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The kinetics of guest ion formation in matrix-assisted laser desorption ionization was studied for substance
P and insulin from 2,5-dihydroxybenzoic acid (DHB);cyano-4-hydroxycinnamic acid (CHCA), 9-an-
thracenecarboxylic acid (9-ACA), and sinapinic acid (SA) matrixes. The results show two very different
responses. Although guest ion yields from DHB and SA follow a simple fast exponential decay (with decay
times of 4.3+ 0.7 ns and 4.6 0.8 ns, respectively), the ions from the other two matrixes show extended
maxima (at 6.1 ns for CHCA and 3.2 ns for 9-ACA) with only a moderate decline in their yield. Possible
explanations for the fast exponential decay include the relaxation of electronically and/or vibrationally excited
matrix precursors for DHB and SA. The explanation of extended maxima in the case of 9-ACA and especially
CHCA can be based on competition for the protons between matrix and guest species. CHCA has significantly
lower proton affinity than SA, thus, resulting in lower deprotonation rates for guest ions. There is, however,
an alternative explanation. As long as the matrix surface temperature exceeds the sublimation temperature,
there is sufficient vaporization to sustain a dense MALDI plume and facilitate guest ionization.

Introduction In this mechanism, polarization forces lead to a reduction in

In recent years, matrix-assisted desorption ionization the activation barrier of the proton-transfer reaction.
(MALDI) has rapidly evolved from a novel and obscure To account for commonly observed protonated guest mol-
technique to a common application that is considered routine €cules several potential reactions have been proposed: the
by researchers in various fields. Due to sustained efforts of excited-state proton transfer (ESPT) between the excited matrix
multiple research groups, it continues to provide unique analyti- molecule and neutral guest moleckrfé jon—molecule reactions
cal data for diverse classes of bio- and synthetic polymers. The between matrix radical cations and the gdestatrix cation to
origin of ions produced by MALDI, however, continues to be guest proton transfér,protonated matrix to guest proton
the subject of scientific debateThe complexity of MALDI transfet®!and intracluster proton transfét!3
stems from the fact that it is the result of several simultaneous In another set of models, the energy deficit is made up by
and consecutive processes occurring during a vigorous phasehermal or cooperative effects. In the photothermal model, the
transition initiated by the laser pulse. Although the focus of thermal activation of the matrix is a prerequisite to obtain a
mechanistic studies into MALDI has been to provide an photoionized molecule. This may be a relatively efficient process
explanation for guest ion formation, it is equally important to  since in the expanding plume matrix molecules acquire a mean
understand the production of other species, e.g., matrix ions.translational energy close to half of an 2\VDue to the
In most of the proposed models, these two processes aregeneration of highly mobile excited states in the matrix, the

intimately coupled. solid-state pooling of excitons is possible and can supply the
Typical polar organic molecules used as MALDI matrixes energy necessary for ionizatiéf.

have ionization potentials (IP) in the-® eV range? Because

the total energy in two 337 nm quanta £ 3.68 eV= 7.36

eV) is below the IP of the matrix molecules in the gas phase,
the energy deficit for matrix photoionization has to be accounted
for. One set of potential explanations is based on IP-lowering
effects. According to an early model, photoionization can take
place only in the solid phase where the IP is lowered by 1 to
1.5 eV due to polarization forces. The same forces are invoked
to explain the red shift in the absorption band of matrix
molecules in crystalline film3.In the polar fluid model, the
production of protonated guest molecules is explained by the
solvating effect of the overheated fluid matrix, present before
substantial plume expansion takes pladde guest molecules
are immersed into this environment and guest ions are produce
by proton-transfer reactions facilitated by solvent polarization.

