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Abstract

Ions derived from electrospray ionization of poly(propylene imine) dendrimers (generations 1–5, synthesized from a
1,4-diaminobutane core) were subjected to ion trap tandem mass spectrometry. In some cases, ion/ion proton transfer reactions
were used to form low charge state parent ions from higher charge state ions generated by electrospray. In addition, ion/ion
proton transfer reactions performed on product ions formed by ion trap collisional activation of multiply charged parent ions
facilitated interpretation of tandem mass spectrometry (MS/MS) spectra. Almost all of the products derived from dendrimer
parent ions could be rationalized based on a set of dissociation processes involving a previously noted intramolecular
nucleophilic attack by a nearest-neighbor nitrogen atom on a carbon alpha to a protonation site. For a given protonation site,
attack can occur either from the adjacent nitrogen closer to the interior or closer to the exterior of the dendrimer. The processes
that lead to the dominant products are highly dependent upon parent ion charge state. Singly charged ions fragment primarily
by processes directed by protonation at a diaminobutane nitrogen whereas highly charged parent ions fragment largely by
processes directed by protonation closer to the periphery of the dendrimer. MS/MS data for singly charged ions of series of synthesis
failure products in the fourth and fifth generation dendrimers were collected. The results show that ion trap tandem mass spectrometry
can provide information about the composition of mixtures of isomeric products resulting from side reactions that occur during the
course of the multistep syntheses of the dendrimers. The data show, for example, that synthesis failures tend to occur on one side
of the dendrimer. (Int J Mass Spectrom 195/196 (2000) 419–437) © 2000 Elsevier Science B.V.
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1. Introduction

The chemistry of gaseous macro-ions has become
an active area of research with the advent of methods
for forming such ions, such as matrix-assisted laser
desorption ionization [1] and electrospray [2–5]. Ions
derived from biopolymers, for example, have become

the subjects of intense scrutiny. Attention has also
been focused on ions derived from synthetic polymers
[6–20]. The latter research has been devoted largely
to linear synthetic polymers but there has been in-
creasing attention devoted to hyperbranched poly-
mers, such as dendrimers [21–29]. The latter species
are of particular interest due to their relevance in the
construction of well-defined three-dimensional struc-
tures from small molecular building blocks [30,31].
Just as it has been demonstrated that understanding
the fragmentation behavior of ions derived from
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biopolymers can yield information regarding the pri-
mary structures of, e.g. a peptide or an oligonucleo-
tide, understanding the ion chemistry of macro-ions
derived from dendritic polymers might provide useful
information about the structures of such polymers.
Structural analysis tools for hyperbranched polymers
based on MS/MS are likely to be useful in devising
improved synthetic strategies.

Poly(propylene imine) dendrimers synthesized
from a 1,4-diaminobutane (DAB) core are commer-
cially available and are characterized by relatively
simple chemical functionalities. They are comprised
of tertiary nitrogens in the core of the polymer
connected by saturated alkane chains. The two core
nitrogens are separated by a four-carbon chain
whereas the nitrogens in succeeding generations are
separated by three-carbon chains. Error-free polymers
contain tertiary nitrogens in the interior and primary
nitrogens at the extremities of the chains. Electrospray
ionization mass spectral data have been reported for
poly(propylene imine) dendrimers along with mass
spectrometry/mass spectrometry (MS/MS) data for
selected charge states using triple quadrupole tandem
mass spectrometry employing collisions with a gas-
eous target [32] and surface-induced dissociation
(SID) [33]. These studies have indicated the major
dissociation pathways of this class of dendrimer. The
latter study, in particular, also addressed the role of
parent ion charge state in determining the kinetic
stability of the parent ion. It was noted that parent ion
charge state was not a major factor in determining
dendrimer ion stability, in contrast with some results
obtained for polypeptide ions [34,35].

This study reports the behavior of positive ions of
poly(propylene imine) dendrimers formed by electro-
spray ionization under ion trap collisional activation
conditions. Particular emphasis was placed on the
dissociation behavior of singly protonated ions for
each generation of dendrimer. Electrospray ionization
does not produce singly protonated ions for the higher
generation dendrimers. Therefore, ion/ion proton
transfer reactions [36,37] were used to convert highly
charged ions formed by electrospray to singly proto-
nated molecules prior to collisional activation. In
some cases, collisional activation of multiply charged

ions was followed by ion/ion reactions to convert
product ions largely to singly charged ions [38] to
verify the product ion charge states. Limited but
useful structural information can be obtained from
collisional activation of singly protonated ions. This
information is most useful in drawing conclusions
regarding the composition of isomeric mixtures re-
sulting from side reactions that occur during the
course of synthesis. This point is illustrated here with
selected synthesis failure products observed in the
fourth and fifth generation dendrimers.

2. Experimental

Poly(propylene imine) tetraamine dendrimers, gen-
erations 1–5, were purchased from Sigma (St. Louis,
MO). In each case, the polymer was dissolved in a
75:25 methanol:water mixture to yield an approxi-
mate concentration of 25–50mM. The solution was
infused at a rate of 1.0mL/min through a 100mm
inner diameter (i.d.) stainless steel capillary held at
13.5–4.0 kV.

All experiments were performed with a Finnigan
ion trap mass spectrometer (ITMS™, San Jose, CA),
modified for electrospray ionization. An electrospray
interface/ion injection lens/ion trap assembly, which
has been described previously [39], was mounted in a
home-built vacuum system and connected with the
electronics of the ITMS. When the experiments were
repeated several months later, the interface had been
modified by replacing the flat inlet aperture plate with
a capillary inlet. The collisional activation data were
essentially identical regardless of which interface
design was used. In all cases, helium was introduced
into the vacuum chamber, which was held at room
temperature, to a total pressure (uncorrected) of 1.13
1024 Torr, as measured with a Bayard-Alpert ioniza-
tion gauge.

