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Solid-Phase Thermodynamic Interpretation of Ion Desorption in Matrix-Assisted Laser
Desorption/Ionization
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This work demonstrates a quantitative interpretation of ion desorption in matrix-assisted laser desorption/
ionization (MALDI). The theoretical modeling incorporates transition state theory for the desorption of surface
ions, assuming chemical and thermal equilibrium in the solid state prior to desorption. It is distinct from
conventional models that assume chemical equilibrium in the gas phase. This solid-state thermodynamic
interpretation was used to examine the desorption of pure 2,4,6-trihydroxyacetophenone (THAP) and of
angiotensin I mixed with THAP. It successfully described the changes in ion yield with the effective temperature
under various laser fluence and initial temperature conditions. The analysis also revealed the key role played
by ion concentration in the modeling to provide the best fit of the model to observations. On the other hand,
divergence of the ion beam with laser fluence was examined using an imaging detection method, and the
signal saturation normally seen at high fluence was appropriately reduced by ion focusing. Simplified but
deceptive theoretical interpretations were obtained when the analysis was conducted without adequate calibration

of the instrument bias.

Introduction

Matrix-assisted laser desorption/ionization (MALDI) is one
of the most established techniques for mass analyses,'™® but
extension of its application is difficult due to the shortage of a
reliable reaction model. For instance, it is inefficient for ionizing
carbohydrates, although good ion yields are available for
proteins and peptides. Other disadvantages of MALDI range
from sample handling to data analysis, such as: the sample
preparation is a highly empirical process,*”® the quantification
analysis using mass spectra is difficult,*’ and the signal
reproducibility is poor.*”!° These problems persist mainly
because the fundamental ion generating mechanism in MALDI
is still not fully understood.

Several reaction models have been proposed in the literature
to explain the underlying mechanism. For example, Karas and
co-workers proposed in their cluster ionization (CI) model that
ions are preformed in crystals as ion pairs,'"'? and the detected
ions are those that survived in unbalanced charge defects or
local volumes of crystals. This model was effective for
explaining the resultant species qualitatively, but a quantitative
interpretation was not developed. Many other models use the
concept of laser-induced matrix ionizations, such as the produc-
tion of matrix ions via multiphoton absorption and the charge
redistribution among matrices and analytes in the gas phase.
Some examples include the photochemical ionization model
proposed by Ehring and co-workers,'? the thermal ionization
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model by Allwood and Dyer,'*! and the quantitative two-step

model by Knochenmuss.!®!” However, most of these reaction
models emphasize the ionization reactions in the gas phase and
oversimplify the descriptions of desorption processes.

In contrast to the models focused on ionization, material
desorption in MALDI has also been studied experimentally”-'8~2!
and theoretically.?>~> The most important model is the quasi-
thermal desorption model®® proposed by Dreisewerd and co-
workers that describes the thermal characteristics, including the
influence of sample temperature on ion yield. Experimental
support of the temperature effect of this model was also
published by the same research group,?’ but the impact of the
ionization process was simplified in this model. This inevitably
made the model deviate from the situation where desorption
and ionization should occur simultaneously in MALDI. A
common disagreement between observation and modeling was
the pronounced deviation with high laser fluence region, in
which a saturation of experimental results was typically seen.
Unfortunately, there was insufficient information to determine
the source of disagreement. To more precisely describe the
MALDI phenomenon, incorporating both ionization and de-
sorption in the quantitative model and reducing experimental
bias are highly important.

This study combines both processes, desorption and ioniza-
tion, in a quantitative thermodynamic interpretation of MALDI.
The detection bias at high laser fluence was monitored and
reduced by ion focusing. The matrix and the analyte used in
this work were 2,4,6-trihydroxyacetophenone (THAP) and
angiotensin I (ANG), respectively. The experiments were
conducted with various laser fluences and initial sample
temperatures, and the effective local temperature as a function
of laser fluence was estimated using a thermal confinement
approximation. On the basis of the transition state theory, a local
equilibrium condition for ion desorption was used to interpret

© 2010 American Chemical Society

Published on Web 10/11/2010



13848 J. Phys. Chem. B, Vol. 114, No. 43, 2010

Lai et al.

185 Jim?

150 J/im?

Unfocused

Focused

215 JIm?

260 Jim? 300 J/im?

High

Figure 1. Ion populations detected by imaging MCP with and without ion focusing at various laser fluences. The diameter of the detector area was
40 mm. The palette shows colors denoting the ion intensity in the pictures, and every picture averaged 16 laser shots.

the experimental results. The impact of the coupling of
ionization and desorption in the modeling was discussed.

