is minimal. In addition, while electron impact generates pri-
) o marily electrons and positive ions, the ablation of ionic species

_Arecent investigation from our laboratory of base-catalyzed yesylts in the formation of both positive and negative ions that
nitromethane combustion involved rapid infrared heating of strongly interact at high ion densities. Thus, the signal intensity
aerosol particles, consisting of neat nitromethane with trace i gl of these methods can be depleted by-ign recombina-
amounts of baséThe single aerosol particles were accelerated tjon, Coulomb explosion, and detector saturation, all of which
toward the ionization region of a time-of-flight mass spectrom- 5re dependent on the density of ions. Recombination between
eter, where they were rapidly heated to well above 2000 K. positive and negative ions (referred to as precipitation in liquid
The neutral species produced in this reaction were ionized by nano droplets) has been suggested as the leading cause of
a vacuum ultraviolet (VUV) laser and mass analyzed by their electrospray signal saturatiénce the ions of opposite charges
ion time-of-flight (TOF). On the other hand, the ionic species have been separated by the applied electric field, ions of like
in solution, resulting from trace amounts of diethylamine (the charges repel one another to an extent that depends on the total
base), could be detected in the mass spectra without ionizationjon concentration. This Coulomb explosion can impart several
by the VUV laser. Because the ions originating from the VUV electronvolts of energy to the ions, thus making them difficult
laser ionization of neutral species and the preexisting ions wereto transport into a mass spectrometer.
created by entirely different mechanisms and at very different |, most experiments of the type discussed above, the precise
gas densities, it was not possible to relate the ion signals 10 c5se of signal saturation is not readily determined owing to
their relative concentrations. This problem has led us to the ¢, difficulty in establishing the maximum possible signal. For
current study in which we attempt to provide some understand- jnstance, only a small fraction of the ions generated in elec-
ing of the mechanism for ion liberation when a liquid droplet trospray pass through the small orifice and find their way into
containing ions is suddenly vaporized. Studies of this type are {he mass spectrometer. In an effort to establish the relation-
also of interest for our current investigation of ionic liquids, ship between the generation of charges and the final ion sig-
such as ethyl-3-methylimidozolium nitrate. Among the attractive 4| in electrospray, the total currents generated at the capillary
properties of ionic liquids are ease of storage, solubility, and gnd at the first skimmer were measured with an electronieter.
low toxicity. These studies show that, although the capillary current rises

The quantitative measurement of ionic constituents is clearly linearly with the ion concentration, the current measured at the
an important issue that has been encountered by other workerskimmer saturates and even decreases when the ion concen-
as well>3 A number of nontraditional ionization methods, in- tration exceeds 1@ M. The mechanism for ion generation is
cluding electrospray, thermospray, and MALDI, suffer from rather complex and involves partitioning of ions at the sur-
sensitivity variations as the analyte concentration is varied. At face and in the bulk of the nano dropléts’8so that the pre-
low concentrations, the signal intensity is typically linear with cise origin of the signal saturation is still not firmly estab-
concentration, but saturates at high concentrations. The commoriished. Similar uncertainties are associated with saturation in
feature in all of these experiments is the existence of the analyteMALDI and other laser ablation methods. Each laser shot
in its ionic form in appreciable concentration, a situation that ejects a microplasma of neutrals, positive and negative ions into
is very different from electron impact- or photoionization of a the vacuum. A small and unknown fraction of the ions are
low-density gaseous target, where interaction between the ionseventually detecte#?11
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The effect of Coulomb explosion can be determined from
the ions’s translational energy, which can be measured from o e
TOF peak widths or by measuring the ions’ translational energy ¢
by electrostatic energy analyzers. However, translational energy }
in MALDI and other laser ablation experiments can arise from
either Coulomb explosion or entrainment of the ions in the I
rapidly expanding plasma cloud. There is some evidence that
the ion velocities are comparable to those of neutral species, 390k
which suggests that entrainment, rather than Coulomb explosion, VW HP Infinium

may be the source of this translational enetg$*2 This is i Oscilloscope

consistent with the ejection of a relatively small number of ions 500
in a large excess of neutral species. Thus, as in electrospray —\N\N‘—.—o
ionization, the MALDI process is complicated and as pointed
out by Mansoori et at* the “many interrelated factors influenc-
ing the MALDI signal intensity” make it “difficult to ascribe P
changes in the signal intensity to specific phenomena.” -
In the present work, we present results of an experiment in
which the ionization process is considerably more controlled
and thus provides an avenue for determining the source of signal
saturation in laser-based aerosol time-of-flight mass spectrom-
etry. The experimental approach involves complete laser