By following the kinetics of ion production for the various
species, it is possible to reduce the number of potential
explanations. Both matrix and guest ionization, as well as plume
expansion occur on the ps to ns time scale. Most of these events
are over in less than 50 ns. Thus, it is desirable to monitor the
kinetics of ion formation within the same time frame. Pump
probe experiments are widely used to study fast reactions and
relaxation processes with up te10 fs time resolution. In an
earlier study, we used two laser pulses from nitrogen lasers to
study guest ion formationkinetics on the ns time scale.
Although it was clear that in most cases the guest ion yield did
not follow a simple exponential decay, due to significant jitter
d)etween the pump and probe pulses it was difficult to discern
the functional form of the time dependence of the ion yield. In

a similar study, we utilized a mode-locked Nd:YAG laser and
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M2 . 25 mm diameter MCP, Galileo, Sturbridge, MA) was used to
H------ ] detect ions. The time-of-flight spectra were recordgéli GHz
digital oscilloscope (Model 9370M, LeCroy Corporation, Chest-
: nut Ridge, NY) triggered by a fast photodiode. Data were
MM | transferred to a PC and averaged with the help of a custom-

-2 ——- /-] made data acquisition package (TOFWARE, llys Software,
FL  BS Pittsburgh, PA). The resolution of the mass spectrometer was
P | measured to be~400 (fwhm) and was high enough to
distinguish sodiated and protonated guest ions. A CCD camera
TOF-MS . .
attached to a long-distance microscope (LDM) was used to
CCD

monitor the position of the laser spots on the sample and to aid

Figure 1. Schematic layout of the MALDI pumpprobe experiments. N the alignment procedure.
The system components included: beam splitters (BS1 and BS2), Pump—Probe Arrangement.Laser radiation from a nitrogen
mirrors (M1 and M2), iris apertures (AP1 and AP2), retroreflector (RR), |aser (VSL-337ND, Laser Science, Newton MA) with 3.5 ns

variable attenuator (VA), step filter (SF), flip mirror (FM), joulemeter pulse width was split into two beams, direct and delayed, with

(JM), photodiode (PD), focusing lens (FL), laser (L), time-of-flight mass . .
spectrometer (TOF-MS), solid insertion probe (P) and aligning camera a 50% beam splitter. A step filter was used to attenuate the

(CCD). The delay time between the direct and delayed pulses was direct beam. The proper attenuation was determined experi-
changed by translating the retroreflector along the beam axis. mentally for each matrix-guest mixture to obtain irradiances at
the sample below the threshold value for ion generation. To
function of delay time were obvious, the substantial scatter in provide stable propagation directions of the direct and delayed
the data did not permit us to establish a functional relationship. beams for different positions of the retroreflector, two iris
Hydrodynamic calculations describe the MALDI plume as apertures were used. The position of the 2.2 mm diameter first
an expanding system with two distinct reginiésn the first aperture (AP1) was chosen to provide relatively flat laser
regime the surface temperatuiB,, of the sample is lower intensity distribution in the focal plane. To determine the radial
than the phase transition (in most cases sublimation) tempera-ntensity distribution, the diameter of the aperture was varied
ture, Tsupe During this regime, there is negligible material from 0.6 to 2.2 mm in steps of 0.2 mm, and the transmitted
transport across the interface and only a hot spot is created orpulse energy was measured by a pyroelectric joulemeter (J4
the sample surface. In the second regirigy{ > Tsup), @ 05, Molectron Detector, Portland, OR). The energy was found
significant stream of material enters the plume. These two to be directly proportional to the iris area with an accuracy of
regimes are present during the laser-heating phase and in reverse-5%, which was indicative of a flat laser intensity distribution.
order they are also active after the end of the laser pulse. In The maximum time delay between direct and delayed pulses
other words, the material balance of the plume changes corresponded to a difference in travel distance-6f2 m. Due
dramatically following the laser pulse as the temperature of the to its low divergence (0.3 mrad), the laser beam in the delayed
cooling surface drops beloWsu, This transition marks the  channel carried sufficient energy to bring about the formation
beginning of plume detachment from the surface. For our of guest ions. The direct and delayed beams were merged near
purposes, we can also use this as a demarcation point betweefhe entrance window of the mass spectrometer by a second 50%
dense plume and rarified plume. lon production in a detached beam splitter. The combined beam was focused onto the probe
(rarified) plume is significantly different from ion production  surface with a 25 cm focal length lens. To facilitate measuring
in a quasi-stationary plume that is supported by a continuous the pulse energy in either beam, a flipper mount (New Focus,

evaporation from the solid sample (dense plume). Depending Santa Clara, CA) with a turning mirror was placed in front of
on the mechanism of ion production, this transition may lead the focusing lens.

