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ABSTRACT: Polypentylresorcinol dendrimers of generation two and three with varying focal groups and
terminal tetrahydropyranyl (THP) ethers could be efficiently ionized intact as their alkali metal ion adducts
by matrix-assisted laser desorption/ionization time-of-flight (MALDI TOF) mass spectrometry using
R-cyano-4-hydroxycinnamic acid matrix. Post-source decay (PSD) MALDI TOF experiments were carried
out to confirm the dendrimer structures. Li and Na ion adducts consistently produced far more intense
fragmentation, unlike K and Cs ion adducts which did not produce any noteworthy fragmentation.
Fragment structures and pathways were proposed on the basis of these findings. A major route of decay
is the sequential loss of terminal THP ethers which proved particularly useful in structure confirmation.
Li was shown to be the cation of choice to aid the analysis of THP containing polypentylresorcinol
dendrimers.

Introduction

The chemistry of dendrimers has developed tremen-
dously in recent years.1 Because of the size, varied
polarity, and symmetry of the branching units, sophis-
ticated tools are required for the structural analysis of
these compounds and their synthetic intermediates.
Mass spectrometric data often provide the best evidence
for a dendritic structure,2 and since the advent of soft
ionization mass spectrometry, the mass analysis of
dendrimers is mainly achieved by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI TOF MS),3-9 electrospray ionization MS (ESI
MS),10-13 laser desorption/ionization Fourier transform
ion cyclotron resonance (LDI FTICR) MS,14 and time-
of-flight secondary ion mass spectrometry (TOF SIMS).15

MALDI TOF MS has proven to be particularly valuable
for investigating dendrimers, which are often not ame-
nable to any other mass spectrometric method, and has
been successfully applied to study aryl ester3 and aryl
ether5 dendrimers, phosphorus-containing dendrim-
ers,4,9 poly(amidoamine) dendrimers,6 pyridine-based
dendrimers,7 and carbosilane-based dendrimers8 and to
characterize dendritic linear-block copolymers.5,16 MAL-
DI usually generates protonated dendrimers, but those
lacking sufficiently basic sites can still be ionized by
adduct formation with metal cations to yield a pseudo-
molecular ion. Like many synthetic polymers, apolar
dendrimers often form adducts with monovalent metal
ions such as Ag+ and with alkali metal ions if hetero-
atoms are present in the structure. For example, sodium
ion adducts may be formed solely by the presence of
sodium as an impurity. The technique of delayed
extraction is routinely employed to increase mass
resolution of MALDI spectra.17,18 This is also advanta-
geous as it may allow more time for cation adduct

formation of dendrimers and synthetic polymers and
hence result in an increased signal intensity.19 However,
the contribution of preformed cation adducts to the total
ion signal is unknown in the majority of cases.

Tandem MS experiments, in particular the methods
of collision-induced dissociation (CID) and post-source
decay (PSD), have increased the utility of MALDI in
polymer and dendrimer analysis to aid structural
characterization.20 Whereas CID experiments are only
possible with more sophisticated MALDI instruments,
PSD can be done on many commercial reflectron TOF
instruments.20 Ions produced by MALDI may undergo
fragmentation in the field-free region of the drift tube,
and this process is called PSD.21 The TOF reflector will
separate precursor and metastable ions by their differ-
ence in kinetic energy. MALDI PSD is routinely being
used to characterize biopolymers22 and synthetic poly-
mers,23-26 but reports on dendrimer characterization are
still infrequent.27,28

This report describes the deliberate addition of the
alkali cations Li, Na, K, and Cs to a novel family of aryl
ether-like polypentylresorcinol dendrimers for MALDI
TOF and MALDI PSD TOF investigation. The value of
this tool to facilitate confirmation of dendrimer structure
is illustrated.

