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Abstract

[M + H]+ ions are produced from a generation three poly(propylene imine) dendrimer (DAB-dendr-(NH2)16) by matrix-
assisted laser desorption ionization (MALDI) or electrospray ionization (ESI), employing solvents of varying polarity and
acidity for sample preparation (in MALDI) or the spraying process (in ESI). Subsequently, the structures of [M+ H]+
are investigated by tandem mass spectrometry (MS/MS), via the post-source decay (PSD) and collisionally activated dis-
sociation (CAD) techniques. Upon MALDI-PSD, elimination of the outer branches, i.e., of HN(CH2CH2CH2NH2)2 and
HN[CH2CH2CH2N(CH2CH2CH2NH2)2]2, is observed with a polar protic but not with a nonpolar solvent. Similarly, the loss
of the outer branches upon ESI-CAD is discriminated against when employing a nonpolar instead of a polar protic solvent.
These differences are attributed to the existence of distinct conformations for the neutral dendrimer and the [M+ H]+ ions
formed from it. A nonpolar solvent leads to a folded conformation, i.e., one with the periphery branches pointing into the
interior of the dendrimer to enable intramolecular hydrogen bonds. Due to such self-solvation, certain C–N bonds cannot be
cleaved efficiently upon MS/MS. On the other hand, a polar protic solvent interacts favorably with the dendrimer through
intermolecular hydrogen bonds, promoting the formation of an extended, unfolded conformation from which outer and pe-
riphery branches can readily be eliminated. These structural differences disappear in the [M+2H]2+ cations produced by ESI;
now, the loss of the outer branches takes place upon MS/MS irrespective of the solvent used in the ion generation step; this
result is consistent with a stretched conformation for [M+2H]2+, where the repulsion between the like charges is minimized.
(Int J Mass Spectrom 214 (2002) 75–88) © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Dendrimers are a special class of highly symmetric
three-dimensional macromolecules containing a core
region, a repeating unit and a large number of periph-
eral groups. Their significant branching and surface
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functionality, combined with their low intrinsic vis-
cosity, high miscibility/solubility and high reactivity,
have led to useful applications in the areas of catalysis,
recyclable solubilization, drug delivery and magnetic
resonance imaging [1].

One of the most widely studied categories of den-
drimers are poly(propylene imine) dendrimers com-
posed of a 1,4-diaminobutane (DAB) core that is
extended with propylene imine units (Scheme 1);
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Scheme 1. Schematic representation of DAB-dendr-(NH2)16, a third generation dendrimer. The numbers next to the N atoms indicate the
generation in which they are introduced. Only the right half is labeled.

these molecules have been termed DAB-dendr-
(NH2)x , with x indicating the number of primary
amine groups at the periphery [1]. The nitrogen atoms
of the core are separated by four CH2 groups, while
three CH2 groups separate all other N atoms from
each other. Every successive layer of propylene imine
units gives rise to a new generation dendrimer; hence,
generations 1–4 havex = 4, 8, 16 and 64 peripheral
NH2. Scheme 1 illustrates a third generation DAB
dendrimer, viz. DAB-dendr-(NH2)16 [1].

Dendrimers are prepared either in a convergent or
divergent manner. In the convergent method, the den-
dritic wedges are produced separately and connected
to a central core in the final step [2,3]. In the diver-
gent synthesis, the dendrimer is grown in a sequential
manner from a central core [4,5]. DAB dendrimers are
usually synthesized via the divergent approach [1,4,5].
The first generation is obtained by Michael addition of
DAB to acrylonitrile and subsequent hydrogenation of
the nitrile groups. Repeating these reactions provides
the second generation DAB dendrimer, etc. Statistical
defects cannot be avoided in this procedure; e.g., only

68% of the third generation of a divergently produced
dendrimer have a perfect (i.e. defect-free) structure [1].

Various NMR techniques (1H, 13C, 19F, 31P) [6–8],
elemental analyses and chromatography [9,10] have
been used to characterize DAB (and similar) den-
drimers, but these techniques cannot disclose small
amounts of impurities in, particularly, higher genera-
tion dendrimers. Mass spectrometry methods, on the
other hand, especially electrospray ionization (ESI)
[11] and matrix-assisted laser desorption ionization
(MALDI) [12] mass spectrometry, have allowed the
unequivocal identification of imperfections in DAB
dendrimers. These were attributed to two possible side
reactions, namely (1) incomplete cyanoethylation and
retro-Michael reactions, resulting in missing propy-
lene imine units, and (2) ammonia loss, leading to ring
formation between two surface arms during nitrile hy-
drogenation [13,14].