to a dramatic change in the ion yield. Model calculations showed 11,4 optical delay line provided variable time separation
that the dense plume phase extended beyond the duration o
the laser pulsé’ We expect to see the effect of the dense to (Melles Griot, Irvine, CA) was moved along an optical rail

rarified plume transition on the time-resolved ion yield signal. (Thorlabs Inc, Newton, NJ) to provide high accuracy delay times
The objective of the current study was to obtain more reliable \onveen 0.25 ns and 17.2 ns. At different positions of the

data on the ns time scale kinetics of guest ionization. This Was o oreflector, the laser intensity distribution on the AP2 aperture
achieved by the accurate control_of .the delay time betwee_n the(1.8 mm diameter) was defined by the beam walkout and by
pump a'nd probg pulseg and by significantly re'ducmg th.e. signal g, divergence of the laser beam. The walkout was attributed
fluctuatlo_ns by Improving ;ample_ h(_)mogenelty. SpeC|f|ca_||y, to parallel displacement of the laser beam due to the inevitable
we were interested in ion yield variations up to 20ns foIIovv_mg warp of the optical rail. To compensate this effect, the center
the Ia§er pulse. Here, we report the kme’glcs qf MALDI ion ¢ the jaser spot was aligned with the center of the aperture by
formation for protonated sub;‘,tance P and insulin from several fine adjustment of the M2 mirror (see Figure 1). Because of
commonly used MALDI matrixes. finite laser beam divergence, the laser energy after the second
aperture was a function of the retroreflector position. To
compensate for this effect, a variable attenuator {3®RT,
TOF Mass Spectrometer. The schematic layout of the  Newport, Fountain Valley, CA) was incorporated into the delay
instrument used for the MALDI pumpprobe studies is shown  line. By adjusting the attenuator at different positions of the
in Figure 1. lons were formed by pulsed laser irradiation of a retroreflector, the laser pulse that passed through the AP2
guest-doped matrix layer deposited on a stainless steel probeaperture was kept at constant energh2(65%). The distances
The ions were accelerated to 28.0 keV kinetic energy by the of apertures AP1 and AP2 from the BS2 beam splitter were
ion extraction system and mass separated in a 2.1m-long linearchosen equal. By selecting a slightly smaller diameter for the
time-of-flight (TOF) mass spectrometer (Comstock Inc., Oak delayed beam, it was possible to minimize the effect of
Ridge, TN). A microchannel plate transducer (dual assembly, unavoidable beam walking on the overlap of the two beams.

between the direct and delayed laser pulses. A retroreflector

Experimental Section
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preparation method was replaced by electrospray (ES) deposi-
tion. To obtain a matrix solution suitable for ES deposition,
100 uL of the saturated matrix solution was mixed with 300
uL of methanol. To prepare the mixture for electrospray
deposition, 10Q.L of the peptide solution was mixed with 400
uL of the matrix solution. Finally, an electrically isolated syringe
was filled with this mixture to deliver a constant flow at a rate
of 20 uL/min using a syringe pump. To generate a high
throughput electrospray, a stabilized 6.0 kV DC voltage (230
10R, Bertran, Hicksville, NY) was applied to the syringe needle
(Type 90584, i.d= 0.150 mm, Hamilton Company, Reno, NV).
Approximately 5uL of the sample solution was ES deposited

_ on the flat part of the grounded stainless steel probe (5 mm
0- 10 diameter).

Data Collection. Data were collected by averaging single-
shot spectra for chosen delay and pulse energy settings. The
summed spectrum was obtained adding 2800 individual
spectra at a repetition rate of 1 Hz. The ion yield was obtained
by integrating the area of the singly charged peptide peak. No
ions with higher charge were observed in this study. The probe
was continuously rotated to provide fresh sample surface for
every laser shot.

