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bstract

Fan-shape PAMAM dendrimers, from generations 0 to 3, were analyzed by mass spectrometry, using both MALDI and electrospray ionization
echniques, to identify any structural deviations present in each sample. First, it could be concluded that all detected molecules were present in
he samples as they were detected in MALDI as well as in electrospray mass spectra. Apart from commonly reported dendrimer defects (“missing
rm” and “molecular loop”), new impurities were found to arise from propagation of these defects during the synthesis of upper generations. These
ssignments were based on both compound molecular weight and, when ions were detected with sufficient abundance, deviations from perfect

tructure behaviour during MS/MS experiments. Since new impurities could be created, either from perfect or defective molecules, during each
ew generation dendrimer synthesis, models were built to predict the molecular weight of a compound as a function of its synthesis history and
fficiently guide mass spectral interpretation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Dendrimers are perfectly structured molecules with large
umbers of cascade-branched units emanating from a focal
oint, resulting in densely packed end groups at the molecu-
ar surface [1–5]. Two main strategies can be used to synthesize
uch macromolecular structures. In the convergent approach [6],
endritic wedges are first prepared separately and then con-
ected to a central core. The large structural differences between
he perfect structure and eventual by-products, in which one or

ore dendritic wedges are missing, make purification relatively
acile [7]. However, convergent strategies are generally limited
o the construction of lower generations due to nanoscale steric

ssues [8]. In contrast, the divergent approach [9] allows the
ynthesis of very high generation dendrimers but suffers from
number of statistical defects. The divergent method involves

∗ Corresponding author. Tel.: +33 4 91 28 86 78; fax: +33 4 91 28 28 97.
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two-step iterative reaction sequence that produces concentric
hells of branches around a central initiator core. In PAMAM
ynthesis, a Michael addition of methyl acrylate to an amine-
erminated core is followed by the amidation of the resulting
ethyl ester derivatives with diethylamine to regenerate the ter-
inal amines. Each iteration of the reaction sequence leads

o the formation of the next generation. Three main types of
ide reactions may occur during the synthesis and have been
escribed to produce defective structures detected as impuri-
ies in all generations [10–14]. The “missing arm” defect results
rom subquantitative success of the Michael addition or from
he retro-Michael reactions occurring in dendrimer solutions.
Molecular loop” is due to intramolecular cyclization and may
ccur during the amidation step as ethylene diamine is a bifunc-
ional reactant. Dimers may also form during the amidation
tep. Isolation of defect-free molecules is tedious since the den-

rimer sample contains compounds of very similar structure
nd molecular weight [8]. Alternatively to sample purification,
ynthetic strategies could be improved. For example, the equi-
ibrium between the Michael reaction and its retro version was

mailto:laurence.charles@up.univ-mrs.fr
dx.doi.org/10.1016/j.ijms.2007.07.002
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hown to depend on temperature [15] and might therefore be
ptimized. Identification of defect molecules in each dendrimer
eneration is thus very useful to tentatively improve synthetic
trategies.

Different analytical techniques can be used to investi-
ate structural imperfections in dendrimers [16]. Amongst
hem, mass spectrometry (MS) has been thoroughly used
or the characterization of dendrimer samples. Soft ioniza-
ion techniques such as electrospray (ESI) and matrix-assisted
aser desorption/ionization (MALDI) were shown to effi-
iently promote ionization of molecules in dendrimer samples
uch as PAMAM [4,10,12,14,15,17–19], poly(propylene imine)
20,21], poly(propylene amine) [22,23], poly(aryl ester) [24,25],
arbosiloxane [26] and carbosilane [27–29], allowing the deter-
ination of dendrimer molecular weight and polydispersity.
oth techniques were also employed to characterize metal com-
lexes of dendrimers [30,31]. A quantitative model could be

roposed to describe and predict dendrimer MALDI mass spec-
ra [29]. When studying an entire series of macromolecules (up
o generation 10), the extent of gas phase charging observed
n ESI-MS was shown to be consistent with theoretical models