Following an ion accumulation period of 100–300
ms, dendrimer ions were isolated using either a single
resonance ejection ramp or two resonance ejection
ramps. In the former case, isolation of parent ions of
interest havingm/zvalues, 650 was effected using a
single scan of the rf-voltage amplitude applied to the
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ring electrode, which ejected lower mass ions by
passing them through theqz 5 0.908exclusion limit,
whereas simultaneously applying a single frequency
in dipolar fashion chosen to sweep out ions ofm/z
greater than that of the ion of interest. When the
mass-to-charge ratio of the parent ion was greater than
650, the use of two resonance ejection ramps was
necessary because the ejection of ions ofm/zgreater
than 650 but less than that of the parent ion required
a discrete resonance ejection step [40]. In the case of
the (M 1 H)1 ions derived from the fifth generation
polymer, a widem/zparent ion window was isolated
that included many sequence failures of mass less
than that of the complete polymer. In this case,
particular parent ions were subjected to collisional
activation as defined by the frequency and amplitude
of the resonance excitation signal. MS3 data were
collected for a few of the major first generation
product ions from the parent ions of the first two
generation dendrimers. These experiments involved a
subsequent ion isolation step after collisional activa-
tion of the initial parent ion to select the first gener-
ation product ion of interest, followed by collisional
activation of the first generation product ion [41,42].

Conditions for ion trap collisional activation varied
somewhat for the several dozen parent ions examined
in this study. For all of the ions of generations 1–4, an
activation time of 50 ms was used, whereas an
activation time of 150 ms was used for the generation
5 ions. A longer activation time was used for the latter
ions to increase the conversion of parent ions to
product ions. Theqz values for the parent ions ranged
from 0.078 for the (M1 H)1 ions of the fourth and
fifth generation dendrimers (average masses 3513.9
and 7168.0, respectively) to as high as 0.207 for the
(M 1 H)1 ion of the first generation dendrimer (av-
erage mass5 316.5). The relative abundances of the
product ions did not appear to be sensitive to theqz

value at which the parent ion was stored during
activation. The resonance excitation amplitudes
ranged from as low as 6 mV for them/z172 product
ion from the first generation (M1 H)1 ion to as high
as 500 mV for the singly protonated ions from the
fifth generation polymer sample. It is possible to draw
conclusions regarding ion stabilities by measuring ion

trap collisional activation rates as a function of
resonance excitation amplitude [43–46]. The mea-
surement of relative ion stabilities, however, was not
a focus of this study.

Ion/ion proton transfer reactions were used to form
singly, doubly, and triply protonated parent ions from
the parent ion charge state distributions of the fourth
and fifth generation dendrimers. The procedure and
instrumentation for effecting ion/ion proton transfer
reactions in the quadrupole ion trap have been de-
scribed [47]. In all cases, the positive dendrimer ions
were injected into the ion trap first. Anions derived
from glow discharge ionization of perfluoro-1,3-di-
methylcyclohexane (PDCH) (Aldrich, Milwaukee,
WI) were then injected into the ion trap for 20 ms and
a mutual ion storage period of 50–100 ms was used to
convert the highest charge state ions to lower charge
states. The parent ion isolation step was then executed
and followed by the collisional activation period. For
the multiply charged parent ions, ion/ion proton trans-
fer reactions were used to convert multiply charged
product ions to singly charged product ions. In these
cases, a 20 ms anion injection period and a mutual
storage period of 100 ms was includedafter the parent
ion isolation and collisional activation steps. These
experiments were conducted to facilitate interpreta-
tion of the product ion spectra.

The normal mass-to-charge range of the ion trap
was not extended for the ions derived from the first
generation dendrimer. However, them/zrange of the
ion trap was extended beyond the normal limit of 650
for all of the other experiments using resonance
ejection [48]. All experiments involving the use of
ion/ion reactions to reduce charge states employed a
resonance ejection frequency of 29.45 kHz and an
amplitude of 3 Vp-p. This set of conditions yielded an
upperm/z limit of 7600. Data for the second genera-
tion ions (no ion/ion reactions) were collected using
anm/zrange extension factor of roughly 2 (resonance
ejection frequency5 182.4 kHz, amplitude5 2.5
Vp-p). Data for the third and fourth generation den-
drimers were collected using anm/z range extension
factor of roughly 3 (119.7 kHz, 5.5 Vp-p). The mass
spectral data and data for MS/MS of the (M1 5H)51

ion from the fifth generation dendrimer were collected
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using anm/zrange extension factor of roughly 4 (89.2
kHz, 5 Vp-p). MS/MS data for the (M1 4H)41 and
(M 1 3H)31 parent ions from the fifth generation
dendrimer were acquired using 3 Vp-p resonance
ejection amplitudes and frequencies of 59.1 and 44.6
kHz, respectively. In all cases, the rate of change of
the amplitude of the rf voltage applied to the ring
electrode was the standard rate supplied by the ITMS
electronics (128 V/ms). Them/zscales for the various
MS/MS spectra were calibrated using the known
average masses of the intact dendrimer ions. All
spectra were acquired using the same voltages applied
to the electron multiplier detector and conversion
dynode. The MS/MS spectra were typically the aver-
age of 200–400 scans.

3. Results and discussion

The first generation dendrimer studied here was
synthesized by Michael addition of four acrylonitrile
molecules to 1,4-diaminobutane followed by hydro-
genation of the cyano groups. Successive generations
were constructed by alternating Michael addition and
hydrogenation steps. The various generations have
been denoted DAB-dendr-(NH2)y whereY indicates
the number of primary amines at the termini of the
polymer [25]. For generations 1–5,Y 5 4, 8, 16, 32,
and 64, respectively. Generations 1 and 5 of DAB-
dendr-(NH2)y are indicated in Scheme 1. Results and
discussion for data acquired for each of the genera-
tions are included in the following. Results are pre-
sented for the collisional activation of selected se-
quence failure products present in the fourth and fifth
generations.

3.1. Generation 1, DAB-dendr-(NH2)4

Electrospray of the first generation polymer
yielded the protonated molecule, (M1 H)1, almost
exclusively under moderately gentle vacuum/atmo-
sphere interface conditions. As the voltage gradients
in the interface were increased, however, significant
signals atm/z 186 andm/z 129 became apparent.
These ions were also the major products observed

from ion trap collisional activation of the (M1 H)1

ion, as reflected in the MS/MS spectrum of Fig. 1(a).
MSn data were also collected whereby them/z 186
product (n 5 3) and them/z 129 product (n 5 4)
were each isolated and subjected to collisional acti-
vation in turn. The results of these experiments are
shown in Fig. 1(b) and (c), respectively. Scheme 2
summarizes the products formed from the (M1 H)1

ion as a result of the MS3 experiments. Dashed lines
in Scheme 2 indicate minor processes. Them/z 129
product is formed via them/z186 product as shown
by the experiment leading to Fig. 1(b). It is likely that
them/z129 ion in the MS/MS spectrum is formed via
this sequence as well because it is difficult to draw a
reasonable mechanism that would yield them/z 129
product from a single step. Likewise, some of the
products observed in the MS3 experiment involving
them/z186 product (viz, them/z112,m/z84, andm/z
72 ions) are probably formed via further fragmenta-
tion of them/z129 ion.

