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Electrospray ionization tandem mass spectrometry (ESI-MS/MS) was used to probe the
binding of silver ions and reduced silver species with polyamidoamine generation 1 amine-
terminated (PAMAMG1NH2) and generation 2 hydroxyl-terminated (PAMAMG2OH) den-
drimers. At Ag�/PAMAMG2OH molar ratios of �1, 1:1 complexes are observed, while at
ratios �1, 2:1 and low abundance 3:1 complexes emerge. Similar results were observed for
PAMAMG1NH2. The collisional activated dissociation (CAD) patterns of the dendrimer ions
are characterized by losses of amidoamine branches resulting largely from hydrogen migration
and cleavage reactions. Ag�/dendrimer complexes are characterized by the loss of a
dendrimer branch from the complex, with the silver ion remaining bound to a dendrimer
fragment. When the Ag�-bound dendrimer complexes are reduced by hydrazine, low
abundance complexes, whose m/z values are consistent with ones containing zerovalent silver
species, are observed in the mass spectra. Complexes with three silver atoms are observed in
the spectrum containing PAMAMG1NH2, and complexes with four and five silver atoms are
observed with PAMAMG2OH. The CAD fragmentation patterns of the complexes formed
after the silver reduction are different than those observed for complexes containing one silver
ion and are characterized by the ejection of all silver species, possibly as a cluster, leaving the
intact dendrimer ion. Experiments with Cu�, Cu2�, and Pt2� binding to PAMAMG2OH were
also done, but reduced metal clusters were not observed in the mass spectra after the addition
of hydrazine. (J Am Soc Mass Spectrom 2006, 17, 676–684) © 2006 American Society for Mass
Spectrometry

Dendrimers comprise a class of highly branched
synthetic polymers that have unusual chemical
and� structural� properties� [1,� 2].� In� addition� to

numerous applications in fields such as medicine,
chemistry, materials science, biology, and physics, there
is interest in the use of dendrimers as templates for
metal� nanoparticle� synthesis� [3,� 4].� The� ability� to� syn-
thesize metal nanoparticles with well-defined core sizes
has important implications for the study of the size-
dependent photochemical, electrochemical, and optical
behavior of metal clusters.

Polyamidoamine� (PAMAM)� dendrimers� [5,� 6]� (Fig-
ure� 1)� constitute� one� family� of� dendrimers� that� have
been used to stabilize small metal clusters of defined
size. Consisting of an ethylenediamine (EDA) core with
repeating amidoamine branches, PAMAM dendrimers
have been shown to act as hosts to many metal ions,
including Cu2�, Pt2�, Pd2�, Ni2�, Fe2�, Au3�, and Ru3�

[7–12].� Upon� chemical� reduction� of� the� metal� ion/
dendrimer complexes, the PAMAM polymer matrix
encapsulates and subsequently stabilizes the metal clus-

ters,� thus� preventing� agglomeration� [12].� These� intra-
dendrimer metal nanoparticles are soluble and have
well defined sizes due to the uniform three-dimensional
structure and functional group composition of the den-
drimers.

Interest in the formation of intradendrimer metal
nanoparticles has stimulated the need for analytical
methods that are capable of characterizing the den-
drimer host structure and the corresponding metal/
dendrimer complexes. Electrospray ionization mass
spectrometry� (ESI)� [13–17]� and� matrix� assisted� laser
desorption�ionization�(MALDI)�[18�–25]�mass�spectrom-
etry have been established as powerful techniques for
the analysis of dendrimer macromolecules as a result of
their ability to gently transfer species from solution to
the gas-phase while minimizing the fragmentation of
the analyte, allowing for accurate molecular weight
measurements and minimal sample consumption.
Many of the past mass spectrometric studies related to
PAMAM dendrimers have focused on using ESI-MS to
evaluate� the� molecular� weight� [26�–28]� and� gas-phase
fragmentation� of� PAMAM� dendrimers� [29]� in� the� ab-
sence of metal ions or nanoparticles. These studies
describe mass spectrometric techniques that provide
useful information for improving synthetic strategies of
dendrimers. For example, Tolic et al. utilized Fourier
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transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) to investigate the polydispersity of
PAMAM� dendrimers� [28],� while� collisional� activated
dissociation and ion/ion reactions were used by He and
McLuckey to study the dissociation behavior of half-
generation PAMAM dendrimers and determine the
structures� of� imperfect� dendrimer� molecules� [29].
MALDI- TOF mass spectrometry has also been used to
determine structural deviations in PAMAM dendrimers
[25,�31].