There has been considerable interest in the confor-
mations of DAB dendrimers and related polymers. In
early studies, the monomers of each generation were
assumed to be fully elongated and the end groups were
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grouped in concentric circles around the core, suggest-
ing that the dendrimer is a spherical body [15]. Ac-
cording to this model, dendrimers could grow freely
and the core of the dendrimer had the lowest den-
sity. Later simulations showed that, after a certain
point, the ends of the branches were not positioned
at the surface but were severely back folded [16,17].
A self-consistent mean field model (SCMF) predicted
flexible dendrimers to have dense, not hollow cores,
with the ends distributed throughout the volume of the
dendrimer [18]. Molecular dynamics calculations with
two different force fields, representing a good and a
bad solvent, revealed a definite degree of back fold-
ing in poly(propylene imine) dendrimers irrespective
of the solvent; however, the back folding was more
marked in the bad solvent [19a]. (A polymer swells
and forms a large coil in agood solvent but shrinks
and builds a dense globule in abad or poor solvent
[19b].) Other theoretical and experimental investiga-
tions have indicated that the hydrodynamic volumes of
dendrimers appear to be temperature independent but
strongly influenced by the choice of solvent; the den-
drimers collapsed in poor solvents, while in good sol-
vents a more open dendritic structure existed [20–22].

Poly(propylene imine) dendrimers with different
end groups have been subjected to viscometry and
small-angle neutron scattering (SANS) measurements
[19,23]. The results indicated that such dendrimers
are flexible, with a relatively homogeneous density
distribution, which in turn presupposes that the end
groups must be back folded to some degree. The
SANS data on DAB dendrimers also showed that
these molecules have a propensity to stretch when the
amines are protonated, confirming the flexible nature
of poly(propylene imine) dendrimers [23]. Very re-
cent NMR studies unveiled that the conformation of
DAB dendrimers varies depending on whether they
are dissolved in polar protic (good) or nonpolar (poor)
solvents [8]. In the polar protic solvent, the molecules
had an extended conformation to maximize the hy-
drogen bonding interactions of the interior tertiary
amines with the solvent’s acidic protons. In the non-
polar solvent, NMR detected interactions between H
atoms near the periphery and N atoms closer to the

interior. This could be due to a folded conformation,
in which the periphery branches fold into the interior
of the molecule to enable intramolecular hydrogen
bonding between the primary external and tertiary
internal amine groups. Alternatively, the extra reso-
nances in the nonpolar solvent could originate from
intertwined chains of two dendrimers, in which inter-
molecular hydrogen bonding can take place. In the
present study, the intrinsic conformations of singly
and doubly protonated DAB dendrimers, formed from
solutions in polar, polar protic or nonpolar media,
are probed based on the fragmentation patterns of
the dendrimer ions, as determined by tandem mass
spectrometry (MS/MS) experiments [24].

ESI-MS/MS has successfully been used by Mei-
jer and co-workers [25], Kistemaker and co-workers
[26] and McLuckey et al. [27] to elucidate the disso-
ciation pathways of protonated DAB dendrimers and
the distribution of synthetic defects in such polymers.
Meijer and co-workers postulated that the fragmenta-
tion of singly charged dendrimers proceeds via a chain
of intramolecular SN2 reactions [25]. It was argued
that the diaminobutane nitrogen atoms are the most
basic ones present (in the gas phase), and hence, pro-
tonation should mainly lead to [M+H]+ ions carrying
a protonated DAB core. As a consequence, the first
nucleophilic displacement reaction should lead to a
splitting of the dendrimer core, producing the starting
material for a cascade of analogous nucleophilic dis-
placements that create most of the observed MS/MS
products. Meijer and co-workers rationalized the re-
maining major fragments by additional proton shifts
and rearrangements [25].

Kistemaker and co-workers [26] and McLuckey
et al. [27], on the other hand, suggested that the
MS/MS spectra of [M+ H]+ from DAB dendrimers
can be interpreted on the basis of SN2 reactions in-
volving attack from a neutral nitrogen that is either
interior or exterior to the protonation site (interior is
defined as closer to, or one of, the nitrogen atoms of
the DAB core and exterior as more distant from the
core). Protonation was assumed to occur at any of the
tertiary nitrogens, thereby giving rise to a whole host
of decomposition channels, which can explain all
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major fragments. In contrast, the cascade fragmenta-
tion mechanism proposed by Meijer and co-workers
[25] presumed exclusive protonation at one of the
two core nitrogen atoms (vide supra). Notwithstand-
ing this discrepancy, all previous MS/MS studies
[25–27] concurrently concluded that the site(s) of
protonation within the dendritic framework play(s)
an important role in the fragmentation of [M+ H]+

and [M + nH]n+. The position of the proton(s) de-
pends on both the relative proton affinities of the N
atoms and the Coulomb repulsion between neighbor-
ing protonated sites. With singly charged dendrimers,
repulsive interactions are absent and fragmentation is
directed by the relative proton affinities of the basic
sites in the dendrimer. With multiply charged den-
drimers, Coulomb repulsions prevail, leading princi-
pally to protonation of the peripheral tertiary amines
and, hence, to distinct fragmentation patterns.