Experimental Section

Materials. A range of second- and third-generation poly-
pentylresorcinol dendrimers with terminal tetrahydropyranyl
(THP) protecting groups (see Scheme 1) were synthesized by
the repetitive Wittig reaction of the THP functionalized
benzaldehydes with a di(triphenylphosphonium bromide) salt,
followed by hydrogenation of the resultant styrene functional-
ity.29 The dendrimers were purified by silica column chroma-
tography. The MALDI matrix R-cyano-4-hydroxycinnamic acid
(CHCA) was of mass spectrometry grade and obtained from
Aldrich (Poole, UK). The chloride salts of lithium, sodium,
potassium, and cesium were of analytical grade and were
purchased from Fluka (Poole, UK).

Sample Preparation. The solvent used for both dendrim-
ers and CHCA MALDI matrix was tetrahydrofuran (THF). The
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dendrimers were prepared at 0.5 mg/mL in THF and mixed
with an equal volume of 20 mg/mL R-cyano-4-hydroxycinnamic
acid in THF. This solution (1 µL) was codeposited with 1 µL
of an aqueous solution of either LiCl, NaCl, KCl, or CsCl (10
mg/mL) on a 384 Microtiter plate MALDI target having a
polished stainless steel surface. The droplet was dried before
inserting into the MALDI TOF mass spectrometer (dried-
droplet method).30

MALDI TOF Mass Spectrometry. All MALDI TOF MS
experiments were performed on a Bruker Autoflex equipped
with a nitrogen laser emitting at 337 nm. Spectra of intact
dendrimer alkali metal ion adducts were acquired in the
positive reflectron mode with an acceleration voltage of 20 kV.
A delayed extraction time of 40-120 ns was selected to
optimize spectral resolution. The detector voltage was 1.75 kV,
and in order to avoid detector saturation low mass material
was deflected. Usually, 200 laser shots were averaged to obtain
a mass spectrum. External calibration was employed using
various peptides which bracketed the mass range of the
investigated dendrimer adducts.

For MALDI post-source decay analysis, the pulsed ion
deflector was set to allow the selection of the precursor ion in
a (10 Da mass window. Pulsed ion extraction of 80 ns was
employed for enhanced spectral resolution. The reflector
voltage was stepped from a maximum of 20 kV depending on
the mass of the precursor ion down to 0.59 kV in 18-16
segments in order to focus metastable fragments on the
detector. The spectra obtained at each reflector voltage setting
were pasted together in XMASS employing a calibration file
from the PSD fragments of the ACTH clip (18-39). The mass
assignment of fragments was performed in XMASS using an
annotation macro for PSD spectra. The observed mass ac-
curacy in PSD mode was usually within 1 Da.

Results and Discussion

The dendrimers investigated in this study were
designed and synthesized to develop high-loaded sup-
ports for solid-phase chemistry. Their aryl ether-like
structures are schematically presented in Scheme 1. All
dendrimers contain the same molecular skeleton but
differ in number of generations and type of focal group.
All terminal alcohols are protected as their tetrahydro-
pyranyl (THP) ethers.

The first objective of this study was the efficient
(reliable and relatively routine) ionization and mass
measurement (less than (100 ppm) of intact polypen-
tylresorcinol dendrimers for quality control purposes.
In a conventional MALDI TOF experiment without
alkali metal doping, the investigated dendrimers formed
adducts with ubiquitous sodium cations present as
impurities. Adduct signals were relatively weak, and
protonated dendrimers could not be observed due to the
lack of basic sites in the dendrimer structure. To
enhance the spectral ion current and hence the signal
quality of the dendrimer adducts, the chloride salts of
the alkali metals lithium, sodium, potassium, or cesium
were added to the MALDI sample preparation of each
dendrimer. The strategy of attaching one particular or
various alkali metals to aid ionization in MALDI mass
spectrometry is widely used for intact apolar poly-
mers,31-34 fullerenes,35 and dendrimers.3,9 All investi-
gated molecular species were observed in the normal
reflectron mode as either their Li, Na, K, or Cs ion
adducts (Table 1). For example, Figure 1a shows the
conventional MALDI mass spectrum of the sodium ion

Scheme 1. Representation of the Structures of All Investigated Dendrimersa

a PP ) 4-pentyloxyphenyl, BPB ) 1-benzyloxy-4-pent-4-enyloxybenzene, MEs ) methyl ester, MEsU ) methyl ester (unsaturated
sidearms), Alc ) benzyl alcohol, Ald ) benzaldehyde, THP ) tetrahydropyran.