Experimental Section

All experiments were conducted with a laboratory-made time-
of-flight (TOF) mass spectrometer equipped with a MALDI
source. The instrument was essentially as described previously,?!
except that a new sample electrode, an Einzel lens, and a new
detector were installed for this work. The new sample electrode
was made of copper in the same dimensions as used earlier,
while the stainless steel sample probes to accommodate samples
were retained from the previous work. The copper electrode
allowed rapid thermalization of the sample for the temperature-
dependent measurements. Its temperature was regulated in a
range between 120 and 340 K by direct contact with a liquid
nitrogen reservoir through an insulating tube and counter-
balanced by a quartz halogen lamp near the sample electrode.
The temperature was measured by a K-type thermocouple that
can be detached from the sample electrode before applying high
voltages. The Einzel lens was installed around 1 cm behind the
ion source to focus the ion beam.

The new ion detector was a computer-controlled 40 mm
imaging MCP detector (Ion Imaging Detector, Photonic Science
Ltd., East Sussex, U.K.) able to operate in spectrum mode to
record the time-domain signal or imaging mode to monitor the
spatial distribution of ions. The electronic circuit to drive the
MCP and the phosphor was modified in-house to conduct both
modes simultaneously. The images typically averaged 16 laser
shots due to limitations of the control software.

Tons were generated by a frequency-tripled Nd:YAG laser
beam (355 nm, pulse width ~5 ns, MINILITE I, Continuum,
Santa Clara, CA) that examined the sample surface at about 5°
from the surface normal. The spot size and beam shape were
selected by an iris diaphragm while examining the beam quality
using a laser beam profiler (WinCamD-UCM, DataRay Inc.,
Bella Vista, CA). The laser beam was focused by a fused silica
lens (f = 25 cm) installed inside the vacuum chamber, resulting
in a circular spot size of roughly 250 um o.d. at the sample
surface. The laser fluence was regulated by a circular neutral-
density filter. In the initial temperature-dependent experiments,
a laser fluence of 210 J/m? was typically utilized. Ion intensity
was taken as the integration of the corresponding peak area at
the molecular weight domain. Every data point in these results
was obtained from at least four mass spectra, where every
spectrum averaged 100 laser shots.

All chemicals were of analytical grade, and distilled deionized
water was used throughout this work. To prepare a pure matrix
sample, THAP (Sigma Chemical Co., St. Louis, MO) was
dissolved in 50% aqueous acetonitrile (Merck & Co., Inc.,
Whitehouse Station, NJ) solution to a concentration of 0.1 mmol/

mL. The solution was then dropped on the sample target and
vacuum-dried to a final amount of 200 nmol on the target. To
prepare the mixed sample, ANG (Sigma Chemical Co.) was
dissolved in deionized water to a concentration of 0.001 mmol/
mL, and then the solution was premixed with the matrix solution
in a matrix-to-analyte molar ratio (M/A) of 100. The mixed
solution was dropped onto the sample target and vacuum-dried.

Results and Discussion

Divergence of Ion Beam. The ion beam population on the
detector increased as the laser fluence increased, as shown in
Figure 1. The general shape of the ion beam contained an intense
core (red area) and a fuzzy profile (yellow and green). There
were also minor ion signals spread out all over the detection
area. The population of the unfocused ion beam increased
rapidly with increased laser fluence (first row, Figure 1). Below
215 J/m?, the ion beam projected on the detection area without
significant position bias or oversize, but part of the fuzzy profile
or the core of the ion beam fell outside the detection area above
this fluence. At 300 J/m?, barely half of the core area was
observed. The oversized beam was improved with ion focusing,
as can be seen from the slower increase of the ion beam
population with increased laser fluence (second row, Figure 1).
With focusing, most of the ion beam fell within the detection
area below 260 J/m?, except for minor signals distributed far
away from the core area. At a laser fluence of 300 J/m?, part of
the core area and most of the minor signals projected outside
the detection area.

