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Abstract

Gas-phase thermochemical data on matrix-assisted laser desorption/ionization (MALDI) matrix species were used to ¢
culate the energetics of possible proton transfer reactions. These were investigated for the MALDI matrices 2,4,6-trihydrox
acetophenone and sinapic acid, with the tripeptide glycyl—-glycyl-histidine as analyte. MALDI proton transfer product ior
distributions were found to be predicted by the energetics of possible secondary ion—molecule reactions, at all laser fluen
sufficient to generate a dense plume. Near the ion generation fluence threshold, the mass spectra deviate from the therm
namic predictions. This shows that the MALDI plume exhibits both thermodynamically and kinetically controlled regimes,
depending on desorption conditions. Possible thermal ground state proton transfer primary ionization pathways were a
considered, and found to be inconsistent with the data.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: MALDI; lonization; Gas-phase basicity; Proton transfer reactions; Thermochemistry

1. Introduction that, with deeper understanding, MALDI can be ra-
tionally and systematically developed, and that the
Matrix-assisted laser desorption/ionization (MAL- outcome of MALDI experiments can be predicted
DI) [1-3] has become an indispensable tool for and planned. Practical consequences could be greater
biomolecular analysis, and the mechanisms by which sensitivity, wider applicability, better reproducibility,
both the primary and the final, observed ions form and possibly quantitative measurements.

are currently of much intere§—9]. The hope is As recently described10], MALDI ionization
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are not the subject of the present study. The primary conditions, complete suppression of all matrix ions
steps may differ significantly for infrared and ultravi- in the mass spectrum can be observed. This “matrix
olet desorption/ionization. suppression effect,” has been studied in some de-
Secondary steps are any subsequent ion—moleculetail [7,26—28] Because MALDI plume density and
reactions that convert the initial charged species to therefore the number of collisions can be expected to
the ions that are observed at the detector. These mayincrease with increasing laser fluence, the effect of
involve proton transfer, electron transfer, and cation fluence on relative ion yields was also investigated.
attachment or transfer. As proposed[ifj, primary
ionization may be partially or completely masked by
such secondary reactions. While this complicates elu- 2. Experimental
cidation of the primary ionization steps, it explains the
similarity of MALDI spectra recorded under different Experiments were performed on a Fourier transform
conditions, and provides a framework for predicting ion cyclotron resonance (FT-ICR) mass spectrometer
MALDI mass spectra. Because thermochemical data with a 4.69 T superconducting magnet (Bruker, Fal-
for matrix and analytes are becoming more available landen, Switzerland). The rf electronics and Odyssey
[7,11-25]these hypotheses are increasingly subject to data acquisition system were from Finnigan (Finni-
experimental test. gan FT-MS, Madison, WI, USA). The laboratory-built
A more comprehensive discussion of secondary vacuum system was comprised of a closed cylindri-
ion—molecule reactions in MALDI can be found in a cal ion cell of unit aspect ratio and a sample transfer
recent article[7]; here we present a case study sup- device for insertion of solid material. The instrument
porting the concepts presented therein, for systemsoperating pressure was below fanbar. The metal
in which proton transfer reactions are dominant. The target supporting the solid MALDI samples was posi-
present study is concerneuthly with proton transfer  tioned approximately 15 mm from the cell. A Nd:YAG
reactions. Other ions are often observed in MALDI, laser (Continuum, Minilite ML-10, Santa Clara, CA,
particularly metal adduct ions and matrix radical USA) operated at 355nm was used for laser desorp-
species. The minor quantities of such ions which can tion/ionization.
be found in the systems studied here are not treated Upon laser desorption/ionization, ions were ejected
in detail because not enough thermodynamic infor- from the solid samples and drifted into the cell volume.
mation is known, and because they are clearly far less The electric potential on the trapping plates was then
important than the protonated or deprotonated species.raised to+4 or —4V, depending on the ion polarity
Systems were chosen for this study in which Gibbs to be trapped. The drift time of the ions was chosen
free energies of matrix-matrix and matrix-analyte to maximize the number of trapped ions, which was
proton transfer reactions are known or were deter- 50 ms for 2,4,6-trihydroxyacetophenone and 100 ms
mined experimentally. This allows us to test the for sinapic acid. After a 1 ms cooling delay during
hypothesis that thermochemistry determines the final which the ions were allowed to axialize, the trapping
ion distributions as a result of efficient secondary re- potential was lowered tg-2 or —2 V. The ions were
actions in the plume. Experimental conditions were then excited to larger cyclotron radii by employing
also chosen so as to most clearly test the hypothesis.a chirp waveform and detected. Spectra from single
For investigating matrix—analyte reactions, samples laser shots were collected at each fluence.
were prepared by mixing matrix and analyte in molar ~ The laser pulse energy on the sample was controlled
ratios of as high as 1:1. Such high analyte concentra- by varying the time delay between the flashlamp
tions are not typically used in MALDI experiments, and the Q-switch triggers. This delay was calibrated
but were chosen here to ensure that reactions areagainst the laser energy using a pyroelectric detector
not limited by quantities of reactants. Under these inserted into the beam. The laser spot size on the target
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was estimated from sample ablation profiles to be
about 2x 10-8m?, from which laser fluences were
calculated. In the experiments reported in this study,
these ranged from 200 to 600 J/rifypical fluences in
ultraviolet MALDI are somewhat lower, between 50
and 300 J/rA [29]. However, the higher fluences were
only needed in the experiments with a matrix—analyte
concentration of 1:1, but not when pure matrix or
lower analyte concentrations were used.

