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Four C3-symmetrical tris(dipeptide) disks and their precursors were characterized using matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI TOF MS). The C3-symmetrical disks
were based on a benzene-1,3,5-triscarboxamide core extended by oligopeptides with trialkoxyanilide
tails. The results indicate that MALDI TOF MS is a powerful and straightforward analytical technique
for characterizing C3-symmetrical disks and their precursors. Clear (pseudo)-molecular ion peaks could
readily be identified. It is remarkable that strong radical ion signals were observed for all the compounds,
including the anilines that were expected to be protonated prior to laser irradiation using acidic MALDI
matrixes. Possible mechanisms for radical ion formation were investigated with the employment of
radical scavengers, with various matrixes and with direct laser desorption/ionization (LDI). Most likely
the radicals are formed by losing one electron from the aniline nitrogen and stabilized by conjugation
through the phenyl ring. It appears that direct photo/thermal ionization of analytes is an important route
for the radical ion formation of the compounds with trialkoxy aniline/anilide groups. Copyright  2006
John Wiley & Sons, Ltd.
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INTRODUCTION

Several C3-symmetrical disks synthesized in our group are
based on a benzene triscarboxamide core and are capable of
associating in supramolecular multivalent helical stacks.1 – 5

The dynamically ordered helix, which is one of the basic
structural motifs in proteins, has found new applications
in the fields of biology, pharmacy and material sciences.6 – 8

In the self-assembly process of the disk-shaped molecules,
hydrogen bonding, � � � interactions as well as solvophobic
effects play important roles. An appealing property of these
C3-symmetrical disks is that they can reversibly form helical
stacks consisting of hundreds of molecules both in the solid
state and in solution.

In many chemistry laboratories, characterization using
mass spectrometry (MS) has become imperative. This is
especially the case after the advent of the soft ionization
techniques of matrix-assisted laser desorption/ionization
(MALDI) and electrospray ionization (ESI).9 – 12 Since its
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introduction in the late 1980s, matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (MALDI
TOF MS) has found numerous applications in many
areas ranging from biomedical compounds to synthetic
polymers.13 – 15 In this work, four novel C3-symmetrical
disks together with their precursors, all with trialkoxy ani-
line/anilide tails, were analyzed using MALDI TOF MS.

One intriguing phenomenon observed in our experi-
ments is the emergence of strong radical ion peaks of analytes
that should be protonated in the condensed phase prior to
laser irradiation (see below). In MALDI TOF MS, usually not
radical ions, but protonated and/or metal ion adducts were
detected for a great majority of samples. Actually, only a
limited number of compounds with low ionization potential
(IP) values could yield radical ions in MALDI.16 – 21

It is well known that ionization in MALDI is a very
complicated process happening in the timescale of a few
nanoseconds. Many parameters could affect the outcome
of this process and, hence, the final ion species and their
abundance in an MS spectrum. A number of ionization
models have been developed aiming to improve the
knowledge of how the analyte ions are formed.18,22 – 25

In most of the models, it is assumed that photoionized
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matrix radical ions are profuse in the MALDI plume and
a key to ion generation. Interestingly though, most of the
models focused mainly on the generation of protonated
analyte ions or metal ion adducts. Fewer investigations
have been undertaken on the analyte radical ions, probably
because they are less frequently observed in MALDI. For
the analyte radicals, McCarley et al.17 proposed an electron-
transfer ionization mechanism, which could satisfactorily
explain radical ionization of analytes that cannot logically
undergo proton transfer reactions. In this mechanism,
they argued that matrixes absorbed the laser radiation
and became photoionized. Analyte radical ions were then
produced by molecule–ion reactions of neutral analytes with
matrix radical ions. Unfortunately, this mechanism could not
explain most of our experimental results.

The aim of this paper is twofold: Firstly, MALDI TOF
MS was used to analyze the C3-symmetrical disks and their
precursors. It is remarkable that clear radical ions were
observed for all the compounds analyzed. Secondly, possible
mechanisms for the radical ion generation were investigated
by a series of experiments, including the addition of radical
scavengers, the employment of an inorganic particle matrix,
the use of direct laser desorption ionization (LDI) and the
introduction of suppression effects of KC with the addition of
excessive amount of K2CO3. On the basis of the experimental
results, possible mechanisms for the radical ion formation
are discussed.

