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A dry sample preparation strategy was previously established as a new method for matrix
assisted laser desorption/ionization mass spectrometry (MALDI-MS), so-called solvent-free
MALDI-MS. In this contribution, we examine systems that have been shown problematic with
conventional solvent-based MALDI approaches. Problems frequently encountered are solu-
bility, miscibility, and segregation effects during crystallization as a result of unfavorable
analyte and matrix polarities. In all cases studied, solvent-free MALDI-MS simplified the
measurement and improved the analysis. Solvent-free MALDI-MS enables more reliable
results in well-known problematic systems such as polydimethylsiloxane with its segregation
effects. However, even in highly compatible analyte/matrix systems such as polystyrene and
dithranol, there were undesirable suppression effects when employing THF as solvent.
Generally, the solvent-free method allows for more homogeneous analyte/matrix mixtures as
well as higher shot-to-shot and sample-to-sample reproducibility. As a result, less laser power
has to be applied, which yields milder MALDI conditions, reduced background signals, and
provides better resolution of the analyte signals. Solvent-free MALDI-MS proved valuable for
the characterization of nanosized material, e.g., fullereno-based structures, which indicated
having an increased fragmentation-susceptibility. New analyte/matrix combinations (e.g.,
polyvinylpyrrolidone/dithranol) are accessible independent of solubility and compatibility in
common solvents. An improved quantitation potential is recognized (e.g., insoluble polycyclic
aromatic hydrocarbon against soluble dendrite precursor). The rapid and easy measurement of
industrial products demonstrates the solvent-free method capable for improved throughput
analysis of a variety of compounds (e.g., poly(butylmethacrylate) diol) in routine industrial
analysis. Hence, this new MALDI method leads to qualitative and quantitative improvements,
making it a powerful tool for analytical purposes, which may also prove to be valuable in
future automation attempts. (J] Am Soc Mass Spectrom 2006, 17, 661-671) © 2006 American
Society for Mass Spectrometry

atrix assisted laser desorption/ionization mass
Mspectrometry (MALDI-MS) has been extensively
applied to the characterization of soluble mac-
romolecules [1, 2] and has even been used to detect intact
soluble molecules with masses higher than one million Da

[3, 4]. The common understanding of the matrix assistance
in MALDI-MS assumes a preorganized system where the
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analyte is homogeneously embedded in a matrix, allow-
ing a “soft” desorption/ionization process [5, 6]. Hence, in
MALDI-MS, sample preparation is one of the key factors
that greatly influence the success and the quality of the
mass spectrometric analysis. Since there are too many
contributing parameters in solvent-based sample prepara-
tion for MALDI-MS (solvent-based MALDI-MS), there is a
need for a more general method that is easily applicable
and has fewer critical parameters. One critical parameter
is the solvent that is necessary for homogenization of the
sample and the matrix in the liquid phase and is required
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to be removed before the measurement. Three methods
were developed independently with the goal to character-
ize solubility-restricted compounds and thus avoid the
use of solvent during sample preparation. Solubility-
restricted polyamides (<5000 Da) were characterized fol-
lowing a mechanical mixing of analyte and matrix by
mortar and pestle and pressed pellet application of the
obtained powder (solvent-free pressed pellet method) [7].
A matrix vapor deposition method was used to character-
ize soluble poly(ethylene glycol) (PEG, 6000 Da) [8]. Me-
chanical mixing of sample and matrix with a ball mill and
dry transfer of the resulting powder onto the surface of the
MALDI sample holder with a spatula (solvent-free
method) allowed the characterization of insoluble giant
polycyclic aromatic hydrocarbons (PAHs, >5700 Da) [9,
10, 11], polyfluorene (<10,000 Da) [12], and polydithiathi-
anthrene (<4000 Da) [13]. For this solventless approach, a
true matrix assistance was found for UV-absorbing com-
pounds (e.g., labile side-chain protected synthetic pep-
tides [14] and pigments [15]), and high molecular weight
polymers (e.g., poly(methyl methacrylate) and polysty-
rene) [15], and justified this method as a true MALDI
sample preparation method. Subsequently, this
solvent-free MALDI method allowed the analysis of py-
rolysis products [16], carbonaceous pitches [17], and
polyaniline oligomers [18]. The applied mechanical mix-
ing methods, such as ball mill or mortar and pestle
treatment, do not appear to have much influence on the
success of the solvent-free MALDI analysis, however the
transfer method to the MALDI sample holder does which
includes improved sensitivity, higher mass resolution,
and less restrictive molar analyte:matrix ratios when em-
ploying the loose powder transfer [15]. In addition, the
solvent-free MALDI results indicate that there is no re-
quirement for a highly crystalline analyte:matrix preorga-
nization [15] and, hence, the original model of an analyte
embedded in the matrix crystal seems to be a misconcep-
tion [19, 20].

In an effort to further characterize solvent-free MALDI-
MS, a series of compounds (Scheme 1) and compound
mixtures that in one way or another are problematic with
solvent-based MALDI-MS were compared to results ob-
tained with those from solvent-free MALDI-MS. These
systems represent problems associated with segregation
due to crystallization effects; analyte, matrix and solvent
incompatibility issues; the influence of appropriate
MALDI conditions in the solvent-free versus solvent-
based MALDI analysis of a compound containing a UV
adsorbing moiety; suppression and solubility problems in
complex mixture analysis; as well as unusual matrix
solvent driven problems in highly compatible systems.
High throughput issues are also addressed.