Table 1. MALDI TOF Mass Measurement of Intact Polypentylresorcinol Dendrimer-Alkali Metal Ion Adducts Using
r-Cyano-4-hydroxycinnamic Acid Matrix

cationizing agent G2-PP G2-BPB G3-BPB G3-MEs G3-MEsU G3-Alc G3-Ald

LiCl m/z 1275.87 1363.81 2700.65 2492.58 2488.50 2464.54 2462.52
ppma +45 -20 -20 +4 -20 -17 -17

NaCl m/z 1291.79 1379.79 2716.60 2508.38 2504.45 2480.38 2478.62
ppma +4 -19 -26 -66 -27 -68 +32

KCl m/z 1307.77 1395.80 2732.63 2524.53 2520.42 2496.46 2494.53
ppma +7 +6 -5 +3 -27 -26 +6

CsCl m/z 1401.73 1489.84 2826.58 2618.38 2614.50 2590.25 2588.49
ppma +21 +70 -2 -32 +28 -84 +15

a Error in ppm (parts per million ) difference from calculated mass/calculated mass × 106). Usually a mass accuracy of less than (100
ppm is achieved with external calibration. Two decimal places are provided merely for convenience of comparison with Figure 1.
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adduct of the second-generation dendrimer G2-BPB at
m/z 1379.79. A signal at m/z 1295.51 is likely to
correspond to the sodium adduct of the dendrimer
lacking one terminal tetrahydropyranyl group. This
ether hydrolysis was occasionally observed for many of
the analyzed dendrimers, likely being caused by the
acidity of the CHCA MALDI matrix and not from
incomplete synthesis. Figure 1b presents the MALDI
mass spectrum of the cesium ion adduct of the third-
generation dendrimer G3-BPB at m/z 2826.58, demon-
strating the lack of imperfect moieties; i.e., no matrix-
mediated ether hydrolysis or similar was observed.

Counterions have been shown to influence the selec-
tivity and attachment efficiency of cations to the analyte
as demonstrated for poly(methyl methacrylate) (PM-
MA);36 therefore for our convenience we chose to use the
same counterion for all alkali metals, i.e., chloride. The
acquired adduct masses agree well with the calculated
values; i.e., the achieved mass accuracy with external
calibration was usually well below (100 ppm. All
dendrimers under investigation could be identified by
mass using MALDI MS. As an adjunct, the mass
measurement of Li, Na, K, and Cs ion adducts of each
dendrimer increased the certainty of identification by
mass.

The second and major objective of this study was to
provide a straightforward means for structurally char-
acterizing apolar polypentylresorcinol dendrimers by
MALDI TOF post-source decay (PSD) mass spectrom-
etry. The matrix CHCA was chosen for the PSD
investigation because it promotes analyte fragmentation
compared to other matrices.37 All dendrimer alkali
metal ion adducts that were observed in the normal
reflectron mode were selected for PSD investigation, and
the produced fragments were separated in time by
varying the reflector voltage. Not all alkali metal ion

adducts showed heavy fragmentation; in fact, the ob-
served levels of decay strongly depended on the cation-
izing agent. Generally, Li ion adducts showed very
intense fragmentation, followed by Na ion adducts,
whereas K and Cs ion adducts showed very little or no
fragmentation at all. For example, Figure 2 presents
the PSD spectra of the Li, Na, K, and Cs metal ion
attachments of dendrimer G2-PP. The Cs ion dendrimer

Figure 1. (a) MALDI mass spectrum of the Na+ adduct of
the second-generation dendrimer G2-BPB. A signal at m/z
1295.51 is likely to correspond to the Na+ adduct of a
dendrimer lacking one terminal tetrahydropyranyl group. (b)
MALDI mass spectrum of the Cs+ adduct of the third-
generation dendrimer G3-BPB. The inserts shows the isotopic
envelopes of the main signals.