In the quoted MS/MS investigations, the DAB
dendrimers were electrosprayed from polar protic
solvents. In this article, we report MALDI- and
ESI-MS/MS data of DAB-dendr-(NH2)16 that was
dissolved in protic, polar or nonpolar solvents dur-
ing the sample preparation (in MALDI) or spraying
process (in ESI). Results obtained by post-source
decay (PSD) [28] within a MALDI-time-of-flight
(TOF) mass spectrometer and by collisionally acti-
vated dissociation (CAD) within an ESI ion trap mass
spectrometer [29] were compared to assess whether
the conformational differences detected by NMR in
solution are preserved in the gas phase.

2. Experimental

The MALDI experiments were performed with a
Bruker reflectron TOF mass spectrometer equipped
with a nitrogen laser emitting at 337 nm (Reflex III,
Bruker Daltonics, Billerica, MA). The ion source
and reflector potentials were set at 20.0 and 22.5 kV,
respectively. Solutions of the dendrimer (10 mg/mL)
were prepared in four different solvents, viz. chloro-
form, acetonitrile–ethanol–water (50:45:5) mixture,
methylene chloride and benzene. Dithranol, which

was used as the matrix, was also dissolved in these
solvents (10 mg/mL). Matrix and dendrimer solutions
(both in the same solvent) were mixed in a 1:1 ratio,
and ca. 0.5�L of the final mixture were applied to
the MALDI sample target. These conditions yielded
abundant [M+ H]+ ions from DAB-dendr-(NH2)16.
The mass scale was calibrated internally, using the
calculatedm/z values of [M+ H]+ (1686.727) and of
the peak appearing 19 u (NH3+H2) lower (1667.696).

The PSD spectra of [M+ H]+ from DAB-dendr-
(NH2)16 were measured by tuning the preselector to
transmit only this ion (complete isotopic cluster). The
fragments from [M+ H]+, formed in the field-free
region between the ion source and reflectron, were
recorded at 14 decreasing reflector voltage intervals.
The resulting 14 mass spectral segments were pasted
in-line using the FAST algorithm provided by Bruker.
Mass calibration at each PSD spectral segment was
performed automatically by Bruker’s spectral pasting
algorithm using ACTH 18-39 as calibrant.

The ESI experiments were conducted with a Bruker
Esquire-LC ion trap mass spectrometer (Billerica,
MA). A syringe pump was used to nebulize at a rate
of 5�L/min, through a grounded needle, 25–50�M
solutions of the dendrimer in methanol–water (75:25)
or benzene–acetic acid (≥85:≤15). The entrance of
the sampling capillary, which is directed at a right
angle to the spraying needle, was set at−4000 V rel-
ative to the needle; the potential difference between
the capillary exit and skimmer 1 was 130 V. Nitrogen
served as both the nebulizing gas (15 psi) and dry-
ing gas (5 L/min, 300◦C). These parameters led to
the formation of [M+ nH]n+ ions (n = 1–4) from
DAB-dendr-(NH2)16. CAD spectra of the singly and
doubly protonated dendrimer (n = 1 and 2) were
obtained by isolating the corresponding monoisotopic
precursor ions and exciting them to fragment with a
radiofrequency (RF) that was resonant with their fre-
quency of motion inside the trap [29]. The precursor
ions are accelerated in this process and collide with
the helium buffer gas in the ion trap, thereby produc-
ing fragments; the RF amplitudes (Vp–p) used ranged
between 0.9 and 1.8 V and the activation time was
40 ms.
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DAB-dendr-(NH2)16 (propylene imine hexade-
caamine dendrimer generation 3.0) was purchased
from Sigma and dithranol from ICN Biomedicals Inc.
(Aurora, OH). HPLC-grade solvents and acetic acid
were purchased from Sigma or Aldrich. All chemicals
were used as received from the manufacturer.

3. Results

3.1. MALDI-PSD spectra of [M + H]+ in polar
protic vs. nonpolar solvents

Four different solvents were utilized to dis-
solve the dendrimer upon MALDI sample prepa-
ration. The selected solvents were chloroform,
acetonitrile–ethanol–water mixture (50:45:5), methy-
lene chloride and benzene. Table 1 lists the dipole
moments and pK� values of these molecules [30–32],
which constitute pertinent measures of their polar-
ity and acidity, respectively. Chloroform is the polar
protic (good) and benzene the nonpolar (bad) solvent
used in the NMR study of Rinaldi and co-workers
[8]; as mentioned in the introduction, these authors
found that DAB-dendr-(NH2)16 (“DAB-16”) attains
an extended chain conformation in CHCl3 but a
folded (or intertwined) conformation in C6H6. Two
additional solvents, viz. an acetonitrile–ethanol–water

Table 1
Dipole moments and pK� values of solvents used in MALDI
sample preparation and/or for ESI

Solvent Dipole momenta pK�
b

(Debye)

CH3CO2H 1.74 4.76
CH3OH 1.70 15.00
H2O 1.85 15.70
CH3CH2OH 1.69 16.00
CH3CN 3.92 25.00
CHCl3 1.01 25.00c

CH2Cl2 1.60 –d

C6H6 0.00 43.00

a[30].
b[31].
c[32].
dUnknown; should lie between 25 and 43.