The tripeptide glycyl-glycyl-histidine (abbrevi-
ated GGH; from Aldrich, Buchs, Switzerland) was
used as a model analyte together with the MALDI
matrices 2,4,6-trihydroxyacetophenone (THAP; from
Aldrich, Buchs, Switzerland) and sinapic acid (SA;
from Fluka, Buchs, Switzerland). Matrix—analyte so-
lutions were prepared by mixing matrix and analyte
solutions (0.05M each, in acetonitrile/water mixture
1:2 by volume) in a glass vial. The solid samples were
prepared by successively placingub drops on the
target (about 5Q.L total) and drying until a relatively
thick layer of matrix or matrix—analyte crystals com-
pletely covered the metal surface. Co-crystallization
was somewhat critical for the SA/GGH sample, and
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lisionally cooled (300K) with nitrogen gas in the
FT-ICR cell prior to reaction with neutral THAP
evaporated from a solid sample. Using the exoergic
(DG —105kJ/mol) reference reaction between
acetate (GB= 1429kJ/mol)[32] and THAP as de-
scribed previously11], it was verified that the GB

of deprotonated GGH lies significantly above that of
deprotonated THAP (1324 kJ/mdl}.2]. In a similar
experiment with another reference base, 2-amino-5-
nitropyridine (ANP), it was found that the GB of de-
protonated GGH lies below that of deprotonated ANP,
or 1399 kJ/mol[12]. The GB of deprotonated GGH
was therefore experimentally bracketed between that
of [THAP — H]~ and [SA— H]~ (GB = 1400 kJ/mol
[11], very close to that of ANP).

3. Results and discussion

3.1. Matrix suppression effect with THAP matrix
and GGH analyte

Fig. 1 shows the mass spectra of THAP alone

a glass slide was used to crush and grind the wet and with GGH analyte, in both positive and negative
crystals before the last drop deposited had dried, to modes. A matrix suppression effea,26-28]is ob-

obtain a good mixing of matrix and analyte.
Several factors motivated the choice of the analyte
glycyl—glycyl-histidine. First, its gas-phase basicity

served in positive mode, analogous to that found for
numerous other matrix—analyte paitd7,28]. As is
often the case with the matrix suppression effect, the

is known and lies above those of the matrices used matrix—analyte ion intensity ratio shows a step-like

[10,30,31] making proton transfer from protonated
matrix to neutral GGH an exoergic reaction. Second,
this tripeptide does not exhibit a significant absorp-

approach to suppression at high analyte concentration.
GGH being a relatively low molecular weight analyte,
the suppression concentration ratio is less than 10,

tion at the wavelengths used, and the laser energy isconsistent with other small analytg8]. As proposed

primarily absorbed by the matrix molecules. Third, its
mass (269 Da) is comparable to those of the matrix
species, minimizing possible mass discrimination ef-
fects in FT-ICR trapping efficiency.