The TOF signal intensity agreed with the ion imaging
observations, suggesting that divergence of the ion beam was
an important factor responsible for the signal saturation seen in
the high laser fluence region. The ion intensity obtained with
pure THAP was shown in Figure 2, where the appearance
threshold of protonated THAP was roughly 150 J/m? in this
experiment. At fluences below 215 J/m?, the appearance of ions
with (solid circles) and without (open squares) ion focusing was
the same; above this fluence, the ion intensity without ion
focusing was smaller than that with ion focusing. Such
divergence may have originated from increased angular spread
and Coulomb repulsion of ions when a greater amount of ions
were produced. Although the divergence of ejected neutral
particles has been considered by Quist and co-workers,?® a
quantitative correction of ion divergence was still unavailable.
Because the beam divergence was not negligible, the rest of
the experimental data shown in this work were all obtained with
ion focusing.

Establishment of the Quantitative Model. The predicted
ion intensity curve was the result of best fitting based on
chemical kinetic theory, assuming chemical equilibrium was
established for molecules on the surface. It is likely that
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Figure 2. Integrated protonated THAP signal intensity as a function
of laser fluence. The solid circles (@) and the open squares (O0) represent
data obtained with and without postfocusing, respectively. The solid
line is the best fitting result including ion concentration. The dashed
line is the theoretical prediction without ion concentration.
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equilibrium was achieved within the laser-irradiated crystal
volume prior to material desorption. Equilibrium was unlikely
satisfied in the gas phase because a MALDI plume is a highly
dynamic system. On the basis of the solid-state chemical
equilibrium concept, the ion signal (I/p) obtained from the
spectrum depends on the concentration of surface ions, [P]s,
and their desorption rate constant (Kgesorb)

IP oc kdesorb[P](s) (1)

Note that the primary ion in this model refers exclusively to
the matrix ion.

It is commonly accepted that the matrix absorbs the laser
energy and converts it to thermal energy viainternal conversion. >~
This implies that MALDI may incorporate thermal-induced
chemical processes aside from photoionization, and it is thought
that local thermal equilibrium is achieved instantaneously due
to fast internal conversion followed by vibrational relaxation.? 3!
However, sharp temperature decreases occurred when material
desorption started. Notably, heat dissipation via conduction has
generally been neglected in theoretical predictions because it
takes time in the order of microseconds or longer,? especially
for organic solids.**~3? This suggests that the thermal energy
will be confined to the irradiation volume, and the matrix was
overheated;?* the same thermal-confinement approximation was
used in this work.

Equation 1 is applicable for most cases even though the
primary ions may originate from several possible processes.?* 3
General primary ionization reactions can be expressed as the
following chemical reactions promoted by the laser

Kl’ ot —
+ nhy =M + ¢ 2)

M (s)

(s)

where M stands for the matrix and K, is the equilibrium
constant. The M, denotes a matrix in the solid phase surrounded
by the bulk of matrix molecules. Because protonated matrices
are normally the final products, the radical cation in eq 2 must
react with another neutral matrix molecule to produce the
protonated matrix>®

o X0 - .
M, + M ==[M+H], + M~ H, 3
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Therefore, the overall reaction combining eqs 2 and 3 becomes

K
WM, + nho==[M + HJ, + [M — HI}, + ¢~ (4)

Equations 2—4 represent a possible reaction sequence that
does not directly produce an ion pair, but the matrix radical
may react with the electron to produce a negative ion. The
protonated matrix may also be produced directly via proton
disproportionation

K
IM, + nhv=[M + H]}, + [M — Hl, (5

(s)

All the ions are assumed to be in the solid phase upon
production. Note that the equilibrium constant (K;) in the two
reaction pathways is assumed to be the same, but different kinds
of matrix molecules do not necessarily undergo the same
reaction pathway as others.?” Because the ion-to-neutral ratio
reported in the literature was typically in the order of 107>, this
value was used to calculate the K; of THAP at its threshold
fluence (150 J/m? in the present work). On the basis of eqgs 2
and 3, the ion concentration ([P];) in the solid phase was derived
and taken into account in our model, in contrast to other works
that excluded the ionization from the modeling.?**"*® Further-
more, an Arrhenius-form desorption/vaporization rate of the ions
can be expressed by the transition state theory® as

k_T Q¢(T) e—AE§/RT

kdesorb(T) = h Q(T)

(6)

where AE} is the activation energy that is approximately equal
to the sublimation enthalpy; 7 is the temperature; k is the
Boltzmann constant; and £ is the Planck constant. The Q¥(7)
and Q(T) stand for the vibrational partition function of the
activated complex and the reactant, respectively. The application
of the transition state theory to surface reactions was mentioned
previously.*