(50:45:5) mixture and methylene chloride were also
assessed in the present study. The former is simi-
lar to the methanol–water (75:25) mixture used in
ESI experiments of DAB dendrimers [25–27]; we
chose acetonitrile–ethanol–water instead because
this combination gave rise to MALDI-PSD spectra
with a substantially higher signal:noise ratio than ei-
ther methanol, methanol–water (75:25), ethanol, or
ethanol–water (75:25) solvents.

PSD spectra of [M+ H]+ (m/z 1687) were ac-
quired using each of the four solvents in the sample
preparation procedure. The spectrum obtained with
chloroform is displayed in Fig. 1. It contains abun-
dant fragments atm/z 871, 400, 172 and 58, which
also dominated the reported ESI-CAD spectra of pro-
tonated DAB-16 [26,27]. The majority of fragment
ions in the PSD spectrum of Fig. 1 can be rationalized
by intramolecular nucleophilic substitution reactions
(SN2-type), as shown in Scheme 2 [27]. In these dis-
sociations, a C atom in�-position to the protonated
amine (leaving group) is attacked by an adjacent
amine group (nucleophile) to produce a quaternary
ammonium ion plus a neutral amine. Depending on
the protonation site and the location of the attacking
nucleophile (cf. Scheme 2), several different SN2
displacements are possible. Table 2 summarizes the
fragments arising upon such competitive processes
from [M + H]+ of DAB-16, using the nomenclature
proposed by McLuckey et al. [27]: Gn gives the gen-
eration of the protonated nitrogen (G0, H+ on a core
N atom; G1, H+ on a first generation N atom; etc.);
and A or B denote SN2 reactions in which a carbon
in �-position to the charge is attacked by an adja-
cent N atom in the interior (A) or exterior (B) of the
dendrimer. Scheme 2 illustrates the reactions ensuing
from precursor ions that are protonated at the most
basic site, i.e., the DAB core (N of 0th generation).

The G1(A) and G2(A) products (m/z 1327 and
1556), which originate from [M+ H]+ ions carry-
ing the proton at a tertiary nitrogen of the first and
second generation, respectively, have markedly lower
abundances than the G0(A) product (m/z 871); this
observation suggests that protonation mainly occurs
at one of the core nitrogens, which exhibit the highest
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Fig. 1. MALDI-PSD spectrum of [M+ H]+ from DAB-dendr-(NH2)16, obtained from a sample dissolved in chloroform.

intrinsic basicity [26,27]. Similarly, G0(B) gives rise
to more intense fragments than either G1(B) or G2(B).
Note, however, that the Gn(B) processes, involving
attack of the charge site by an adjacent N nucleophile
from the exterior, dominate in comparison to the
Gn(A) processes. Two plausible explanations can be
offered for this behavior: (a) Gn(B) generally have
lower m/z values and could, thus, arise by sequential
decomposition of the heavier Gn(A) fragments; (b)
there are twice as many nucleophiles in exterior po-
sitions (for any given protonation site), which favors
kinetically the formation of Gn(B).

Table 2
Fragments from [M+ H]+ of DAB-dendr-(NH2)16 (m/z 1686.7) generated via intramolecular SN2 reactions

SN2 process m/z of quaternary Mass of neutral Structure of fragment ion or neutral
ammonium ion amine (u) loss; R= CH2CH2CH2N

G2(A) 1555.5 131.2 Loss of HN(RH2)2

G1(A) 1327.3 359.4 Loss of HN[R(RH2)2]2

G0(A) 870.8 815.9 Loss of HN{R[R(RH2)2]2}2
a

G0(B) 400.4 1286.3 Cyclo-CH2CH2CH2N+[R(RH2)2]2
a

G1(B) 172.2 1514.5 Cyclo-CH2CH2CH2N+(RH2)2

G2(B) 58.0 1628.7 Cyclo-CH2CH2CH2N+H2
b

aStructures shown in Scheme 2.
bAzetidinium cation.

The ions listed in Table 2 are virtually all frag-
ments observed in ESI-CAD spectra of protonated
DAB-16 (methanol–water solvent) [26,27]. They are
also present in the MALDI-PSD spectrum of [M+H]+

produced from a CHCl3 solution (Fig. 1). The PSD
spectrum contains additional fragments, mainly below
m/z 871, most prominently atm/z 356 and 128. These
are ascribed to consecutive dissociations of the major
fragments; their enhanced yield upon MALDI-PSD vs.
ESI-CAD points out that MALDI creates [M+ H]+

ions with a higher degree of internal excitation than
ESI (vide infra).
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Scheme 2. Intramolecular nucleophilic substitution (SN2) reactions leading to the formation ofm/z 400 and 871 from [M+H]+ of DAB-16.
Only the DAB core and one half of the dendrimer are shown. The numbers next to the N atoms indicate their generation.

