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RATIONALE: Although several reaction models have been proposed in the literature to explain matrix-assisted laser
desorption/ionization (MALDI), further study is still necessary to explore the important ionization pathways that occur
under the high-temperature environment of MALDI. 2,4,6-Trihydroxyacetophenone (THAP) is an ideal compound for
evaluating the contribution of thermal energy to an initial reaction with minimum side reactions.

METHODS: Desorbed neutral THAP and ions were measured using a crossed-molecular beam machine and commercial
MALDI-TOF instrument, respectively. A quantitative model incorporating an Arrhenius-type desorption rate derived
from transition state theory was proposed. Reaction enthalpy was calculated using GAUSSIAN 03 software with
dielectric effect. Additional evidence of thermal-induced proton disproportionation was given by the indirect ionization
of THAP embedded in excess fullerene molecules excited by a 450 nm laser.

RESULTS: The quantitative model predicted that proton disproportionation of THAP would be achieved by thermal
energy converted from a commonly used single UV laser photon. The dielectric effect reduced the reaction Gibbs free
energy considerably even when the dielectric constant was reduced under high-temperature MALDI conditions. With
minimum fitting parameters, observations of pure THAP and THAP mixed with fullerene both agreed with predictions.
CONCLUSIONS: Proton disproportionation of solid THAP was energetically favorable with a single UV laser photon.
The quantitative model revealed an important initial ionization pathway induced by the abrupt heating of matrix
crystals. In the matrix crystals, the dielectric effect reduced reaction Gibbs free energy under typical MALDI
conditions. The result suggested that thermal energy plays an important role in the initial ionization reaction of THAP.
Copyright © 2014 John Wiley & Sons, Ltd.

Matrix-assisted laser desorption/ionization (MALDI) is an
important volatilization and ionization technique for large
biomolecules,!?! but the ionization mechanism is not clearly
understood. Because of a lack of complete information on
the ionization process, the method is rife with problems such
as the choice of proper matrices and sample preparation
protocols. It is also difficult to conduct quantitative analyses
because of heterogeneous sample morphologies. Although
numerous theoretical models and experimental investigations
have been conducted to explain the mechanism,>! a unified
reaction model has not been found. In order to overcome the
limitations which exist when using MALD], it is important to
analyze critical initial reactions in further detail.

Throughout the reaction details proposed in the literature,
a major question is how initial ions are generated. Prevailing
theoretical models can be briefly categorized into two distinct
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categories: (a) the non-linear photoionization model, and (b)
the Lucky Survivor (LS) model. The non-linear
photoionization model was initiated by Ehring et al. by
emphasizing the essential role of a highly electronically
excited matrix.!! Since the two-photon energy of the
commonly used laser in MALDI was usually insufficient to
ionize free matrix molecules!'’! a two-step process was
proposed to overcome ionization energy. By laser irradiation,
matrix radical cations (which in turn underwent chemical
reactions with neutral molecules to produce a protonated
matrix) were proposed to be formed in annihilation
processes.*™! Although the annihilation model adequately
explains the ionization of fluorescent matrixes with a first
excited-state lifetime (t;) of nanoseconds,!""'? it is difficult
to explain the ionization of matrixes with t; in the low
picosecond range or shorter,"*'*! such as sinapinic acid (SA)
and 2,4,6-trihydroxyacetophenone (THAP). In contrast to
the non-linear photoionization model, Karas et al.
emphasized the contribution of pre-charged ions in the LS
model.*! In this model, analytes incorporated into the matrix
crystal preserved their charge states acquired in sample
solution, and became singly charged free molecules by
neutralizing with counter ions during the desorption
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process.! The LS model essentially accounts for many
phenomena observed in MALDI, but it is difficult to apply to
matrices that are neutral in solution, such as THAP. Moreover,
the source of photoelectrons that play an essential role in charge
neutralization was not clearly described in the LS model.!*”! In
fact, it is difficult to establish a universal model accounting for
all the conditions of MALDI because the result depends on
the chemical properties of individual matrices, the sample
preparation method, and excitation conditions.'*'”]