The dependence of the ion yield on laser energy was obtained
for each guest/matrix mixture before determining the spectra
at different delays. This helped us to find the energy setting
necessary to keep the individual pulses below the threshold for
MALDI ion generation. By definition, at threshold energy
MALDI signal was produced in~50% of the laser shots with
an amplitude at least three times over the background noise.

Intensity (arb. units)
-
=2
=
1

Intensity (arb. units)

Results and Discussion

The difficulties of determining MALDI ion yields are mainly
related to the very high degree of sample inhomogeneity. Upon
scanning a dried droplet sample surface with the laser, the ion
yields can vary by a factor of 2 to three. Because ES deposition
significantly diminished these variatiof&it becomes possible
Figure 2. Laser intensity distributions across a/a single pulse and b/the to unamblguously observe the Qhanges in the yield of the
two well aligned overlapping pulses near the surface of the sample. MALDI ions caused by changes in laser parameters. Despite
One of the pulses is apertured to fit inside the focal spot of the other the fact that even with ES deposited samples shot-to-shot
pulse to minimize the potential effect of beam walking. variations could reach 30 to 50%, averagin$j00 mass spectra

taken from spots across the sample gave consistent results.
The quality of the beam alignment was examined by inspecting  The direct and delayed pulse irradiances had to be below the
the merged beam cross section right after the BS2 beam splitterion generation threshold. To accurately set these irradiance
and at~2 m. For a final alignment check, the images of the values, the guest ion yieltfy, had to be measured as a function
laser spots on the probe surface were taken by a CCD cameraf the laser pulse energyE. Figure 3 demonstrates the
for the delayed, direct, and merged laser beams (see, Figure 2)dependence of the ion yield of protonated guest ions (insulin
The elliptical laser spot on the sample had major and minor or substance P) on laser energy. The experiments were
axes of~300um and~200um, respectively. Typical integral  performed for four different guest/matrix mixtures: insulin in
fluences used for MALDI of the different matrixes were in the SA and substance P in CHCA, DHB and 9-ACA. The ion yield
range of 206-800 J/n?. was obtained by determining the peak area in a window

Sample Preparation.Three of the matrixes, 2,5-dihydroxy-  positioned around the time-of-flight of the guest ions. The laser
benzoic acid (DHB)g-cyano-4-hydroxycinnamic acid (CHCA), energy dependence of the ion yield showed the familiar power
and 9-anthracenecarboxylic acid (9-ACA), as well as the bovine law, Yy O EP,'° with the exponents in the 5.8 p < 7.4 range
insulin and substance P guest species were obtained from Sigmgsee the caption of Figure 3). An upper limit for the threshold
(St. Louis, MO). Sinapinic acid (SA) was obtained from Aldrich laser energy for MALDI ion generatioii,,, was measured for
Chemical Co (Milwaukee, WI). The saturated matrix solutions all four matrix/guest mixtures. Since in the pumprobe
were prepared fresh daily in 7:3 (v/v) mixture of acetonitrile experiments only~0.7 x Eg, pulse energy was used, it was
(HPLC grade from Fisher Scientific, Fair Lawn, NJ) and sufficient to determine the upper limit for the threshold.
deionized water (18.2 K2 xcm). The 1x 10~* M bovine insulin Itis interesting to notice that the CHCA based system shows
and 2x 10~ M substance P solutions were prepared in 0.1% significantly lower threshold and substantially higher ion yields
trifluoroacetic acid (TFA) (reagent grade from Aldrich, Mil-  than the systems based on the other matrixes. This behavior is
waukee, WI). in agreement with our earlier observations for the relative guest

Significant improvement in MALDI signal quality and ion yield of glycine homologues, Glyin various matrixe$.In
reproducibility was observed when the dried droplet sample that study, the ion yields, significantly higher in CHCA than in
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of laser energy® substance P in CHCA = 5.0+ 0.4; a insulin in
SA, p = 7.4+ 0.9; B substance P in DHB = 6.1 £ 0.6 andO

substance P in 9-ACA = 5.8 + 0.4). 20
SA, were attributed to the markedly lower proton affinity (PA)

of the CHCA (183+ 2 kcal/mol) compared to that of SA (204 151 -
+ 4 kcal/mol)2° One could argue that proton transfer from the I M ]
ground state of the protonated CHCA to the guest molecule

occurred more readily than from the protonated SA due to the

~21 kcal/mol advantage in the PA balance.