Our MALDI-PSD spectra obtained using the other
three solvents show considerable and reproducible dif-
ferences only in the regionm/z 800–1687 which, there-
fore, is presented here in detail. Most pronounced are
the differences between the PSD spectra resulting from
the dendrimer dissolved in chloroform (polar protic)
vs. the dendrimer dissolved in benzene (nonpolar);
these spectra are contrasted in Fig. 2. The spectrum
acquired with CHCl3, Fig. 2(a), contains G1(A) and
G2(A) products, as well as a sizable fragment atm/z
1668 corresponding to a loss of 19 u. The latter prod-
uct is attributed to the elimination of NH3 and H2,
proceeding from [M+H]+ ions that are protonated at
the primary amine sites (Scheme 3). Initially, a cyclic
secondary ammonium ion is formed via SN2 displace-
ment of ammonia by a neighboring primary amine
group. Consecutively, H2 elimination, a well docu-

mented reaction of primary and secondary ammonium
ions [33] takes place to give the observed product at
m/z 1668, an immonium cation. The absence of a mea-
surablem/z 1670 suggests that the MALDI-generated
[M + H]+ ions probed upon PSD have sufficient in-
ternal energies to lose both NH3 and H2. In the PSD
spectrum of [M+H]+ desorbed from a C6H6 solution
(Fig. 2(b)), processes G1(A), m/z 1327, and G2(A), m/z
1556, essentially disappear below noise level, and the
extent of NH3+H2 loss,m/z 1668, decreases markedly.
The implications of this result will be discussed after
the description of ESI data (vide infra).

We could not find another nonpolar solvent, be-
sides benzene, in which DAB-16 was sufficiently
soluble to provide useable MALDI and MALDI-PSD
mass spectra. On the other hand, two more polar
solvents were used, namely CH2Cl2 (aprotic) and
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Fig. 2. Partial MALDI-PSD spectra (m/z 850–1700 region) of
[M + H]+ from DAB-dendr-(NH2)16, obtained from a sample
dissolved in (a) chloroform and (b) benzene.

acetonitrile–ethanol–water mixture (protic). The latter
solvent, which is quite analogous to the solvent used
in previous ESI studies [25–27], gives comparable
results to those observed with CHCl3 (Table 3), albeit

Scheme 3. Formation ofm/z 1668 fragment from protonated DAB-16 via consecutive NH3 and H2 losses.

with a somewhat poorer signal-to-noise ratio. In con-
trast, CH2Cl2 leads to substantially reduced fragment
ion abundances betweenm/z 871 and 1687, especially
for G1(A) (Table 3). CH2Cl2 and CHCl3 have similar
polarities (Table 1), but CHCl3 also is acidic. It is
evident, based on the trends of Table 3, that G1(A),
G2(A) and NH3 + H2 loss progress most efficiently
if the solvent used in MALDI sample preparation
contains acidic protons.

3.2. ESI-CAD spectra of [M + H]+ in polar protic
vs. nonpolar solvents

Since the MALDI-PSD spectra of [M+H]+ depend
on the solvent used in sample preparation, the solvent
could also play a role in the fragmentations occurring
from ESI-generated [M+ H]+. This hypothesis was
tested by acquiring CAD spectra of [M+H]+ sprayed
from a polar protic vs. a nonpolar solvent. Again, we
focused on the regionm/z 871–1687, in which the
fragment ion abundances appear to be most sensitive
to the nature of the solvent.

A 75:25 mixture of methanol water was selected as
the polar solvent representative; this was the solvent of
choice in the previous ESI studies of DAB dendrimers
[25–27]. (Chloroform could not be used because it
degrades PEEK materials in the spray chamber of the
instrument.) Benzene was chosen as the nonpolar sol-
vent representative; a modifier had to be added, in this
case, to aid in protonation of the sample, because ben-
zene cannot accomplish the task by itself. The modi-
fier was acetic acid. Various experiments were run to
find the optimal concentration of acetic acid, such that
[M + H]+ is formed with sufficient yield for MS/MS
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Table 3
MALDI-PSD fragments (m/z 870–1687 region) from [M+ H]+ of DAB-dendr-(NH2)16, desorbed from samples prepared in four different
solventsa

Solvent m/z

871, G0(A) 1327, G1(A) 1556, G2(A) 1668, −(NH3 + H2)

CHCl3 100 4.3 6.7 17
CH3CN/C2H5OH/H2O 100 4.6 6.4 7.8
CH2Cl2 100 <0.6b 1.8 4.2
C6H6 100 <0.6b <0.6b 1.3

aPeak intensity relative tom/z 871 (±40%).
bIn noise level.

but with the least possible amount of acetic acid, so
that the solvent remains significantly less protic than
methanol–water. A 5–15% (v/v) solution of acetic acid
in benzene accomplished this purpose.