a
o
d
R

Scheme 1. Structure of PAMAM fan-shape
f Mass Spectrometry 266 (2007) 62–75 63

redicting globular shape of dendrimers [7,13,32]. Mass-related
nformation obtained in ESI or MALDI experiments indi-
ate specific structural defects since imperfect molecules differ
rom the ideal expected structures by a known amount of
ass. Structural deviations can also further be confirmed

y collision-induced dissociations (CID) [7,33–36], surface-
nduced dissociations [22] or post-source decay (PSD) [35,37]
xperiments. As dendrimer molecular weight rapidly increases
ith the generation number, MALDI produces less complicated
ass spectra than ESI, due to multiple charging induced by the

lectrospray process. However, MALDI has sometimes been
eported to induce reactions of dendrimers within the matrix,
roducing the same molecules as those which would arise from
n incomplete synthesis [23,25,38].

In this study, MALDI was used in conjunction with ESI to
dentify impurities in four generations (G0–G3) of tri(ethylene
lycol) derived PAMAM dendrimers. The tested molecules have

fan-shaped structure since dendrimer growth is promoted at

nly one end of tri(ethylene glycol) (Scheme 1). Such den-
rimers were recently shown to form stable complexes with
NA molecules via electrostatic interactions and self-assembly

dendrimer from generations 0 to 3.
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rocess while leaving the other terminal of tri(ethylene glycol)
hain accessible for targeting [19].

. Experimental

.1. Dendrimer synthesis

The synthesis of fan-shaped tri(ethylene glycol) derived
AMAM dendrimers has already been described elsewhere
19] and is briefly summarized hereafter. While one terminal
ydroxyl group of tri(ethylene glycol) is selectively protected
ith a benzyl group, the other end is transformed to amine
ia successive tosylation, azidation and catalytic hydrogenation.
he resulting compound (indicated as the dendrimer precur-
or in Scheme 1) is then submitted to a Michael addition with
ethyl acrylate to produce a diester molecule. Further treat-
ent with ethylene diamine yields the generation 0 dendrimer,
0NH2. Further dendrimer generations are obtained using the

onventional two-step iterative synthesis procedure: (a) branch-
ng double alkylation of terminal NH2 groups with methyl
crylate followed by (b) amidation of the terminal ester with
he corresponding diamine. No purification step was performed
etween each synthesis iteration. The crude product was dis-
olved in a small quantity of methanol and precipitated out by
ddition of ether. This final purification process was repeated
hree times and the resulting precipitate was dried under vac-
um. Dendrimers are referred to as GnNH2, n indicating the
eneration number.
.2. Chemicals

All chemicals were purchased from Sigma–Aldrich (St.
ouis, MO). HPLC-grade solvents were from SDS (Peypin,

e
p
t
r

Scheme 2. Structure of the dendrimer molecule and the ass
f Mass Spectrometry 266 (2007) 62–75

rance) and used as received. Deuterated methanol used in
ydrogen/deuterium exchange experiments was from Euriso-
op (Saint-Aubin, France).

.3. Mass spectrometry

Electrospray experiments were performed using an API III
lus triple quadrupole mass spectrometer (Applied Biosystems
CIEX, Concord, Ont., Canada), equipped with an atmo-
pheric pressure ionization (API) source. Ultra-high purity
UHP, 99.999%) nitrogen was used as the curtain gas in the
PI source (flow rate: 0.6 L min−1) and zero-grade air as the
ebulizing gas (flow rate: 0.8 L min−1). The interface temper-
ture was held at 54 ◦C. Positive mode ESI was performed at
kV and the orifice voltage was set at 35 V. The resolution

or both quadrupoles was set at 0.7 u full width at half-height
FWHH). Tandem mass spectrometry (MS/MS) measurements
ere based on collision-induced dissociations (collision ener-
ies as indicated in the text), using UHP argon as the target gas,
t a collision gas target of 75 × 1015 molecules/cm2. The API
II Hyperspec workstation and API software version 2.6 were
sed on a Power Macintosh 8100/80 for instrument control, data
cquisition and data processing. Dendrimer solutions were pre-
ared by dissolving 1–6 mg of dendrimer syrup in 200 �L of
ethanol and further diluted with a 3 mM ammonium acetate
ethanolic solution before electrospray ionization.
MALDI experiments were conducted with a Bruker autoflex

eflectron TOF mass spectrometer equipped with a nitrogen laser

mitting at 337 nm and with a 10 Hz frequency, a single-stage
ulsed ion extraction source and dual microchannel plate detec-
ors (Bruker Daltonics, Leipzig, Germany). The ion source and
eflector potentials were set at 19.0 and 20.0 kV, respectively.

