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A new group of compounds has been successfully tested as matrices for ultraviolet matrix-assisted laser
desorption/ionization mass spectrometry (UV-MALDI MS). Several new matrices for UV-MALDI MS have been
found by choosing, as potential matrices, compounds that perform an intramolecular proton transfer along an
intramolecular H-bond under UV irradiation. Compounds of this type are, for example, salicylamide,
salicylanilide, several ortho-hydroxyacetophenones and orthe-hydroxybenzophenones. The matrix activity of
these compounds is compared to the corresponding meta- and para-isomers and to the matrix activity of such well
known matrices as 2,5-dihydroxybenzoic acid and 2,4,6-trihydroxyacetophenone. It was found that meta- and
para-substituted hydroxycarbonyl compounds show either a significantly lower or no matrix activity compared

with the ortho isomers.

When matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry was introduced in 1988,"? the intention
of further research was, at first, to improve resolution, and
of course to widen the mass range in order to be able to
analyse high-mass molecules. Moreover, MALDI was
applied to the analysis of several different classes of
chemical substances.** The search for new matrix com-
pounds was, and still is, one important field of investigation.
One reason for this was the result that, for different classes
of analytes, very different matrix compounds have been
proved to work best. Several reports about quite different
classes of substances have been published so far (Ref. 3 and
relevant citations therein; Refs. 4—15). There seems to be no
limitation to the kind of substance that can be used as a
matrix. Most of the matrices, which have been published
until now, are solids, but there are also liquid compounds
which work successfully as a matrix, such as nitrobenzyl-
alcohol and others.>?

Only few basic properties for a potential matrix com-
pound have been identified so far. First, the matrix should
have a strong absorbance at the wavelength with which the
sample is irradiated. Secondly, other important properties
investigated so far are the solubility and the vacuum
stability of the potential matrix. Finally, it may be useful to
look for a substance that can be sublimated at not too high
a temperature.'®

A subiject attracting great interest was, and still is, the
fundamental question of how a matrix works, or how the
whole desorption and ionization process occurs. Attempts to
model this process have also been made'’*' but the process
is not completely understood. That means, of course, that

there are very few fixed rules for the selection of new
matrices. Regarding the chemical structure of the matrices
that have been identified so far, one can roughly distinguish
between two different groups of substances. The first group
is embodied by derivatives of cinnamic acid such as sinapic
acid or a-cyano-4-hydroxycinnamic acid.>*!' Derivatives
of aromatic carbonyl compounds, such as 2,5-dihydroxy-
benzoic acid (DHB), salicylic acid or anthranilic acid, can
be regarded as examples of the second group (Fig. 1).>* The
work presented in this paper deals with this second group of
compounds.

Compounds such as salicylic acid (Fig. 1) which contain
a phenolic hydroxy group ortho to a carbonyl function often
show a special behaviour under UV irradiation. Thus, UV
irradiation induces an intramolecular proton shift along the
intramolecular H-bond in these molecules, yielding a
metastable excited state.”>*? The scheme in Fig. 2 describes
the observed transition. Similar transitions are observed for
many compounds that contain the structural element
described.”2 The excitation wavelength of those transi-
tions is, in general, located in the ultraviolet region. This
means that compounds performing an intramolecular proton
transfer under UV irradiation are also strong absorbers at
the laser wavelength used, which is one major requirement
for a matrix. This feature is combined with the observation
that the acidity of phenol is enhanced significantly under
UV irradiation whereas the acidity of the carboxylic group
in hydroxybenzoic acids is reduced in the excited
state.?”- -3¢ Additionally, the excited state that results from
an intramolecular proton transfer is a metastable state
(lifetime 3 ns) which could perhaps enhance the probability
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Figure 1. Hydroxycarbonyl compounds used as MALDI matrices.
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Figure 2. Intramolecular proton transfer under UV irradiation.

of a proton transfer from the matrix to analyte molecules.*
Compared to the ortho-hydroxycarbonyl compounds, the
lifetime for the excited state is shorter for the corresponding
meta- or para-compounds.® Both the increased acidity of
phenolic H-atoms as well as the special state of the phenolic
H-atom in the type of molecule described may have an
important influence on the propensity for a proton transfer
from the matrix to the analyte molecules. In this respect, it
is sensible to test compounds showing the described
transition as new potential matrices. Several compounds,
showing the described transition under UV irradiation have,
in fact, been successfully used as new MALDI matrices.