Experimental
Materials

Poly(methyl methacrylate) (PMMA, 2000 and 7100 Da)
and poly(ethylene glycol) (PEG, 2000 Da) were obtained
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from Polymer Standards (Mainz, Germany). PMMA
(2010 Da) was purchased from Macherey-Nagel (Diiren,
Germany). Poly(vinylpyrrolidone) (PVP, 2500 and
10,000 Da) was purchased from Polysciences Europe
(Eppelheim, Germany). Industrial products such as
poly(dimethylsiloxane) (PDMS, viscosity 450 cSt.),
poly(butylmethacrylate) diole (BD-1000), and partial
glycerides were provided by Goldschmidt GMBH (Es-
sen, Germany). Various polystyrene (PS, 1600 to 2300
Da) samples were gifts from PSS (Mainz, Germany).
The dendrite precursor Ci3,Hgy was synthesized as
described elsewhere [21]. The polycyclic aromatic hy-
drocarbon (PAH) C,3,H;, was synthesized by cyclode-
hydrogenation from dendritic C,5,Hg, in CH,Cl, [22].
Fullerenodendron was synthesized as described else-
where [23]. The major analyte structures are depicted in
Scheme 1. 1,8,9-Trihydroxyanthracene (dithranol), 33-in-
dole acrylic acid (IAA), 7,7,8,8-tetracyanoquinodimethane
(TCNQ), 2-(4-hydroxyphenylazo)-benzoic acid (HABA),
9-nitroanthracene (NA), 2,5-dihydroxybenzoeic acid
(DHB), and sinapinic acid (SA) were obtained from Al-
drich (Steinheim, Germany). a-Cyanohydroxycinnamic
acid (HCCA) was obtained from Sigma (St. Louis, MO).
All-trans retinoic acid (VitA) was obtained from Fluka
(Buchs, Switzerland). Silver trifluoroacetate, lithium triflu-
oroacetate, sodium trifluoroacetate, and potassium triflu-
oroacetate were purchased from Aldrich (Steinheim, Ger-
many) and used without further purification. Silver
powder (<60 m 99.9%), was obtained from ABCR
(Karlsruhe, Germany). Tetrahydrofuran (THF, 99.8%) was
obtained from Fluka (Buchs, Switzerland).

MALDI Instrumentation and Calibration

Mass spectra were recorded using a Bruker Reflex II
MALDI-TOF mass spectrometer (Bremen, Germany)
equipped with a Nj-laser (A = 337 nm) operating at a
pulse rate of 3 Hz. The ions were accelerated with
pulsed ion extraction (PIE design from Bruker) with a
voltage of 20 kV. The analyzer was operated in reflec-
tion mode and the ions were detected using a micro
channel plate detector. Calibration was carried out
before each measurement using a 2000 Da PS standard.
PS was dissolved in THF together with silver salt
(1:500:10 M analyte:matrix:silver trifluoroacetate) and a
multi point calibration of the isotopically resolved PS
oligomers was performed. To insure identical experi-
mental conditions while comparing solvent-free and
solvent-based MALDI-MS, the acceleration voltage and
laser power were held constant.

Industrial laboratory. The mass spectra were recorded
using a VISION 2000 (Finnigan MAT, Bremen, Ger-
many) equipped with a N,-laser (A = 337 nm) operating
at a pulse rate of 3 Hz. The ions were accelerated by a
voltage of 6 kV. The analyzer was operated in the
reflection mode. The ions were detected using a second-
ary electron multiplier detector and a post acceleration
voltage of 20 kV. Calibration was carried out with
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Dendritic precursor 5 PAH 6 PS7

Scheme 1. Structures of the analytes



664 TRIMPIN ET AL.

similar molecular weight standards, e.g., PDMS was
calibrated using 7100 Da PMMA, and BD-1000 was
calibrated using 2010 Da PMMA.

Solvent-free and Conventional Solvent-Based
MALDI Sample and Target Preparation

General procedure. The mixing of analyte and matrix
powder was accomplished using a MM2000 ball mill
from F. Kurt Retsch GmbH and Co. KG (Haan, Ger-
many). Mortar and pestle treatment was applied in the
industrial laboratory of Goldschmidt GMBH. For the
ball mill application, the general solvent-free protocol
[15] of 1:50 to 1:5000 analyte:matrix molar ratios was
used. A direct comparison of solvent-free and solvent-
based MALDI-MS was obtained by dividing the
solvent-free prepared analyte:matrix powder mixtures.
One part of the analyte:matrix mixture was applied to
the target as a fine powder to produce a thin coverage.
The other part was completely dissolved in an appro-
priate solvent (e.g., THF, dichloromethane) and applied
to the sample holder as a solution. After rapid evapo-
ration of the solvent, both samples were measured with
exactly the same experimental parameters.