EXPERIMENTAL

The structures of compounds studied are depicted in
Fig. 1. The disk-shaped molecules were synthesized via
a convergent approach.1,26,27 First, a trialkoxy amine was
incorporated into an oligopeptide fragment. In case an
achiral glycine is adjacent to the trialkoxy moiety, the Boc-
protected dipeptide was directly linked to the trialkoxyamine
using O-(benzotriazol-1-yl)-N,N,N0,N0-tetramethyluronium
hexafluorophosphate (HBTU) as a coupling agent. When a
chiral phenylalanine is present next to the trialkoxy moiety,
step-by-step coupling of the Boc-protected amino acids is
required to prevent racemization. The amine-terminated
conjugates were obtained after removal of the protecting Boc-
group with TFA followed by a basic work-up. Finally, disk-
shaped molecules were obtained via coupling of the amine-
terminated dipeptide anilines to 1,3,5-benzenetricarbonyl
trichloride using triethylamine as the base.

Four organic and one inorganic matrixes were used in
this work. ˛-Cyano-4-hydroxy cinnamic acid (CHCA) and
2,5-dihydroxybenzoic acid (DHB) were obtained from Fluka
(Buchs, Switzerland), and dithranol and ZnO (nanopowder,
particle size <1 µm) from Aldrich (Steinheim, Germany). 2-
[(2E�-3-(4-tert-Butylphenyl)-2-methylprop-2-enylidene] mal-
ononitrile (DCTB) was synthesized according to Ulmer
et al.,28 who used it for the MALDI TOF MS analysis
of some substituted fullerenes. Butylated hydroxytoluene
(BHT) was received from Aldrich, and the other radi-
cal scavenger, N, N, N0,N0-tetraphenyl-1,4-benzenediamine
(NTPBDA), was kindly provided by Dr M. M. Wienk.

The MALDI TOF MS measurements were performed
with a Voyager-DE Pro (PerSeptive Biosystems) instrument

equipped with a 337-nm nitrogen laser, capable of executing
both linear and reflector modes. The accelerating voltage
was held at 20 kV for all experiments. Mass spectra were
acquired in the reflector mode by summing spectra from 100
selected laser shots and calibrated with oligothiophenes of
known masses. For the experiments with organic matrixes,
matrix solutions were freshly prepared in tetrahydrofuran
(THF) at a concentration of about 20 mg/ml, and sample
solutions at about 2 mg/ml. The sample solution and matrix
solution were mixed 1/1 in an Eppendorf tube, and about
0.5 µl of the mixed solution was pipetted onto a stainless
steel MALDI target plate. Samples prepared in this way
yielded a molar ratio of analyte to matrix of around 1 : 50.
Unless noted otherwise, this ratio is used throughout this
article. This is because similar results were observed for
radical cation formation in a wide range of molar ratios
from 1 : 10 to 1 : 1000 and a ratio of 1 : 50 was convenient
for sample preparation. When a radical scavenger was used,
the scavenger solution (also in THF at about 20 mg/ml) was
combined with the mixed solution of sample and matrix prior
to pipetting. The mole ratios of matrix : scavenger : analyte
were at about 50 : 50 : 1 for BHT and 50 : 25 : 1 for NTPBDA. In
the experiments with the ZnO matrix, the inorganic particle
was dispersed with methanol (20 mg/ml) in an ultrasonic
bath for 30 min. The solution was then spotted on the plate.
After evaporation of methanol, about 0.5 µl of the sample
solution was deposited on top of the inorganic matrix.

ESI MS measurements were carried out with an LCQ
Deca XP MAX instrument (Thermo Finnigan, San Jose, CA)
equipped with an ion trap. A MALDI solution (a mixed
solution of sample and the CHCA matrix, as above) was
first diluted by about 100 times with THF. The diluted
solution (5 µl) was then directly introduced into the ESI MS
via flow injection at a mobile phase flow rate of 20 µl/min.
Water/acetonitrile (1 : 1) was used as the mobile phase. ESI
MS was performed in the positive mode with a spray voltage
of 4.5 kV. The sheath gas flow rate was 40 ml/min and the
capillary temperature 275° C.