Mass spectrometry has also been used as a tool to
study metal ion/dendrimer complexes. The character-
ization of these complexes is a key aspect in under-
standing the relationship between the dendrimer struc-
ture, the dendrimer/metal ion complex, and the
resulting dendrimer-encapsulated metal nanoparticles.
MALDI-TOF mass spectrometry was used to examine
the binding of Cu2� to hydroxyl terminated dendrimers
[30],�and�in�a�recent�study,�we�examined�the�binding�of
silver ions to G1 PAMAMNH2 dendrimers using elec-
trochemical, spectroscopic, and mass spectrometric
techniques� [32].� ESI-MS� was� used� to� determine� Ag�/
PAMAM dendrimer binding stoichiometries at equimo-
lar�concentrations�[32].

Our current study serves as a continuation of our
initial ESI-MS experiments of silver/dendrimer com-
plexes�[32].�ESI�tandem�mass�spectrometry�is�employed
to characterize the binding stoichiometry of complexes
formed between silver ions and polyamidoamine gen-
eration 1 amine terminated (PAMAMG1NH2) and gen-
eration 2 hydroxyl terminated (PAMAMG2OH) den-
drimers� (see� Figure� 1)� at� different� silver/dendrimer
molar ratios. Low generation dendrimers are used in
this study to develop a framework for analyzing larger,

more complex dendrimer molecules by ESI-MS. Colli-
sional activated dissociation (CAD) fragmentation pat-
terns of the PAMAM dendrimer complexes are also
evaluated to gain structural information about the com-
plexes. Additionally, we report evidence for the forma-
tion of silver clusters after the reduction of solutions
containing Ag�/dendrimer complexes.

Experimental

Materials

Amine-terminated generation 1 polyamidoamine
(PAMAM) and hydroxyl-terminated generation 2
PAMAM dendrimers were purchased from Dendritech,
Inc. (Midland, MI) or Aldrich Chemical Co. (Milwau-
kee, WI), and were used without further purification.
Anhydrous hydrazine and the metal salts AgNO3,
CuBr2, CuCl, and PtCl2 were purchased from Aldrich
Chemical Co. and were used as received. All other
chemicals were reagent grade and were used without
further purification.

Instrumentation and Procedures

Stock solutions of PAMAMG1NH2 and PAMAMG2OH
were prepared at 1 mM in methanol. The metal salt
stock solutions were also prepared at 1 mM in water.
Analytical solutions containing a mixture of dendrimer
and metal salt were prepared at dendrimer/silver mo-
lar ratios ranging from 1:4 to 4:1 in 50% methanol/
water.

To transform the dendrimer bound Ag� to the ze-
rovalent silver species, hydrazine was added at concen-

Figure 1. Structures of (a) polyamidoamine generation 1 amine-terminated (PAMAMG1NH2) and
generation (b) hydroxy-terminated generation 2 (PAMAMG2OH) dendrimers. Compound molecular
weights in Da are given in parenthesis. Dendrimer fragments lost due to defects or CAD are indicated.
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trations in excess of the silver ion. Solutions containing
0.12 mM PAMAMG1NH2 and 0.24 mM AgNO3 were
prepared in water to maintain conditions similar to
those used in the spectroscopic studies. Excess AgNO3

was used to promote the formation of the silver/
dendrimer complexes. After allowing the solutions to
equilibrate, a portion of this solution was diluted with
water and methanol to micromolar concentrations suit-
able for ESI-MS analysis (i.e., �10 �M dendrimer and 20
�M AgNO3). Next, 0.96 mM hydrazine was added to
the initial silver/dendrimer solution. The high ratio of
hydrazine to silver was used to ensure more complete
reduction of the silver ions present in the solution.
Upon reduction, no precipitate was observed, indicat-
ing that the reduced silver species remained soluble.
After 30 min equilibration time, the solution was di-
luted and analyzed by ESI-MS.

The same procedure was followed to reduce the
Ag�, Cu�, or Cu2� bound to PAMAMG2OH, except the
stock solutions contained PAMAMG2OH at 0.12 mM
and metal salt at 0.48 mM. Hydrazine was added at 0.96
mM so that after dilution with water and methanol the
solutions contained 10 �M dendrimer, 40 �M metal salt,
and 80 �M hydrazine.