The CAD spectrum of [M+H]+ from DAB-16 dis-
solved in methanol–water (75:25) is depicted in Fig. 3.
It contains peaks atm/z 871, 1327 and 1556, originat-
ing from processes Gn(A), n = 0–2, in good agree-
ment with the MALDI-PSD spectrum measured using
CHCl3 (Fig. 2(a)). In addition, the loss of NH3 takes
place (m/z 1670). The ammonia loss is not accom-
panied by consecutive elimination of H2, as was ob-
served in the case of MALDI-PSD. This difference is
presumably due to the higher internal energy content
of [M +H]+ precursor ions in MALDI vs. ESI exper-

Fig. 3. Partial ESI-CAD spectrum (m/z 800–2000 region) of [M+ H]+ from DAB-dendr-(NH2)16, obtained from a sample dissolved in
methanol–water (75:25). The RF amplitude (Vp–p) was 0.9 V.

iments (vide supra). Further, the relative abundance of
NH3 loss is found to vary significantly in replicable
measurements. The trajectory of this fragment ion (m/z
1670) in the trap could be influenced by the resonance
excitation applied to [M+ H]+ (m/z 1687) due to the
similarity in mass of these two cations; the product of
NH3 loss is, therefore, not used in the evaluation of
solvent, concentration or collision energy effects.

A minimum of 0.9 V resonance excitation amplitude
(Vp–p) is necessary to induce CAD at the activation
time used. WhenVp–p is increased to 1.2 V (+33%),
the intensity of [M+ H]+ decreases dramatically rel-
ative to that of the major G0(A) product (Table 4),
owing to an enhanced dissociation efficiency and
probably also partial resonance excitation ejection.
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Table 4
ESI-CAD fragments (m/z 871–1687 region) from [M+ H]+ of DAB-dendr-(NH2)16, sprayed from different solutionsa

Solvent Concentration (�M) Vp–p (V) m/z

871, G0(A) 1327, G1(A) 1556, G0(A) 1687, [M + H]+

CH3OH/H2O 50 0.9 100 4.3 4.3 651
50 1.2 100 4.3 4.1 23
25 1.2 100 3.9 3.8 14

C6H6/5% acetic acid 50 0.9 100 3.2 2.6 2233
50 1.2b 100 5.7 4.0 0.7

C6H6/15% acetic acid 50 0.9 100 2.7 2.2 547
50 1.2 100 5.0 6.0 63

aPeak intensity relative tom/z 871 (±15%).
bNo measurable change in relative fragment ion abundances at 1.6 V.

At the same time, the relative intensities of G0(A),
G1(A) and G2(A) at m/z 871, 1327 and 1556, respec-
tively, do not change outside experimental error. Re-
ducing the concentration of the dendrimer from 50 to
25�M has also no effect on the relative abundances
of m/z 871, 1327 and 1556 (Table 4).

With benzene as the ESI solvent, the dendrimer so-
lution must be acidified to yield enough [M+ H]+

ions for a detectable CAD spectrum; we used≥5%
(v/v) acetic acid for this purpose. At the lowest pos-
sible collision energy, corresponding toVp–p = 0.9 V,
bothm/z 1327 and 1556 are generated (Table 4). This
is at odds with our MALDI-PSD spectra, where these
fragments are not observed (<1% relative tom/z 871).
Nonetheless, the polar protic dendrimer solution gives
rise to much more G1(A) and G2(A) fragments rela-
tive to G0(A) fragment (cf. 0.9 V entries in Table 4),
in agreement with the MALDI-PSD result.

Raising the acetic acid concentration to 15% in-
creases the sensitivity but does not affect the relative
abundances ofm/z 871, 1327 and 1556 within ex-
perimental error limits (Table 4). Interestingly, the
decrease in [M+ H]+ intensity with collision energy
depends on acetic acid concentration. Also, in con-
trast to the [M+ H]+ precursor ions probed from
methanol–water, the C6H6-sprayed [M+ H]+ ions
form morem/z 1327 and 1556 upon increase of the
collision energy (Table 4). The reason(s) for the last
two phenomena is (are) difficult to discern. Overall,
the ESI-CAD data from a protic vs. a nonpolar solvent

are not as distinct as the respective MALDI-PSD data
(perhaps because the addition of acetic acid to C6H6

creates a somewhat polar environment). Further, only
under the mildest collisional activation conditions,
PSD and CAD datasets follow the same trend, viz. a
lower yield of G1(A) and G2(A) fragments, relative to
G0(A), when the dendrimer ions are produced from
the nonpolar (aprotic) solvent.