RESULTS AND DISCUSSION
MALDI TOF MS analysis of C3-symmetrical disks
and their precursors
In this section, two matrixes (CHCA and DCTB) were
employed for all the compounds. CHCA is one of the
most widely used MALDI matrixes, and DCTB28,29 is a
nonprotic matrix that has demonstrated good performance
for some labile samples. According to their structures (Fig. 1)
and stages in the synthesis, the compounds studied here
were arbitrarily divided into four groups: trialkoxy anilines
(TAAs), oligopeptide anilides (OPAs), Boc-protection OPAs
(Boc-OPAs) and C3-symmetrical disks (SDs). The values of
IP, proton affinity (PA) and pKa of CHCA are listed in
Table 1. Unfortunately, these values are not available for
DCTB and for the SDs and their precursors. In Table 1, the
values of reference compound, aniline, are also given. Some
qualitative information for the analytes could be deduced by
comparing their structures with that of aniline. For example,
the IP values of the TAAs should be lower than that of aniline
because of the conjugation through the substitution groups.
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Figure 1. Structures of the C3-symmetrical disks and their precursors.

Table 1. Values of ionization potential (IP), proton
affinity (PA) and pK of CHCA and anilinea

IP (eV) PA (kJ/mol) pK

CHCA 9.41 841 2.6 (pKa�

Aniline 7.70 884 9.3 (pKb�

a The IP values were taken from Refs 30 and 33; the PA
values from Ref. 31; and pK values from Refs 32 and 34,
respectively.

It should also be pointed out here that the accuracy and
applicability of the values might be open to question.22

For the TAAs good MALDI TOF MS spectra were
obtained with both matrixes tested. Figure 2 shows some
typical spectra using CHCA as the matrix. In Fig. 2,
signals of the radical and alkali ion adducts can readily
be identified. CHCA is an acidic matrix. With this matrix,
the anilines should be protonated prior to laser irradiation.
One would expect that the protonated species should be the
major peaks in the MS spectra. In contrast, however, the
protonated ion peaks were found to be much smaller than
their corresponding radical ion peaks, which is evident by
comparing the recorded spectra with the simulated ones.
The reason for this will be discussed later in this article.
Some typical MS spectra with DCTB are shown in Fig. 3.

Copyright  2006 John Wiley & Sons, Ltd. J. Mass Spectrom. 2006; 41: 659–669



662 X. Lou et al.

800 850 900 950 1000

[TAA1+Na]+

[TAA1].+

Si
gn

al
 in

te
ns

it
y 

(A
rb

. u
ni

ts
)

m/z

A
884 886 888 890

m/z

Exp.

Exp.

884 886 888 890
m/z

[TAA1].+Calc.

750 800 850 900 950

[TAA2+K]+

[TAA2+Na]+[TAA2].+

Si
gn

al
 in

te
ns

it
y 

(A
rb

. u
ni

ts
)

m/z

B
842 844 846 848

m/z

Exp.

842 844 846 848
m/z

[TAA2].+ Calc.

500 550 600 650 700

[TAA3].+

Si
gn

al
 in

te
ns

it
y 

(A
rb

. u
ni

ts
)

m/z

C

560 562 564
m/z

560 562 564
m/z

400 450 500 550 600

[TAA4].+

Si
gn

al
 in

te
ns

it
y 

(A
rb

. u
ni

ts
)

m/z

D 476 478 480
m/z

Exp.

476 478 480
m/z

[TAA4].+ Calc.[TAA3].+ Calc.

Figure 2. MALDI TOF MS spectra of the trialkoxy anilines using the CHCA matrix together with simulated spectra. (A) TAA1;
(B) TAA2; (C) TAA3; (D) TAA4. The analyte structures are shown in Fig. 1.
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Figure 3. MALDI TOF MS spectra of the trialkoxy anilines with the DCTB matrix. (A) TAA1; (B) TAA2; (C) TAA3; (D) TAA4. The analyte
structures are shown in Fig. 1.
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As expected, with the nonacidic matrix, the protonated ion
signals became much weaker or even negligible compared
with the radical signals.

The (Boc)-OPAs are based on TAAs and different
combinations of glycine (G) and phenylalanine (F) with and
without Boc-protection of the amino group. Good MALDI
TOF MS spectra were obtained with both CHCA and DCTB
matrixes. Some typical spectra of the (Boc)-OPAs using the
CHCA matrix are given in Fig. 4. Like for the TAAs, strong
radical signals were also observed even for the OPAs, which
contain free aliphatic amines that were not protected by the
Boc-group.