The GB of [GGH— H]~ has not been precisely

determined, but the exact value is less important here

than its GB relative to those of deprotonated THAP
and SA. Proton competition experiments were per-
formed to bracket the GB of deprotonated GGH,
and show that it lies between deprotonated THAP
and SA. First, [GGH- H]~ was isolated and col-

in [7,27,28] it should be possible to understand this

effect in terms of primary ion generation processes
and/or secondary ion—molecule reactions in the plume.
We next consider the latter in detail, and find that

they are sufficient to describe the observed effects.

3.2. THAP/GGH secondary proton transfer
reactions

Fig. 1(a)shows the mass spectra of THAP obtained

with 355 nm irradiation. The most abundant ions are
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Fig. 1. Laser desorption/ionization FT-ICR mass spectra obtained from 2,4,6-trihydroxyacetophenone (a), and a mixture of
2,4,6-trihydroxyacetophenone and glycyl-glycyl-histidine (1:1 molar ratio) (b), in positive (upper traces) and negative (lower traces) po-

larity. The laser fluence was 300 Jrim (a) and 360 J/min (b).

protonated and deprotonated THAP in positive and

m/z

[GGH + H]*, but [THAP — H]~ will not be able

negative polarity, respectively. These can further react to deprotonate GGH. Using a matrix—analyte ratio of

in secondary proton transfer reactions with analyte, if
present.

The proton affinity of the THAP matrix has been
determined to be 882kJ/md¢B3]. Because typical
entropy contributions at 300K are30 kJ/mol[30],
GB(THAP) should be close to 850 kJ/mol. The GB of
the neutral tripeptide GGH is much higher, 980 kJ/mol
[30], so that reaction (1.1) ofable 1is exoergic
by 130kJ/mol. The gas-phase basicity of deproto-
nated THAP, GB([THAP- H] ™), was determined to
be 1324 kJ/mol[12]. The GB of [GGH— H]~ was

shown to be higher, as noted above. Thus, reaction Secondary ion formation PT reaction

(2.2) (which could not be probed directly due to the

negligible vapor pressure of GGH) must be endoergic.

The matrix suppression effect &fig. 1(b)is con-

sistent with the thermodynamics of these reactions:

protonated THAP can react with neutral GGH to form

1:1, protonated GGH and deprotonated THAP are the
main ions detected in positive and negative mode,
respectively. The high analyte concentration and the
favorable thermodynamics give rise to complete sup-
pression of matrix signals in the positive ion spectrum,
accompanied by a strong matrix signal in the negative
polarity.

Table 1
Possible secondary ion formation proton transfer reactions for
GGH as analyte and THAP as matrix

AG (kJ/mol)
(1.1) GGH+ [THAP + H]* ~130
AYIGGH + H]* + THAP
(1.2) [THAP — H]~ + GGH Endoergic<+75

SSTHAP + [GGH — H]~
AG denotes the corresponding free energy changes at 300 K.
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Fig. 2. Normalized intensities of MALDI ion species obtained from a 2,4,6-trihydroxyacetophenone/glycyl—glycyl-histidine sample (1:1
molar ratio); (a) positive ions, (b) negative ions, as a function of laser fluence. Solid lines are to guide the eye.

The spectra irrig. 1(b)were obtained using a laser These data indicate that with increasing laser flu-
fluence of 360 J/f When using lower laser fluences, ence and plume density, an increasing number of
the relative matrix ion abundances were higher and collisions between protonated matrix and neutral an-
up to 65%, as shown ifrig. 2 With increasing flu- alyte allow for secondary proton transfer via reaction
ence, the matrix signals disappeared and protonated(1.1), and ion—molecule equilibrium is established. At
analyte became the only product in positive polarity, lower fluences there is incomplete reaction, and ma-
consistent with the thermochemistry of reaction (1.1). trix precursor ions are more numerous. We interpret
Only matrix ions were detected in the negative polar- this as a transition from a kinetically limited regime
ity, independent of the fluence applied. This is also (at low plume density) to thermodynamic equilibrium
consistent with thermochemistry (reaction (1.2)). (at high plume density).
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Fig. 3. Laser desorption/ionization FT-ICR mass spectra obtained from sinapic acid (a), and a mixture of sinapic acid and
glycyl—glycyl-histidine (1:1 molar ratio) (b), in positive (upper traces) and negative (lower traces) polarity. The laser fluence wa$ 300J/m
in (a) and 380 J//in (b).