Detailed  preparation  conditions. DHB  (previously
ground in a ball mill) and silver metal were mixed in a
2.5:1 weight ratio. The oily PDMS 1, 450 cSt (correlating
to ~20,000 Da), was mixed with the premixed DHB:
silver powder in a ratio of 1:15 via mortar and pestle
treatment. PMMA 2, (2000 Da):IAA:Li salt, and PVP 3,
(2500 Da):dithranol:Na salt, were each prepared in
molar ratios of 1:500:10 and 1:5000:10. PVP 3, (10,000
Da) was investigated using a 1:50 molar analyte:matrix
(IAA, DHB, HABA, dithranol, HCCA, NA, SA, VitA,
and TCNQ) ratio. The solvent-free MALDI powder
mixture of fullerenodendron 4 was prepared in a molar
analyte:matrix ratio of 1:500 using TCNQ and 1:500:10
or 1:500:(no salt) for dithranol with sodium, potassium,
and silver metal salts. Dendrite precursor C;3Hgg 5
(white powder) and the PAH C,;3,H;, 6 product com-
pound (black powder) were first characterized indepen-
dently. The dendrimer precursor C;3,Hg, 5 was mass
spectrometrically pure, the PAH Ci3,H;; 6 showed
slight signals that account for incompletely cyclized
side-products. From our previous studies of these com-
pounds [9], we were able to evaluate these as minor
impurities. Hence, both samples were sufficiently pure
for the model MALDI investigations. The dendrite
precursor 5 and the PAH product 6 were then mixed in
a molar precursor:product ratio of 10:90. The
solvent-free powder mixture was prepared in a molar
ratio of 1:500 using TCNQ as matrix, yielding a black
powder. For comparison to solvent-based MALDI-MS,
this solvent-free MALDI sample was dissolved in di-
chloromethane. PS 7, (1600 to 2300 Da):dithranol:silver
salt was prepared for a matrix dilution experiment in
ratios of 1:50:10, 1:500:10, 1:5000:10 for solvent-free and
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solvent-based MALDI-MS. The latter samples were
prepared by dissolving the obtained powder mixture in
either THF or CH,Cl,, as well as by directly mixing the
THEF dissolved analyte, matrix and salt together. Impor-
tant polymers originating from industrial production
such as poly(alkyleneglycol), polysiloxane copolymers,
organo-modified siloxanes, functional acrylic poly-
mers, and nonionic surfactants (e.g., ethoxylated
fatty alcohols, poly(hydroxyether)s, and PBMA-PEG-
blockcopolymers) were investigated for routine analy-
sis in the industrial laboratory of Goldschmidt GMBH.
The analytes were mixed with a premixed matrix (DHB:
NaCl 10:1) in an approximate ratio between 1:10 to 1:15.
Careful weighing was not employed. It was necessary
to change the sample preparation conditions in two
cases: PDMS was cationized with silver metal and the
hydroxyl-functionalized siloxanes with AgNOj.

Results and Discussion
Prevention of Segregation

Solvent-free MALDI-MS appears to produce analyte:
matrix mixtures with sufficiently high homogeneity [15]
in comparison to solvent-based MALDI-MS that we
were encouraged to apply this new method in specific
cases where segregation of matrix and analyte is prob-
lematic [24, 25]. To understand the generality of segre-
gation problems, one has to keep in mind that (re)crys-
tallization is commonly used as a purification step in
synthetic chemistry. Any crystallization procedure in-
volves separation phenomena of two or more com-
pounds in differing degrees. Intrinsically, any solvent-
based MALDI sample preparation suffers a lack of
homogeneity caused by solvent evaporation during the
crystallization step. To investigate possible improve-
ments in MALDI-MS utilizing the solvent-free sample
preparation method, results from solvent-free and sol-
vent-based MALDI-MS of poly(dimethylsiloxane)

0% } ||\ [TTTTTTTITT]rTTe T
1000 4000 8000 13000 20000 28000
miz

Figure 1. Solvent-free MALDI mass spectrum of industrial
PDMS 1 (450 cSt.). The mass spectrum was recorded using a
VISION 2000 (Finnigan MAT) instrument equipped with a N,-
laser.
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(PDMS 1, Scheme 1), a well-known candidate for seg-
regation effects, were compared [25]. A mass spectrum
was conveniently obtained by solvent-free MALDI-MS
(Figure 1) from a sample originating directly from
industrial production utilizing the mortar and pestle
treatment. The oily character of the PDMS 1 still al-
lowed for sufficient homogenization with the matrix.
Mass spectra were acquired with a high shot-to-shot
reproducibility. The measured molecular weight distri-
bution is in good agreement with values from viscom-
etry [26]. In spite of the broad molecular weight distri-
bution (mass range from 1000 to 28,000 Da), the mass
spectrum showed a good signal-to-noise ratio and in-
dicated resolved signals with repeating units of 74 Da
up to n = 450. In contrast, solvent-based MALDI-MS
was unable to acquire a mass spectrum of PDMS 1 in
this mass range. The solvent-based prepared sample on
the MALDI sample holder appears inhomogeneous
after evaporation of the solvent and optimization trials
were poor. These results suggest that solvent-based
MALDI methods are difficult for this analyte due to
strong segregation phenomena, which is in agreement
with previous observations [25]. Solvent-based MALDI
measurements of the molecular weight distribution of
PDMS appear to give errors even for low molecular
weight samples (<6000 Da) [25].