The process where them/z186 ion is formed is a
particularly important one for all of the dendrimers of

Scheme 1.
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this kind. Both previous reports presenting decompo-
sitions of ions derived from poly(propylene imine)
dendrimers described a rearrangement reaction lead-

ing to fragmentation whereby a carbon alpha to the
protonated nitrogen is attacked by an adjacent nitro-
gen to yield a product ion with a quaternary nitrogen
and an amine as a neutral product [32,33]. An arrow
in Scheme 2 is shown indicating the attack of one of
the DAB nitrogens (i.e. the generation 0 species) on
the nearest alpha carbon, assuming protonation on the
other DAB nitrogen. Such a generic mechanism was
proposed earlier to describe fragmentations of proto-
nated polytertiary amine hydrocarbons [49] and was
referred to as an intramolecular nucleophilic substitu-
tion (SNi). The data reported here are consistent with
SNi-type reactions being the major processes for
decompositions of all of the dendrimers (see the
following). In both the triple quadrupole collisional
activation [32] and surface-induced dissociation [33]
studies, nondissociative rearrangement reactions in-
volving the SNi process were invoked to explain the
appearance of some of the product ions. The rear-
rangements usually resulted from the attack on an
alpha carbon adjacent to the charge site from a
non-nearest nitrogen. Subsequent dissociation of the

Fig. 1. (a) Ion trap MS/MS spectrum of the (M1 H)1 ion of
DAB-dendr-(NH2)4 (generation 1,m/z 317). (b) MS3 spectrum
following the sequencem/z3173 m/z1863 products. (c) MS4

spectrum following the sequencem/z3173m/z1863m/z1293
products.

Scheme 2.
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rearranged ions could then lead to observed product
ions directly from the usual SNi reaction. Such rear-
rangement reactions cannot be precluded from con-
tributing to product ions observed in the MSn studies
described herein. However, the schemes shown here
do not invoke rearrangement reactions of this sort.
Rather, these schemes imply that the formation of
some of the ions may proceed via decomposition
mechanisms other than the SNi process. An example
might be the loss of ethylamine from them/z 129
product ion to yield them/z84 ion. In any case, data
for the fourth and fifth generation dendrimers (see
below) suggest that rearrangement reactions of the
parent ions involving non-nearest neighbor nitrogens
probably contribute very little to the ion trap MS/MS
data.

3.2. Generation 2, DAB-dendr-(NH2)8

The electrospray mass spectra of the generation 2
dendrimer, DAB-dendr-(NH2)8, yielded the (M1
H)1 ion almost exclusively under the conditions used
in this study. Fig. 2(a) displays the ion trap MS/MS
spectrum of the parent ion and Fig. 2(b) and (c) show
the results of the MS3 experiments involving them/z
414 andm/z 172 ions, respectively. Scheme 3 sum-
marizes the product ions observed from the MS/MS
and MS3 experiments. [The formation of a product ion
at m/z58 may also occur under the conditions that led
to Fig. 2(a) and (b) but the lowm/zcutoff used during
collisional activation precluded its storage.] The ma-
jor product ions are consistent with SNi processes
involving protonation of one of the DAB nitrogen
atoms. Them/z414 product is expected to arise from
attack by the other DAB nitrogen atom via process A
indicated in Scheme 3. Them/z172 ion is expected to
arise from attack by one of the two tertiary nitrogens
added in the first generation step (process B in
Scheme 3). The generation 2 ions are the first to
illustrate a phenomenon that plays an important role
in the appearance of the MS/MS spectra of the larger
dendrimers. That phenomenon being, for a given site
of protonation, the competition between SNi processes
initiated by attack from nitrogens either closer to the
core of the dendrimer or closer to the exterior.

3.3. Generation 3, DAB-dendr-(NH2)16

The third generation dendrimer is large and com-
plex enough to make worthwhile the introduction of a

Fig. 2. (a) Ion trap MS/MS spectrum of the (M1 H)1 ion of
DAB-dendr-(NH2)8 (generation 2,m/z 774). (b) MS3 spectrum
following the sequencem/z7743 m/z4143 products. (c) MS3

spectrum following the sequencem/z7743 m/z1723 products.
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generalized scheme for labeling the various competi-
tive decompositions that can contribute to the MS/MS
spectrum. Such a scheme can be based on the possible
SNi dissociations from protonation at the various
generation tertiary nitrogens. These dissociations con-
stitute well over 90% of those observed for all of the
charge states of all dendrimers investigated. Scheme 4
shows the various dissociation channels asGn(A) or
Gn(B), whereGn represents the site of protonation,
with n 5 0 representing a DAB nitrogen (i.e. a
nitrogen of the zero generation molecule),n 5 1
representing the tertiary nitrogen introduced in the
first generation, and so forth. Process A represents the
SNi process involving attack on a carbon alpha to the
charge site from the adjacent nitrogen in the interior
of the polymer. Process B represents attack at a

carbon alpha to the charge site from an adjacent
nitrogen closer to the exterior of the polymer. Scheme
5 shows all of the possibleGn(A, B) products for the
third generation (M1 H)1 ion along with their mass
values. Virtually all of the products observed from the
MS/MS spectra of the (M1 H)1 and (M 1 2H)21

ions of DAB-dendr-(NH2)16 can be ascribed to one of
these products. To make clear the origins of the major
ions in the spectra, they are labeled according to the
SNi process by which they likely originate [i.e.Gn(A
or B)] and a subscript “q” or “ a” is added to indicate
that the product is the quaternary ammonium ion or
the amine, respectively.