3.3. SA/GGH secondary proton transfer reactions

A system characterized by a more complex thermo-
chemistry is glycyl—glycyl-histidine together with the  Table 2
MALDI matrix SA. This is Iargely because there are Possible secondary ion formatiqn proton transfer reactions for
. . ; . GGH as analyte and SA as matrix
more ions derived from the matrix than is the case for

THAP, as shown irFig. 3(a) Secondary ion formation PT reaction AG (kJ/mol)
Besides protonated matrix, a protonated fragment 2.1y [sa+ H]* + FAYSA + [F + H]* _40

ion due to loss of HO is typically observed in positive  (2.2) [SA—H]~ + SA2SSA+[SA, —H]-  —115

polarity. In negative polarity, deprotonated monomeric (5 3y GGH+ [SA + H]* ~120

and dimeric matrix, [SA-H]~ and [SA—H]~, are the A9IGGH + H]* + SA

mqgt prominent ions.- The corresponding gas-phase ba-(; 4y ggHi [F + H]* —80

sicities were determined to be GBA) = 861 kJ/mol A9IGGH + H* +F

[15], GB[SA — H20] = 901 kJ/mol[15], GB([SA — (2.5) [SAs — H]~ + GGH Endoergic

H]7) = 1400kJ/mol[11], and GB([SA — H] ") = 495, 4+ [GGH — H]~ <+115

1285 kJ/mol[11]. Because more types of matrix ions (2.6) [SA— H]~ + GGH Exoergic >-75
are observed with SA than with THAP, the number of  4G5a | (gaH - H)-

possible matrix-matrix and matrix—analyte reactions r s a matrix fragment resulting from loss oh8. AG denotes
is also larger, as shown ifable 2 the corresponding free energy changes at 300K.
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Again, the exact energetics of the reactions involv- lyte protonation can proceed via reactions (2.3) and
ing [GGH— H]~ are not known, although the relative (2.4), and deprotonation via reaction (2.6). Given that
GBs are known. [SA — H]™ is an even weaker sufficient collisions occur, protonated GGH should
base than [THAP— H]~, so reaction (2.5) must be the major product in positive polarity, and depro-
be endoergic. Also [GGH- H]~ is less basic than tonated GGH should be formed via reaction (2.6).
[ANP — H]~ (GB = 1399 kJ/mol) so reaction (2.6) This agrees well will the spectra shown kig. 3(b)
with [SA — H]~ (GB = 1400 kJ/mol) is exoergic. but as already observed with the THAP/GGH sys-

The secondary matrix—matrix reactions (2.1) and tem, this is true only for laser fluences somewhat
(2.2) are both exoergic. For a pure SA sample, ther- above threshold. At lower fluences, in the kineti-

mochemistry then predicts [FH]™ (F = SA—H20) cally limited regime, mainly matrix ions were de-
and [SA — H]~ to be the most intense signals, in tected with the SA/IGGH system, as illustrated in
agreement with the data shown Fig. 3(a) Ana- Fig. 4.
107 ()
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Fig. 4. Normalized intensities of MALDI ion species obtained from a sinapic acid/glycyl-glycyl-histidine sample (1:1 molar ratio), (a)
positive ions, (b) negative ions, as a function of laser fluence. Solid lines are to guide the eye.
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The dependence of relative intensities on fluence 3.4. Primary ionization mechanisms: ground-state
is more complex here than for the THAP/GGH proton disproportionation and matrix suppression
system, but can be explained using similar thermo-
dynamic arguments. At fluences below 200%/m The MALDI mass spectra shown here are predicted
mainly monomeric matrix species are observed. With by the thermodynamics of the relevant secondary
increasing fluence, secondary reactions between pro-proton transfer reactions. However, ion distributions
tonated matrix and neutral analyte become frequent and matrix suppression could arise from thermody-
(reactions (2.3) and (2.4)), and matrix suppression namically controlled primary ionization processes

starts to occur in positive polarity. In negative po-
larity, [SA — H]~ reacts with neutral SA dimers
to form [SA, — H]~ via reaction (2.2), indicat-

ing that ion—molecule equilibrium conditions are
approached.