vaporization of size-selecteq liquid aefoso' dropletsgim) spectrum for each particle is recorded using a digital oscilloscope
fora range of ion concentrations. In this way, the total number (Infinium, Hewlett-Packard), and transferred to a computer. By
and density of ions not only are well established but also can g ;,qting the aerodynamic lenses alignment, it was possible to
be varied simply by changing the particle size and the ion gympie particles in narrow size distributions (5%), which were

concentration. Additionally, we employ a toFaI lon curren.t monitored by measuring the patrticle velocity. Most of the spectra
detector to accurately measure the number of ions released 'ntopresented here represent averages of 50 laser shots

the gas phasg. Fma!ly, we gxperlmenyally determine the To establish absolute ion signals, the total ion current was
maximum kinetic energies of the ions reaching the TOF detector. . iacted on the repeller, using a BBrown operational
Our experimental results, although not directly applicable, are amplifier (OPA655u) in a ,current to voltage converter config-
nevertheless relevant to MALDI and electrospray Processes. ation. The circuit diagram for the converter employed is
They are most c_Ios_er related to the laser d(_asorptl_on MasSyresented in Figure 1. The 7.5 cm diameter repeller plate lies 1
spectrometry of Ilqwd beams and.aerosol particles, in which .. palow the point of ionization. Its large surface area,
an infrared laser is used to vapotize the aqueous phase, thugompined with an applied electric field of 200V/cm, ensures
releasing the ions to the vacuuf. that all of the negative ions (and electrons) that survive the
) evaporation process are collected; i.e., no ions are lost as a result
Experimental Approach of their initial kinetic energy. The grounded repeller plate was
connected to the inverting input of the OPA655u through a 51
Q resistor to prevent self-exciting of the operational amplifier.
The op-amp output used a feedback loop through a 390 k
resistor and the output was read into the oscilloscope through
a 1 MQ resistor. This scheme allows an optimal reduction of
noise for the measurement of incident current, by maintaining

Figure 1. Electronic circuit for measuring the total ion current on the
repeller plate. The purpose of the SDoutput resistor is to prevent
self-exiting of the operational amplifier.

cm or 1 m long drift region before being detected by a
multichannel electron multiplier (Burle Electrooptics). The TOF

All of the experiments reported here were performed using a
previously described aerosol time-of-flight mass spectroniéter.
Aerosol particles are drawn into a collimating aerodynamic
lens1®20pass through two stages of differential pumping, which
remove the suspending argon gas, and finally enter the main

vacuum chamber. The expansion of the aerosol from the h I | d Th | p h
aerodynamic lens into the first stage of differential pumping the repeller voltage at %roollm - Ihe on:tput_ %/o;age rom the
accelerates the particles to a velocity that depends on their sizeNegative lons was recorded concurrently with the positive ion

The particles enter the chamber at random times at a rate up to! OF SPectrum. The time-dependent voltage was integrated and

10 per second and are detected by laser light scattering fromdivided by the total resistance, to yield the total charge incident

two green diode lasers separated by 10 cm, which determineson the repeller plate. For example, for a typical integrated signal

their velocity and thus also their size. When they arrive in the of 0.048 V us, the number of collected ions (757 10°) is
ionization rilagion of the mass spectrometer, ya ,Qaser obtlaciplegdct;i);r(]jividing the integrated signal by 39 kand 1.6
triggered by the light scattering events) vaporizes the particle. * . : S .

Sl'hggCQ Ias):er pOV\?er is kept h?gh\(SOO)mJ/F:Julse) to er?sure Solut|or_1$ of RbCl (Al.d”Ch) N (_athylene glycgl (Fisher) leere
rapid and complete particle vaporization. The laser beam Wasprepareq In concentrations ranging from310~" to 3 x 10
focused by a NaCl lens to a spot size el mm. The bulk M. Pgrtlcles ranging frqm 2 to um were .produced by a
absorption coefficient for ethylene glycol was measured to be N€Pulizer (Meinhard) using argon as a carrier gas.

19 mnT! by monitoring the absorption upon passing the laser
beam through a 1m sample of pure ethylene glycol. In
previous studie$® a second VUV laser was employed to ionize Signal Variation with lon Concentration. Figure 2 shows

the vaporized neutral gas molecules. However, this was un-several time-of-flight (TOF) mass spectra obtained by IR laser-
necessary in the present experiments because we are interestadduced vaporization of RbCl-doped ethylene glycol aerosol
in detecting only the ions that already exist in solution. The droplets. These spectra were taken with a delayed pulse
ions are born in the centeff @ 2 cmextraction region (200  extraction field in order to generate narrow TOF peaks. RbCI
V/cm), which accelerates them to a second 0.50 cm accelerationwas used in these studies (rather than NaCl) to avoid interference
stage (7.2 kV/cm), after which they pass through either a 15 from the Na impurity ions that were found in all aqueous and/