The polarity differences between analytes, matri-
ces, and solvents, which cause separation effects
during crystallization in solvent-based methods, are
problematic as well as a source of trace impurities
such as contamination by a binary solvent. Different
sources can account for the origin of binary solvents.
For example, traces of water are described as impu-
rities in PMMA solutions, creating inhomogeneity
and significant mass discrimination in solvent-based
MALDI-MS [27]. These kinds of disadvantages were
overcome by evaporation of the solvent of any prob-
lematic analyte to complete dryness and subsequent
solvent-free MALDI-MS.

These investigations showed that errors in the
MALDI analysis caused by segregation phenomena,
previously attributed to the PDMS [25], are overcome
by application of the solvent-free method. The advan-
tage of going from a three-component (analyte, matrix,
and solvent) to a two-component (analyte and matrix)
system provides fewer combinations that need to
be attempted. Now, disregarding optimization trials,
solvent-based MALDI uses less material than the
solvent-free approach, yet this is not so significant
because sample requirements of less than 0.1 mg rep-
resent still very small amounts and are not a real
limitation in practice. Most polymeric samples are typ-
ically available in sufficient quantities compared to
biologically-relevant amounts; however, pmol amounts
are now easily accessible for MS and MS/MS measure-
ments employing the solvent-free mini-ball mill ap-
proach [28, 29].
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Freedom in Analyte: Matrix Combinations

The strongest correlation to the quality of mass spectra
utilizing solvent-free MALDI-MS is given by the brit-
tleness of the analyte and the matrix themselves and
their ability to form homogenous sample mixtures upon
the application of the external mechanical forces [15]. In
solvent-based MALDI-MS some analyte:matrix combi-
nations cannot be applied due to solvent incompatibil-
ity. In the most fortuitous situation, a solvent may be
found that would allow suspension of the analyte and
yield a sufficient homogeneity for matrix-assisted de-
sorption/ionization. The aspect of solubility is impor-
tant since reagents and products in a range of reactions
switch from solubility in an aqueous to solubility in an
organic phase (or vice versa). This precludes following
the course of the reaction since the mass spectrometric
result strongly depends on the applied solvent and its
applicable matrix when utilizing solvent-based meth-
ods. For example, using an organic solvent would
preferentially overestimate compounds that are soluble
in the organic phase. On the other hand, the results of
the PDMS investigations above infer that solvent-free
MALDI-MS generally bears fewer compatibility restric-
tions. Various new analyte:matrix combinations that
cannot be applied in solvent-based MALDI-MS due to
the incompatibility of aqueous and organic solvent
systems were explored. These beneficial new combina-
tions were explored with the polymer standard (Scheme
1) poly(methylmethacrylate) (PMMA 2) and poly(vi-
nylpyrrolidone) (PVP 3). The analyte PMMA 2 requires
organic solvents whereas PVP 3 only swells in organic
solvents and, hence, necessitates an aqueous solvent [30].
The matrix 3B-indole acrylic acid (IAA) is soluble in
methanol, whereas 1,8,9-trihydroxyanthracene (dithranol)
is soluble in less polar organic solvents (e.g., THF). To
demonstrate the new and advantageous combinations,
solvent-free MALDI-MS was utilized for unusual analyte:
matrix combinations such as PMMA 2IJAA and PVP
3:dithranol in molar analyte:matrix ratios of 1:500. These
analytes were characterized by mass spectra with high
quality, strong signal intensities and signal-to-noise ratios
in both cases PMMA 2:IAA (Figure 1a in the Supplemen-
tary Material section, which can be found in the electronic
version of this article) and PVP 3:dithranol (Figure 1b also
in the Supplementary Material section).

Possible effects on the molar ratios for the new
analyte:matrix combinations utilizing solvent-free
MALDI-MS were also investigated. For solvent-based
MALDI-MS, an optimal molar analyte:matrix ratio of
1:500 is often found for polymeric analytes and was
verified for solvent-free MALDI-MS in an earlier inves-
tigation [15]. In the present investigations of “incompat-
ible” analyte:matrix combinations, the optimal molar
ratios were found to be around 1:500 but were not
restrictive, and good results were obtained also in the
molar range 1:50 to 1:5000 (data not shown). This is in
accord with previous work in which solvent-free
MALDI analysis also showed a flexible range in appli-
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cable molar analyte:matrix ratios for compatible ana-
lyte:matrix combinations [15].

As an application of these new beneficial combina-
tions of analytes and matrices via solvent-free MALDI-
MS, higher molecular weight PVP 3 (10,000 Da with
high polydispersity) was investigated. The obtained
mass spectra (data not shown) unambiguously indi-
cated matrix assistance for all the matrices used (IAA,
DHB, HABA, dithranol, HCCA, NA, SA, VitA, TCNQ).
As would be expected, the quality of the obtained
spectra using identical experimental conditions but
various matrices differed, but all the results confirm
that this technique allows hitherto unknown analyte:
matrix combinations.