Among commonly used matrices, THAP represents a unique
matrix as it cannot be well explained by most existing models.
An interesting observation of THAP was that its laser-induced
infrared emission was higher than many popular matrixes even
though its absorption cross section at the excitation wavelength
was low."® Because the non-radiative relaxation channel
dominates in THAP, significant photon energy is converted
into thermal energy when returning back to its ground state.
Since proton disproportionation is predicted to be energetically
more favorable than photoionizaﬁon,[?’] THAP becomes an
ideal molecule for the study of proton disproportionation
energetics under the high-temperature MALDI conditions. A
recent study also concluded that proton disproportionation is
a thermal process.!”) Although an intramolecular proton
transfer mechanism from ortho-OH to the carboxyl group
was thought to be responsible for proton disproportionation,™™
a more general explanation is still necessary for molecules
without ortho-OH groups, such as THAP or SA.

In this paper, an extended work was conducted to study
the contribution of thermal energy to the initial reaction in
MALDI. A quantitative model was proposed to describe
proton disproportionation of solid THAP. Experiments were
conducted to analyze ionic and desorbed neutral molecules
of THAP at the near threshold fluence of a 355 nm laser.
The chemical equilibrium between ions and neutral
molecules as well as the desorption process were proposed
on the basis of the observations from the current work
and another study.""*! Since the initial reaction was presumed
to occur in the condensed phase, quantum chemistry
calculations with dielectric effect were conducted to
evaluate the reaction Gibbs free energy (AG) of proton
disproportionation. A similar concept has been discussed
previously.”®! To further probe the contribution of thermal
energy with minimum side reactions, a mixture of THAP
and fullerene (Cqp) was irradiated by a 450 nm laser to
selectively excite chemically inert Cqo. Such carbon materials
have been used as matrices for ionizing low molecular weight
species, > and Cg4 produces the least interference in the
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low molecular range. Under 450 nm laser, proton
disproportionation of THAP can only be induced by thermal
energy from Cyp because the electronic transitions of THAP at
this wavelength are inactive.

EXPERIMENTAL

All chemicals were of analytical grade and purchased from
Sigma-Aldrich Chemical Corporation. THAP was dissolved
in 50% aqueous acetonitrile solution to a concentration of
0.1 M. The matrix solution was then dropped on the sample
target and vacuum-dried to a final amount of 200 nmol. For
the experiment involving a mixture of Cgy and THAP, Cg
was first dissolved in toluene to a concentration of 5x 10~ M
and deposited on the sample target. After rapid vacuum-
drying, the THAP solution was dropped and vacuum-dried
on the Cg layer to a C¢-to-THAP molar ratio of 2000. The high
Ceo-to-THAP molar ratio assured THAP was in intimate
contact with Cgp.

The dependence of desorbed neutral molecule abundance
on laser fluence was measured by a crossed-molecular beam
machine. The specific features of the machine developed for
this experiment are shown in Fig. 1 while the remaining
details are given elsewhere.””! Pressures in the main and
detector chambers were approximately 107 and 107'° Torr,
respectively. A pair of openings (8 mm in diameter) was
installed at the entrance of the detector chamber to limit the
conductance of residual gas. The MALDI samples were
transferred to the surface of a rotatable stainless steel sample
holder positioned at the center of the main chamber. A
frequency-tripled Nd:YAG laser beam (355 nm, pulse width
~5 ns, MINILITE I, Continuum) was used to irradiate the
sample surface at about 45° from the surface normal. The
laser beam was focused by a fused silica lens (f=30 cm)
installed inside the vacuum chamber, resulting in a circular
spot roughly 250 pm in diameter. Laser energy was regulated
by a circular neutral-density filter and monitored by a
pyroelectric energy meter (PEM 100, LTB Lasertechnik).
Experiments were performed under a laser fluence of 75 to
340 Jm™. The detector chamber was located 350 mm away
from the sample surface. It comprised an electron impact
ionizer of 70 eV ionization energy, a quadrupole mass filter,
and a Daly-type ion counter. The detector chamber was
rotatable about the sample surface, and the desorbed neutral
species were measured at 0, 15, 30, 45, 60, and 75° from the
normal of the sample surface. Angular correction was