EXPERIMENTAL

Mass spectrometry

The mass spectrometric measurements were carried out on
a home-built linear MALDI time-of-flight instrument. A
more detailed description of this MALDI-TOFMS instru-
ment has been published earlier.”’” Desorption/ionization
was achieved by a pulsed nitrogen laser (337 nm, pulse
energy>250 pJ, pulse duration 3 ns FWHM). The irradia-
tion intensity was regulated using an adjustable iris, placed
between the laser and focusing optics. Data acquisition was
carried out using a personal computer, running the LDI
1700 Data Acquisition Software (Biomolecular Separations
Inc., Reno NV, USA) under Windows 3.1.

UY spectrometry

For the determination of the UV absorption of any potential
matrix compound, UV-Vis spectra of all tested compounds
were measured in ethanolic solution (107*mol/L) on a
Perkin-Elmer (Foster City, CA, USA) UV-Vis
spectrophotometer (Model 554). The absorption of tested
matrix compounds at 337 nm wavelength is given in
Tables 1 and 2.

MALDI sample preparation

All tested analytes were dissolved in water to a final
concentration of 10™* mol/L in deionized water except the
peptides and proteins which were dissolved in a 0.1%
solution of trifluoroacetic acid in water. Nucleotide samples
were desalted using Millipore VSWP 01300 membranes
(Bedford, MA, USA).

The analyte molecules tested were all commercially
available. Thus, d(pA),, d(pA),, and poly(ethyleneglycol)
dimethyl esters (1000 and 4000) were from Fluka AG,
Buchs, Switzerland; bovine insulin was from Sigma AG,
Buchs, Switzerland; the oligopeptides Glycine;, Glycine,
and Glycine; were from Bachem AG, Bubendorf, Switzer-
land. The samples were used without any further treatment
or purification.

All matrix compounds tested were purchased from Fluka
AG, Buchs, Switzerland except for the following: 2 (Table
1), from Sigma AG, Buchs, Switzerland; 6, 10, 19, 21 and

26 (Tables 1 and 2) from Aldrich AG, Steinheim, Germany,
and 8, 20 and 22 which were synthesized in-house. Each
matrix was dissolved in the solvent that proved to work best
in our experiments (see Tables 1 and 2). For each sample
preparation, 10 pL of matrix solution and 5 wL of the
diluted analyte were mixed. By this procedure, a solution
with a matrix/analyte ratio of 2000:1 was obtained. A
1.5 uL droplet of this solution was deposited on a brass
probe tip and finally dried in vacuum (fast evaporation). All
samples were prepared and analysed at least three times.
The measurements on our MALDI-TOF instrument were
carried out using the following set of acquisition parame-
ters:

Ion-repeller voltage: 28 kV positive-ion mode, 20 kV
negative-ion mode. Extractor voltage: 11 kV positive-ion
mode, 9 kV negative-ion mode. Accelerator voltage: 0 kV
(ground) positive and negative ion modes).

RESULTS AND DISCUSSION

Our results show that compounds which perform a proton
transfer under UV irradiation (Fig. 2) are actually usable as
matrices for UV-MALDI MS. This was found for the
hydroxyacetophenone derivatives tested (Table 1) as for the
hydroxybenzoic acid derivatives (Table 2). The values for
resolution and sensitivity, given in Tables 1 and 2, were
measured using bovine insulin (M=5733.5 Da, positive-ion
mode) or the oligonucleotide d(pA), (M=959.6 Da, neg-
ative-ion mode) as a sample. Measurements with other
different analytes have also been carried out and yielded
similar results.

The matrix activity of 2-hydroxyacetophenone is only
observable with a cooled probe tip which was designed
especially for the investigation of liquid compounds as
MALDI matrices. Unfortunately, the cooling of the probe
tip was not efficient enough to prevent warming and
evaporation of the sample. For this reason, it was not
possible to obtain constant results for the resolution and
sensitivity which can be achieved using 2-hydroxyacetophe-
none (2; Table 1) or 2-hydroxybenzophenone (10; Tabie 1).
The meta- and para-compounds show a significantly lower
matrix activity in our experiments.