Assuming the temperature change depended linearly on the
laser fluence (F), the final temperature can then be expressed
as T =T, + yF, as described by Dreisewerd and co-workers.?®
The y is the conversion coefficient of laser fluence to surface
temperature, which depends on the photochemical properties
of the matrix, such as absorption cross section, nonradiative
decay rate, and fluorescence quantum yield. Thus, the desorption
rate constant as a function of laser fluence becomes

KT, + yF)

_ —hvlk(To+ —AEYR(Ty+
kdesorb(T) — T(l — (To )’F))e (TotyF)

(N

where v is the vibrational frequency of the intermolecular bond.
Combining the kyesorn(7) and the ion concentration derived from
eq 4 or 5, the yield of protonated THAP (Figure 2) was thus
fitted using the formula

AkT(l — ¢ TMWIT\ g~ A + AT L

I s =A— —
M + H] h | 2\/ 1
(3)
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Figure 3. Integrated protonated THAP signal as a function of initial
sample temperature. The experimental data were obtained using a fixed
laser fluence of 210 J/m?. The solid line is the result of best fitting
including ion concentration. The dashed line is the prediction without
ion concentration.

where A was merely a scaling pre-exponential factor in the
simulation. When a laser irradiates the sample surface, the
temperature burst leads to sublimation of the sample. Because
the sublimation enthalpy of THAP was not experimentally
available, the predicted value of 100.68 kJ/mol was used based
on a quantitative structure property relationship (QSPR) model
established by Gharagheizi.*! The QSPR model was able to
predict the sublimation enthalpy of DHB within 2% from the
experimental data.*’ The predicted value was used for the
AE, vy in eq 8 because the majority of desorbed material
was neutral THAP; the ionic THAP was entrained by the neutral
THAP during desorption, although the ions may have exhibited
higher sublimation enthalpy due to charge—dipole interactions.
For protonated THAP, v = 350 cm™! was used for curve fitting
of the observation made with ion focusing. This frequency is a
typical value for noncovalent bonds between organic molecules.
Adjusting the value from 350 to 1000 cm™! did not produce a
significant change to the fitting curves.

Notably, the ion concentration was found to have a significant
impact on the modeling. Removing the ion concentration from
eqs 1 and 8 (the last term in the equations) produced a curve
that was obviously below the observation made with ion
focusing (Figure 2). However, the curve excluding the ion
concentration agreed with the data obtained without ion focus-
ing, suggesting that a misinterpretation may occur if both
instrumental and theoretical biases were not properly calibrated.

Examination of the Reaction Model with Various Tem-
peratures. To examine the impact of initial temperature on the
quantitative model, the same measurements were conducted
while changing the initial sample temperatures from 120 to 340
K (Figure 3). In this experiment, the laser fluence was fixed at
210 J/m? so that enough ions were produced with the lowest
sample temperature. The protonated THAP signal decreased
evenly with the decrease of initial temperature 7, and the
theoretical prediction agreed well with observation. The best-
fit curve without ion concentration (dashed line) showed a
remarkable deviation from the observation when above 150 K.

The first-order relationship between the effective local tem-
perature and the laser fluence provided good results in the fitting.
Quadratic and cubic fluence dependences had marginal effects
on the fitting, which was consistent with the previous reports!4~10
suggesting the important contribution of internal conversion.
With pure THAP, ¥ = 10.9 Km*J was obtained in this work
assuming it was a constant in the entire laser fluence range.
The presence of impurities, including analytes, may also alter
the effective temperature due to their distinct photochemical
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properties, concentrations, and the rate of energy exchange
between the impurities and the matrix.

Application of the Quantitative Model to a Two-Compo-
nent System. The solid-state thermodynamic interpretation was
further challenged using the ANG/THAP two-component sys-
tem. The protonated ANG was produced by a proton-transfer
reaction in the condensed phase, assuming a local equilibrium
was achieved

K
[THAP + H]{, + ANG,, = THAP + [ANG + H],
©)

where K, is the equilibrium constant. This reaction is an
analogue of the secondary reaction described in the literature'®!”
except that it was proposed to occur in the condensed phase in
this work. Assuming a primary reaction of eq 5, the intensity
of the protonated matrix and ANG could be derived from eq 8
with minor modifications

I[M T oup = A,%(l _ e_thM + HJH}{T).e_AEa\[M 4 kT,
T T v KK,
\/Kl + K\ K, — ———————| (10)
\/K1 + K |K,
LianG + upr = A”%T(l — ¢ Mmanc + wtT)
o AEuaNG + kT, Ll—Kz (11
\jKl + zK,K,

where A” and A” are pre-exponential factors; K is the equilib-
rium constant of the proton transfer reaction; and z is the analyte-
to-matrix ratio (z = 1072 in the present work) in the solid phase.
The K, was determined experimentally from the intensity of
protonated ANG and THAP in the mass spectra. The concentra-
tions of neutral THAP and ANG were assumed to be constants
because ion yields are typically below 107,