Figure 1. Schematics of the mass spectrometer for detection of desorbed

neutral products.
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conducted to calculate neutral abundance and the time-of-flight
profile of ions was used to analyze the correlation between
different ions. Every data point was averaged over 15 to 1000
shots from fresh sample areas, depending on laser fluence. To
eliminate electronic and chemical noise, blank calibration was
conducted by following the above same data acquisition
procedure without turning on the electron impact ionizer.

The dependence of MALDI ion abundance on laser fluence
was analyzed by a commercial MALDI-TOF mass spectrometer
(Autoflex III, Bruker Daltonik) equipped with two external laser
systems. For the pure THAP experiment, a frequency-tripled Nd:
YAG laser (LS-2134, Lotis TII, 355 nm, pulse duration (FWHM)
of 10-12 ns) was used. For the THAP and Cgy mixture, 450 nm
laser photons were generated with an Nd:YAG pumped Ti:
Sapphire tunable laser (LT-2211, Lotis TII, pulse duration
(FWHM) of 8-30 ns). The laser beams were both about 260 pm
in diameter at the sample surface. Ions were detected without
delayed extraction in reflectron mode. Every data point for both
polarities was averaged from four mass spectra, where every
spectrum was the sum of 200 individual laser shots. The initial
accelerating voltage was 20 kV. Other instrument settings were
fixed throughout measurements after optimization.

Standard Gibbs free energy (AG’) and standard reaction
entropy (AS°) of the proton disproportionation of THAP were
calculated with GAUSSIAN 03 software. The entropy and
temperature effects were included in the evaluation of the
AG in the gas phase, whereas an additional dielectric effect
was also used for evaluation in the condensed phase. Density
functional theory (DFT) at the B3LYP level of theory was used
to calculate the thermodynamic properties of the matrix. To
achieve these computations, the 6-31 +g (d, p) basis set was
used. To evaluate dielectric effect on the MALDI reaction, a
polarizable continuum model (with a definition of a cavity
by the united atom model for Hartree-Fock (PCM-UAHF))
was employed.?* In the PCM-UAHF method, a molecule
was placed into a defined cavity with a continuous dielectric
medium to mimic a matrix crystallization environment.
PCM-UAHF predicted reliably the hydration effect and the
solvated free energy of neutral and charged species.*”!

RESULTS AND DISCUSSION

The quantitative thermal model

For a non-fluorescent matrix like THAP, the photon energy is
mainly converted into thermal energy via ultrafast non-
radiative relaxation. The conversion of the incident laser energy
into lattice phonons?®*”! results in the abrupt overheating of
the matrix crystal. The linear dependence of temperature on
laser fluence can be derived from the heat equation:

T=Ty+F 1)

where T and F represent the initial surface temperature and laser
fluence, respectively, and vy is the conversion coefficient of laser
fluence to temperature. The derivation of Eqn. (1) is described in
the Supporting Information. This is consistent with the previous
works of Dreisewerd et al.”! and Koubenakis et al.*!
High-temperature conditions induced phase transition and
a high-pressure environment at tens to hundreds MPa.262]
The implications of this are that virtual thermodynamic and

chemical equilibriums can be established efficiently by frequent
collisions.”!! This is in contrast to the pseudoequilibrium
presumption within a highly dynamic plume given in the
literature.”? A theoretical model has been developed
previously,'”! in which the abundances of ionic matrix
and analyte (Ip) depended on the concentration of
corresponding species on the surface ([P]s) and the
desorption rate constant (Kgesorb):

Ip Ockdesorb [P} (S) (2)

On the basis of observations, a thermally induced proton
disproportionation in the solid phase was postulated:

2THAP & THAP + H]5)+[THAP — H 3)