Results
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Figure 2. Typical positive ion TOF spectra of ethylene glycol aerosol 10° 10* 10° 10° 10"

droplets with various concentrations of RbCI. The mass spectra were :
obtained by vaporizing the droplet with a 500 mJ/pulse, BOlaser. Concentration, M/L

The Na" peaks are a result of contamination from the glass nebulizer. Figure 4. Total number of detected negative ions measured on the
Pulsed delayed extraction was used to yield a narrow TOF peak.
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repeller plate as a function of the RbCl ion concentration (bottom scale)
or the total number of ions (top scale). Note that the total signal (linear

scale) increases by only a factor of 3.5 while the ion concentration

increases by 4 orders of magnitude. The inset shows the ion current
signals recorded on the operational amplifier.

collection efficiency for the high kinetic energy ions), and/or
the saturation of the multichannel plate detector.

To determine the origin of the signal saturation in Figure 3,
we collected the total ion current on the repeller plate using the
circuit in Figure 1. Because this plate is located only 1 cm from
the ionization region, all ions are collected, independent of their
kinetic energy. In addition, signal saturation is not an issue for
this detector. Figure 4 shows the resulting ion signal (linear

u scale) for various RbCI concentrations (log scale). The inset in
this figure shows the time profile of the ion current at the repeller
) following laser vaporization. The 1 cm flight path is not
RbCI concentration, M/L sufficient to resolve ion masses. However, negative ion mass
Figure 3. Integrated Rb and Nd signals as a function of the Rbcl ~ SPectra collected with &1 m drift region show that most of

concentration as measured on the multichannel plate detector at thethe negative ions are Cland CI(RbCIy. The particle diameter
end of a 1 nflight path. At low concentration, the signal rises linearly ~was kept constant for all of these measurements4afl um.

with the concentration. However, above a concentration af 20> While the concentration increases by 4 orders of magnitude,
M, thel Si?r;a'ds?‘t“raltez a”ddthe 2:9‘?_”5" de?r/eTet]ses- The solid "”es the number of ions collected at the repeller plate increases by
are carcuiated signais based on tne Langevinthomson 10n-recombina- y, 4 factor of 3. The total ion current in Figure 4 (linear scale)
tion model assuming a particle diameter ofts. closely follows the integrated ion signal in Figure 3 (log scale)
measured at the end ofell m flight tube by the MCP detectors,
implying that this saturation effect is a result of ieion
recombination, rather then the loss of high-kinetic energy ions

: n n or detector saturation. Note that the lack of mass analysis on
that are assigned tog9" (m'z19), Na' (m/223), and Na(HO) the repeller plate results in the measurement of the sum of the

(m/z 41) as well as the Rbpeak atm/_z 85. .The Rb signal RbCl and the impurity NaCl signals.
increases slowly as the salt concentration is increased by 4 orders Because we have measured the total ion current coming from

pf magnitude. It is intgresting to note.that clusters become a single 4.1um droplet, it is straightforward to compare the
important only at the higher concentrations. corresponding number of ions with the known number of ions
The integrated areas of the impurity signal and the rubidium in the solution. A 4.1um diameter droplet (3.6« 10714 L),
ion peaks are shown in Figure 3. This clearly shows that, at with concentration of 3.2 10~ M RbCl, contains 7.0x 1(°
low Rb* concentration, the observed Rbignal increases in  Rb* ions. At this concentration the measured number of ions
proportion to its concentration, while the Nampurity signal is 7.5 x 10F, which is within the experimental uncertainty of
remains constant. However, at concentrations aboxel® > the expected value. At higher concentrations the percentage of
M RbCI, the N& signal decreases (even though its concentration detected ions rapidly falls from 100% to 0.03%.
remains constant), and the Risignal begins to level off, or lon Recombination Model. In this section, we apply the
saturate. The implication is that the collection efficiencies for theory of ion recombination as outlined by L8&and Brown?2?
both the impurity N& and the Rb are decreasing over thision  to aid in understanding the above data. In the high-density
concentration range. In fact, the Naignal gives a direct  regime, Langevi? showed that the recombination rate is limited
measure of the collection efficiency. The reduced collection by diffusion and is thus inversely proportional to the pressure.
efficiency could be the result of a number of factors, including In the low-density region, Thomséhdemonstrated that the
ion—ion recombination, Coulomb explosion (which reduces the recombination is limited by the three body collisions rate,

Integrated Signal, arb. units

107 +—rrreem
107

1x10° 10° 10"

or ethylene glycol particles, presumably originating from the
glass nebulizer used to generate the particles. At the lowest RbCI
concentration of 3.2« 107> M, we see some low mass ions
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making it proportional to the total gas density. As a result, the 2410
recombination rate passes through a maximum as the gas density a) ;
increases. 3