Regarding the matrix activity of different dihydroxy-
acetophenones, it was found that 2,4-, 2,5- and 2,6-dihy-
droxyacetophenone (3, 4, 5; Table 1) are very good matrices
for MALDI experiments in both the positive- and negative-
ion modes (Figs 3 and 4). 2,5-Dihydroxyacetophenone, for
example, allows a resolution of more than 1000 in the
spectrum of bovine insulin. In our experiments, we did not
find any matrix that showed a better resolution in this mass
range. Also, in the negative-ton mode, a very good
resolution and sensitivity was achieved using this new
matrix. Comparable results have also been obtained using
2,6-dihydroxyacetophenone as a matrix. In contrast,
3,5-dihydroxyacetophenone (6; Table 1) shows no matrix
activity although its absorbance at the wavelength used is
very strong. 3,5-Dihydroxyacetophenone is the only isomer
that contains no ortho-hydroxy group and therefore should
offer no possibility for an intramolecular proton transfer
under UV irradiation. 2,5-Dihydroxyacetophenone is a very
powerful matrix for the analysis of peptides, proteins (Fig.
5) and oligonucleotides (Fig. 4). In our experiments,
2,5-dihydroxyacetophenone proved to be a better matrix for
the analysis of oligonucleotides, such as d(pA),, than
3,4,6-trihydroxyacetophenone.

Another interesting group of compounds are the hydroxy-



benzophenones. The ortho-hydroxybenzophenones (10 and
11; Table 1) again show the structural element which should
allow an intramolecular proton transfer under UV irradia-
tion.”>? Additionally, the absorbance at 337 nm is very
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Table 1. Hydroxycarbonyl compounds

10

11

12

13

14

Structure

o=z

O O X

Cax

=
’

o=

-0

O
P

3
5 @.F

Q
i

0 ot

=
[ : !
(
=l Q_fQ
o

Chemical
name

4-Hydroxy
acetophenone

2/Hydroxy
acetophenone

2,4-Dihydroxy
acetophenone

2,5-Dihydroxy
acetophenone

2,6-Dihydroxy
acetophenone

3,5-Dihydroxy
acetopheﬁone

2,4,6-Trihydroxy
acetophenone

2,5-Dihydroxy

1,4-diacetylbenzene

4-Hydroxy
benzophenone

2-Hydroxy
benzophenone
2-Hydroxy-
4-methoxy--

benzophenone

Salicylamide

Salicylanilide

Tropolone

2 Key for the measured signal intensities
+++, very strong [M+H]* or [M—H]~ signals; ++, intense [M+H]* or [M—H]~ signals; +, good [M+H}"
or [M—H]~ signals; +—, weak intensity of [M+H]* or [M—H]~ signals; —, very weak or no [M+H]* or
[M~—H]" signals.
* Resolution averaged over 10 laser shots
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1:1

200

2100

2900

1100

2000

1700

2500

1650

2850

8000

1100

6100

Polarity

positive

positive

positive

positive

negative

positive
negative

positive

positive
negative

positive

positive

positive

positive

positive

positive

positive

Intensity”
M+H)*"/(M—-H}~

+

++

++

+++

++
++

++

++

++

++

Resol.”
[m/Am}

<20

410

1030
320

290

341

270

324

55

380

1929

high, especially for 11 (Table 1). Unfortunately, ortho-
hydroxybenzophenone is a very volatile liquid which could
be used in our MALDI-TOF instrument only with a cooled
probe tip (as described above). The compound shows matrix
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activity but the results were not quantitatively reproducible.
We therefore looked for a derivative of 2-hydroxy-
benzophenone, that shows the same structural element but is
less volatile under vacuum conditions. Such a compound
was found in 2-hydroxy-4-methoxybenzophenone (11;
Table 1). This compound absorbs strongly at 337 nm. Based
on our idea that compounds which can perform an
intramolecular proton transfer under UV irradiation are
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usable as MALDI matrices, this compound should show
good matrix activity. In fact, it does not. This compound is
the only ortho-hydroxycarbonyl compound that we tested so
far that does not work as a matrix. The question why cannot
be answered easily. Perhaps the very low melting point of
the compound (66 °C*) is responsible, so that the com-
pound melts instead of being desorbed. In contrast to this,
the para isomer, 4-hydroxybenzophenone, is a solid com-