The sublimation enthalpy and the intermolecular vibrational
frequency of eq 11 were adopted from those of pure THAP,
although the sublimation enthalpy of pure ANG should be much
higher and its intermolecular bond frequency should be changed.
This assumption is reasonable since ANG coexpanded with a
large excess of THAP as the critical sublimation condition of
THAP was satisfied.

By changing the laser fluence, a clear protonated THAP signal
was observed above 230 J/m? (Figure 4), and the maximum
fluence used was extended to 380 J/m? to allow sufficient data
points for theoretical analysis. For protonated THAP, the
theoretical prediction agreed reasonably with the experimental
result within 400 J/m? (Figure 4). The y value was 9.3 Km?/J
for the best fitting curve, so the effective local temperature was
lower than that of pure THAP at the same laser fluence due to
the change of thermodynamic property of the crystal. This was
also supported by the higher appearance threshold of protonated
THAP than the one-component system. The 15% reduction of
y in the ANG/THAP system compared to pure THAP originated
from (a) the low extinction coefficient of ANG at the excitation
wavelength (<1.4% of that of THAP according to UV spec-
troscopy) and (b) the increase of average molar heat capacity
by the adduction of ANG. Although only 1% of ANG presented
in the cocrystal, its contribution was important because the
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Figure 4. Integrated protonated THAP signal as a function of laser
fluence in a two-component system. The solid line is the result of best
fitting by the quantitative model.

—_
<
(™

>
L

Intergrated Signal (Arb. Unit)
=)

f=]

I T T T T T 1
250 300 350 400

Laser Fluence (J/mz)

Figure 5. Integrated protonated ANG signal as a function of laser
fluence in a two-component system. The solid line is the result of best
fitting by the quantitative model.

number of vibrational degrees-of-freedom of ANG is an order
of magnitude higher than THAP. This resulted in the reduction
of the volume occupancy of THAP by ~7.2% and the increase
of the average molar heat capacity by ~8.9%.

Notably, the steep power—law dependence of the protonated
ANG on the laser fluence implied the thermodynamic nature
of MALDI, which has a value of 7—9 in the literature* and
7.6 in the present work (Figure 5). Such steep power—law
dependences can not be attributed solely to the multiphoton
ionization process of matrix because otherwise the ionization
should be very inefficient. In addition, ANG competed for
protons and suppressed the protonated THAP, especially when
limited amounts of proton were produced under low laser
fluences. For a given 7, the reaction Gibbs energy of eq 9
reduced from roughly —109.4 to —187.6 kJ/mol when increasing
the laser fluence from 236 to 388 J/m>. The observation across
the same fluence range showed a three-time enhancement of
the relative intensity of protonated ANG with respect to
protonated THAP. This result indicated that the production of
protonated ANG was favorable toward high laser fluence range.

Conclusion

For THAP, the solid-state thermodynamic interpretation
described the ion desorption quantitatively, assuming ionization
had occurred and chemical and thermal equilibrium were
achieved in the condensed phase. Due to the temperature burst,
the surface ions desorbed into the gas phase as THAP started
to sublimate. The essential distinction of the current interpreta-
tion from conventional gas-phase models is the establishment
of a virtual-equilibrium in the solid phase, in contrast to the
pseudoequilibrium presumption within the highly dynamic
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plume. Because the equilibrium conditions were logically
defined in the solid phase, transition state theory was utilized
for the quantitative analysis to replace the arbitrary fitting
prefactors generally used. This interpretation described our
observations of the pure THAP and the ANG/THAP systems
rather well. A higher laser fluence was necessary for ion ejection
when analytes with lower optical absorbance and higher heat
capacity were used. The beam divergence was found to change
the detected ion intensity significantly in the high laser fluence
range. Misinterpretation may occur when instrumental biases
and imperfect models are involved. Appropriate ion focusing
restored the signal intensity, and the observed result was then
an adequate match with our prediction. Further study of the
sample temperature and thermal-induced chemical reactions of
other sample conditions is necessary for the establishment of a
reliable interpretation of MALDI. A comprehensive model of
the detailed ionization mechanism will be discussed in the future.
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