Influence of the Appropriate MALDI Conditions
in the Analysis of a Fullerenodendron

Fullerenes have absorption at the laser wavelength (337
nm) and are used directly and without the addition of a
matrix as a calibration standard for MALDI analysis using
a two-point calibration of Cg, 111/z 720 Da and C,, m1/z 840
Da. Their ionization mechanism is through radical cation
formation. Fullerene-containing compounds are problem-
atic in MALDI analysis due to the absorption tendency of
the fullerene constituents at the laser wavelength, which
unavoidably causes direct excitation by laser irradiation.
Hence, the MALDI process of this type of analyte is
complicated by an imposition of matrix assisted excitation
of the analyte by the applied matrix as well as direct laser
desorption/ionization of the analyte. Consequently, an
increased fragmentation tendency can be expected in the
MALDI analysis of fullerene-containing analytes. The fo-
cus of these investigations is on the importance of apply-
ing appropriate MALDI conditions to a difficult,
fragmentation-susceptible high molecular weight fullere-
nodendron 4 (Scheme 1), in which the fullerenes are
located on every side branch of the dendron. Fullereno-
dendron was chosen as an example for the aforemen-
tioned reasons and is additionally problematic due to the
various carbon-heteroatom bonds that show a higher
cleavage tendency than other bonds in dendrimers [31].
Fullerenodendron was previously characterized by opti-
mized ES-MS analysis [30], where it was shown that the
fullerene-constituents are reduced in the ES source.
Hence, 4 was detected in various different radical anion
charge states from pentanion to heptanion. Generating
radical cations was also possible. The characterization
of 4 was not possible by solvent-based MALDI-MS.
Solvent-free MALDI-MS allows for a soft ionization pro-
cess [12, 14, 15, 20], as does the matrix TCNQ [9, 10],
effectively reducing the required threshold laser power for
a successful desorption/ionization processes in the
MALDI analysis and can therefore lower the fragmenta-
tion tendencies of analytes. Solvent-free MALDI analysis
allowed for a straightforward characterization of 4 when
applying TCNQ as matrix (Figure 2a). As expected, the
ionization was through radical cation formation. A frag-
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Figure 2. Solvent-free MALDI mass spectra of the fullerenoden-
dron 4 as a function of the sample preparation conditions and their
preferred ionizations: (a) 1:500 4TCNQ; (b) 1:500:10 4:dithranol:
silver salt; (c) 1:500 4:dithranol.

ment ion of M—Cy, was identified by its mass difference. In
the lower mass region there is an intense signal of in-
source decay (ISD) (Figure 2a), which increases with
increasing applied laser power (data not shown). This
sensitivity to the applied laser power suggests that this
signal also originates from fragmentation. Subsequent
PSD-fragmentation studies exclude metastable decay,
hence, the fragmentation must occur in the MALDI source
analogously to processes in the ES source when the
characterization of 4 was performed utilizing ES-MS [32].

Variations of the sample preparation conditions (e.g.,
dithranol and sodium, potassium, or silver salt, Figure 2b)
lead to mass spectra with good quality even though
higher laser power needed to be applied for the desorp-
tion/ionization process of this fragmentation-susceptible
analyte. This result seems, at first, contradictive. When 4
was investigated with dithranol, in the absence of an
added metal salt (Figure 2c), the parent ion was barely
detected, but the signal intensity of the ISD-fragment ion
was greatly increased. Overall, in the mass spectra the
signal-to-noise-ratio was higher when TCNQ was applied
as the matrix (Figure 2a) than when the matrix dithranol
was used with (Figure 2b) or without (Figure 2c) the
addition of a metal salt. Hence, TCNQ conditions that
favor the radical cation formation and, therefore, the
preferred ionization of the fullerene constituents of 4
necessitate less laser power in the MALDI measurement
and lead to overall higher signal intensities of both the
parent ion and the fragment ions (Figure 2a). We conclude
that the different ionizations of 4 dictate the stability and,
hence, the fragmentation tendency of this organic macro-
molecule: metal attachment, which leads to a pseudo-
molecular-ion formation, stabilizes the gas-phase ions of 4;
photoionization, which leads to radical cation formation,
enhances the fragmentation of 4. Solvent-free MALDI-MS
allowed for lowering the threshold laser power so that this
fragmentation-labile, giant organic molecule (>8000 Da)
was characterized for the first time by MALDI analysis.
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These investigations emphasize the importance of opti-
mizing the sample preparation conditions as well as the
ease in doing so with solvent-free MALDI-MS. This study
demonstrates the capability of characterizing labile nano-
sized material by MALDI-MS. Nanomaterials have gained
rapid attention lately [33], which is reflected in increased
production numbers, environmental concerns, and the
lack of available appropriate analytical methods.