Figure 4a demonstrates the delay time dependence of the 5| -
guest ion yield for two mixtures: insulin in sinapinic acid (SA)
and substance P in DHB. The curves for these mixtures were o . . . . ‘ . . ‘
found to follow exponential decay with characteristic times 4.3 0 5 10 15 20
+ 0.7 ns for substance P in DHB and 4+60.8 ns for insulin
in SA. The decay curves for the rest of the guest/matrix mixtures Figure 4. (a)Yield of guest ions for insulin in sinapinic acid) and

are ShO.Wﬂ .|n Flgurg 4b. It is clear that the m"’.‘lor feature,Of substance P in DHBEN) as a function of delay time between the pump
curves in Figure 4b is the extended domain of ion production anq the probe laser pulses. A simple exponential decay can be modeled
at intermediate delays. The width of this domain was found to as first-order kinetics in both cases. The decay times arel.3+ 0.7

be approximately 5 ns for substance P in 9-ACA and at least ns for substance P in DHB and= 4.6 + 0.8 ns for insulin in SA.
14 ns for substance P in CHCA. The simplest model for this (P)Yield of guest ions for substance P in CHC@)(and in 9-ACA
type ofanetc bhavir i hased on wo consecuive reactons (). a5 bl clte iy, e U s e e
(see the analys_ls later). In all cases, the_ d_rop N guest S"gnalorder reactions withr; = 31 ns andr» =p5.6 ns for CHCA and; =
was accompanied by a reduction of matrix ion yield. 7.0 ns andr, = 3.0 ns for 9-ACA (see text).

There are two nonkinetic factors to consider for the explana-
tion of the ion yield curves in Figure 4a. First, the time resolution resulting in precursor concentration changes. Given the time
of the experiment is limited by the length of the laser pulse resolution of our system, we expect to be able to distinguish
(3.5 ns). Thus, processes with characteristic times below 3.5 nshetween processes occurring in the dense plurag & Tsub)
are not accessible with the nitrogen laser. Even the two and rarified plumeTsus < Tsub). How fast after the end of the
exponential decay curves in Figure 4a=t 4.3 + 0.7 ns for laser pulse this transition occurs depends on the dynamics of
substance P in DHB and= 4.6 £ 0.8 ns for insulin in SA) heat dissipation. Both heat conduction toward the bulk of the
are considered borderline cases. The decay can be explainedample and evaporative cooling at the surface help the temper-
by the relaxation of the excited matrix molecules, as well as by ature to drop. The key material parameters determining how
the diminishing overlap between the two laser pulses. In the fast the transition takes place are the thermal conductivity of
case of DHB, fluorescence data suggesksns relaxation time the sample and the heat of vaporization of the matrix. In case
for the excited stafé but our ion yield data obtained at 30 ps of SA and DHB (Figure 4a), the dense plume ceases to exist at
time resolutio”® indicates a faster and more complex decay. the end of the laser pulse or its presence is not the rate-limiting