ociated by-products expected in generation 0 sample.
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ositive ion mode was used for all analyses. The delay time
sed in delayed extraction mode was optimized based on the
olymer mass range and was generally 500 ns. MALDI sam-
les were prepared by mixing 2,5-dihydroxybenzoic acid and
he dendrimer sample, both dissolved in methanol, to reach a
000:1 molar ratio for G0–G2. A higher matrix-to-analyte molar
atio (5000:1), together with the addition of a sodium salt, were
equired to promote molecule ionization in G3. A 1 �L of the
ixture solution was then deposited on the target and allowed

o air dry at room temperature.

. Results and discussion

.1. Characterization of PAMAM generation 0

Generation 0 sample was obtained after the dendrimer pre-

ursor had been submitted to the first reaction sequence and
ould contain, apart from the expected G0NH2 perfect structure,
hree molecules arising from synthesis “failures” (Scheme 2).

ALDI and ESI mass spectra of generation 0 sample are pre-

s
i
s
d

ig. 1. Mass spectra obtained for generation 0 dendrimer sample (a) by MALDI (las
f Mass Spectrometry 266 (2007) 62–75 65

ented in Fig. 1. An abundant protonated G0NH2 molecule was
bserved as an intense peak at m/z 468 in MALDI, together
ith the sodium and potassium adducts detected at m/z 490

nd m/z 506, respectively (Fig. 1a). Additional peaks with
ery low signal-to-noise ratio could be attributed to protonated
olecules of “dimer” (m/z 875), “molecular loop” (m/z 408)

nd “missing arm” (m/z 354). Although the same molecules
ere detected after electrospray ionization (Fig. 1b), signals

ttributed to defects were of a much higher intensity, as com-
ared to MALDI. Signal-to-noise ratios measured for ions at
/z 354, m/z 408 and m/z 438 (doubly protonated “dimer”)

uggest the defective molecules are more ESI responsive as
ompared to MALDI. As previously reported [23], if quan-
itative information were to be drawn from MS spectra, very
ifferent conclusions would be reached from these two exper-
ments regarding sample composition. Nevertheless, since the

ame compounds were detected in both ionization methods,
t could be concluded that ions observed in the MALDI mass
pectrum actually arise from molecules initially present in the
endrimer sample.

er fluence: 35%; number of shots: 200) and (b) after electrospray ionization.



6 rnal of Mass Spectrometry 266 (2007) 62–75

t
t
p
a
c
o
e
1
p
t
t
t
i
p
b
p
s
A
d

S
r

6 R. Giordanengo et al. / International Jou

The behaviour of G0NH2 under collisional activation condi-
ions was studied, to be further utilized as a reference to confirm
he structure of defect ions. The MS/MS spectrum of m/z 468 is
resented in Fig. 2. To account for the peaks observed at m/z 366
nd m/z 252, a fragmentation route of protonated G0NH2 would
onsist of a two-step reaction in which consecutive neutral losses
f, respectively 102 and 114 Da would occur (Scheme 3a). The
limination of an enol (namely, 1-(2-aminoethylamino)ethanol,
02 Da) from one arm of the dendrimer would be assisted by the
resence of the second arm, leading to a six-membered cycliza-
ion to form m/z 366. A concerted mechanism would then allow
his ring to be opened, resulting in the elimination of two neu-
ral molecules, N-methylene-1,2-ethanediamine and ketene, that
s a total mass of 114 Da. This particular mechanism was pro-
osed amongst different possible others because it was supported
y hydrogen/deuterium (H/D) exchange experiments where two

eaks at m/z 369 and m/z 253 were observed in the MS/MS
pectrum of fully deuterated precursor ion detected at m/z 475.
n alternative route to produce m/z 252 would yield an interme-
iate at m/z 354 (Scheme 3b). In contrast to the mechanism