Improved Performance for the Characterization
of Complex Compound Mixtures

It is not unusual that in a reaction mixture the precursor
is more soluble than the product; in a dissolving step,
the precursor and product dissolve then intrinsically to
different degrees, yielding inaccurate molar ratios of the
soluble and less soluble compounds in solution and,
therefore, generating false MALDI results. Such a situ-
ation was simulated by preparing a mixture of well-
defined monodisperse organic compounds (Scheme 1)
such as soluble dendrite precursor Ci3Hgy 5 (in

a..
6000

IMPROVED ANALYSIS BY SOLVENT-FREE MALDI-MS 667

CH,Cl,) and insoluble, cyclized polycyclic aromatic
hydrocarbon (PAH) product Ci3Hs, 6 (in common
organic solvents) in a molar precursor:product ratio
of 1:9, which was then investigated by MALDI-MS.
Solvent-free MALDI-MS vyielded a high quality mass
spectrum of the reaction mixture (Figure 3 [I]). The
MALDI sample exhibited a high homogeneity on the
MALDI plate and the mass spectra were acquired with
high shot-to-shot reproducibility. Both molecules are
detected as radical cations. The precursor is detected to
a much higher degree (about 30-fold); a 145-fold over-
estimation of the precursor over the product was ob-
served previously for PAH Cy,H,, [34]. When this
solvent-free MALDI sample was subsequently dis-
solved in dichloromethane, the crystallized sample on
the MALDI plate visually appeared inhomogeneous. A
mass spectrum was only obtainable at much higher
laser power than when solvent-free MALDI-MS was
employed. Contrary to solvent-free MALDI-MS, only
the soluble dendrite precursor 5 was detected (Figure
3II). The obtained solvent-based mass spectrum

a..

l.a) 60007 1.b) full t
a .b) full mass spectrum -
" p [CWSZHQO]
[C132H34] ‘ [CwazHgo]‘ \
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Figure 3. MALDI mass spectra of a model mixture simulating a 90% reaction yield in the synthesis
the insoluble PAH product C,3,Hs, 6 from the dendrite precursor C,5,Hq, 5: [I] Solvent-free sample
preparation: (a) inset spectrum, (b) full mass spectrum; [II] conventional solvent-based sample
preparation: (a) inset spectrum, (b) full mass spectrum; [III] simulated isotopic distribution of the
analyte mixture calculated from the elemental compositions.



668 TRIMPIN ET AL.

showed, besides the complete suppression of the PAH
6, poor quality of the precursor molecule Cy3,H;, 5, e.g.,
only about 10% in intensity is observed compared to the
signal intensity of 5 obtained by the solvent-free ap-
proach (Figure 3[I]Ja). Additionally, as shown in the
full-scale mass spectra, solvent-free MALDI-MS (Figure
3[I]b) produced an increased signal-to-noise ratio and
less severe background signals (<1000 Da), that are
commonly observed in solvent-based MALDI-MS (Fig-
ure 3[II]b). The individual isotopic distributions were
compared with the simulated isotopic distributions of
the analyte mixture, which were calculated from the
elemental compositions (Figure 3[III]). Precursor 5, de-
tected via the solvent-based approach (Figure 3[II]a),
did not show the expected isotopic distribution; the
poor correlation is most likely the result of the higher
laser power that has to be applied for successful pro-
duction of molecular ions. A good agreement of the
isotopic distribution is found for 5 and 6 employing the
solvent-free approach (Figure 3[I]a). The high accuracy
and sensitivity of solvent-free MALDI-MS for both
analytes in this model compound mixture is striking
and is in accord with previous investigations of, e.g.,
soluble polymers such as polystyrene [13]. The most
severe shortcoming remains that the product 6 was not
detectable with solvent-based MALDI-MS even when
extremely high laser powers were applied. We rational-
ize the result by strong differences in the solubility of
product and precursor and possible sample loss (e.g., to
the wall of the tube) and segregation effects on the
MALDI plate. This study emphasizes a situation of
practical importance. In this case, the solvent-based
MALDI result would present the wrong conclusion
such as that the reaction did not occur at all even
though a 90% reaction yield was obtained.

Prevention of Suppression Effects
in Highly Compatible Systems

The characterization of solubility-limited compounds
and/or less favorable compatible mixtures has the
intrinsic advantage that the operator is aware of the
challenging situation (e.g., incomplete dissolving of the
analyte during sample preparation, inhomogeneities of
the sample mixture on the sample holder are visually
apparent) and, hence, can take appropriate precautions
during sample preparation as well as when acquiring
the mass spectrum. A different and somewhat more
intractable situation is suppression effects in highly
compatible systems because no inhomogeneities are
visible. The following investigation typifies the reliabil-
ity of solvent-free MALDI-MS and is discussed in
greater detail to show the utility of this new MALDI
method for the analysis of analytes such as polystyrene.

Routine solvent-based MALDI analysis of a polysty-
rene standard (PS 7, Scheme 1) using THF as solvent
and dithranol as matrix, where careful weighing of the
sample was omitted, showed the expected n-Bu- and
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H-end groups as well as an additional polymer distri-
bution (data not shown). This additional polymer dis-
tribution had a repeating unit of 104 Da. A simulation of
the isotopic distribution indicated cationization with
silver and excluded other common cationizing metals.
The observed mass difference of +60 Da (or conversely
—44 Da) from the expected, known polymer distribu-
tion does not account for any other common end group
or an analyte-matrix-adduct formation. Applying strict
standard conditions (molar analyte:matrix:silver salt
ratio of 1:500:10, THF as solvent) gave mass spectra
with both polymer distributions. Complementary meth-
ods, including "H-NMR experiments and gel-perme-
ation chromatography (GPC) investigations, showed no
PS oligomer with an additional end group and excluded
high level contaminants (>5%) in this low molecular
weight PS sample. The most rational explanation of
these results is a strong suppression effect of PS with
the expected end group when applying solvent-based
MALDI analysis. The analytical approach we used to
elucidate the assumed suppression effect was a direct
comparison of both MALDI methods as a function of
molar analyte:matrix ratios. To ensure uniformity in
sample preparation, a portion of the solvent-free ana-
lyte:matrix powder was dissolved in the appropriate
solvent for use in solvent-based MALDI-MS. Thus, the
methods only differed in the presence or absence of
solvent.