Proton disproportionation could be enhanced in the hydrogen
bonding network of matrix crystals. Applying the desorption
rate constant derived from transition state theory, the yield of
desorbed neutral THAP and protonated/deprotonated THAP
can be formulated by Eqns. (4) and (5), respectively,

v __ AEg
IneutralOC M x| 1— e“(Th“‘) xXe k(To+7F) X # (4)
h 15 20K,
__—hv AEa
Tion > M X <1 - ek<T0}lVF)) xe KT+ x & ®)
h 112K

in which /K] is a measure of the ion-to-neutral ratio in this
model. It is a term used to determine the degree of ionization
efficiency and relates to the ionization mechanism.
Sublimation enthalpy (AE,) of neutral THAP was adopted
in Eqn. (5) since ions coexpanded with the vast majority of
neutral molecules. However, the ion-to-neutral ratio should
be discussed with caution because its value spans as many
as six orders of magnitude (from 107 to 107°) in the
literature,[9’32"35] due to differences in matrces, analytes,
analyte-to-matrix ratio, preparation method, laser energy,
wavelength, laser beam profile, and detection method.[?%!
Furthermore, interactions between matrices and analytes like
hydrogen bonding networks also affect the ionization
efficiency of analytes.!*"!

Desorbed neutral THAP with 355 nm pulse laser

Desorbed neutral species from pure THAP gave rise to major
peaks of molecular cations at m/z 168, the abundant fragment
at m/z 153, and minor peaks at m/z 69, 43, and others.*"! These
fragment ions were attributed to decomposed products
resulting from electron im][oact ionization as they all had the
same time-of-flight profile.*”! The two major peaks (m/z 168
and 153) were summed for subsequent modeling and plotted
as a function of laser fluence in Fig. 2. Even though the ion-to-
neutral ratio cannot be determined precisely, most of the values
reported in the literature were small enough to approximate the
concentration portion of Eqn. (4) to unity to obtain Eqn. (6).

hy __ AEa
IneutraloC M X (1 - ek(TOIL"F)) xXe k(To-+1F) (6)

The sublimation enthalpy (AE,) of THAP was predicted to
be 100 kJ] mol™ by the quantitative structure property
relationship (QSPR) model, ¥ and fitting parameters, y of
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Figure 2. Desorbed neutral THAP as a function of 355 nm
laser fluence. Open circles are experimental data (counting
per laser shot). Solid line is the fitting result from Eqn. (6)
with AE, of 100 k] mol™ and y of 10.9 Km? ..

10.9 (K m?J™") and v of 350 cm™, were used, as discussed in
previous works.!"®!* Notably, v is the vibrational frequency
of the intermolecular bond from the vibrational partition
function of transition state theory, and 350 cm™ is a typical
value for non-covalent interactions in organic solids. It needs
to be emphasized that sublimation energy makes a significant
contribution to the fitted result and should not be adjusted
arbitrarily. For compounds of no experimental data, the QSPR
model provides reliable values. Based on these fitting
parameters, the resulting theoretical prediction agreed well
with observations (Fig. 2).

Herein, with the y value determined from neutral
desorption and initial temperature-dependent experiments,
a maximum temperature of about 1900 K was estimated
for a laser fluence of 150 Jm™, or 1388 K for 100 Jm™
(a typical MALDI laser fluence for other matrices). Notably,
the higher temperature is exclusively for THAP while
the lower temperature can be derived from other
matrices. The difference relates to the distinct chemical
and thermodynamic properties. Furthermore, in these
experiments, abrupt overheating was retarded by expansion
cooling and other endothermic reactions."®**! Notably,
there is little consensus on MALDI temperatures!” %4443l
due to a lack of reliable temperature detection techniques.
This means that in order to conduct more reliable
quantitative analyses in the future, improvements in
temperature measurement are necessary.