The electrospray mass spectrum of DAB-dendr-
(NH2)16 showed both the singly and doubly proto-
nated species. Fig. 3 shows the ion trap MS/MS
spectrum of the (M1 H)1 ion with the product ions
labeled according to Schemes 4 and 5. A wide parent
ion isolation window was used in this case so that
several of the synthesis failures gave rise to signals
near that of the parent ion (i.e. all ions ofm/z1625 and
greater). With the exception of the product ion atm/z
269, all of the products can be readily assigned as
arising from SNi fragmentations directly from the
parent ion. In all cases, the expected quaternary
ammonium ions are formed. TheG0(A) and G0(B)
processes dominate suggesting protonation at one of
the DAB nitrogens. A modest degree of proton
transfer to tertiary nitrogens closer to the exterior is
also suggested by the appearance of small signals that
correspond to the quaternary ammonium ions ex-
pected from theG1(A) and G2(A) processes. The
G2(B) product could not be observed in this case
because it fell below the lowm/zcutoff used during
collisional activation. An ion atm/z 172 is also
observed, which corresponds to the expectedG1(B)
product. However, it is also possible that at least some
of the m/z 172 product ion could be formed from
further dissociation of the larger first generation
product ions. Them/z269 ion, for example, must be
formed from at least two dissociations and likely
arises from loss of 131 Da [the mass of the amine
formed in theG2(A) process of Scheme 4] from the
G0(B)q product ion.

As discussed in the surface-induced dissociation

Scheme 3.

Scheme 4.
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study [33], multiple protonation of the dendrimer
leads to Coulomb repulsion between charges which
facilitates intramolecular proton transfer from intrin-
sically more basic sites to less basic ones if the relief
of repulsion more than compensates for the difference
in site basicities. Consistent with the SID results, the
ion trap results also reflect a much larger contribution
from dissociations directed by charge sites away from
the DAB nitrogens. Fig. 4 provides exemplary data
for the (M 1 2H)21 ion of DAB-dendr-(NH2)16. Fig.
4(a) shows the conventional ion trap MS/MS spec-
trum and Fig. 4(b) shows the spectrum resulting from
ion/ion proton transfer reactions involving the prod-
ucts in Fig. 4(a) and PDCH anions for 100 ms. The
latter spectrum was used to facilitate interpretation of
the conventional spectrum by removing product ion
charge state ambiguities. [Ion/ion reaction data for
product ion spectra were particularly useful for inter-
preting MS/MS spectra of the multiply charged fourth
and fifth generation dendrimers (see the following).]
In the case of the dissociation of a multiply protonated
dendrimer, both products from a dissociation can
carry a charge. Therefore, the amine product from the
SNi process can appear as a product in the spectrum.

It is apparent from comparing the behavior of the
(M 1 H)1 ion with that of the (M1 2H)21 ion that
far more fragmentation is directed by charge sites
away from the core of the dendrimer in the case of the
(M 1 2H)21 ion. Although theG0(A) and G0(B)

Scheme 5.

Fig. 3. Ion trap MS/MS spectrum of the (M1 H)1 ion of
DAB-dendr-(NH2)16. The star indicates them/z location of the
parent ion.
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processes make major contributions to the (M1
2H)21 data, there are also prominent signals arising
from G1(A), G1(B), andG2(A) processes. In fact, the
loss of 131 Da, which corresponds to theG2(A)
process accounts for the largest product ion signal.
Judging solely by the relative contributions of the
variousGn processes, it would appear that most of the
parent ions have charges on aG1 nitrogen and on aG2

nitrogen. However, it must also be recognized that
there are more available channels for loss of 131 Da
than for either theG0 or G1 processes.

3.4. Generation 4, DAB-dendr-(NH2)32

The competition between the A and B processes
associated with the SNi mechanism for a given site of

protonation and the importance of site(s) of protona-
tion in determining the product ion spectra for the
various charge states of a dendrimer are well illus-
trated with the fourth generation dendrimer. Scheme 6
indicates the variousGn SNi processes for DAB-
dendr-(NH2)32 and Table 1summarizes the expected
masses of the quaternary ammonium ion and amine
products from each SNi process from the (M1 H)1

ion. Fig. 5 shows electrospray mass spectra of DAB-
dendr-(NH2)32 acquired both after ion/ion proton
transfer reactions to convert most of the ions to (M1
H)1 species and before ion/ion reactions (inset of Fig.
5). The (M1 3H)31 ion is the base peak in the
normal electrospray spectrum with lesser signals cor-
responding to the (M1 4H)41 and (M 1 2H)21

ions. No signals corresponding to (M1 H)1 ions

Fig. 4. (a) Ion trap MS/MS spectrum of the (M1 2H)21 ion of
DAB-dendr-(NH2)16. The star indicates them/z location of the
(M 1 2H)21 ion. (b) Post-ion/ion reaction spectrum of the product
ions formed from collisional activation of the DAB-dendr-(NH2)16

(M 1 2H)21 ion. The star indicates them/z location of the (M1
H)1 ion.

Scheme 6.

Table 1
Masses (Da) of the quaternary ammonium ion and amine
products from the various SNi processes of DAB-dendr-(NH2)32

(M 1 H)1

SNi process
Quaternary
ammonium ion Amine

G0(A) 1785 1729.9
G0(B) 857.4 2657.5
G1(A) 2698.5 816.4
G1(B) 400.7 3114.2
G2(A) 3155.3 359.6
G2(B) 172.3 3342.6
G3(A) 3383.7 131.2
G3(B) 58.1 3456.8
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were observed to be formed directly by electrospray.
The signals at lowerm/zvalues than the (M1 nH)n1

signals at each charge state arise from side reactions
during the course of polymerization that result in
structural deficiencies. The major side reactions have
been described as either incomplete Michael addition,
leading to a mass deficiency of 57.1 Da, or ring
formation during dehydrogenation, leading to a mass
deficiency of 17.0 Da [25,32]. Multiple peaks arising
from combinations of these side reactions can occur
either in one step or can arise from the propagation of
a synthesis failure in successive generations. Selected
ions from the mixture of sequence failure species have
been subjected to MS/MS and are discussed following
presentation of the MS/MS data for multiply charged
DAB-dendr-(NH2)32 ions.