In applying this model to the laser-induced vaporization of
an aerosol droplet, we need to account for the rapidly varying 1x10™3
gas density resulting from the expansion of the gas cloud. The
simplest model for droplet evaporation assumes that the droplet
is instantly vaporized upon IR laser irradiation and that the vapor
cloud expands at the velocity of sound. Thus, we ignore the
CO;, laser pulse width of about 300 ns. We also assume that
the density of vapor and ions within the cloud is uniform during ™ oe
this expansion. It is possible to take into account the radial 108-5109 b)
dependence of the gas density using a model described by 3
Zeldovich and Raizefs although this would increase calculation

7]
time and it is not justified within accuracy of our model. The 10 i 10
temperature of the gas cloud was assumed to be constant atg ] 10°
2000 K during the free expansion into the vacuum. This 3 10°+ Ox

temperature is consistent with previous measurements of the s
translational temperature for other rapidly vaporized aerosol s 10
particles?® An accurate temporal variation of the translational 1009 — T~
temperature is not readily determined. As will become clear, )
the bulk of the ior-ion recombination takes place within 10
ns, while the gas density drops by a factor of about 100. If we
assume isentropic adiabatic cooling and a calculated ethyleneFigure 5. (a) Recombination coefficientq, and the neutral gas
glycol heat capacity G at 2000 K) of 207 J/(mol K), the concentration as a function of time. The gas density is given in units
of bar at room temperature. (b) Calculated number of ions in the vapor
calculated temperature would decrease from 2000 to 1660 K, ¢jo,q hased on the Langevin/Thomson ion-recombination model as a
or a change of about 17%. On the other hand, if we were to function of time after vaporization of the &m aerosol droplet. The
relax the assumption of an infinitely short laser pulse, we would final ion concentrations after 20 ns are plotted in Figure 3.
have to include laser heating of the gas during the expansion.
Given these uncertainties, a constant temperature assumption According to the Langevin model, in the high-pressure
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is appropriate. regime,a is given by
The assumption of instantaneous solvent loss is partly justified e
by power dependent studies and the use of various solvents. a= E—(,u+ +u_) 4
0

Whereas low laser powers used to evaporate aqueous ion
droplets result in broad distributions of solvated ions, no such
clusters are observed with an ethylene glycol solvent.

lon—ion recombination can be described by the following
kinetic equations:

whereu+ andu— are the mobilities of the positive and negative
ions, respectively. The mobilities, and therefore the recombina-
tion rates, are inversely proportional to the neutral gas density
in this pressure regime. The ion mobility, for a polarization
interaction potential at 1 atm pressure in the low-temperature

dC, dC_ dc, i ;
+_ =-aC,C. and —=-aC? (1) limit has been evaluated by McDaniel and MaSoes
dt dt dt
_ 13.87
—c. = - , = (5)
where C. = C; = C; are the concentrations of the negative /Omer

and positive ions (assumed to be equal) ang the recombina-
tion coefficient, which is a complicated function of the neutral whereu is in units of cn¥/(V s), o, is the polarizability of gas
gas density. According to the low-pressure Thomson madel, molecules in & (5.7 A® for ethylene glycol) andmn is the
is proportional to the gas concentration (see Figure 5). The reduced mass of the ion and gas molecule in amu. We ignore
functional form at low pressures is the temperature dependence of the mobility, which is a function
of the repulsive interaction potentials and does not vary by more
2d than a factor of 2 over a broad temperature rafige.
o= ”dozv U+2 + U—zf(TO), with  dy = 4%—16%- (2) The important aspects of ietion IDrecombinatign are the
0 following. As two ions of opposite charges approach one
another, their kinetic energy increases. However, if one of the
ions collides with a neutral gas molecule, it will lose part of its

v+ andv- are the thermal velocities of positive and negative |inetic energy. In the Thomson model, the energy following a
ions, respectivelyd, is defined as the distance between ions of collision is assumed to revert to the average enefi.

opposite charge at which the potential enegjdo, is equal to Recombination occurs when the kinetic energy of the ion after
their relative kinetic energy?/>kT. The functionf, is given by 3 collision with the neutral gas molecule is less than its potential
energy €4r) with respect to the nearest ion of opposite charge.

wheree is the electronic chargé, is the mean free path, and

f=2w—w (©) At low pressures, the limiting step for ion recombination is the
2d rate of collisions between the ions and neutral molecules, when
o 2 —X o 0 . . . . P
w=1-S(1-e*x+1) and x=— the distance between the two ions is less tdarin this limit,
X A the recombination coefficient is proportional to the pressure.
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As pressure increases, the probability of a collision occurring

when the ions are within a distance df increases and n 3-2x10’jM
approaches unity, and the recombination coefficient approaches : ¢ 32x10 M
its maximum value. At higher pressures, the ion kinetic energy A 32x 10'2 M
is no longer an issue, and the limiting step of recombination . v 32x10°M
becomes the diffusion of the ion. In this region, the recombina- ¢ 32x10"M

tion coefficient is inversely proportional to the gas pressure.
The kinetic eq 1 was solved numerically using 100 ps time
steps up to a total time of 300 ns, at which point the gas cloud
has a diameter of about 600m. The calculations were
performed for a particle diameter ofBn with various RbCl
and NaCl concentrations. The variationeofluring the course
of expansion is shown in Figure 5a. At the moment of
vaporization, the gas density is equivalent to a fluid at about
1000 bar, which diminishes within 300 ns by 6 orders of
magnitude.a reaches its maximum value after about 7 ns, at