3.3. ESI-CAD spectra of [M + 2H]2+ in polar
protic vs. nonpolar solvents

ESI of DAB-16 coproduces multiply protonated
precursor ions (see Section 2). In previous work,
doubly and more highly charged precursor ions of
DAB dendrimers were shown to fragment mainly
by processes involving Coulomb repulsions and di-
rected by protonation closer to the periphery of the
dendrimer [25–27]. These earlier studies were per-
formed exclusively in a polar protic solvent (75:25
methanol–water). Here, we investigate the role of
ESI solvent on the fragmentation behavior of doubly
protonated DAB-dendr-(NH2)16 (m/z 843.8).

When multiply charged dendrimers dissociate,
both dissociation products can carry a charge and,
hence, the amine product from the SN2 process (see
Scheme 2) can appear as a fragment ion (protonated
amine) in the CAD spectrum [27]. The masses of the
neutral amine fragments generated from DAB-16 are
listed in Table 2; their protonated forms are termed
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Fig. 4. ESI-CAD spectrum of [M+ 2H]2+ from DAB-dendr-(NH2)16, obtained from a sample dissolved in methanol–water (75:25). The
RF amplitude (Vp–p) was 1.2 V and the low-mass cutoff atm/z 200. The asterisk indicates the location of [M+ 2H]2+ (m/z 843.8).

Gn(A)a or Gn(B)a (i.e., with a subscripted a) to dis-
tinguish them from the complementary quaternary
ammonium ions formed during SN2 reactions (note
that the nominal masses of Gn(A)a or Gn(B)a are one
mass unit higher than those of the respective neutral
amines due to the added proton).

The CAD spectrum of [M+ 2H]2+ from the
methanol–water solution is shown in Fig. 4 and agrees
well with that reported by McLuckey et al. [27]. The
major fragment atm/z 778.3 corresponds to a proto-
natedm/z 1556 ion (G2(A) with two protons), arising
by loss of the HN(CH2CH2CH2NH2)2 wedge (131 u,
cf. Table 2). The identified dissociation products are
labeled on Fig. 4 and summarized in Scheme 4. It is
noteworthy that processes G0 are less efficient from
[M + 2H]2+ than [M+ H]+. The dication dissociates
extensively by G1- and G2-type reactions, which are
initiated by protonation away from the dendrimer
core (Scheme 2), releasing outer dendrimer branches.
In contrast, the cleavages of outer dendrimer wedges
is much less pronounced in [M+ H]+, as is evi-
dent from the low extent in its spectra of processes
G1(A) (loss of 359 u amine) and G2(A) (loss of 131 u
amine).

Changing the solvent to benzene (plus 10% acetic
acid) yields a CAD spectrum that is practically in-
distinguishable from that obtained using methanol–
water (within the±20% uncertainty of fragment ion

Scheme 4. Major CAD fragments from ESI-generated [M+2H]2+
of DAB-16. The numbers givem/z values of ions or (those above
or below the arrows) masses of neutral losses. Ion with asterisk
next to itsm/z value not observed in Fig. 4, because it lies outside
the scan range (automatically set by software).
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abundances in [M+2H]2+ CAD spectra). We also find
no measurable effect on the CAD fragmentation pat-
tern of [M+2H]2+ upon varying the resonance excita-
tion amplitude between 1 and 2 V. These trends differ
from those observed with [M+H]+ and imply that the
dication exists in only one conformation (vide infra).

4. Discussion

4.1. [M + H]+ ions of DAB-dendr-(NH2)16

The fragmentation patterns of [M+H]+ from protic
vs. nonpolar solutions can be accounted for if differ-
ent conformations are present in the two types of sol-
vents, as indicated by NMR [8] and if these different
conformations are preserved in the gaseous [M+H]+

ions formed in the mass spectrometer.
Based on the MALDI-PSD experiments, cleavage

of the second and first generation dendritic wedges
(m/z 1556 and 1327, respectively) takes place if a po-
lar protic solvent is used to dissolve DAB-16 upon
sample preparation, but does not occur if a nonpolar
solvent is employed for the latter purpose. In qualita-
tive agreement with this result, the collision-induced
dissociation of second and first generation branches
from [M + H]+ ions electrosprayed in a polar pro-
tic solution proceeds with a higher yield than from
[M + H]+ ions electrosprayed in a nonpolar solvent
(at mild activation conditions).

The DAB molecule is polar and basic. A polar protic
solvent can readily enter the interior cavities to form
hydrogen bonds with the tertiary amines. This solva-
tion stabilizes an extended conformation of DAB-16,
in which the number of stabilizing intermolecular H
bonds between solvent and dendrimer are maximized.
On the other hand, a nonpolar solvent is less likely
to penetrate the DAB dendrimer interior. Stabilizing
H bonds can still be formed, now intramolecularly, if
the periphery branches fold inside, so that the amine
H atoms can interact with interior tertiary nitrogens
(Scheme 5).