F
l

cheme 3. (a) Proposed fragmentation reaction of [G0NH2 + H]+ at m/z 468: the 102
oute of m/z 468: the 114 Da neutral loss occurs first and is followed by the 102 Da n
ig. 2. ESI-MS/MS spectrum of the protonated G0NH2 (collision energy: 40 eV;
aboratory frame).

Da neutral loss preceeds the 114 Da neutral loss. (b) Alternative fragmentation
eutral loss.
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cheme 4. Proposed fragmentation pathways of the protonated “molecular loop
ould further dissociate to yield m/z 252.

n Scheme 3a, the 114 Da neutral would be a molecule of
-aminopiperidin-2-one, obtained via a six-membered transi-
ion structure within one arm, and would occur prior to the
02 Da neutral loss. This consecutive enol elimination would

o longer require the assistance of a second dendrimer arm
n contrast to the mechanism depicted in Scheme 3a. The
rst reaction in Scheme 3b would occur at a slower rate

o
m
a

Fig. 3. ESI-MS/MS spectrum of the doubly protonated “dimer” in ge
roduce (a) m/z 212 daughter ion and (b) daughter ion detected at m/z 366 which

han the dissociation described in Scheme 3a, as indicated
y the much lower abundance of m/z 354 as compared to
/z 366. Proton bonding on the oxygen atom in the car-
onyl group would induce the loss of a water molecule, as

bserved from m/z 468 and m/z 366 to yield m/z 450 and
/z 348, respectively. Finally, the peak detected at m/z 91 was

ttributed to a benzylium ion arising from a dissociation induced

neration 0 sample (collision energy: 20 eV; laboratory frame).
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y a proton binding on the first oxygen atom in the glycol
hain.

Dissociation of defected molecules was then studied with
egards to the fragmentation pattern of the perfect structure.
he dissociation of the “missing arm” protonated molecule

m/z 354) lead to the formation of a daughter ion at m/z 252,
ccording to the 102 Da neutral loss mechanism in Scheme 3b.

he m/z 354 precursor ion was also observed to undergo
ater elimination as indicated by a low abundance daughter

on at m/z 336. Finally, a benzylium ion was detected at m/z
1.

B
i
p
p

Scheme 5. (a)–(e) Proposed dissociation reactions yielding two singly c
f Mass Spectrometry 266 (2007) 62–75

Fragmentation mechanisms proposed to account for the ions
esulting from the dissociation of the protonated “molecular
oop” are described in Scheme 4. In contrast to the two previ-
us molecules, the reaction yielding the most intense fragment
etected at m/z 212 would result from a bond cleavage within
he ethylene glycol moieties (Scheme 4a). Alternative disso-
iations of the precursor ion would occur upon ring opening.

inding of the proton on one of the secondary amino group

n the “loop” would induce the loss of a ketene molecule to
roduce m/z 366 (Scheme 4b). According to mechanisms pro-
osed in Scheme 3, no 102 Da neutral loss could be envisaged

harged products from the doubly protonated “dimer” at m/z 438.



R. Giordanengo et al. / International Journal of Mass Spectrometry 266 (2007) 62–75 69

Scheme 5. (Continued ).
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rom the structure of this daughter ion. Indeed, no peak was
bserved at m/z 264. Alternatively, m/z 366 would eliminate
5-aminopiperidin-2-one molecule (114 Da) as described in

cheme 4b. As for the two previous cases, a benzylium ion was
etected at m/z 91.