Solvent-based MALDI-MS, using dithranol as matrix
and THF as the solvent and a 1:50:10 M analyte:matrix:
salt ratio, showed the expected n-Bu- and H-end groups
(Figure 4[IJa). In a molar analyte:matrix:salt ratio of
1:500:10, an unexpected polymer distribution was ob-
served (Figure 4[I]b) in addition to the original polymer
distribution that accounted for #n-Bu- and H-end
groups, whereas for a 1:5000:10 ratio only this unknown
polymer distribution was detected (Figure 4[I]c). Hence,
an additional polymer distribution is obtained with
increasing matrix dilution utilizing solvent-based
MALDI-MS. Solvent-free MALDI experiments per-
formed with any molar analyte:matrix ratio between
1:50:10 and 1:5000:10 (Figure 4[II]) showed in contrast
only the n-Bu- and H-end groups and even produced
signal intensities that were equal to or much higher
than with solvent-based MALDI-MS (Figure 4[I]). Re-
peating this comparison showed identical results and
excluded errors in sample preparation. However, when
analogous solvent-free and subsequent solvent-based
MALDI matrix dilution experiments are performed
with dichloromethane as a solvent, no additional poly-
mer distribution is detected in any of the molar ratios
between 1:50:10 and 1:5000:10. This result is shown in
Figure 4[I]d for a molar ratio of 1:5000:10. Furthermore,
the additional end group with +60 Da that was found
for solvent-based MALDI-MS using THF (Figure 4[I]b,
c) was not observed in any PS 7:IAA analyte:matrix
ranging from 1:50:10 to 1:5000:10 (Figure 4[II]d, 1:5000:
10) utilizing solvent-free MALDI-MS.

A higher consistency in the results was obtained by
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Figure 4. MALDI mass spectra of PS 7 (2000 Da) as a function of molar ratios of [I] PS:dithranol:silver
salt and solvents applying conventional solvent-based MALDI-MS: (a) 1:50:10 dissolved THF; (b)
1:500:10 dissolved THF; (c) 1:5000:10 dissolved in THEF; (d) 1:5000:10 dissolved in dichloromethane; [II]
PS:matrix:silver salt and matrices applying solvent-free MALDI-MS: (a) 1:50:10 and dithranol; (b)
1:500:10 and dithranol; (c) 1:5000:10 and dithranol; (d) 1:5000:10 and TAA.

solvent-free MALDI-MS independent of matrix or ratios
used. We assume that the misleading result of this
additional polymer distribution that appears when us-
ing THF and the common and higher matrix dilutions
in solvent-based MALDI-MS may be due to traces of
contaminants (e.g., from traces of peroxides in THF)
that are below the detection limit for "H-NMR as well as
for ESI- and FD-MS, MS methods that unambiguously
showed the expected n-Bu- and H-end groups. Follow-
ing this assumption, PS oligomers with similar molec-
ular weights (1600 to 2300 Da) that originated from the
same batch of initiator for anionic polymerization were
investigated. These PS oligomers 7 show, with increas-
ing matrix dilution, the same additional polymer distri-
bution of +60 Da when using solvent-based
MALDI-MS and THF as the solvent. PS oligomers 7 that
originated from different batches of initiator showed,
with high matrix dilution, only the expected n-Bu- and
H-end groups. Therefore, only in the batch of one
initiator, a polymer side-product with an unknown end
group is formed in presumably less than 5% quantities
(value estimated by complementary methods). The sup-
pression effect of the PS oligomer 7 with n-Bu- and
H-end groups is successfully prevented utilizing
solvent-free MALDI-MS. Evaluating a rough estimation
of the over-representation of the unknown oligomer in
the mass spectra (PS oligomer 7 n = 19) obtained by
solvent-based MALDI-MS leads to a minimum value of
+20% for the conventional optimal molar ratio of 1:500
and +100% for the molar ratio of 1:5000. Given the
assumption of a maximum of 5% contamination, the
solvent-free MALDI method yields an under-represen-
tation of at most —5% independent of molar ratios.
Although neither method yields a highly quantitative
result, the application of solvent-free MALDI-MS, in

this case, greatly reduced suppression effects. Recently
[35] it was shown that a PS sample underwent oxidation
at the sulfur end-group during a solvent-based sample
preparation employing THF as solvent. This oxidation
was not observed utilizing solvent-free MALDI-MS.
Hence, the similarities in terms of analyte, matrix, and
solvent, allow us to conclude that this undesired inter-
ference may be a general problem with solvent-based
MALDI-MS and can be avoided employing the
solvent-free method.