Table 2. Hydroxybenzoic acids

Chemical
Structure name

15 2-Hydroxybenzoic
acid

16 3-Hydroxybenzoic
acid

17 4-Hydroxybenzoic
acid

18 2-Hydroxy-
5-chlorobenzoic
acid

19 2-Hydroxy-
5-methoxybenzoic
acid

20 Methyl
5-methoxysalicylate

21 Methyl
2-hydroxy-
4-methoxybenzoate

22 Methy! 5-
chlorosalicylate

23 2,5-Dihydroxybenzoic
acid

24 2,6-Dihydroxybenzoic
acid

25 3,5-Dihyroxybenzoic

acid

26 @ 2,5-Dihydroxy-
g terephthalic acid

< Key for the measured signal intensities

Intensity” Resol.”
Solvent &7 (M+H]* [miAm]
EtOH/H,0O 100 + 285

1:1

EtOH/H,0 0 - -
I:1

EtOH/H,0 50 - -
1:1

EtOH/H,0 750 ++ 260
1:1

EtOH/H,0 5000 ++ 290

1:1

liquid — - -

EtOH/H,0 200
1:1

EtOH/H,0 1150 +— <200
1:1
EtOH/H,0 4250 ++ 240
1:1
EtOH 700 ++ 478
EtOH 100 - -
EtOH/H,0 1250 + 91

1:1

+++, very strong [M+H]* or [M —H]~ signals; ++, intense [M+H]* or [M —H]" signals; +,
good [M+H]* or [M—H]~ signals; +~, weak intensity of [M+H]* or (M —H]~ signals; —,

very weak or no [M+H]}* or [M —H]~ signals.
¢ Resolution averaged over 10 laser shots
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Figure 3. MALDI spectrum of oligonucleotide d{pA),, averaged over 10
laser shots.

pound which can be used under vacuum conditions and
shows matrix activity with a low sensitivity and poor
resolution in the positive-ion mode.

Another very useful matrix in the positive-ion mode is
salicylamide (12; Table 1). Salicylamide also shows proton
transfer under UV irradiation.? Its absorbance is compar-
atively weak, but its performance as a MALDI matrix is
nevertheless very good. The low intensity of matrix
(fragment) ions allows measurements with this matrix in a
mass range from just above m/z 150 up to m/z 40 000 (Figs
4, 6 and 7). Figure 4 shows MALDI spectra of glycine
oligomers (3, 4 and 6 glycine units). The detection of each
molecule was easily possible whilst almost no fragmenta-
tion of the matrix can be seen. As well as the [M+H]" ions
from the glycine oligomers, there are signals due to the
protonated monomer and dimer of the matrix. Another
example of the application of as a MALDI matrix is given
in Fig. 6 which shows that the analysis of synthetic
polymers such as poly(ethyleneglycol) dimethyl ether 1000
is easily possible. Again there are no matrix (fragment) ions
in the region m/z>500. These results demonstrate that
salicylamide offers the possibility of analysing smail
molecules, with a molecular weight of less than 200 Da, in
the presence of large molecules of up to 30000Da
molecular weight. Above 30000 Da, the sensitivity
decreases so that salicylamide is not usable as a matrix for
very large molecules. This is perhaps due to the compar-
atively weak absorption of salicylamide compared to the
absorption of matrices such as 2,5-dihydroxybenzoic acid.
For the analysis of bovine insulin salicylamide provides a

polarity: negative d(pA),
[M-H]
14 . .
o D ST
RlEes Lo
: R :
g
051 2,5-Dihydroxy- C(B"
[ acetophenone
, .
0 T ] 1 T 1 ] T | ]
0 800 1600 2400 3200 4000

Figure 4. MALDI spectra of oligoglycines, averaged over 10 laser shots.
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Figure 5. MALDI spectrum of bovine insulin, averaged over 10 laser
shots.

resolution of 380 (FWHM, Table 1).

Another useful new matrix for experiments in the
positive-jon mode is salicylanilide (13; Table 1). Resolu-
tions up to 600 were obtained in the spectra of bovine
insulin. Salicylanilide also showed very good matrix
activity for the analysis of synthetic polymers as is
demonstrated by the spectrum of poly(ethyleneglycol)di-
methyl-ether 4000 (Fig. 7).