Figure 2. MALDI post-source decay spectra of adducts of the
second-generation dendrimer G2-PP with (a) Cs, (b) K, (c) Na,
and (d) Li ions. To show low-intensity fragments in (c) and
(d), the relative intensity scale was expanded by approximately
a factor of 8. No low-intensity fragments were observed with
Cs and K other than those annotated in the spectra.
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adduct showed hardly any fragmentation apart from the
dissociation of the Cs cation at m/z 133 and an unidenti-
fied signal at m/z 1098 (Figure 2a). PSD of the K ion
adduct of G2-PP also yielded only very few higher mass
signals (Figure 2b). By analogy to the charged Cs
adduct, the dissociation of K from the dendrimer K ion
adduct is likely to be the major route of decay as evident
from the lack of fragmentation (Figure 2b). However,
isolated K ions could not be observed as they were
outside the investigated PSD mass range. In contrast,
the Li and Na ion adducts of G2-PP exhibited very
intense post-source decay across the entire mass range
with higher mass signals usually being more intense
(Figure 2c,d). Thus, only the PSD spectra of Li and Na
ion adducts could be exploited for structural character-
ization. With the exception of the PSD spectrum of the
Na ion adduct of G2-PP, a signal at m/z 85 was
commonly found in both the Li and Na PSD spectra of
all investigated dendrimer species, suggesting a frag-
ment without a cation, in this case the positively
charged fragment of the terminal tetrahydropyranyl
(THP) protecting group. However, many of the other
fragments produced from the Li or Na ion adducts of
the same dendrimer species were different in mass. The
induction of different fragmentation pathways depend-
ing on the cation could be a plausible explanation;
however, when comparing Li and Na PSD spectra, a
systematic mass shift of 16 amu was observed for many
of the fragments accounting for the mass difference
between Li and Na. By using this approach, the mass
of the alkali cation was subtracted from the observed
m/z value, and a fragment structure could be proposed.
Many PSD signals could be identified as being branch-
ing units or fragments of branching units mostly
containing at least one terminal THP group (Scheme
2). With the exception of m/z 85, all assigned masses
are inclusive of Li and if applicable inclusive of Na as
annotated in parentheses. The high mass signals rep-
resent a series of sequential losses of terminal THP
ether groups. In two instances, cleavage of the precursor
ion at two or even three positions is proposed, which
explains the formation of m/z 1036 and 634 in the Li

and m/z 1052 and 652 in the Na PSD spectrum,
respectively. A more detailed discussion of the fragmen-
tation mechanisms follows to support the proposed
structures for many of the fragments, particularly those
that arise from the seemingly unfavorable C-C cleav-
ages (m/z 456 and 634 from the lithium ion adduct of
G2-PP).

Fragmentation Mechanisms. Various fragmenta-
tion pathways can be established for the post-source
decay of the Li and Na ion dendrimer adducts. The most
abundant PSD fragment signals arise from losses of
terminal THP ether groups, which resulted either in free
hydroxylated branches or a tetrahydropyranylium ion
at m/z 85 (Scheme 3). A similar elimination of THP from
protonated tetrahydropyranyl derivatives was observed
previously under CID conditions.38 In another study,
many protonated aliphatic acetal structures containing
the THP ether, including a structurally similar n-pentyl
derivative, were investigated by CID, and the base peak
always appeared at m/z 85.39 The fragmentation of our
dendritic THP ethers resulted in tetrahydropyranylium
ion signals of relatively low abundance compared to
signals from hydroxylated counterparts without the
protecting group and considering that there are four or
eight THP ethers per molecule. This low abundance may
be explained by the lack of ether activation by a proton.
The proposed fragmentation pathway of the aromatic
ether shown in Scheme 4a produces a phenol and a
pent-4-enyl benzene group, either of which may contain
the cation. A direct result of this decay is for example
the Li-containing fragments of m/z 497 and 785. A
pericyclic rearrangement as illustrated in Scheme 4b
is probably the cause for the observation of the Li
containing fragment at m/z 455. A result of both of the
above-mentioned breakdown paths is m/z 634.