J. Phys. Chem. A, Vol. 107, No. 50, 200B1249

Integrated signal, arb. units

lon time of flight, us

which point the gas density is equivalent to a room-temperature Figure 6. Integrated ion signal detected at the end of the 15 cm long
pressure of 25 bar. Figure 5b shows the surviving number of TOF tube as a function of the total ion TOF, which was varied by
ions for various ion concentrations as a function of time after changing the extraction and drift voltages for various ion concentrations.

the CQ laser vaporization pulse. It is evident that, independent
of the initial ion concentration, recombination takes place during

The decreasing signal as the flight time is increased is attributed to ion
translational energy. Note that all detector signals peak at the same
ion flight time, independent of initial ion concentration, which indicates

the first 20 ns, after which the ion and neutral gas densities are g they have the same transverse translational energy.

sufficiently low to prevent further recombination. During these

first 20 ns, the diameter of the vapor cloud increases by a factor term of the velocity of the vapor cloud expansiap the initial

of about 8, corresponding to a 500-fold decrease in the gasgas densityc,, the gas density when reaches its maximum
density. The maximum recombination rate can be determinedc, .~ and the initial droplet diametedo, resulting in a final

from the maximum slope in Figure 5b, which occurs at roughly
7 ns. It is most significant that for the high ion concentrations,
the final ion count £1.2 x 10f) does not depend on the initial

ion concentration and is rather close to the experimentally
determined value. A more detailed model is not presently

justified given that the exact temperature of the laser heated

gas plume is not known. In fact, previous studies in our

ion countN; given by

Co

_ (
amax CO. max

N

2/3
) Dj (7)

This equation yields the limiting number of surviving ions

laboratory have suggested that the translational energy distribu-in the high ion concentration limit. For the case of au

tion of the expanding gas, resulting from high-power laser
evaporation, is non-Boltzmartf.

diameter droplet, this number is 22410°. The measured final
number of ions for this size droplet is abou210° ions. More

signal level (remaining ions) as a function of the RbCI
concentration in Figure 3. The calculation was normalized to
the data at a RbCI concentration of<2102 M. Varying the
assumed temperature from 2000 to 2400 K had little effect on
the calculated results.

ions is proportional to the square of the particle diameter.
Although this equation is very approximate, the results for
different particle diameters (presented later) are within a factor
of 2 consistent with this prediction.

lon Kinetic Energy. The combination of the repeller experi-

Because the final number of gas-phase ions is independentme”t and the excellent agreement between the predictions of

of the initial ion concentration in solution in the limit of high

ion concentration, it should be possible to derive an equation

that yields this final ion count without solving the kinetic
equations numerically. If we assume thats constant in time
(i.e., independent of the gas density), the solution to eq 1
becomes

. 0
Ct) = T+ Cuat (6)

where G is the initial ion concentration. For high initial ion
concentrations, &t >1 and C(t) is proportional to(at)™2,
which is indeed independent of the initial ion concentration. It
is evident from Figure 5, that the bulk of the recombination
takes place when is close to its maximum value so that its
value in eq 6 can be taken asay Which can be determined
from eq 2 withf = 1. The time in eq 6 represents the time
during which the bulk of the recombination takes place. This

the recombination model and the data in Figure 3 shows that
most of the signal loss can be attributed to ion recombination.
Nevertheless, it is still worth considering the effects of the
kinetic energy on the observed ion signal. The energy resulting
from Coulomb repulsion of similarly charged ions causes a
broadening of the ion TOF peak width. This provides a measure
of the energy along the TOF extraction axis. Alternatively, it is
also possible to obtain a measure of the initial ion translational
energies perpendicular to the ion extraction axis by varying the
ions’ flight time by changing the accelerating electric field and
the length of the drift tube. If ions are lost on the way to the
detector because of their high kinetic energy, decreasing the
flight time should reduce this loss. For example, a'Rbn
accelerated to 3 ke\hia 1 mflight tube will miss the 2.5 cm
multichannel plate detector if it possesses an original kinetic
energy greater than 0.3 eV. Reducing the length of the drift
tube to 15 cm reduces the ions’ flight time and thus increases
the maximum acceptable kinetic energy to 6 eV. Figure 6 shows
the ion signal as a function of the ion time-of-flight, in the 15