Figs. 6–8 show the ion trap MS/MS spectra of the
(M 1 4H)41, (M 1 3H)31, and (M1 2H)21 ions of
DAB-dendr-(NH2)32, respectively, along with the
post-ion/ion reaction data acquired for each charge
state. The latter spectra were used in combination
with the conventional MS/MS spectra to assign major
product ions. In the case of the (M1 4H)41 ion, it is
clear that two major SNi processes dominate. These
are theG2(B) (loss of them/z 172 ion) andG3(A)
(loss of the 131 Da amine) processes, with the latter
being slightly more prominent. Major signals also
arise from apparent consecutive dissociations involv-

ing the loss(es) of the 131 Da amine. Signals that can
be attributed to theG3(B) amine, theG0(B) quater-
nary ion and amine, and theG1(B) quaternary ion
were also identified in either the normal MS/MS
spectrum or the post-ion/ion reaction spectrum. (Note
that no product ions ofm/z less than about 400 were
recorded in the post-ion/ion reaction data because an
anion ejection ramp was performed after the reaction
period to remove the negative ions prior to mass
analysis. This ramp also ejected positive ions of
correspondingm/zvalues.)

The dissociation behavior of the triply protonated
ion (Fig. 7) is also dominated by fragmentation
arising from the second and third generation tertiary
nitrogens. As with the quadruply protonated ion, loss

Fig. 5. Post ion/ion reaction electrospray (ES) mass spectrum of
DAB-dendr-(NH2)32. The pre-ion/ion reaction electrospray mass
spectrum of DAB-dendr-(NH2)32 (i.e. the normal ES mass spec-
trum) is shown in the inset.

Fig. 6. (a) Ion trap MS/MS spectrum of the (M1 4H)41 ion of
DAB-dendr-(NH2)32 (low m/zcutoff 5 100). The star indicates the
m/zlocation of the parent ion. (b) Post-ion/ion reaction spectrum of
the product ions formed from collisional activation of the DAB-
dendr-(NH2)32 (M 1 4H)41 ion.
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of the 131 Da amine, arising from theG3(A) process,
gives the most abundant product. Consecutive loss of
two 131 Da amines is also observed as is loss of 131
Da from theG2(B) amine product. Very little signal
can be attributed to fragmentation arising from pro-
tonation at the DAB nitrogens.

Of all of the charge states of DAB-dendr-(NH2)32,
the doubly protonated ion (Fig. 8) shows the most
balanced contribution from fragmentation arising
from all generations of tertiary nitrogens. In this case,
the major signals arise from theG0 processes. How-
ever, there are also clearly identifiable signals that can
be attributed to all of the other majorGn processes.
This result suggests that the presence of two charges
in the DAB-dendr-(NH2)32 dendrimer combined with
the internal energies accessed by the ion trap colli-

sional activation process yields the greatest diversity
in protonation sites. Such a conclusion, however,
must be made with the proviso that the stabilities of
the ions do not change significantly with charge state,
as supported by the SID study [33].

As with the (M 1 H)1 ions of all of the smaller
dendrimers, almost all of the fragmentation of the
singly protonated fourth generation dendrimer can be
accounted for by the processes initiated by protona-
tion at the DAB nitrogens (i.e. theG0 processes) as
indicated in Fig. 9(a). By far, the largest fragments
correspond to theG0(A) quaternary ammonium ion,
which represents a splitting off of roughly half of the
dendrimer, and theG0(B) quaternary ammonium ion,
which represents a splitting off of roughly three
quarters of the dendrimer. Small signals are also

Fig. 7. (a) Ion trap MS/MS spectrum of the (M1 3H)31 ion of
DAB-dendr-(NH2)32 (low m/z cutoff 5 150). (b) Post-ion/ion re-
action spectrum of the product ions formed from collisional
activation of the DAB-dendr-(NH2)32 (M 1 3H)31 ion. The star
indicates them/z location of the (M1 H)1 ion.

Fig. 8. (a) Ion trap MS/MS spectrum of the (M1 2H)21 ion of
DAB-dendr-(NH2)32 (low m/z cutoff 5 200). (b) Post-ion/ion re-
action spectrum of the product ions formed from collisional
activation of the DAB-dendr-(NH2)32 (M 1 2H)21 ion. The star
indicates them/z location of the (M1 H)1 ion.
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observed for theG1(A), G2(A), andG3(A) quaternary
ammonium ions that correspond to the loss of roughly
one-quarter, one-eighth, and one-sixteenth of the den-
drimer, respectively.

We interrogated several of the singly protonated

species that resulted following one or more failed
Michael additions to determine what might be learned
about the compositions of the mixtures likely to be
present in the deficient dendrimers produced in the
course of the multi-step synthesis. The MS/MS spec-

Fig. 9. (a) Ion trap MS/MS spectrum of the (M1 H)1 ion of DAB-dendr-(NH2)32 formed via ion/ion proton transfer reactions (lowm/z
cutoff 5 300). The star indicates them/zlocation of the (M1 H)1 ion. (b)–(f) MS/MS spectra of the incomplete synthesis products exhibiting
mass deficiencies relative to that of the intact parent ion ofnX, whereX 5 57.1 Da andn 5 1–5.
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tra of the (M2 nX 1 H)1 ions, whereX is 57.1 Da
andn 5 1–5, areshown in Fig. 9(b)–(f). The MS/MS
spectrum of the (M2 X 1 H)1 ion is informative in
terms of the relative propensities for loss of fragments
containing the synthesis deficiency versus loss of
fragments that do not. For example theG0(A) pro-
cess, which splits the dendrimer into two nearly equal
halves, would be expected to lead to two products of
equal intensity in the MS/MS spectrum with one
being deficient in mass by 57.1 Da, provided there is
no preference for the formation of one product over
the other. This is roughly seen to be the case [Fig.
9(b)]. For everyn value ofX there aren 1 1 possible
G0(A) products that can arise from all possible
combinations of X deficiencies between the two
halves of the dendrimer. The possibilities are bounded
by the fragment with noX deficiencies and that with
the maximum number ofX deficiencies. These two
fragments are related and should be of equal intensity
provided there is no preference in dissociation to give
one over the other. In general, fragments withmX
deficiencies and (n 2 m) X deficiencies are related
and should appear in equal abundance. As seen in the
spectra of Figs. 9(b)–(f), rough symmetry in the
abundances ofrelatedions is observed. However, the
total abundances of related pairs of ions relative to
one another is governed by the composition of the
isomeric mixture that comprises the parent ion popu-
lation.