Collision-induced dissociation of the doubly protonated
imer was shown to produce a large number of daughter ions
Fig. 3). Two groups of primary reactions could be distinguished
ased on the charge state of the product ions. Mechanisms
nvolved in the first group would produce two singly charged

olecules and are described in Scheme 5. Amongst product ions
hown in Scheme 5, those singly charged molecules which still
ossess an intact arm should be expected to consecutively elim-
nate the 102 Da enol, according to the mechanism described in
cheme 3a. Ions at m/z 683, m/z 671, m/z 659, m/z 408 and m/z
66 were thus considered to arise from such a dissociation of m/z
85, m/z 773, m/z 761, m/z 510 and m/z 468, respectively. The
tructure proposed for m/z 785 in Scheme 5a would allow this
02 Da neutral loss to proceed twice, as indicated by the peak
bserved at m/z 581. Amongst these ions, m/z 468 and m/z 683
ere shown to eliminate a water molecule to yield low abun-
ance peaks at m/z 450 and m/z 665, respectively. Although the
tructure proposed for these singly charged primary fragments
ould allow a consecutive elimination of the 114 Da neutral

s depicted in Scheme 3b, data from the MS/MS spectrum in
ig. 3 indicate only m/z 785 might do so. Moreover, as mentioned
efore, elimination of 5-aminopiperidin-2-one was observed to
roceed slower than the 102 Da enol loss. Therefore, the low
bundance m/z 671 ion would mostly result from the consecutive
issociation of m/z 773 (Scheme 5b). The second group of disso-
iation reactions of the doubly protonated dimer would produce
oubly charged fragments observed as the most intense peaks
n the MS/MS spectrum. These reactions would mainly proceed
hrough the loss of 1-(2-aminoethylamino)ethanol (102 Da) and

ater molecules. The ion at m/z 387 would be the doubly pro-

onated homologue of m/z 773 shown in Scheme 5b and would
urther eliminate a second 102 Da neutral or a water molecule to
ield m/z 378 or m/z 336 doubly charged molecules, respectively.

p
a

Fig. 4. ESI-MS/MS spectrum of the protonated G1N
f Mass Spectrometry 266 (2007) 62–75

lternatively, a deshydratation of m/z 438 would lead to m/z 429,
hich will further eliminate the 102 Da molecule (yielding the
oubly charged m/z 378) or water as a neutral to produce m/z
20.

.2. PAMAM generation 1

Mass spectrometry of PAMAM generation 1 showed a major
ignal for ionized G1NH2 perfect dendrimer. In MALDI, the
ingly protonated molecule was detected at m/z 925, together
ith lower abundance sodium and potassium adducts at m/z
47 and m/z 963, respectively. Both singly and doubly charged
1NH2 were detected in ESI. Tandem mass spectrometry was
erformed on the protonated G1NH2. As shown in Fig. 4,
ach peak could be related to other ones by a 102 Da and/or
114 Da mass difference. Since the precursor ion has two pairs
f arms, mechanisms proposed in Scheme 3 would account
or the four following loss series which ultimately lead to m/z
92:

102 Da followed by 114 Da (Scheme 3a) from the first pair,
then the same neutral loss sequence from the second pair, i.e.,
an ion filiation such as m/z 924 → m/z 822 → m/z 708 → m/z
606 → m/z 492;
102 Da from both pairs, then 114 Da from both pairs, i.e., a
fragmentation sequence such as m/z 924 → m/z 822 → m/z
720 → m/z 606 → m/z 492;
114 Da followed by 102 Da from the first pair (Scheme 3b),
then the same neutral loss sequence from the second pair, i.e.,
an ion filiation such as m/z 924 → m/z 810 → m/z 708 → m/z
594 → m/z 492;
114 Da from both pairs, then 102 Da from both pairs, i.e., a
fragmentation sequence such as m/z 924 → m/z 810 → m/z
696 → m/z 594 → m/z 492.
Although not observed in the MS/MS spectrum of
rotonated G0NH2, each arm should allow two N-(2-
minoethyl)acrylamide (114 Da) losses according to the first

H2 (collision energy: 50 eV; laboratory frame).
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To build these models, the following assumptions have been
made from results obtained for the lowest generation dendrimer
samples:
Scheme 6. Structure of daughter ions at m/z 480 and m/z 582 which wou

eaction step in Scheme 3b. Combination of up to four 114 Da
eutral with 102 Da neutral losses would thus explain the pres-
nce of m/z 468 (i.e., protonated G0NH2) and m/z 480 and m/z
82 (see structures in Scheme 6) in the MS/MS spectrum of m/z
24.