MALDI PSD of Related Dendrimer Species. The
strategy of structurally analyzing dendrimers as their
alkali metal ion adducts outlined above for G2-PP was
extended to a range of related species with distinctive

Scheme 2. Post-Source Decay Fragmentation Pattern
of the Second-Generation Dendrimer G2-PPa

a Assigned fragments contain a Li ion (exception m/z 85 from
terminal tetrahydropyranyl group). Observed Na ion adducts
are given in parentheses.

Scheme 3. Post-Source Decay of Terminal Branching
Units to Either Tetrahydropyranylium Ion or Free
Hydroxyl Termini Containing the Cation in the R

Grouping

Scheme 4. Proposed Breakdown Pathway for an
Aromatic Ether Substructure of Polypentylresorcinol
Dendrimers (a) by Elimination of a Phenolic Group

and (b) by a Pericyclic-Type Rearrangementa

a The cation may be contained in either aryl grouping. The
full structure of an aryl group may be inferred from Scheme
1.
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chemical modifications, in particular varying genera-
tions and different focal groups. Figure 3 displays PSD
spectra of the Na and Li ion adducts of a second- and
third-generation polypentylresorcinol dendrimer with a
1-benzyloxy-4-pent-4-enyloxybenzene (BPB) focal group,
G2-BPB and G3-BPB, respectively. Cs and K ion ad-
ducts did not show any noteworthy fragmentation;
however, a mass shift of 16 amu as discussed above was
again observed for many signals between the Li and Na
PSD spectra within any one species. Many of the
fragments from G2-BPB and G3-BPB could be readily
assigned with the knowledge of possible fragmentation
pathways, and representative examples are discussed
below. Despite the similarity of the molecules, there
were significant differences between the PSD spectra
of the Li ion adducts. However, m/z 85 from the terminal
THP ether and m/z 455 from a branching unit compris-
ing of two THP groups were always observed. The two
PSD signals at m/z 660 and 674 from the Li ion adduct
of G2-BPB are likely to correspond to m/z 662 and 676
in the Li ion adduct PSD spectrum of G3-BPB. This
technique has enabled us to assign subtle structural
differences in these complex molecules, in this case the
presence of a further double bond in the former frag-
ments in addition to the double bond formed upon
cleavage of a dipodal terminal branching unit. Charac-
teristic lower mass fragments are depicted in Scheme
5. These fragments or molecular variants thereof were
also found in PSD spectra from Li ion adducts of related
dendrimers.

The study was further extended to the structural
characterization of four generation 3 polypentylresor-

cinol dendrimers differing in the type of focal group,
ranging from benzoic acid methyl ester (G3-MEs),
benzyl alcohol (G3-Alc), or benzaldehyde (G3-Ald). In
addition, G3-MEsU features a double bond in each
sidearm (Scheme 1, position x). Figure 4 shows the
MALDI PSD spectra of the Li ion adducts of these
dendrimers. Comparison of lithium and sodium adduct
PSD spectra (Na adduct spectra provided in the Sup-
porting Information) revealed again that the majority
of higher mass signals still contained the Li cation as
demonstrated for the other dendrimer species; thus, we
were able to propose fragment structures as follows.
Many lower mass fragments were already observed with
other dendrimers investigated in this study (Schemes
2 and 5), namely m/z 85, 372, 413, 455, 497, and 590
(or 592 without the double bond). The high mass signals

Figure 3. MALDI post-source decay spectra of the (a) Na and
(b) Li ion adduct of the second-generation dendrimer G2-BPB
and the (c) Na and (d) Li ion adduct of the third-generation
dendrimer G3-BPB. The precursor ions of a Na ion adduct are
annotated with a f and the precursor ions of a Li ion adduct
with a 4.