For the SDs, three identical oligopeptides were attached
onto a benzene-1,3,5-tricarbonyl core. Here again, good
MALDI TOF MS spectra were obtained with both the
matrixes tested. Some typical MS spectra of the disks using
the CHCA matrix are given in Fig. 5. Clear radical ion peaks
were observed for all the SDs.

In summary, good MS spectra were obtained for all
the compounds tested. It can be concluded that MALDI
TOF MS is a useful and straightforward method for
the characterization of these compounds. One striking
observation is that even with an acidic matrix, the free amines
display prominent radical ion peaks. Protonated species, in
contrast, were found to be more scarce or even negligible in
the MALDI spectra. The peak intensities of radicals relative
to their corresponding protonated molecules are listed in
Table 2. The ratios were calculated on the basis of the
theoretical isotopic distributions of the given molecules. By
comparing the relative peak intensities of the mono-isotopic
mass peak of [A]C and [A C 1]C in the experimental spectra

Table 2. Intensity ratios between the analyte radical cation
and the protonated ion ([A]C/[A + H]C) with the CHCA and
DCTB matrixes

Trialkoxy anilines (TAAs)
TAA1 TAA2 TAA3 TAA4

CHCA 3.2 2.5 6.8 6.9
DCTB �a – – –
Oligopeptide anilides (OPAs and Boc-OPAs)

OPA1 OPA2 OPA3 BocOPA1 BocOPA2 BocOPA3
CHCA 6.1 5.7 1.2 – – –
DCTB – – – – – –
C3-symmetrical disks (SDs)

SD1 SD2 SD3 SD4
CHCA – – – –
DCTB – – – –

a Strong analyte radical cations and negligible protonated
analyte ions.

with those of the theoretical values, the ratio of radicals to
protonated ions can easily be calculated. The values listed
in Table 2 must be regarded, however, as tentative since
the signal intensities are not always very reproducible in
MALDI. Nevertheless, it can clearly be seen that (1) with the
acidic matrix (CHCA), protonated ions were observed only
for compounds containing free amines (TAAs 1–4 and OPAs
1–3), and even under these circumstances the radical ions
were more abundant than their protonated counterparts;
(2) with the nonprotic matrix (DCTB), protonated ions were
found to be negligible for all the compounds; and (3) for
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Figure 4. MALDI TOF MS spectra of oligopeptides with trialkoxy anilide end group using the CHCA matrix. (A) OPA1; (B) OPA3;
(C) BocOPA1; (D) BocOPA3. The analyte structures are shown in Fig. 1.
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Figure 5. MALDI TOF MS spectra of the C3-symmetrical disks with the CHCA matrix. (A) SD1; (B) SD2; (C) SD3; (D) SD4. The
analyte structures are shown in Fig. 1.

compounds without a free amine (Boc-OPAs 1–3 and SDs
1–4), no significant amount of protonated ions were observed
with either matrix tested. Contrary to the protonated ions,
clear radical cation peaks were recorded in all experiments.
Some possible mechanisms for the formation of radical ions
will be discussed in the following section.

POSSIBLE MECHANISMS OF RADICAL
CATION FORMATION

In the previous section, the observation of strong radical
cation peaks in MALDI TOF MS of the C3-symmetrical
disks and their precursors has been discussed. Apart
from the trialkoxy aniline/anilide moiety, the structures
of the compounds are quite different (Fig. 1). Therefore,
the formation of radical ions must, at least partly, be
related with the aniline/anilide group. This inference was
further supported by the MALDI TOF MS analysis of FFBoc
(Fig. 1, D1), which is one of the small peptides used to
make our OPAs by combining with trialkoxyaniline. It has
been demonstrated above that OPAs showed strong radical
signals. However, without the anilide group, FFBoc gave no
radical ions. This suggests that radicals are indeed formed via
the aniline/anilide group. Moreover, for the compounds in
which the NH2 group was replaced by, for example, carbonyl
derivatives (compounds D2 and D3 in Fig. 1), no clear radical
ions were detected either. Therefore, it can be concluded that
the aniline/anilide group is essential for the radical ion
formation. The radical ions are most likely developed by the
loss of one electron from the N-atom and then stabilized by
delocalization through the benzene ring. The MS spectra of

compounds D1, D2 and D3 with the CHCA matrix are shown
in Fig. 6.