Additional signals were observed in the mass spectra of
AMAM generation 1. Two series of adducts, observed from
oth ionization techniques, indicated the presence of two com-
ounds with molecular weight of 809 Da and 863 Da, which
ere respectively identified as “missing arm” and “molecular

oop” defects resulting from side reactions during the synthesis
f G1NH2 from G0NH2. A dissociation sequence comprising
ne 102 Da loss followed by four 114 Da losses was observed
rom the protonated “missing arm” precursor at m/z 810 to ulti-
ately lead a fragment ion at m/z 252 which structure was

resented in Scheme 3. This MS/MS behaviour indicated the
ack of an arm as compared to the perfect G1NH2 molecule.
he expected dissociation sequence is stopped after two con-
ecutive 102 Da neutral losses from the protonated “molecular
oop” precursor at m/z 864, indicating only two arms were avail-
ble for fragmentation. Moreover, an alternative dissociation
athway would consist of the elimination of the whole pri-
ary arm terminated by the loop. In contrast to the previous

efects, the “dimer” was only detected in MALDI as sodium
nd potassium adducts. Other small peaks were observed in the
ass spectra, indicating ionization of three compounds which
olecular weight could be determined to be respectively 407,

81 and 695 Da based on multiple adducts detected for each
olecule. The 407 Da compound could be the “molecular loop”

efect already observed in generation 0 PAMAM sample. This
efective molecule would have remained unreactive during the
terative step from generations 0 to 1. The presence of the two
ther compounds could be explained from two different reac-
ions of the “missing arm” molecule present in generation 0
ample. This defective molecule would produce two different
mpurities in generation 1 depending on the ability of the amine
roup affected by the defect to react during the iterative synthe-
is. This hypothesis is illustrated in Fig. 5. The “missing arm”
olecule could react (i) in a regular way (further called “nor-
al growth”) which would result in the branching of three new
rms to yield a 695 Da compound and (ii) in an anomalous way
further called “blocked growth”) in which no arm could be
ranched at the defect site, yielding a 581 Da molecule with
nly two new arms. It should also be noted from Fig. 5 that

F
r
g
w
s

ply three 114 Da neutral losses in the dissociation sequence of m/z 924.

“missing arm” defect which has occurred during the synthe-
is of the nth generation dendrimer and further undergone a
normal growth” will have, in the (n + 1)th generation sample,
different structure, and thus a different mass, as compared

o GnNH2 being affected by the “missing arm” defect during
he synthesis of the (n + 1)th generation. This statement can
e applied to any of the considered side reactions. As long as
olecules present in a dendrimer sample are able to react during

he divergent synthesis, new impurities would be created in each
endrimer generation as the result of defect propagation in regu-
ar or defective ways. Since purification is usually not performed
n such divergent dendrimer synthesis, mass spectral interpreta-
ion would rapidly become extremely tedious. A model was thus
uilt to calculate molecular weight of expected structures which
ould be produced in each dendrimer generation for each side
eaction.

.3. Predictive models of structural deviations
ig. 5. Different evolutions of the “missing arm” molecule depending on the
eactivity of the defected site (indicated by the black arrow). Note that, from
enerations n to (n + 1), the “normal growth” of the “missing arm” impurity
ould yield a different product as compared to the molecule obtained from the

ide reaction “missing arm” applied to the perfect molecule.
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Table 1
Molecular weight, Mn, of expected molecules in generation n dendrimer sample
(n from 0 to 3) calculated from Eqs. (1)–(4) where j is the generation number at
which a given defect is produced

Defect j = 0 j = 1 j = 2 j = 3

“No defect” (perfect molecule)
M0 467.3
M1 923.6
M2 1836.3
M3 3661.5

“Molecular loop”
M0 407.3
M1 407.3 863.6
M2 407.3 1319.9 1776.3
M3 407.3 2232.6 3145.2 3601.5

“Missing arm” + “normal growth”
M0 353.2
M1 695.5 809.5
M2 1379.9 1608.1 1722.2
M3 2748.9 3205.2 3433.4 3547.5

“Missing arm” + “blocked growth”

F
a
c
d
d

2 R. Giordanengo et al. / International Jou

. Once created, amine groups involved in a “molecular loop”
would not further react during the iterative steps.