Scheme 5. Some Selected Characteristic Lower Mass
Post-Source Decay Fragments of the Second

Generation Dendrimer, G2-BPBa

a These fragments are also found in spectra from other
polypentylresorcinol dendrimers that contain the same struc-
tural components.

Figure 4. MALDI post-source decay spectra of the lithium
ion adducts of the third-generation dendrimers (a) G3-MEsU,
(b) G3-MEs, (c) G3-Alc, and (d) G3-Ald. A lithium ion adduct
precursor ion is annotated with a 4. Peaks labeled with a letter
refer to up to seven sequential losses of tetrahydropyranyl
(THP) groups and one or no loss of a pentenyloxytetrahydro-
pyranyl group (pTHP) (see also Table 2).

Macromolecules, Vol. 36, No. 22, 2003 MALDI Post-Source Decay Analysis of Dendrimers 8301



of each of the four species followed a pattern that could
be explained by sequential losses of THP groups and
pentenyloxytetrahydropyranyl (pTHP) groups, as de-
tailed in Table 2. Up to seven subsequent losses of THP
groups were usually observed, with the difference
between the fragment signals being 84 (1 Da, i.e., [M
+ Li-nTHP + nH]+ (n e 7, THP ) 85 amu). The loss of
the eighth THP group could not be detected. Signal
intensities usually decreased exponentially from higher
to lower mass fragments, accounting for THP and pTHP
losses and illustrating the decreased probability and
higher energy needed for cleavage at multiple positions.
The loss of pTHP groups is likely to follow a pathway
as explained in Scheme 4a. Interestingly, the high mass
fragments resulting from THP and pTHP losses were
absent with Na as the cation. All high mass signals that
contained the focal group exhibited a mass shift accord-
ing to the mass difference between the focal groups as
shown in Table 2. The uniformity in mass difference
between fragments from different dendrimer species
increases the certainty of identification not only of the
fragment but also of the entire molecule.

The abundance of the fragment ions containing the
cation indicated that the affinity for the smaller alkali
metals is greater than that for larger alkali metals; i.e.,
Cs and K are so loosely coordinated that they dissociated
easily under PSD conditions. At the same time, all PSD
signals of reasonable abundance contained at least one
THP ether in the fragment structure. The cyclic acetal
group of the THP ether is proposed as the site for cation
attachment, sometimes with the participation of a
second acetal group on an adjacent dendritic arm.

Summary and Conclusion

We employed MALDI TOF and MALDI PSD TOF
mass spectrometry to analyze a number of polypentyl-
resorcinol dendrimers as their alkali metal ion adducts.
The PSD spectra of lithiated and sodiated dendrimers
were more informative than the PSD spectra from the
corresponding K and Cs ion adducts. Many of the
fragments from the Li and Na ion adducts could be
assigned and fragmentation pathways were proposed.

This facilitated the confirmation of dendrimer structure.
The fragmentation patterns provide a fingerprint spec-
trum for a particular species. As an adjunct, the
tetrahydropyranyl ether is a commonly employed pro-
tecting group for alcohols that is stable to bases and
other reagents. The fact that the investigated dendrim-
ers contained those THP ethers not only enabled alkali
metal ion adduct formation and efficient ionization but
also provided potential cleavage sites under PSD condi-
tions which proved to be extremely useful for end-group
determination. Thus, this technique should aid the
analysis of dendrimers and other polymers that contain
THP or similar ethers.
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The observed mass tolerance was usually within 1 Da.
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