Although both aniline and anilide groups could lead to
the generation of radical ions, they exhibit significantly dif-
ferent ability to yield protonated ions, which is evident by
comparing the ionization behaviors of TAAs and Boc-OPAs.
When CHCA was used as the matrix, clear protonated ions,
though considerably weaker than their corresponding radi-
cal ions, were observed for the TAAs. In contrast, however,
protonated ions were found to be negligible for the Boc-
OPAs (Table 2). The dramatic difference between these two
types of compounds can be explained by studying the sta-
bility of the radical ions formed and the basicity of the
molecules. Compared with the TAA radicals, the Boc-OPA
radicals are more stable. This is because in addition to con-
jugation through the aromatic ring, the Boc-OPA radicals
initiated by losing one electron from the anilide nitrogen
are further stabilized by conjugation through the nearby car-
bonyl. Furthermore, the basicity of the Boc-OPAs is much
weaker than that of the TAAs. The combined effects of stable
radical and weak basicity result in the lack of protonated
ions for the Boc-OPAs. With similar reasoning, the absence
or presence of protonated ions for the other two series
of samples studied (SDs and OPAs) could also be under-
stood. Obviously, no protonated ions were observed for the
SDs, which contain three oligopeptide anilides attached to a
benzene-1,3,5-triscarboxamide core. The SD radical ions can
be stabilized at least as well as the Boc-OPAs. For the OPAs,
on the other hand, protonated ions were detected because
of the presence of free aliphatic amines in the molecule. In
the following experiments, efforts were mainly focused on
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Figure 6. MALDI TOF MS spectra of D1, D2 and D3 with the
CHCA matrix. (A) D1; (B) D2; (C) D3. The analyte structures are
shown in Fig. 1.

the TAAs. This is because TAAs have the simplest structures
among the four groups of compounds (Fig. 1), and could
yield clear ions of both protonated and radical ion species.
Protonated ions were found to be useful and could serve as
references in the study of effects of the various experimental
parameters on the generation of radical ions.

In the condensed phase with an acidic matrix, the
TAAs should be protonated prior to laser irradiation. Direct
measurements of some MALDI solutions (sample mixed
together with the CHCA matrix) with ESI MS clearly
show strong protonated ions. An ESI MS spectrum of
TAA1 is shown in Fig. 7. From the ESI measurements, the
following two conclusions can be drawn: (1) protonated
trialkoxyaniline ions are stable under MS conditions; and
(2) the formation of trialkoxyaniline radical ions is due to the
MALDI process.

In order to find out whether the radical ions are
formed by the electron-transfer reaction between neutral
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Figure 7. ESI MS spectrum of compound TAA1. The analyte
structure is shown in Fig. 1.

Table 3. Effects of radical scavenger addition on the ion
intensity ratios between analyte radical cation and protonated
ion ([A]žC/[A C H]C� with the CHCA matrix

Compounds TAA1 TAA2 TAA3 TAA4

No scavenger 3.2 2.5 6.8 6.9
With BHT 3.4 2.8 6.7 6.9
With NTPBDAa 1.9 0.75 2.0 1.6

a N, N, N0,N0-tetraphenyl-1,4-benzenediamine.

analytes and matrix radical ions, the MALDI samples were
mixed with a concentrated radical scavenger solution. The
addition of excessive amounts of radical scavenger would
quench the electron-transfer reaction between the analyte
molecules and the matrix radicals. As a result, the radical
ion peaks should disappear completely or at least become
much weaker. In this study, BHT and NTPBDA were
selected as the scavengers. BHT is a widely used antioxidant
radical scavenger,35,36 and NTPBDA is a compound with
an extremely low IP value.37 Surprisingly, no considerable
influence was observed on the formation of analyte radicals
with the addition of a far excessive amount of BHT, e.g. at a
mole ratio of about 50 : 50 : 1 (matrix : BHT : analyte). For all
the compounds tested, strong radical ion signals could still be
observed (Fig. 8). Moreover, the [A]žC/[A C H]C ratio of the
anilines remained literally unchanged (Table 3). Somewhat
different results were obtained with NTPBDA. As expected,
the analyte ion signals, including the alkali ion adducts,
were significantly suppressed by the excessive amount of
NTPBDA, which is very easy to be ionized. However, analyte
radical ions could still be clearly observed. Comparison of the
data listed in Table 3 shows that the [A]žC/[A C H]C ratios
are slightly lower with the addition of NTPBDA. However,
this should not be interpreted as a support for the electron-
transfer mechanism because, otherwise, the ratio should
be much lower or the aniline radicals should even have
disappeared completely. The lower ratios might be explained
by electron-transfer between the analyte radical and the
NTPBDA scavenger with a lower IP value. Furthermore,
on the basis of the electron-transfer mechanism alone, it is
difficult to explain why only small peaks were observed for
protonated ions that were already preformed with an acidic
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Figure 8. MALDI TOF MS spectra of TAA1 and TAA4 with the addition of radical scavengers. CHCA was used as the matrix. The
mole ratio of matrix/scavenger/analyte is at about 50/50/1. (A) TAA1 with BHT; (B) TAA4 with BHT; (C) TAA1 with NTPBDA; (D) TAA2
with NTPBDA. The analyte structures are shown in Fig. 1.