The second effect is present because the ionization processefactor in producing the guest ions. This scenario could be
in a MALDI plume occur in an expanding environment. consistent with the ESPT mechanism.
Hydrodynamic calculations show that during the first 10 nsthe  Due to the expanding plume environment, studying the delay
plume expands to a distance o8 um from the surface and time dependence of the ion yield for matrix and guest ions gives
due to the continuous supply of material from the solid the insight into the relative importance of processes occurring in
plume density remains close to the condensed phase value (densthe condensed phase, in the dense and in the rarified plume
plume)!” By 100 ns, the plume detaches from the surface, it (see Figure 5). Subnanosecond changes in the ion yield correlate
expands to~60 um and its density drops te-1/10-th of the with condensed phase phenomena (e.g., exciton pooling, phase
solid-phase value (rarified plume). Thus, ion yield changes transition). According to molecular dynamics calculations, a
during the first~10 ns stem mostly from the kinetics of phase transition occurs at60 ps after the start of the laser
ionization and only to a lesser degree from the volume changesheating?! lon yield variations betweer1 ns and~10 ns can

lon yield (arb. units)

Delay time (ns)
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Figure 5. lon yield kinetics are shown for different ion formation mechanisms in an expanding plume. lonization from an excited state (top left),

cluster ionization in the dense plume (top right), gas-phase ionization from a metastable state (bottom right) and ionization via excitongooling an
clusters (bottom left) can be distinguished.

be linked to processes in the dense plume, whereas changes oion yield of Gly, (n = 1 to 6)? In searching for an explanation,
longer time scales>10 ns) are primarily due to events in the one needs to consider the length of the dense plume regime
expanded plume. and the competition for the proton between the guest and the
Measuring the delay time dependence of the ion yield matrix species.
provides information on the production mechanism. Figure 5 Let us assume that the guest ions are formed relatively fast,
shows four examples of ion yield kinetics and their possible i.e., simultaneously with the laser excitation, and lift off the
interpretation. The top left panel shows direct ionization from surface with the expanding plume. Because the desorption
an excited state with a single relaxation time for the excited threshold for the matrix is much lower, the desorbed guest ions
state. The top right panel describes the ion production in the move through the dense gas of neutrals, experience multiple
case when ions are formed in the dense plume possibly mediatedtollisions, and, thus, gain temperature. The longer the dense
by clusters. Clearly, in this case, the maximum ion yield is plume regime lasts, the more stretched is the plume. Thus,
observed during the existence of the dense plume. A moreduring their travel with the dense plume, the guest ions can
complex mechanism is apparent in the bottom left panel. In lose the proton to other species. The rate of deprotonation is a
this case, both condensed phase processes (e.g., exciton poolingunction of temperature, density and proton affinities of both
and plume reactions are important. The bottom right panel the guest and the matrix. The dynamics of deprotonation may
depicts a situation when a metastabile state and gas-phasée complex. As a first approximation, we can assume that the
ionization are not negligible. temperature of the top layers for each matrix is similar, and so
To find a simple fit for the ion yield data in Figure 4b, an is the plume density. The removal of proton donors (protonated
exponential decay curve was selected consistent with theguestions) from the plume is then governed by proton affinities

assumption of two consecutive reactions of the proton acceptor species. Because the rate of proton loss
is proportional to the number of collisions with proton acceptors
Yq= Ale’”Il - Aze’”r2 per unit length traveled by the guest ions, the ion yield will
decay exponentially with the traveled distance. Therefore, with
wheret is the delay timeA; andA; are the amplitudes and the longer dense plume regimes resulting in more stretched

andr; are the characteristic times of the reactions. As it is seen plumes, the probability of guest ion survival follows an

in Figure 4b, good fit can be found for both sets of ion yield exponential decay, with the exponent dependent on the PA of

data. For substance P in 9-ACA = 7.0 ns andrz = 3.0 ns, matrix.

whereas for substance P in CHGA= 31 ns andr, = 5.6 ns. In this scenario, CHCA, the matrix with the lowest PA,
Inspecting Figure 4, it is quite clear that the kinetics of guest presents possibilities for the guest ions to lose their proton to

ion formation in CHCA is significantly different from other the neutral matrix molecules. This may be the reason the

matrixes such as 9-ACA and especially SA and DHB. Similar protonated substance P is observable at longer delays in CHCA

anomalies were observed for CHCA in the guest ion yield as a matrix. Eventually, when the delay is too long, the excitation

function of laser pulse energy (see Figure 3) and in the relative of the top sample layer drops by the time of the second pulse
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