Thermally induced initial reaction of THAP

Proton disproportionation of THAP was presumed to be the
major initial reaction because protonated/deprotonated
THAP dominates under typical MALDI conditions. The
results of the laser fluence dependence experiments revealed
that protonated and deprotonated THAP have nearly the
same threshold fluence and pair-wise intensity. This agreed
with the reaction predicted in Eqn. (3). The absence of radical
ions also supported the assumption that the non-linear
photoionization is inefficient for THAP excited by a 355 nm
laser.l"®! Since proton disproportionation in the excited state
is uncommon among popular matrices,*”! it is most likely
to occur in the ground state. Notably, quantum chemistry

calculations of energetics of Eqn. (3) for the basis set used in
this work yielded only a 0.4% error with respect to the
experimental value (4.89 eV for gaseous THAP).l

Electrostatic interactions or dielectric effects exist because most
commonly used matrices have unbalanced charge distributions.
These interactions are critical to the structure and energy of a
molecule in the condensed phase (molecules are tightly
surrounded by the same molecules) as they assisted in stabilizing
ion species. Such effects should be considered in the evaluation of
AG in the condensed phase.”!® Since the dielectric constant of
THAP is unknown, AG of Eqn. (3) was evaluated from the
calculation of a series of dielectric values. The AG” and the AS"
values of the corresponding dielectric constants are listed in
Supplementary Table S1 (Supporting Information). As shown in
Fig. 3 and Table S1, a AG? of 491 eV was obtained for THAP in
the gas phase and the reaction enthalpy decreased as the dielectric
constant increased. The calculated AG dropped to 3.54 eV when a
dielectric constant of 2.38 was used in calculations, which can be
overcome by the energy of a single photon from conventional
MALDI lasers. Approximately half of the AG of the gas-phase
value (52.5%) was obtained at a dielectric constant of 5.62. The
decline in the AG leveled off when a dielectric constant of above
ten was used, suggesting that the AG” reached an equilibrium
value. Among molecules with a dielectric constant available,
acetophenone has the nearest structure to THAP and its dielectric
constant is 17.44,[51] but the value of THAP is likely higher because
it is more polar than acetophenone.

Dielectric effect is important under typical MALDI
temperature, even when the dielectric constant decreases as
temperature increases. Extrapolating the dielectric constant
from room temperature to a typical MALDI temperature
results in a reduction of the value by about 50%.! To account
for additional parameters affecting this value, such as
pressure, a final value of roughly 5.62 was used, a value that
is two-thirds the original value. Applying this value of the
dielectric constant in Eqn. (5), the resultant AGP is 2.58 eV
and AS is 28.11 Jmol™ K™ (see Supporting Information for
additional details). As shown in Fig. 4, the prediction from
the quantitative thermal model agreed with the observed
protonated /deprotonated THAP signals except for a fluence
regime higher than 350 Jm™. The presumed reasons for the
discrepancy in the high fluence regime was the loss of ion
signals due to the severe divergence of the ion beam,"! and
the abundance of THAP dimers and fragments that were
disregarded in the analysis.

6_
0
o 4_ \
348
oo \D\\
< 24 D_ il 1 PR, ————l}--
0 . : .
0 10 20 30 40

Dielectric constant

Figure 3. Dependence of the standard Gibbs free energy (AG")
of the proton disproportionation reaction on dielectric constant.
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Figure 4. Desorbed ionic product intensity as a function of
355 nm laser fluence. The solid squares represent [THAP + H]J",
the open circles stand for [THAP-H], and the solid line is the
theoretical prediction calculated with Eqn. (5).

With regard to energy requirements, thermal ionization is
apparently a significant pathway for THAP, and may also
play a role in other matrices. The same conclusion was also
made by Beavis and Chait and co-workers on the basis of
strikingly similar results between UV- and IR-MALDI mass
spectra;[27’52] however, more work is needed to verify thermal
contribution to IR MALDI since other mechanisms may
influence this contribution.>!