matrix. From the results above, it appears that there are some
other mechanisms responsible for the radical ion formation.

A possible route for the analyte radical ion formation
is the direct photo-ionization upon laser irradiation. The
anilines should have lower IP values than the matrixes used.
Otherwise, no strong radical ion peaks would be detected
since radicals of an analyte with high IP could not survive
the collision with the neutral matrix molecules in the gas-
phase plume. However, direct LDI of the anilines yielded no
ions when conditions identical to those employed in MALDI
were used. Much higher laser power is required in LDI to
yield detectable ions. It is arguable that the analytes might
be photoionized but difficult to be desorbed without matrix
assistance. A matrix might provide a good environment
facilitating the radical ion desorption. Anyway, on the basis
of the dramatic difference between the results obtained by
LDI and MALDI, it is evident that the matrix plays a crucial
role for the radical ion formation/desorption of the TAAs.

In MALDI, a matrix absorbs laser energy and transfers
most of it into thermal energy. Because of the low thermal
conductivity of the organic solids, a huge temperature
increase can be attained, which may play a key role
in the various processes following the laser adsorption.38

The surface peak temperature of MALDI matrixes under
laser irradiation is normally around 1000 K.38,39 For some
compounds, the shortage of photon energy for direct photo-
ionization might be compensated for by the thermal energy
of the hot MALDI plume. Allwood et al.40,41 developed a
model based on thermal emission of electrons from photo-
excited molecules for the formation of radical matrix ions.

They claimed that this process might also be a plausible route
for matrix ionization in MALDI.

2[Matrix]Ł H���! [Matrix]žC C [Matrix]ž� �1�

The anilines studied here have low IP values.33,42,43 It is
reasonable to assume that not only the matrix molecules but
also the anilines could be ionized through the photo/thermal
mechanism.

[Analyte]Ł H���! [Analyte]žC C e �2�

For a given compound, whether a radical ion could
be formed through photo- or photo/thermal ionization
depends on its IP value. Unfortunately, the actual IP values
in solid crystals or large matrix aggregates are still largely
unknown.22

Supporting evidence for the photo-ionization mechanism
was also found by two more series of independent experi-
ments. In the first series, the trialkoxyanilines were studied
with an inorganic particle matrix (ZnO) and with direct LDI.
Clear radical ions could be observed in both cases. Some typ-
ical MS spectra are shown in Fig. 9. It should be noted that
significantly higher laser intensities were required with ZnO
or in LDI than that with a normal organic matrix. Evidently,
with the inorganic matrix or in LDI, the radical ion formation
could not occur through electron-transfer by molecule–ion
reactions between neutral analytes and matrix radicals.

In the second series of experiments, excessive amount of
K2CO3 was added as the cationization reagent (K2CO3/ana-
lyte at about 5/1 (mole/mole)). Figure 10 shows some
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Figure 9. MS spectra of TAA3 with ZnO matrix and LDI. (A) LDI;
(B) with ZnO matrix. The analyte structure is shown in Fig. 1.