Results similar to those obtained with the hydroxy-
acetophenones were also obtained for hydroxybenzoic acid
derivatives (Table 2). Again, the ortho-hydroxybenzoic acid
derivatives (15, 18, 19 and 22; Table 2) showed high matrix
activity whereas the mera- and para-isomers showed no
matrix activity. The same result was found for the
dihydroxybenzoic acids. The isomers containing an ortho-
hydroxy group (24, 26) are powerful matrices for the
analysis of peptides and proteins in the positive-ion mode
while the 3,5-isomer (25; Table 2} was again inactive as a
MALDI matrix. The same result was observed for 3,5-di-
hydroxyacetophenone. Similar results have been observed
with different hydroxybenzoic acids (Table 2).

In principle, the carboxylic acid derivatives should be
more useful as matrices in the positive-ion mode and, in
fact, none of the hydroxybenzoic acids tested proved to be
a suitable matrix in the negative-ion mode. This is probably
due to the comparatively stronger acidity of these com-
pounds. The representatives of the hydroxybenzoic acids
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Figure 6. MALDI spectrum of poly(ethyleneglycol) dimethyl ether 1000,
averaged over 50 laser shots.
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Figure 7. MALDI spectrum of poly(ethyleneglycol) dimethyl ether 4000,
averaged over 40 laser shots.

are compounds 15, 16 and 17, i.e. salicylic acid and the
meta- and para-isomers of salicylic acid. Salicylic acid is
known to be a suitable matrix”’ but its UV absorption is very
weak. Again, only the ortho-hydroxybenzoic acid shows
matrix activity. This has to be related to the very weak
absorption of the meta- and para-isomers and the fact that,
in this case, salicylic acid is the only one of the three
compounds for which an intramolecular proton shift has
been reported.”” Compounds 18-22 are derivatives of
salicylic acid which have been chosen as potential matrices
because they show an intramolecular proton transfer’”** and
they absorb 337 nm radiation more strongly.than salicylic
acid itself. By introducing a chlorine atom or a methoxy
group into the salicylic acid molecule the absorption is
increased remarkably (18, 19, 20 and 21; Table 2). This
leads to a better sensitivity, for example, in the spectrum of
bovine insulin (Table 2). On the other hand, the introduction
of a chlorine atom into the matrix molecule leads to a lower
resolution and to a poorer peak shape which mainly appears
as split peak tops. This could be due to the abstraction of
chlorine atoms from the matrix molecules and adduct
formation betweeen chlorine atoms and the analyte mole-
cules. Better results are obtained by the use of a methoxy
group to improve the absorption of a potential matrix as
shown, for example, by 2-hydroxy-5-methoxybenzoic acid*®
(19; Table 2), already introduced as a matrix by Karas et
al®® Karas er al. used mixtures of 2,5-dihydroxybenzoic
acid and 2-hydroxy-5-methoxybenzoic as a new, very-high
sensitivity matrix especially for the analysis of high mass
protein samples (‘super DHB’).” 2-Hydroxy-5-methoxy-
benzoic acid is itself a good MALDI matrix which shows a
proton shift under UV irradiation.”® Methyl 2-hydroxy-
4-methoxybenzoate is another compound which shows a
proton shift under UV irradiation. Like 2-hydroxy-
4-methoxybenzophenone (11; Table 1), however, it shows
no maitrix activity. perhaps again due to its very low melting
point (46 °C*).

Another very interesting group of substances are the
dihydroxybenzoic acids. The most prominent compound of
this type is 2.5-dihydroxybenzoic acid (23; Table 2) (DHB)
which is one of the most commonly used MALDI matrices.
This compound contains a structural element that is similar
to those discussed above (Fig. 2). The matrix activity of the
compound is very well known.** 2,6-Dihydroxybenzoic
acid (24: Table 2) also shows very good matrix activity
whereas 3.5-dihydroxybenzoic acid, the only one of these
three compounds that has no possibility for an intra-

matrix + hy ——  matrix*

matrix* + analyte —— [matrix-H] + [analyte+H]*

matrix* + matrix ——— [matrix-H] + [matrix+H]"

Figure 8. Hypothetical mechanism for the formation of protonated analyte
molecules in MALDI.

molecular proton shift, shows no matrix activity. The lower
UV-absorption of 3,5-dihydroxybenzoic acid cannot be
identified as the only reason for this behaviour since the
same result was also found for the dihydroxyacetophenones
and hydroxybenzoic acids (see above).