A Harvard syringe pump (Holliston, MA) set at a
flow rate of 3 �L/min was used to directly infuse the
samples into a ThermoFinnigan LCQ Duo quadrupole
ion trap mass spectrometer (San Jose, CA). The ESI
source was operated in positive ion mode with an
electrospray voltage of 4.0 kV and a heated capillary
temperature ranging from 125 to 175 °C. Sheath and
auxiliary gas flow rates of 30 and 10 arbitrary units,
respectively, were used to aid in desolvation. The base
pressure of the trap was �1 � 10�5 torr. Selected
dendrimer complex ions were subjected to collisional
activated dissociation (CAD) experiments by isolating
the precursor ion in the trap using resonance ejection,
followed by increasing the collision energy applied to
the trap to cause ion fragmentation. An activation time
of 30 ms was used for all CAD experiments. All mass
spectra were acquired by summing 300 scans with an
ionization time of 50 to 100 ms.

High-resolution mass spectrometry experiments
were performed using a Q-TOF Premier (Waters)
equipped with an ESI source operated in the positive
ion mode. To obtain high mass accuracy measurements,
lock mass injection was employed using leucine en-
kephalin as the calibrant. The analyte injection volume
was 5 �L. An ESI voltage of 3.5 kV and a cone voltage
of 40 V were used. The source temperature was 160 °C;
the desolvation temperature was 70 °C.

Results and Discussion

Analysis of Silver Ion Complexes by ESI-MS

The ESI mass spectrum of a solution containing
equimolar concentrations of Ag� and PAMAMG1NH2

was� reported� in� a� previous� study� [32],� with� results

indicating that the complexes containing a 1:1 binding
stoichiometry were the major silver-containing species.
In this study, we examine solutions containing different
molar ratios of Ag�/PAMAMG1NH2 (spectra not
shown). At Ag�/PAMAMG1NH2 molar ratios of 1:2
and 1:4, complexes with 1:1 binding stoichiometries are
detected, but with lower relative abundances than ob-
served for complexes present in an equimolar Ag�/
PAMAMG1NH2 solution. As the molar ratio is in-
creased above 1:1, ions corresponding to a 2:1 binding
stoichiometry are detected in addition to 3:1 complexes
of lower abundance that emerge when there is 4-fold
excess of Ag�. These results are on par with previously
reported electrochemical studies of Ag� binding to
PAMAMG1NH2 that found the 1:1 stoichiometry to be
present in solutions containing a mole ratio of AgNO3

to dendrimer of �1, while 2:1 complexes can form when
the�mole�ratio�is��1�[32].

The silver ion binding to a larger dendrimer, the
hydroxyl-terminated generation 2 PAMAM dendrimer,
was also evaluated. The ESI mass spectrum of a solution
containing 10 �M PAMAMG2OH in 1:1 water/metha-
nol�is�shown�in�Figure�2a.�The�2��and�3��charge�state
ions of the intact dendrimer are present, in addition to
abundant ions corresponding to the dendrimer with
one to two sodium ions incorporated. The sodium ions
are present as a contaminant in solution. In addition to
ions corresponding to the intact dendrimer, products
resulting from dendrimer defects, such as the loss of an
amidoamine branch are also present. The most abun-
dant incomplete dendrimer ion is formed upon the loss
of a “c”� moiety� (illustrated� in� Figure� 1b).� There� are
additional ions that correspond to losses of one to four
“f” groups in the m/z range of 1400 to 1600. Due to the
complexity of the dendrimer mass spectra, only ions
containing�the�intact�dendrimers�are�labeled�in�Figure�2.
A spectrum showing the full assignments of the
PAMAMG2OH dendrimer and defect ions is included
in� Supplementary� Material� section� Figure� S-1� (which
can be found in the electronic version of this article).
Because the abundance of the dendrimer defect species
do not change with the severity of the ESI conditions
and similar defects have been observed in past MALDI
[30,� 31]� and� ESI� [28]� studies,� we� speculate� that� these
defects are present in the original dendrimer samples
and do not arise from the ESI process. It has been
previously shown that the types of defects observed in
Figure� 2� result� from� the� retro-Michael� decomposition
reactions�that�occur�in�the�dendrimer�solutions�[33].

Silver ion/dendrimer complexes were observed in
the ESI mass spectrum of a sample containing 20 �M
AgNO3 and� 10� �M� PAMAMG2OH� (Figure� 2b).� The
complexes retain a dominant 1:1 Ag�/PAMAMG2OH
stoichiometry. Some complexes contained a silver ion in
addition to a sodium ion. A complex formed between a
silver ion and a dendrimer defect ion, [PAMAMG2OH
� Na� � c � Ag�]2� is also observed. Electrochemical
studies of the Ag�/PAMAMG2OH indicate that the 1:1
complex was the major silver containing species in
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samples containing roughly equimolar concentration of
silver�and�dendrimer�[32].�These�results�are�confirmed
in the mass spectra of the Ag�/PAMAMG2OH solu-
tions.