typical MALDI TOF MS spectra with the addition of K2CO3.
Although radical ions, and sodium and potassium adducts
could be observed without the addition of any cationization
reagent, the main goal of these experiments was to see
how the generation of the radical ion and sodium adduct
would be affected by adding K2CO3. In the literature,
the formation of cation adducts was generally assumed
and also demonstrated to be mainly through gas-phase
reactions.22 – 25,44 Because of the excessive amount of KC

introduced, gas-phase reactions other than KC adduction
would be suppressed. Indeed, by comparing Fig. 10 with
Figs 2, 4 and 5, it is clear that the sodium adduct cation
peaks, which were originally much more intensive than their
corresponding potassium adduct peaks, almost completely
disappeared. If the radical ions had also been formed in the
gas-phase through molecule–ion reactions, their formation
should be greatly suppressed too. Contrarily, however,
radical cation signals could still be observed clearly. In
compound SD2, for example, the NaC adduct peak was far
stronger than the radical ion peak without the addition of KC

(Fig. 5(B)). After the addition of KC, the sodium adduct peak
had completely disappeared while the radical cation could
still be observed clearly (Fig. 10(C)). The results suggest that
radical ions might already be formed through photo- or
photo/thermal ionization prior to the plume reactions.

By using the photo- or photo/thermal ionization mecha-
nism, the weakening of protonated ion peaks could also be
reasonably explained. It is widely recognized that generation
of ions in MALDI is a competing process. For the anilines with
an acidic matrix, the protonated species were already pre-
formed prior to laser irradiation, and intensive protonated
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Figure 10. Typical MALDI TOF MS spectra with the addition of
potassium carbonate. CHCA was used as the matrix. The mole
ratio of matrix/KC/analyte is at about 50/5/1. (A) TAA2;
(B) BocOPA3; (C) SD2. The analyte structures are shown in
Fig. 1.

ion peaks should be expected as in the case of many com-
pounds containing an amino group. Contrarily, however, the
protonated ion peaks were found to be quite small. This is
probably due to the radical ion formation through photo- or
photo/thermal ionization. Obviously, releasing of anilines
as protonated ions straight from the condensed phase would
be significantly suppressed when the analyte molecules had
already been photo- or photo/thermally ionized as radical
cations.

In addition to CHCA and DCTB, two more matrixes
were studied. These were DHB and dithranol. CHCA and
DHB are acidic, while DCTB and dithranol are more or less
neutral. In order to neutralize the effects of matrix acidity,
a large amount of succinic acid was added in the MALDI
sample. Typical mole ratios of matrix : succinic acid : analyte
were around 50 : 100 : 1. After the addition of succinic acid,
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the final pH values of the MALDI solutions with different
matrixes should be similar. Figure 11 shows some typical
MS spectra of TAA2 with these matrixes. Similar results
were obtained with other TAAs. Although the MALDI spot
became less homogeneous after the addition of succinic acid,
for a given compound the ratio of [A]žC/[A C H]C can
be quite different with a different matrix. CHCA gave the
highest ratio, presumably due to its ‘hotter’ nature compared
with DHB and dithranol.45,46 The results indicate that a
hot matrix might favor the formation/desorption of analyte
radical ions.

Judged from the results illustrated above, it seems that
photo-ionization or photo/thermal ionization is a vital
route for the radical ion formation of the compounds
studied. This mechanism might also be applicable to other
molecules with low IP values. However, it should be
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Figure 11. Comparison of MALDI TOF MS spectra of TAA2
using different matrixes with the addition of succinic acid. The
mole ratio of matrix/succinic acid/analyte is at about 50/100/1.
(A) CHCA; (B) DHB; (C) dithranol. The analyte structure is
shown in Fig. 1.

emphasized here that besides the radical ions, protonated
and cationized pseudomolecular ions were also observed.
The isotopic patterns of NaC and KC adducts were found
to be fully compatible with their corresponding theoretical
distributions. Apparently, ionization in MALDI is a very
complicated process that might involve several different
ionization mechanisms.

CONCLUSIONS

MALDI TOF MS is a powerful and straightforward tech-
nique for the characterization of novel C3-symmetrical
tris(dipeptide) disks and their precursors. For all the com-
pounds tested, radical ion peaks and cationized pseudo-
molecular ion peaks could readily be identified. The radicals
were probably formed by losing one electron from the ani-
line/anilide nitrogen and stabilized by conjugation through
the phenyl ring. It appears that direct ionization of the
analytes by a photo- or photo/thermal mechanism is an
important route for the radical ion formation. Important
roles of the matrix for the generation of radical ions might
include providing a good environment for desorption and
making up the energy difference between photon excitation
and analyte IP.
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