At can be estimated as the time required for the gas density tocm flight tube, the time being varied by changing the ion

drop by a factor of 2 from its value where is a maximum

acceleration voltage from 2 to 5 kV. In this series of measure-

(between 7 and 10 ns in Figure 5). We can express this time in ments, particle size was kept constant&.1 um. For flight
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Figure 7. Integrated ion signal detected at the end of the 15 cm long Integrated Repe"er Current’ VpS
TOF tube as a function of particle size for the same RbCl concentration
of 3 x 107 M. Note that the detector signals peak at different flight 61
times, as indicated by the arrows. —  KE~E 172 b)
> 1 ext
times less than 4.3s, it is evident that the ion signal levels o 4l -
off. This flight time corresponds to a velocity perpendicular to 3
the ion extraction axis of 3000 m/s and a kinetic energy of 3.8 o
+ 0.8 eV. Changes in the ion concentration had little effect on GC)
the derived kinetic energy. The maximum kinetic energies of o 2- a
the Na" ions (impurity) and the Rb(RbCf)cluster ions were b
also found to be in the range of 3.0 and 3.5 eV. It appears then £ "
that the kinetic energy is independent of the ion concentration i
or the ion mass for a constant particle size. o 04 =
If Coulomb explosion is the source of this ion kinetic energy,

one might think that increasing the ion concentration would 5 ¥ 5'0 ¥ 160 " 1éo " 260
increase the final kinetic energy. However, as shown in the

previous section, ion recombination reduces the initial ion Extraction field, V/cm

concentration within 20 ns, during which time the ions cannot _. . N .
ain significant ener In addition. during much of this time Figure 8. (a) lon translational energy for three particle sizes, obtained
g g ay- ’ g ' from data in Figure 7, as a function of the integrated repeller current.

the ion is surrounded by both negative and positive ions. Finally, The repeller current is a measure of the total number of ions detected.
the modeling shows that the final number of ions is independent The solid line, which goes through the origin point, is a quadratic

of the ion concentration above a concentration of about' 10 equation. (b) lon translational energy as a function of the extraction
M. Nevertheless, it is possible to vary the number of ions by field.

changing the particle size, keeping the ion concentration the i i N o
same since the fraction lost due to ion-recombination depends40 #m. However, at this point, the positive and negative ions
only on the initial ion concentration. On the other hand, @are stillinone cloud, as an overall neutral plasma held together
Coulomb repulsion, which is important only after the negative DY Coulombic forces between the negative and positive charges.
and positive ion clouds have separated and the vaporized particldf We assume that this cloud continues to expand at the sound
has reached a size of about 408, should increase with particle ~ Velocity, the positive and negative charges will separate
size because the total number of ions (after recombination) scales"Ompletely in the applied electric field when this field is larger
with the square of the diameter of the original particle. This than the Coulomb attraction of the positive and negative charges.
increase in the kinetic energy is shown in Figure 7, where the W€ can crudely estimate that these two spherical clouds are
integrated ion signal is plotted against the ion TOF. Here the COmpletely separated (see inset in Figure 8a) when the electric
onset of the plateau moves to shorter ion flight times as the field is just twice the Coulomb attraction field. That is

particle size increases. Figure 8a shows the derived kinetic Ne

energy as a function of the integrated repeller current, which is Ep=2—— (8)
a measure of the total number of ions. The RbCI concentra- 4 R

tion was held constant in these experiments at>3.2076 M.

For the three particle sizes, 3.2, 3.7, and A, the maxi-  whereEqy s the external applied electric fieltl,is the number

mum kinetic energies are 2.2, 3.7, and 5.5 eV, respectively. of positive and negative ions,is the electron charge, arlis

This trend indicates that larger Coulombic repulsive forces are the radius of the two clouds. For a droplet with= 10f ions

present in the larger particles, a direct result of the larger number (after recombination) and an applied electric field of 200 V/cm,

of ions in the larger droplets. The solid line in Figure 8a shows  the radius of the two spheres when they are completely separated

that the translational energy obtained from the Coulomb is calculated from eq 8 to be 4Qn.

repulsion increases as the square root of the number of ions in - To calculate the ion Coulomb repulsion energy, we suppose

the droplet. that the positive ions begin to repel each other only after the
The Langevin/Thomson ion-recombination model suggests positive and negative clouds are completely separated (as shown

that recombination stops after the particle reaches a size of aboutn Figure 8a), and we further assume that the presence of the
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3.0 — 11— RbCI™ scale very nicely withm~1/2, indicating that all of the
M/Z 17 ions have approximately the same initial kinetic energy.