Nevertheless, the relative [SA- H]~ intensity
reaches only a local maximum at about 2503/m
Collision-induced dissociation (CID) experiments re-
vealed that the [SA—H] ™ ion formed upon laser des-
orption/ionization is a non-covalently bound complex
of SA and [SA-H]~, with a dissociation onset at about
1.3 eV. Energetic ion/neutral collisions in the MALDI
plume are sufficient to dissociate this complex. At flu-

as well [27]. If primary ionization directly leads to
the energetically most favorable gas-phase ions, then
no secondary matrix—analyte ion—molecule reactions
are necessary (or favorable). The fluence dependen-
cies shown inFigs. 2 and 4strongly suggest that
the primary ions are not those finally observed in
these systems (if enough collisions occur). However,
the question remains—to what extent can primary
mechanisms contribute to the observed spectra?
Possible primary ionization proton disproportion-
ation reactions and the corresponding free energies
are summarized iffable 3for the THAP/GGH and
the SA/GGH systems. Matrix—matrix reactions are

ences not too close to threshold, plume densities andendoergic by only 385kJ/mol (reaction (3.6)) to
collision rates are high enough to largely dissociate 540kJ/mol (reaction (3.3)). Matrix—analyte reactions
[SA2 — H]~. The product ions are [SA H]~, which can be even less costly; proton transfer from neutral
in turn exoergically react with neutral tripeptide to dimeric SA to neutral GGH requires only 305 kJ/mol

form [GGH—H]~. Whereas the [SA— H]~ ion with
a basicity of 1285 kJ/mol will not be able to abstract

a proton from the tripeptide GGH (reaction (2.5)), the

GB of [SA—H] ™ is 1400 kJ/mol and sufficiently high

to promote tripeptide deprotonation (reaction (2.6)).

In other words, dissociation of [SA- H]~ provides

reactants for the secondary reaction (2.6), and the un-
usual phenomenon of simultaneous positive and neg- (3 1) THAP+ THAP

(reaction (3.8)). This should be compared to typical

Table 3
Possible primary ion formation proton transfer reactions for GGH
as analyte and THAP and SA as matrix

ative matrix suppression is observed at fluences above 2¢[THAP + H]* + [THAP — H]~

400 J/n?.
Proton transfer from SAto [GGH — H]~, the

reverse of reaction (2.5), is energetically favorable,

but cannot proceed at fluences above 256 Jie-

cause neutral matrix dimers will undergo the fate
of their ionic counterparts and be dissociated by

energetic collisions. In contrast, in the kinetically
controlled regime below 250JAn reaction (2.6)

does not proceed to completion due to insufficient

collisions.

Primary ion formation PT reactions AG
(kJ/mol)
470
(3.2) GGH+ THAP 345
29[GGH + HI* + [THAP — H]~
(3.3) SA+ SAY[SA + H]* +[SA — H]~ 540
(3.4) F+ SASSIF + H]* +[SA — H]~ 500
(3.5) SA+ SAL2S[SA + H]* +[SAs — H]~ 425
(3.6) F+ SALY[F + H]* + [SAy — H]~ 385
(3.7) GGH+ SA2Y[GGH + H]* + [SA — H]~ 420
(3.8) GGH+ SA2S[GGH + H]™ + [SA2 — H]~ 305

F is a matrix fragment resulting from loss of,&8. AG denotes
the corresponding free energy changes at 300 K.
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ionization potentials of matrix molecules in the range  From these considerations, it seems likely that sec-
of 750-800 kJ/mo[10,34,35] ondary mechanisms are indeed largely responsible for
Reaction (3.2) is substantially less endoergic than the final ions observed in these experiments. The role
(3.1), which predicts matrix suppression in positive of ground state primary ionization proton dispropor-
mode, as observed. However, it also predicts that ma- tionation pathways like reactions (3.1) through (3.8)
trix suppression should appear at all fluences for this is very limited due to their purely thermal nature.
sample, if it occurs via a primary ionization mecha- They are endoergic by >300 kJ/mol, and temperatures
nism. FromFig. 2 we see that this is clearly not the much higher than room temperature would be needed
case. At low fluence, the mass spectra are much moreto promote them. For a system at thermal equilibrium,
consistent with reaction (3.1), in spite of its greater Fig. 5shows the calculated fraction of molecules with

endoergicity. thermal energies higher than a threshold reaction en-
For SA matrix, reaction (3.8) is the least costly, and doergicity,Eg, as a function of temperatur&q. (1).
consistent with the middle fluence range Ffy. 4. In other words, the maximum fraction of molecules