Desorbed ions from mixture of THAP and Cg, at 450 nm

The thermal ionization of THAP was further verified by mixing
THAP with pristine Cg to produce a high-temperature
condition while minimizing the electronic transition of THAP.
Notably, the protonated/deprotonated THAP can be obtained
by 450 nm laser only when mixing with Cgy as demonstrated
in the current work. The excitation wavelength was 450 nm
since Cq exhibits a broad absorption band to the visible range
whereas the absorption of THAP is almost zero.'®>*! Under
such conditions, THAP cannot be a successful matrix since high
optical absorption at the excitation laser wavelength is a
prerequisite of MALDL®*®®! This was confirmed by a
measurement showing no ion was produced from pure THAP,
in this experiment the THAP was prepared on a stainless steel
surface covered by a dielectric film (double-sided tape) to
minimize any interference from the metal substrate. After
pumping by 450 nm photons, Cgy undergoes electronic
excitation. This was followed by internal conversion and
intersystem crossing to triplet states.” With ultrafast
intramolecular relaxation, triplet-triplet annihilation,’*>*! and
negligible fluorescence relaxation at ambient temperature,[59]
Ceo served as a "thermal energy generator” activating thermal
THAP reactions. Figures 5(a) and 5(b) show protonated/
deprotonated THAP dominant peaks and they are separated
from those of Cg4 cation and anion radicals. The spectra are
very similar to those obtained for pure THAP at 355 nm
displayed in the insets. Moreover, protonated/deprotonated
THAP also appear to be pair-wise, as shown in Fig. 5(c), which
is also similar to the results of pure THAP excited by 355 nm
laser. These results provide indirect support and are consistent
with a previous study showing a significant thermal
contribution to proton disproportionation in THAP.!'®!
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Figure 5. Mass spectra obtained from the mixture of THAP
and Cg in (a) positive ion mode and (b) negative ion mode.
Laser fluence was 340 ] m™. Insets in (a) and (b) are the typical
mass spectra of pure THAP at 355 nm in positive and negative
mode, respectively. The asterisk indicates the fragment of
THAP. (c) Dependence of protonated (solid squares) and
deprotonated (open circles) THAP on laser fluence.

It is worth noting that although possible interaction
channels between Cg ions and THAP cannot be completely
ruled out, such as interactions between the photoelectrons
emitted from Cqy with THAP to yield THAP radical ions,
the contribution of such reactions was not detected in the
current study. This is presumably due to the significantly
higher electron affinity of Cgy (2.65 eV)®”! than that of
common matrices (1 eV or less).!”! The dominant ionic radical
pair of Cg is attributed to an energetically favorable electron
disproportionation reaction™ and the high Cgo-to-THAP
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molar ratio. No evidence of electron transfer reactions
between THAP and Cg ionic radicals was observed under
the current experimental conditions. There was no radical
ions of THAP produced in the current study, suggesting that
the ionization condition was similar to that the pure THAP
excited by 355 nm laser. These results reveal the important
role of thermal energy to the initial reaction of THAP.

CONCLUSIONS

A quantitative thermal ionization model was established to
explain the initial reaction of THAP. The irradiated matrix
region reached thermodynamic equilibrium due to ultrafast
non-radiative relaxation and a large number of collisions.
An Arrhenius-type desorption rate constant derived from
transition state theory was used to formulate the desorption
process. This mathematical formula encompassing ionization
and desorption describes not only THAP ions, but also
neutral THAP molecules as a function of laser fluence.
Dielectric effect was considered in evaluating the AG since
the initial reaction occurs in the condensed phase. The
calculation indicated that the reaction enthalpy of proton
disproportionation of THAP with dielectric effect could be
overcome by thermal energy generated from a single UV
laser photon. The mass spectrum of THAP obtained from
the mixture of THAP and Cg( at 450 nm was in support of a
thermally induced initial reaction. Quite apart from other
ionization pathways, the results herein reveal the important
contribution of thermal-induced chemical reactions in
MALDI. It needs to be emphasized, however, that other
mechanisms should not be ruled out owing to the specific
photochemical properties of matrices as well as excitation
conditions. Further development of the thermal ionization
model to help interpret the ionization of alkali metal
impurities is important because these impurities produce
alkali-ion adducts of analytes and other chemical noise. A
quantitative analysis of alkali-ion adducts of carbohydrates
will be discussed in subsequent works.
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