If it is assumed that there is no significant two-step
fragmentation, or, if so, that it depletes all of the
G0(A)q ions equally, the products from theG0(A)
process provide direct, albeit limited, information
about the composition of the mixture of structures
present in the (M2 nX 1 H)1 ion populations for
n . 1. For example, Fig. 9(c), which shows the
MS/MS spectrum of the (M2 2X 1 H)1 ions, indi-
cates that roughly 90% of the species in the parent ion
mixture experienced failed Michael additions on the
same half of the dendrimer, which differs significantly
from the statistical expectation for random indepen-
dent failures. Similarly, all of the (M2 nX 1 H)1

ions for n . 1 show G0(A)q product ion relative
abundances that differ significantly from statistical
expectation for random Michael addition failures in

the last step of the synthesis. Of course, the actual
mixture composition is affected by events that occur
in each of the steps of the synthesis. For all of the
(M 2 nX 1 H)1 ions studied here, with the excep-
tion of the (M 2 5X 1 H)1 ion, there is a strong
tendency for all of the mass deficit to be present on
one side of the dendrimer.

TheG0(B) process leads to the formation of an ion
that represents roughly one quarter of the original
dendrimer parent ion. In this case, for the (M2 X 1
H)1 ion, one-fourth of theG0(B(q ions would be
expected to show theX deficit. In Fig. 9(b), roughly
21% of theG0(B)q ions show theX deficit. Based on
the limited ion statistics associated with this experi-
ment, it cannot be concluded that there is a significant
preference for formation ofG0(B)q ions without anX
deficit. In any case, the data for the other (M2 nX 1
H)1 ions strongly suggest that at least qualitative
information can be obtained from the relative abun-
dances of theG0(B)q ions. For example, theG0(B)q

ions formed from the (M2 2X 1 H)1 parent [Fig.
9(c)] show the fragment missing 2X to be over twice
the abundance of the product missingX. This obser-
vation suggests that most of the failed Michael addi-
tions took place on the same quarter of the dendrimer,
and is consistent with the implication of the abun-
dances of theG0(A)q ions that both Michael additions
took place on the same half of the dendrimer roughly
90% of the time. Similarly, the data for the (M2
4X 1 H)1 ion [Fig. 9(e)] suggest that the major
mixture component was comprised of species in
which all of the mass deficit (4X) was present on the
same quarter of the dendrimer.

The other processes observed to occur [viz. the
G1(A), G2(A), and G3(A) processes], can also, in
principle, yield information about the composition of
the mixtures of synthesis failure products. TheG1(A)
process should give information complementary to
that provided by theG0(B) process and theG2(A) and
G3(A) processes should provide information about
the distribution of sequence failures at the levels of
one-eighth and one-sixteenth of the dendrimer. How-
ever, these processes are minor ones and the ion
statistics associated with their products are limited.
Perhaps the doubly protonated ion, which shows
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larger contributions for theG1, G2, andG3 processes
than does the (M1 H)1 ion, could provide this
information. Furthermore, MSn experiments involv-
ing the G0(A)q and G0(B)q ions might also be
expected to yield further information. No such exper-
iments were conducted in this study but it is clear
from the data of Fig. 9 that at least limited composi-
tion information can be obtained via MS/MS of the
various synthesis failure mixtures.

3.5. Generation 5, DAB-dendr-(NH2)64

The electrospray mass spectrum of the DAB-
dendr-(NH2)64 dendrimer showed large signals for the
(M 1 5H)51 and (M 1 4H)41 species. MS/MS data
were collected for the11–15 charge states whereby
ion/ion reactions were used to form the11–13
charge states from the15 and14 charge states. Table
2 lists the masses of both the quaternary ammonium
ion and amine products that are expected to be formed
from the various major SNi processes. As with the
other multiply charged dendrimer parent ions, ion/ion
proton transfer reactions were also conducted to
facilitate interpretation of the MS/MS data. Many of
the observations already noted for the fourth genera-
tion dendrimer were also noted for the fifth generation
dendrimer. Therefore, only a limited data set is
presented here.

Fig. 10 shows the MS/MS spectrum of the (M1
4H)41 parent ion. The assignments shown in the

spectrum were derived in part from interpretation of
the post-ion/ion reaction spectrum (not shown). As
with the higher charge states of the fourth generation
ion, by far the major processes observed in this case
correspond to those initiated by protonation sites near
the exterior of the dendrimer. Specifically, they were
the loss of the 131 Da amine [processG4(A)] and the
loss of them/z 172 quaternary ammonium ion [pro-
cessG3(B)]. Small signals were also observed for the
G0(B), G1(A), G1(B), G2(A), G2(B), and G3(A)
processes.

Also in analogy with the fourth generation den-
drimer, the (M1 2H)21 ion of DAB-dendr-(NH2)64

shows a fragmentation pattern that most evenly rep-
resented the various SNi processes. Fig. 11shows, in
this case, the post-ion/ion reaction spectrum of the
product ions formed via ion trap collisional activation
of the (M 1 2H)21. Product ions can be identified
that result from each of the major SNi processes.
Interestingly, the major products arise from theG0

processes and theG4 processes. This observation is
consistent with protonation sites at a DAB nitrogen
(generation 0) and at a generation 4 tertiary nitrogen.
However, significant abundances of products from
G1–G3 processes suggests a fairly high degree of
proton mobility in the activated (M1 2H)21 ions or
a parent ion population with protonation sites already
distributed throughout the dendrimer.

MS/MS data were also collected for (M2 nX 1

Table 2
Masses (Da) of the quaternary ammonium ion and amine
products from the various SNi processes of DAB-dendr-(NH2)64

(M 1 H)1

SNi process
Quaternary
ammonium ion Amine

G0(A) 3612.1 3557.0
G0(B) 1771.0 5398.0
G1(A) 5439.1 1729.9
G1(B) 857.4 6311.6
G2(A) 6352.6 816.4
G2(B) 400.7 6768.3
G3(A) 6809.4 359.6
G3(B) 172.3 6996.7
G4(A) 7037.8 131.2
G4(B) 58.1 7110.9