(The higher fluence range appears to be dominated bythat could react on to ions at a given temperature can
CID of the SA dimer, and is not relevant here.) Again, be calculated usingq. (1}
however, this pattern should continue at low fluence )
' exp(—E/KT)dE —
if primary mechanisms are the determining factor. (£ > £0) _ S @ P—E/KD ex < EO)

= = p —_—
o
Instead, the low fluence ions are more consistent with Nootal fo exp(—E/KT) dE KT
reaction (3.7). (1)
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Fig. 5. Relative fraction of reactants from Boltzmann energy distributions that have energies higher than 100, 200, 300, 400, and 500 kJ/m

respectively, as a function of temperature (calculated fEegm (1). The dashed line indicates an ion/neutral ratio of“.Qor 0.01%), as
is typical in UV-MALDI.
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where E is the energyN(E > Ep) the number of concentration in a sample can have no effect on the

molecules with energieE > Eg, andNytg the total matrix signal.

number of moleculesT the temperature, arklis the Second, the preformed ion model places large em-
Boltzmann constant. Reactions which are endoergic by phasis on multiply charged ions from solution being

300 kJ/mol yield an ion/neutral ratio of 10 at a tem- statistically neutralized in the plume. This should lead

perature of 3920 K. This is the ion/neutral ratio which to a charge state distribution that varies depending on
has been experimentally determined for UV-MALDI the efficiency of the in-plume neutralization step. As
[36]. Clearly even in the most favorable cases, temper- the plume becomes less dense, doubly or triply
atures far too high to allow the thermally labile analyte charged ions should be more prevalent. At lower laser
molecules stay intact would be required for sufficient fluences (corresponding to lower plume densities),
ground-state proton transfer in MALDI. Measured down to the detection threshold of our instrument, no
plume temperatures are also lower, about 5(JGK. change in the charge state distribution of GGH was
The temperatures reached in the primary steps are lim-observed. If multiply charged analyte is liberated from
ited by the energy deposition by the laser. Everything the MALDI sample as suggested by other autbts
from simple estimations to sophisticated molecular doubly protonated GGH, carrying protons both at the
dynamics simulation§38,39] shows that this temper-  histidine residue and the N-terminus, (GGHH)?+
ature cannot approach the range necessary to makeshould become dominant at lowest fluence. However,
ground-state proton disproportionation reactions sig- even at lowest fluence no doubly charged GGH ions
nificant. This does not rule out primary ionization were observed.

mechanisms involving proton transfer in general, but  In contrast, the results are completely consistent
shows that they must involve transient non-equilibrium with the thermodynamic considerations presented in

species, such as excited states of some kind. [7]. Doubly or higher charged ions are not stable with
respect to reaction with neutral matrix, unless the in-
3.5. Relevance of the data to other recent dividual charge sites are physically quite separated.
ionization models Small multiply charged species will therefore not even
survive in the solid matrix prior to desorption!
Parallel to the picture presented here and7h It should also be noted that referenf® pro-

some authors have proposed a MALDI ionization poses electrons to be the dominant reductant. This is
model involving solvated, preformed ions. In their considered unlikely since most electrons in MALDI
picture, analytes are initially ionized in solution (e.g., have recently been shown to be photoemission prod-
protonated basic protein residues at low pH), incorpo- ucts from contaminated metal surfaggd]. In the
rated as solvated ions into the crystal with counterions experiments reported here electron emission from
in the vicinity (but only limited direct charge associ- the relatively thick sample preparations was not ob-
ation), and ejected as charged clusters with an excessserved, as confirmed in reference experiments on a
or deficit of counterions. The final observed ions are time-of-flight instrument.
thought to be partially neutralized by reaction with Third, the charge neutralization model is incapable
oppositely charged species (e.g., electrons to reduceof explaining the negative ion spectra. In particular,
multiply charged cations) or proton transfer reactions, the unusual simultaneous matrix suppression in both
and liberated by subsequent evaporation of the matrix polarities with SA matrix at higher fluences appar-
in the plume40]. However, the results presented here ently lies completely outside the charge neutralization
and elsewhere cannot be explained by these models. model, but is readily and comprehensively predicted
First, the preformed ion model cannot predict the by thermodynamics.
matrix suppression effect. In that model analyte and  Finally it should be made clear that the present
matrix ions are independent, so raising the analyte model (and that df7]) does not exclude the possibility
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