. Once a molecule has suffered from a defect, it will not fur-
ther be affected by any defect. This assumption seems to be
reasonable with regard to the apparent low yield of side reac-
tions: a recurrently defective molecule would be present at
trace levels and might remain undetected.

. The “dimer” defect does not further propagate.

The molecular weight, Mn, of a perfect molecule in the gen-
ration n dendrimer sample is given by the following equation:

n = 239.1521 + 114.0793

[
n∑

i=0

2i+1

]
(1)

here 114.0793 is the accurate mass calculated for C5H10N2O,
he group of atoms in each new arms, and 239.1521 is the accu-
ate mass of the dendrimer precursor.
From Eq. (1), the molecular weight, Mn, of any molecule in
he nth generation dendrimer sample could be expressed as a
unction of j, the generation number at which this molecule has
uffered from a defect as follows:

M0 353.2
M1 581.4 809.5
M2 1037.7 1494.0 1722.2
M3 1950.3 2863.0 3319.3 3547.5

ig. 6. MALDI and ESI (inset) mass spectra obtained for generation 2 dendrimer sample (laser fluence: 45%, number of shots: 100). Adduct of a same molecule
re indicated by the same symbol in both spectra (asterisk: G2NH2; open circle: “molecular loop” defect created in generation 2; black circle: “missing arm” defect
reated in generation 2; open square: “normal growth” of the “missing arm” defect created in generation 1; black square: “blocked growth” of the “missing arm”
efect created in generation 1; open star: “normal growth” of the “missing arm” defect created in generation 0; black star: “blocked growth” of the “missing arm”
efect created in generation 0; open triangle: “molecular loop” defect created in generation 1).
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for the “molecular loop” defect:

Mn = 239.1521 + 114.0793

×
⎡
⎣
⎛
⎝j+1∑

i=0

2i

⎞
⎠− 1 + (2j+2 − 4)

n−j−1∑
i=0

2i

⎤
⎦− 60 (2)

for the “missing arm” defect followed by “normal growth”:

Mn = 239.1521 + 114.0793

×
⎡
⎣( j∑

i=0

2i

)
−1 + (2j+1−1) + (2j+2 − 1)

n−j−1∑
i=0

2i

⎤
⎦

(3)

for the “missing arm” defect followed by “blocked growth”:

Mn = 239.1521 + 114.0793

×
⎡
⎣( j∑

i=0

2i

)
− 1 + (2j+1 − 1)

n−j−1∑
i=0

2i

⎤
⎦ (4)
These four equations were then used to build a small database
Table 1) to be used as a guide for MS data interpretation up to
eneration 3 PAMAM dendrimer.

b
o
c
a

ig. 7. MALDI mass spectrum obtained for generation 3 dendrimer sample (laser flu
n the range m/z 3000–3800.
f Mass Spectrometry 266 (2007) 62–75 73

.4. PAMAM generations 2 and 3

MALDI and ESI mass spectra of generation 2 PAMAM den-
rimer are presented in Fig. 6. The perfect molecule G2NH2
ielded the most intense signal with both ionization techniques.
t was detected as sodium (major peak) and potassium (minor
eak) adducts in MALDI and as three different ions due to mul-
iple protonation (from +2 to +4 charge state) in ESI. Apart from
dimer” formation, side reactions expected to affect G1NH2
ere shown to occur. The “molecular loop” and the “miss-

ng arm” were detected as sodium adducts in MALDI at m/z
799 and m/z 1745, respectively. ESI data also showed these
efects to be present in the dendrimer sample: the “molecu-
ar loop” was observed as a doubly (m/z 889) and triply (m/z
93) protonated molecule while the “missing arm” was dis-
ributed in three charge states at m/z 863 (+2), m/z 575 (+3)
nd m/z 432 (+4). Additional peaks could be identified based
n values from Table 1. The “missing arm” defect created in
eneration 1 would have propagated in generation 2 sample
ollowing either a “normal growth” or a “blocked growth”, as
espectively indicated by peaks at m/z 1631 and m/z 1517 in