One important theme related to the use of ortho-
hydroxycarbonyl compounds as matrices is the question of
how the proton transfer described affects the ionization
mechanism. Although it may not be possible to answer the
question in detail at the present time, some relevant details
can be mentioned. First, it should be said that the reported
work on proton transfer”>** was done studying the proper-
ties of compounds like salicylic acid or salicylamide in the
gas phase or in solution. Since we intend to desorb the
compounds from the solid state into the gas phase, one has
to keep in mind that it may not be possible to transfer the
results from the gas phase to the solid state. At the moment,
we cannot predict whether the absorption of the matrix will
lead to the described transition in the solid state. Neverthe-
less, assuming that proton transfer will take place in the
solid or in the dense gas phase immediately after desorption,
the long lifetime of the excited state (about 3 ns) could
increase the propensity for a proton transfer from the matrix
to the analyte molecules and lead to an ionization mecha-
nism as reported by Lia and Allison*' (Fig. 8). Additionally,
the bond between the matrix molecule and the proton is
strongly influenced by the intramolecular proton shift**
which should result in a higher propensity for a proton
abstraction from the matrix.

Another important question is why analyte molecules,
which tend to appear as cationized species in the MALDI
spectrum (e.g. polyethylene glycols, Figs 6, 7) can be
analysed using the matrices described. One possible expla-
nation, from our point of view, is that the basic ionization
step is the same in both cases, i.e. a proton transfer from the
matrix to the analyte molecule. This would support an
ionization mechanism for the formation of sodium- and
potassium-adducts of glycols or carbohydrates in MALDI
MS based on the protonation of sodium or potassium salts
of analyte molecules. Lia and Allison*' described a similar
mechanism for the formation of cationized species in
MALDI as one possible ionization pathway (Fig. 9) On this
basis, it can be understood why the same matrices which
prove to be useful for the analysis of peptides and proteins
are also applicable to the analysis of glycols and carbohy-
drates.

Even if one assumes such a mechanism, however, it does
not explain the formation of negative ions using matrices
such as 2,5-dihydroxyacetophenone and other matrices of
this type. Obviously, there has to be another mechanism
which allows the deprotonation of the analyte molecules.
This deprotonation seems to be related to the acidity of the

matrix + hv ~—— matrix*
matrix* + [analyte-H+Na] —— [matrix-HJ + [analyte+Na]"

matrix* + matrix —— [matrix-H] + [matrix+H]

Figure 9. Hypothetical mechanism for the formation of cationized species
from analyte molecules in MALDL*!
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matrix used. We observed that compounds containing a
carboxylic acid group, such as 2,5-dihydroxybenzoic acid,
show a worse performance in the negative-ion mode
compared with compounds such as 2,5-dihydroxyacetophe-
none, although 2,5-dihydroxyacetophenone does not
contain special basic groups. Our guess is that the matrix
anion may be the proton accepting agent. Thus, as a first
step, proton exchange between two matrix molecules can be
considered. Such a reaction is very likely since we observed
protonated matrix species in the positive-ion mode and
deprotonated matrix species in the negative-ion mode. In a
second step, a matrix anion could abstract a proton from an
analyte molecule. This is, of course, just a hypothesis so far,
but we intend to investigate this theme in more detail.

CONCLUSIONS

Our results show that new matrices can actually be selected
by choosing compounds which perform an intramolecular
proton transfer under UV irradiation. Salicylamide, salicyl-
anilide, 2,5-dihydroxyacetophenone and 2,6-dihydroxy-
acetophenone are particularly useful new matrices. Salicyl-
amide is of special interest in the analysis of low mass
analytes whereas 2,5-dihydroxyacetophenone is a very
powerful matrix in the negative-ion mode. For both the
hydroxyacetophenones and hydroxybenzoic acids we found
a high matrix activity with the ortho-hydroxy isomers
whereas the meta- and para-isomers showed no, or a
significantly lower, matrix activity. As to whether the proton
transfer described and the resulting metastable excited state
are involved in the ionization process or whether it just
offers an absorption band at the wavelength used is not
absolutely clear so far. Further work, especially on the
crystal structure specifications of the different matrices,* is
going on.
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