" 2.51 Ent/hzy'?‘f;‘gs?'ym' Rb* Many MALDI studies have attributed the initial kinetic
€ 55l ’ energies of the resulting ions to matrix entrainment in the
= expanding neutral species after laser ablation. In these studies,
£ 5. the measured velocities of the neutrals are typically similar to
«© those of analytes, namely in the range of $Q000 m/s%:20
§ 1.0 The TOF spectrum in Figure 9 clearly shows that the initial
E=) velocity of the RB is not the result of entrainment in the rapidly
2 0.54 expanding cloud of neutral solvent. Rather, we ascribe it to
o Coulomb explosion.

0.0 It is apparent that the Rbvelocity and kinetic energy

6 7 8 9 10 11 12 13 14 15 16 17 determined from Figure 7 (3000 m/s and 318 0.8 eV,

. . respectively) are considerably lower than the velocity and energy
lon time of flight, us of the Rb" ions determine from the peak width (4200 m/s and

Figure 9. TOF mass spectrum of a RbCl in ethylene glycol droplet 7.7 eV). Because of the manner in which the negative and

obtained by IR vaporization of the droplet followed by ionization of positive ion clouds separate during the expansion process, there

the neutral gas species by a vacuum UV laser pulse. Note the broadig . ra a0 that the Coulomb forces should be the same in the
ion peaks arise from the IR laser evaporation while the narrow ethylene . | and torial directi In fact the diff b
glycol peaks were generated by the VUV laser after the particle had 8XIal and equatorial directions. In fact, the difrerence can be
expanded to a diameter of 1 mm. attributed to ion cloud interaction and it is confirmed by

computer simulation.
negative ion cloud has no effect on the positive ion final kinetic ~ Relationship to ESI and MALDI. As pointed out in the
energies. The final translational energy, found by integrating Introduction, a number of analytical experiments suffer from a

the Coulomb force from the radil® to o, is then given by similar lack of sensitivity as the analyte concentration is raised.
Is the ion-ion recombination mechanism proposed here re-
Ne NeE,, sponsib'le for this .effect in all of these studies? The answer is
KE[eV] = AR = B 9) not obvious, and it depends on a number of factors.
€ €0 Although electrospray ionization is similar to our aerosol

) ) ) ) particle IR vaporization process in that both involve micron size
where we have substituted the valuein eq 8. This equation  groplets and convert preexisting aqueous ions into gas phase
predicts that the final kinetic energy should be proportional to jons, there are some fundamental differences in the two
NY2 as found experimentally in Figure 8. Equation 9 also processes. The droplets in ESI are highly charged, are created
predicts a square root dependence of the ion energy on theat 1 atm pressure and slowly evaporate over the period of several
extraction field, a dependence that is also confirmed experi- hundred microseconds. In contrast, our droplets are rapidly
mentally in Figure 8b. The reason for the dependence on theyaporized into a vacuum in less than 100 ns. As the ESI droplets
electric field is that the greater the field, the smaller will be the ghrink by slow solvent evaporation, the solvated ions remain
separated ion clouds (see inset in Figure 8a) and thus the greatefy solution, in contrast to the ions in the present study that lose
the Coulomb repulsion. o their solvent essentially instantaneously. As a result, the ions

Kinetic Energy Measured by Peak Broadening.Figure 9 in the present study are lost by gas phase-iom recombina-
shows the TOF peak widths for the neutral species ionized with tion whereas in ESI the bulk of the ions remain in solution
the vacuum UV laser after the gas cloud has expanded as wellang precipitate out as the droplet becomes supersaturated. The
as the ion peak widths obtained when the IR laser alone jons observed in ESI are those that are ejected from the highly
vaporizes the ionic liquid droplet. Most of the narrow peaks charged surface. At low concentration essentially all of the

(35 ns) are assigned to ionization of the ethylene glycol solvent. solvated ions have a chance to reach the surface and eventually
On the other hand, the two broad peaks are ascribed to the ionsscape, but because of the limited surface area, this is not

that were “liberated” by the IR laser pulse. The%ak has possib|e at h|gher concentrations.
a width of 370 ns. The origins of the TOF scale for these two
classes of ions differ because the salt ions started their flight
with the firing of the CQ (IR) laser, whereas the ethylene glycol
ions started 2.4s later when the vacuum UV laser was fired.