ALDI mass spectrum. These impurities were also observed
fter ESI as multi-protonated molecules (Fig. 6). Both ioniza-
ion techniques also allowed the detection of signals which could

e attributed to species resulting from either “normal growth”
r “blocked growth” propagation of the “missing arm” defect
reated in generation 0. Finally, peaks at m/z 1343 in MALDI
nd at m/z 661 and m/z 441 in ESI would indicate the presence

ence: 46%; number of shots: 400). Inset: expanded view of the mass spectrum
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f the intact “molecular loop” created in generation 1. Numer-
us other peaks, amongst which some intense ones, could not
e accounted for in the ESI mass spectrum. This would indi-
ate additional unknown side reactions would occur. However,
ALDI homologues of these ESI ions were not observed. Struc-

ure of these ions will be explored in a forthcoming MS/MS
tudy.

Generation 3 PAMAM sample was mass analyzed using
oth ionization techniques and MALDI data are presented in
ig. 7. ESI mass spectrum (data not shown) is very compli-
ated due to multiple charging of the molecules (from +4 to
6 charge states) and low-resolution mass analysis. During the

terative dendrimer synthesis sequence, the growth of G2NH2
ielded the expected G3NH2 (observed as a sodium adduct at
/z 3686) but was also affected by side reactions, resulting

n the formation of the “missing arm” and “molecular loop”
efects, respectively detected as sodium adducts at m/z 3572
nd m/z 3626. Additional impurities present in generation 3
endrimer sample could be classified according to the gener-
tion number at which the defect they arise from was created.
he “molecular loop” and “missing arm” produced during gen-
ration 2 synthesis, would have further propagated to yield new
mpurities: “normal growth” of these defects was indicated by
eaks at m/z 3169 and m/z 3458, respectively, while the m/z
344 ion would result from the “blocked growth” of the “miss-
ng arm”. Based on data from Table 1, peaks observed at m/z
257 and m/z 3230 could, respectively be attributed to impu-
ities (ionized as sodium adducts) resulting from a “normal
rowth”, up to generation 3, of “molecular loop” and “miss-
ng arm” produced during generation 1 synthesis. Finally, the
missing arm” defect created in generation 0 would have prop-
gated in a “blocked growth” way up to the third generation,
s indicated by the sodium adduct detected at m/z 1975 in
ig. 7.

. Conclusion

MS analysis of fan-shape PAMAM dendrimer samples was
erformed in both MALDI and ESI. Although most molecules
ould be detected in both ionization techniques, MALDI and
SI did not allow the same conclusions to be reached regarding
ample composition. Tandem mass spectrometry of proto-
ated perfect structures showed favoured dissociations almost
xclusively proceeded via combined losses of 5-aminopiperidin-
-one (114 Da) and 1-(2-aminoethylamino)ethanol (102 Da)
eutrals, formed from free arms of the dendrimers. Any devi-
tions from these specific fragmentation pathways allowed
tructural defects to be characterized. In addition to the com-
only reported “missing arm” and “molecular loop”, new

mpurities were detected from generation 1 dendrimer sample.
hey would arise from propagation, in a given generation n
ample, of defects created during the synthesis of lower gen-
ration dendrimers. Based on the different ways defects were

hown to propagate, predictive models were built to guide peak
ssignment in MALDI and ESI mass spectra and allowed the
ost intense ions to be identified in high generation samples.
ome signals still remained unknown. Further MS/MS study

[

[

f Mass Spectrometry 266 (2007) 62–75

ill be performed on these ions to characterize their structure
nd possibly determine their origin.
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