Fig. 10. Ion trap MS/MS spectrum of the (M1 4H)41 ion of
DAB-dendr-(NH2)64 (low m/zcutoff 5 600). The star indicates the
m/z location of the (M1 4H)41 ion.
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H)1 ions, wheren in this case was 0–8. All parent
ions were formed from the higher charge states by
ion/ion proton transfer reactions. Fig. 12(a) shows a
spectrum of the11 charge region of DAB-dendr-
(NH2)64 after an ion/ion proton transfer reaction
period of about 100 ms. The pattern of relative
abundances of the sequence failure products matches
closely the charge-state deconvoluted data reported by
Hummelen et al. for this dendrimer [25] and the
predicted abundance distribution based on a statistical
simulation of the data described by these authors. Fig.
12(b) shows the MS/MS spectrum of the (M1 H)1

ion. In analogy with the other singly protonated
dendrimers, the dominant dissociation products arise
from the G0(A) and G0(B) processes. This observa-
tion is consistent with protonation of a core nitrogen.
Small signals are also observed for the quaternary
ammonium ion products from theG1(A) and G2(A)
processes. A wide parent ion isolation window was
used to collect the (M2 nX 1 H)1 data which
precluded the observation of the quaternary ammo-
nium products from theG3(A) and G4(A) processes.
Based on the MS/MS behavior of other (M1 H)1

ions, these products might be expected to be present,
but at abundances comparable to or lower than those
of theG1(A) andG2(A) processes. The region of the
isolated band of parent ions that was subjected to
collisional activation is clearly apparent in Fig. 12(b)
from the significant diminution in parent ion signal at
and aroundm/z7169.

Fig. 11. Post-ion/ion reaction spectrum of the product ions formed
from collisional activation of the DAB-dendr-(NH2)64 (M 1
2H)21 ion (low m/zcutoff 5 600).

Fig. 12. (a) Expanded view of the (M1 H)1 m/z region on an
electrospray mass spectrum of a freshly prepared solution of
DAB-dendr-(NH2)64. The (M 1 H)1 ions were formed from
higher charge states via ion/ion proton transfer reactions. (b)
MS/MS spectrum of the (M1 H)1 ion of DAB-dendr-(NH2)64

(low m/zcutoff 5 600). A wide parent ion isolation window was
employed. A much narrower window of ions were activated,
however, as determined by the frequency and amplitude of the
resonance excitation signal. The star indicates them/z location of
the (M 1 H)1 ion. (c) MS/MS of the (M2 6X 1 H)1 ion, where
X 5 57.1 Da.
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The same qualitative behavior noted for the disso-
ciation of the (M2 nX 1 H)1 ions of DAB-dendr-
(NH2)32 was observed for the (M2 nX 1 H)1 ions
of DAB-dendr-(NH2)64. Of particular note was the
observation that most of the sequence failures tended
to be on one side of the dendrimer for all of the (M2
nX 1 H)1 ions studied. An example is given in Fig.
12(c), which shows the MS/MS spectrum of the (M2
6X 1 H)1 ion. As with theG0(A) products from all
of the (M 2 nX 1 H)1 products, rough symmetry in
ion abundances is observed for the relatedG0(A)
quaternary ammonium ions from the (M2 6X 1
H)1 ion (i.e. products with mass deficiencies ofX 5
0,6, 1,5, 2,4, and 3,3 arerelated). Clearly, most of
the (M 2 6X 1 H)1 isomers resulted from failed
Michael additions on one side of the dendrimer. The
next most abundant major class of isomers showed
four failed Michael additions on one side of the
dendrimer and two on the other. Relatively small
fractions of the isomeric mixture were comprised of
isomers with three Michael addition failures on each
side of the dendrimer and isomers with one and five
failed Michael additions, respectively, on each side.
TheG0(B) product abundances are consistent with the
information suggested by the abundances of the
G0(A) products. For example the quaternary ammo-
nium G0(B) products with five and three failed
Michael additions are low in abundance relative to
those with one, two, four, or six failed Michael
additions. Such an observation might be expected
based on the knowledge that there are relatively few
isomers with five or three failed Michael additions on
a side. Note also that theG0(B) products suggest that
a significant fraction of the parent ion population
arose from six failed Michael additions on one quarter
of the dendrimer. The high abundance of theG0(B)
product with no missing Michael additions is also
consistent with the tendency for synthesis failures to
be concentrated on one side of the dendrimer.

It was noted during the course of this study that
solutions allowed to stand for lengthy periods of time
showed measurable changes in the electrospray mass
spectra. Data collected from an aged solution (15
weeks at room temperature in the laboratory) are
shown here to illustrate the utility of tandem mass

spectrometry in studying the composition of den-
drimer mixtures with synthesis failures. Fig. 13(a)
shows the11 region of the aged DAB-dendr-(NH2)64

solution whereby the11 ions were formed by ion/ion
reactions involving the higher charge states formed by
electrospray. This spectrum can be compared directly
with Fig. 12(a). Note the significant change in the
abundance distribution of products. There is a signif-
icant diminution in the (M1 H)1 signal and an
overall shift to lower mass products. It is also clear
that the products that show at least one ammonia loss
are far more prominent in the aged solution. Clearly,
reactions occurred upon storage that resulted in the
partial decomposition (and, perhaps, rearrangement

Fig. 13. (a) Expanded view of the (M1 H)1 m/z region of the
electrospray mass spectrum of an aged solution of DAB-dendr-
(NH2)64. The solution was prepared in identical fashion to the
solution leading to Fig. 12 but was subjected to storage at room
temperature for fifteen weeks before data collection. The (M1
H)1 ions were formed from higher charge states via ion/ion proton
transfer reactions. (b) MS/MS of the (M2 6X 1 H)1 ion, where
X 5 57.1 Da.

434 S.A. McLuckey et al./International Journal of Mass Spectrometry 195/196 (2000) 419–437



without a change in mass) of some of the dendrimers.
Tandem mass spectrometry was performed on most of
the same nominal (M2 nX 1 H)1 ions studied from
freshly prepared solutions. Note that the mass spectra
and MS/MS spectra of fresh solutions were highly
reproducible over many months. Furthermore, the
MS/MS spectra of the (M2 0x 1 H)1 ions from
fresh and aged solutions were identical (data not
shown).

Fig. 13(b) shows the MS/MS spectrum obtained
for the (M 2 6X 1 H)1 ion derived from the aged
solution. This spectrum was acquired under condi-
tions identical to those used to obtain the MS/MS data
of Fig. 12(c). It is obvious from the comparison of
Figs. 13(b) and 12(c) that the isomeric compositions
of the mixtures comprising the (M2 6X 1 H)1 ion
populations of the fresh and aged solutions are mark-
edly different. In stark contrast with the data for the
fresh solution, theG0(A) products show that the
(M 2 6X 1 H)1 ions from the aged mixture are
largely comprised of ions with an even distribution of
mass defects. That is, there are roughly equal numbers
of mixture components missing 3X on each side and
missing 4X and 2X on the sides. Very little evidence
for the 0X:6X combination, which was the dominant
combination from the fresh solution, is present.