The initial ion velocity,vo, can be determined from the peak
width by eq 10, in which theATOF is the difference in the
TOF between two ions with the same speed, but ejected in
opposite directions, namely toward and away from the ion
detector®

The mechanism for the production of ions in MALDI is quite
complex involving energy transfer from the matrix to the analyte
molecules, and the production of both ionic and neutral species.
Since the density of gas-phase ions (positive and negative) and
neutrals is large, iohion recombination must diminish the
number of ablated ions. A major difference between the aerosol
and MALDI experiments is in the measured ion kinetic energies.
In MALDI the ions are entrained in the expansion of the neutral
species so that all ions have the same velocity, whereas in our
aerosol experiment, the kinetic energy of the ions is determined
o= e, ATOF (10) by Coulomb explosion and is thus much higher than the kinetic

0 2m energy of the neutral species. This difference is probably a result
of the much greater mass of neutral species that are ablated in
wherem is the ion mass and the remaining variables are as the MALDI experiment. Our aerosol sample size is a sphere of
before. The calculated velocity of the ethylene glycol fragment only 2—5 um diameter, whereas in the MALDI experiment a
ions is 1000 m/s for both thevz 31 and 33 ions, which is  much larger volume of sample is ejected. This results in high
much less than the 4200 m/s for the'Ribns. In addition, the collision rates in the MALDI experiment and thus entrainment
initial velocity obtained from the TOF peaks of NeRb", and of the ions.
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Conclusions (4) Fenn, J. BJ. Am. Soc. Mass Spectro993 4, 524.
. . ) o . (5) Poth, L.; Castleman, A. Wl. Phys. Chem. A998 102 4075.
This study discusses the importance of-+aon interactions (6) Zook, D. R.; Bruins, A. PInt. J. Mass Spectromi997, 162, 129.

in laser desorption experiments. The experimental conditions ~ (7) Tang, L.; Kebarle, PAnal. Chem1995 65, 927. ,

are carefully controlled, using simple salt solutions of known Actég)ogo‘)z%?”ég?o”'os' T. L Jackson, G. S.; Enke, CAGal. Chim.

volumes in size-selected particles. High laser powers are used  (9) Schoolcraft, T. A.; Constable, G. S.; Zhigilei, L. V.; Garrison, B.

to ensure that the particles are completely vaporized. A total J. Anal. Chem200Q 72, 5143.

ion current detector provides a measure of the absolute number _(10) Yingling, Y. G.; Zhigilei, L. V.; Garrison, B. J.; Koubenakis, A.;
. . . ... _Labrakis, J.; Georgiou, Appl. Phys. Lett2001, 78, 1631.

of ions produced in the laser desorption process. The quantitative  (17) johnson, R. E. Models for matrix-assisted laser desorption and

application of the Langevin/Thomson theory for ion recombina- ionization: MALDI. In Large lons: Their Vaporization, Detection and

tion at various gas densities has positively identified-i@mn Structural AnalysisBaer, T., Ng, C. Y., Powis, I., Eds.; John Wiley &

recombination as the most important mechanism for signal loss So(nlsz:) (i/helftgiStirMiEc?gE;:rh122;&%%@5

in aerosol mass spectrometry. Both the experiment and the (13) Gluckmann, M.; Karas, M.. Mass Spectroni1999 34, 467.

model show that ion concentrations in excess of 307> M (14515)9E|3\/|an500ri, B. A.; Johnston, M. V.; Wexler, A. 8nal. Chem1996

are significantly depleted by ion recombination. For concentra- 68'(f5) Wattenberg, A.: Sobott, F.: Barth, H. D.: Brutschy,Bir. Mass

tions greater than 16 M, more than 99% of the ions are 10st  gpecirom1999 5, 71.

as a result of ion-recombination. The model predicts that the  (16) wattenberg, A.; Sobott, F.; Barth, H. D.; Brutschy Ii&. J. Mass

ion recombination proceeds for about 20 ns, at which time the Spectrom200Q 203 49.

. . - . (17) Sheffer, J. D.; Murray, K. KRapid Commun. Mass. Spectrosc.
aerosol particle (with an initial size of-#4 um) has been 1998 12 1685.

vaporized and the gas plume has reached a size of approximately (18) woods, E., Iil.; Smith, G. D.; Dessiaterik, Y.; Baer, T.; Miller, R.
40 um with an equivalent room-temperature pressure of about E. Anal. Chem2001, 73, 2317.

1 atm. At later times, corresponding to lower gas densities, the SCi(l'lg')eCIBIﬁ(’)l'j..f;BQZSIeg]Zaggépl J.; Kittelson, D. B.; McMurry, P. Kerosol
ions are no longer depleted by ion recombination. On the other ('20) Liu, P.. Ziemann, P. J.: Kittelson, D. B.: McMurry, P. Berosol

hand, once the plume of positive and negative ions are separatecci. Technol1995 22, 314.

(at a plume diameter of about 4Qn in our experiment), (21) Loeb, L. B.Basic Processes of gaseous electronigsiversity of
[ P, L : California Press: Berkeley and Los Angeles, CA, 1955.
Coylomb repulsion imparts S|gn'|f|can.t kinetic energy to the ions, (22) Brown. S. CBasic Data of Plasma Physicdohn Wiley & sons:
which may further reduce the ion signal. New York, 1959.
(23) Langevin, PAnn._Chim. Phys1903 28, 433.
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