Improved Performance for Throughput Analysis

Typically, high throughput solvent-based MALDI anal-
ysis involves similar samples—optimal conditions for
one sample are assumed to be sufficient for all samples.
The robust, highly adaptable solvent-free MALDI
method makes it invaluable for high-throughput inves-
tigations: the potential for the analysis of numerous
compounds with various molecular weights with a
minimum variation of sample preparation while main-
taining sufficient quality in the mass spectra. In this
routine solvent-free MALDI analysis, the following
analytes were successfully characterized: poly(alkyle-
neglycol) (200-10,000 Da), PMMA (500-20,000 Da),
polystyrene (500-10,000 Da), PDMS (700-10,000 Da),
partially ethoxylated poly(hydroxyester) (up to 3000
Da; resolution is compromised above this molecular
weight) and commercially available tensides (ethoxy-
lated with n = 2 to 100). PDMS was cationized with
silver powder and the hydroxyl-functionalized silox-
anes with AgNOj;, and are therefore special cases. It
should be emphasized that all the other analytes were
accessible with the matrix DHB, the cationizing agent
NaCl, and with the same molar ratios. The applied



670 TRIMPIN ET AL.

molar ratios were approximate and did not require
careful weighing. This flexibility in preparation was
already exploited with studies of analytes 2 and 3.
Additionally, these results were obtained in a quick,
straightforward manner and without any optimization
procedures.

The solvent-free approach allowed for the routine
characterization of the above mentioned analytes with
much improved time efficiency, and resulted in mass
spectra with increased quality and a higher signal-to-
noise ratio (e.g., poly(butylmethacrylate)-1000 diole;
BD-1000). Due to their extreme range in polarities,
thoxylated partial glycerides exhibit highly variable
solubility and great difficulties in obtaining results
utilizing solvent-based MALDI-MS. Nevertheless,
when a compound mixture containing PEG, ethoxy-
lated glycerine, and up to C,4:C,g triglycerides was
investigated using solvent-free MALDI-MS, the mass
spectra obtained could be used to accurately character-
ize the complete compound mixture. Generalizing these
results, several advantages for solvent-free MALDI-MS
were found for nonpolar analytes when using the DHB
matrix. In contrast, the separation effect appears to
increase in solvent-based MALDI-MS when differences
in the polarities of the matrix and analyte increase,
resulting in insufficient mass spectral quality (e.g.,
BD-1000) or even prevented (e.g., PDMS) the MS anal-
ysis, presumably because of the negative mediation of
the solvent.

Conclusions

The improvements in analysis gained by utilizing
solvent-free MALDI-MS are striking. Future applica-
tions of solvent-free MALDI-MS may include com-
pounds such as solid-state synthesized products (e.g., to
exclude unknown solvent effects such as oxidation or
degradation etc.) [36], environmental-relevant solids
(e.g., contaminated soil or sludge, nanomaterials,
PAHs, kerosene, and fuels etc.), as well as biological
samples (e.g., solubility-limited membrane proteins)
[29], all of which are sometimes only accessible by
time-consuming sample pre-treatments or LD MS if at
all. It is reasonable to assume that solvent-free MALDI
analysis will be unable to acquire mass spectra directly
of highly entangled polymers such as commercial poly-
ester or nylon, so that further adjustments to the sample
preparation might be required to access these types of
highly intractable synthetic polymers in the future. Less
than optimal quantitative results due to desorption/
ionization preferences, wide polydispersity, and instru-
mentational limitations (e.g., detector saturation) are
independent of the sample preparation method. For
this, focused quantitative MALDI-MS strategies must
be further developed but will certainly be a difficult
task, as shown previously [37]. Problems in quantitative
investigations such as polydisperse samples, over-
representation of lower molecular weight compounds,
saturation of signals and detection inefficiency [38, 39],
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suppression effects due to preferential desorption/ion-
ization etc. still exist, making accurate quantitation of
mixtures difficult. The solvent-free MALDI method has
numerous beneficial aspects as described above making
it valuable for future quantitation approaches. In par-
ticular, the intrinsic over-estimation of parts of a mix-
ture, e.g., due to preferential desorption/ionization, is
more reproducible in these experiments and, therefore,
can be recalculated mathematically for quantitative
analysis.

Since solvent-free MALDI-MS has been shown to
perform routine analysis precisely and accurately, to
require less time for sample preparation, and to acquire
improved mass spectra faster, it seems reasonable to
propose an automated [40] solvent-free sample prepa-
ration platform for high throughput accurate mass
determination (automated workstation and automated
mass analysis) designed into a commercial MALDI-TOF
mass spectrometer. The method and clean-up issues
related to solvent-free MALDI-MS, which were consid-
ered a serious obstacle for routine and high throughput
use, can be overcome using recently described
solvent-free sample preparation strategies, such as vor-
texing [41, 42], mini-ball mill [28, 29], and in particular,
on-target grinding [42] methods, which can adapt to
automation as well as to downscale the required
amounts of sample and matrix. In several laboratories,
solvent-free MALDI is already being used in about 50%
of the routine analyses performed (e.g., authors’ labo-
ratories and [41]).
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