The solution conformations are “locked-in” when
the solvent evaporates and the dendrimer crystallizes

Scheme 5. Folding of outer DAB dendrimer chains to form in-
tramolecular hydrogen bonds. The numbers next to the N atoms
denote their generation.

in the MALDI matrix upon sample preparation. Our
MALDI-PSD data provide evidence that such con-
formational differences are maintained when the den-
drimer molecules are desorbed as gaseous [M+ H]+

ions. After protonation, extended H bond networks
are possible in folded conformations, particularly with
charge sites away from the core (first and second
generation), which are in closer proximity to adjacent
basic sites (Scheme 6). This extra stability is a plau-
sible rationale for the absence (or decreased yield) of
losses from the outer branches (i.e. processes G1(A)

Scheme 6. Folding of protonated outer DAB dendrimer chains to
form intramolecular hydrogen bonds. The numbers next to the N
atoms denote their generation.
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at m/z 1327 and G2(A) at m/z 1556), when a nonpolar
solvent is used.

In the ESI experiments, the addition of acetic acid
to benzene appears to compromise the nonpolar envi-
ronment, leading to less distinctive dissociation char-
acteristics between methanol–water and benzene so-
lutions. The discriminated dissociations (G1(A) and
G2(A)) recover easily when the collision energy upon
CAD is increased (Table 4) further suggesting that the
degree of intramolecular H bonding is low in benzene
doped with acetic acid.

It is conceivable that DAB-16 is protonated in the
gas phase upon MALDI but in solution upon ESI (in
the charged droplets). SANS experiments found that
DAB conformations become more stretched after pro-
tonation [23]. This in turn provides an alternative ex-
planation for the smaller solvent effect observed for
ESI- vis à vis MALDI-generated [M+ H]+.

4.2. [M + 2H]2+ ions of DAB-dendr-(NH2)16

The Coulomb repulsion between the two charges
is minimized in stretched conformations, with the
protons near higher generation N atoms. The consid-
erable yield of G1(A) and G2(A) products with either
solvent agrees well with such an extended conforma-
tion in both cases. Evidently, relief from Coulomb
repulsion outweighs any stabilization brought upon
by H bonding, and any folding present in M or
[M + H]+ cannot be maintained upon double proto-
nation.

5. Conclusions

The MS/MS spectra of DAB-16 dendrimer ions,
generated by MALDI or ESI, are found to depend
on the solvent used to dissolve the dendrimer in the
ionization procedure. Significant differences are ob-
served between the MS/MS spectra resulting from
MALDI of CHCl 3 (polar protic) and C6H6 (nonpo-
lar) solutions. Elimination of the outer branches from
[M +H]+, i.e., of HN(CH2CH2CH2NH2)2 (m/z 1556)
and HN[CH2CH2N(CH2CH2CH2)2]2 (m/z 1327),

does not take place when [M+ H]+ is formed from
a C6H6 solution. This result is attributed to a folded
conformation, in which the periphery branches fold
into the interior to enable hydrogen bonding between
the primary external and tertiary internal amines; due
to such intramolecular self-solvation, certain C–N
bonds in [M+ H]+ cannot be efficiently cleaved. On
the other hand, the polar solvent promotes formation
of [M + H]+ with an extended, unfolded confor-
mation, from which outer branches can be cleaved.
The same conformational differences were detected
in solution by NMR [8]. The analogous trends of
NMR (i.e., solution) and MS/MS (i.e., gas phase)
data agree well with preservation in the gaseous
[M +H]+ ions of the dendrimer structure prevalent in
solution.

In the ESI experiments, the nonpolar solvent
must be acidified to yield the [M+ H]+ intensi-
ties needed for MS/MS. This in turn compromises
the nonpolar character of the solvent, leading to
smaller differences between MS/MS spectra ac-
quired using a nonpolar (C6H6 doped with acetic
acid) vs. a polar protic (methanol–water) solvent.
The more striking differences of MALDI-MS/MS
than ESI-MS/MS spectra in nonpolar vs. polar pro-
tic solvents may also reflect different places of
[M + H]+ formation, i.e., protonation in the gas
phase in MALDI vs. protonation in solution in ESI.
The latter process has been shown to stretch folded
neutral dendrimers [23] and, hence, would diminish
the extent of folding of the dendrimer in a nonpolar
solvent.

It is noteworthy, that the [M+ 2H]2+ cations pro-
duced by ESI give the same MS/MS spectra irrespec-
tive of the solvent used in the ion generation step. The
loss of outer branches always takes place (abundantly),
consistent with an extended conformation, also for
the nonpolar solvent. Thus, any conformational dif-
ferences in the neutral or singly protonated dendrimer
disappear after addition of another proton. This re-
sult reveals that minimization of like charge repulsions
(best feasible in an extended conformation) increases
the intrinsic stability (lowers the energy) more than
conservation of intramolecular hydrogen bonds.
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