The aged solution shows a much more statistical
distribution of mass decrement than does the fresh
solution. Dramatic differences are also observed in
the distributions of theG0(B) products from the fresh
and aged solutions. In sharp contrast with the results
for the fresh solution, the aged solution showsG0(B)
products with one and two missing Michael additions
per quadrant to be most abundant. Little or no signal
arising from G0(B)q ions missing four, five, or six
Michael additions is observed. Furthermore, the sig-
nal due to theG0(B) ion with no missing Michael
additions is greatly diminished in the aged solution
data relative to the fresh solution data. These obser-
vations collectively support the conclusion that the
mixture composition of (M2 6X 1 H)1 ions
formed from the aged solution approximates a statis-
tical distribution of missing C3H7N groups (i.e. the
moiety of mass5 X 5 57.1 Da) farmore closely

than does the mixture composition of (M2 6X 1
H)1 ions formed from the freshly prepared solution.

It is important to recognize that any significant
degree of parent ion rearrangement that occurs as a
result of the ion activation process can compromise
the utility of MS/MS in providing valid information
about the composition of isomeric mixtures of the
dendrimers with missing pieces. An example of a
plausible rearrangement is the attack by a non-near-
est-neighbor nitrogen on a carbon alpha to a protona-
tion site. Such a rearrangement can lead to a new
parent ion structure. The results of this study cannot
preclude categorically the involvement of rearrange-
ment reactions that alter the original connectivity of
the parent ion. However, if they were important for
the dendrimer (M1 H)1 and (M 2 nX 1 H)1 ions
studied here, SNi decomposition reactions from the
rearranged ions would be expected to yield product
ions with masses other than those expected from the
highly symmetric dendrimer. Contributions to the
MS/MS spectra from unexpected or uninterpretable
products were not noted, suggesting that parent ion
rearrangement might give rise to misleading structural
information does not occur under these ion activation
conditions to a significant extent.

4. Conclusions

The poly(propylene imine) dendrimers show rela-
tively simple decomposition chemistry under ion trap
collisional activation conditions. The primary decom-
position reactions are consistent with the general SNi
mechanisms described previously for polytertiary
amines [49] and for these dendrimers activated by
other means [32,33]. Virtually all of the products in
the MS/MS spectra can be interpreted on the basis of
SNi reactions involving attack from a neutral nitrogen
that is either interior to or exterior to the protonation
site, where “interior” is defined as closer to (or one of)
the nitrogen atoms of DAB. The possibility for
protonation at tertiary nitrogens arising from each
successive stage of synthesis gives rise to a suite of
possible decomposition channels. The extent to which
each of these channels contributes to the MS/MS
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spectrum is highly dependent upon charge state. This
charge state effect is most easily rationalized on the
basis of changes in favored sites of protonation as a
result of coulomb repulsion associated with multiple
protonation. Highly charged ions tend to fragment
nearer to the periphery of the dendrimer than do ions
of low charge state. Singly protonated ions for all
dendrimer generations show fragmentation that is
consistent with protonation predominantly at a DAB
nitrogen.

Ion trap tandem mass spectrometry promises to be
a useful tool in drawing conclusions about the com-
position of isomeric mixtures arising from side reac-
tions associated with dendrimer synthesis. Data for a
solution allowed to age for several months at room
temperature also suggest that tandem mass spectrom-
etry can provide information about the changes in
mixture compositions of dendrimers that undergo
reactions in solution. The (M1 H)1 ions provide
information about the distribution of synthesis failures
at the one-half and one-quarter dendrimer levels via
the G0(A) and G0(B) processes, respectively. Al-
though multiply charged dendrimers with failed Mi-
chael addition products were not subjected to study,
the MS/MS results for multiply charged intact den-
drimers suggest that information at the one-eighth and
higher levels might be accessible by ion trap MS/MS
of multiply charged ions, due to the greater contribu-
tions to the product ion spectra from SNi processes
that occur nearer to the periphery of the dendrimer.
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[35] J.L. Jones, A.R. Dongre´, Á. Somogyi, V.H. Wysocki, J. Am.
Chem. Soc. 116 (1996) 8368.

[36] J.L. Stephenson Jr., S.A. McLuckey, J. Am. Chem. Soc. 118
(1996) 7390.

[37] S.A. McLuckey, J.L. Stephenson Jr., Mass Spectrom. Rev. 17
(1998) 369.

[38] J.L. Stephenson Jr., S.A. McLuckey, Anal. Chem. 70 (1998)
3533.

[39] G.J. Van Berkel, G.L. Glish, S.A. McLuckey, Anal. Chem. 62
(1990) 1284.

[40] S.A. McLuckey, D.E. Goeringer, G.L. Glish, J. Am. Soc.
Mass Spectrom. 2 (1991) 11.

[41] J.N. Louris, J.S. Brodbelt-Lustig, R.G. Cooks, G.L. Glish,
G.J. Van Berkel, S.A. McLuckey, Int. J. Mass Spectrom. Ion
Processes 96 (1990) 117.

[42] S.A. McLuckey, G.L. Glish, G.J. Van Berkel, Int. J. Mass
Spectrom. Ion Processes 106 (1991) 213.

[43] K.J. Hart, S.A. McLuckey, J. Am. Soc. Mass Spectrom. 5
(1994) 250.

[44] A. Colorado, J. Brodbelt, J. Am. Soc. Mass Spectrom. 7
(1996) 1116.

[45] K.G. Asano, D.E. Goeringer, S.A. McLuckey, Int. J. Mass
Spectrom. 185/186/187 (1999) 207.

[46] D.E. Goeringer, K.G. Asano, S.A. McLuckey, Int. J. Mass
Spectrom. 182/183 (1999) 275.

[47] J.L. Stephenson Jr., S.A. McLuckey, Int. J. Mass Spectrom.
Ion Processes 162 (1997) 89.

[48] R.E. Kaiser Jr., R.G. Cooks, J. Moss, P.H. Hemberger, Rapid
Commun. Mass Spectrom. 3 (1989) 50.

[49] T.A. Whitney, L.P. Klemann, F.H. Field, Anal. Chem. 43
(1971) 1048.

437S.A. McLuckey et al./International Journal of Mass Spectrometry 195/196 (2000) 419–437