To examine how the complexation process and
stoichiometries change as the Ag�/PAMAMG2OH
molar ratio is varied, a series of solutions with
silver/PAMAMG2OH molar ratios of 10 �M:40 �M,
10 �M:20 �M, 10 �M:10 �M, 20 �M:10 �M, and 40
�M:10 �M were analyzed by ESI-MS as shown in the
Figure S-2. Even when the Ag�/PAMAMG2OH mo-
lar ratio is less than 1:1, complexes with a 1:1 Ag�/
dendrimer stoichiometry are observed in the mass
spectra (Figure S-2A and S-2B). As the silver/den-
drimer molar ratio is increased to 2:1 (Figure S-2D)
and 4:1 (Figure S-2E), complexes with a 2:1 binding
stoichiometry are detected in addition to the 1:1
complexes. The changes in the Ag�/dendrimer bind-
ing stoichiometries reflected in Figure S-2 are consis-
tent with the results of the previous electrochemical
study� of� Ag�� binding� to� PAMAMG2OH� [32].� The
results of this study found that 1:1 complexes are
dominant in solutions with Ag�/PAMAMG2OH mo-
lar rations of �1, while 2:1 complexes form when the
molar ratio is �1. Similar changes in complexation as
a function of concentration are reflected in the ESI
mass�spectra�shown�in�Figure�S-2

The m/z values of some of the Ag�/PAMAMG2OH
complexes were similar to those of dendrimer frag-
ments bound to silver, so high-resolution mass spectro-
metric experiments were performed on a Q-TOF instru-
ment with an ESI source to confirm the ion assignments
(spectra not shown). The full scan spectra of solutions
containing PAMAMG2OH at 10 �M and AgNO3 at 40
�M shows an ion present at m/z 1689.4801. The chemical
composition of this ion was calculated to be
C142H273N42O44Ag with 1.7 ppm accuracy. This matches
the molecular formula of the [ddm � Ag� �
H�]2�complex. An ion at m/z 1126.3158 was confirmed

to be the [ddm � Ag� � 2 x H�]3� complex
(C142H274N42O44Ag) with �2.2 ppm accuracy. Another
complex was present at m/z 1160.9292 and was consis-
tent with a chemical composition of C142H273N42O44Ag2

(11.8 ppm accuracy), corresponding to the [ddm � 2 �
Ag� � H�]3� complex. We attribute the higher error in
the mass accuracy of this last ion to its low abundance
in the Q-TOF spectrum because of a different ESI
source. These ion peaks fit the isotope patterns that
would be expected for silver/dendrimer complexes,
further verifying the assignments.

ESI-MS/MS of Complexes Containing
PAMAMG1NH2 and PAMAMG2OH

CAD experiments were undertaken to characterize the
protonated dendrimers and silver ion/dendrimer com-
plexes. Protonated PAMAMG1NH2 in� the� 1�� (Figure
3a)�or�2��(Figure�3b)�charge�states�dissociates�via�loss�of
ammonia, in addition to cleavages of amidoamine
branches as indicated by the losses of a or l moieties (see
Figure�1a�for�a�summary�of�these�processes�and�Table�1
for the masses of the fragments). These fragmentation
patterns result from hydrogen migration and cleavage
reactions, and examples of these pathways that are
consistent with the products are shown in Scheme 1.
Our results indicate that these reactions occur most
commonly at the most exterior tertiary amine to pro-
duce a loss of 114 Da (l moiety) and at the interior
tertiary amine via the loss of 342 Da (a moiety).

The CAD spectra of the [PAMAMG1NH2 � Ag�]�

and [PAMAMG1NH2 � Ag� � H�]2� complexes
shown� in� Figure� 3c� and� d� demonstrate� that� similar
dissociation pathways are followed for these com-
plexes. In addition to the cleavage of a and l groups, the
loss of an m moiety is also observed which may be
influenced by the presence of the silver ion. One pro-
posed binding site of the silver ion to the dendrimer

Figure 2. ESI mass spectra for complexes containing 10 �m PAMAMG2OH (a) alone and (b) with 20
�m AgNO3. Dendrimer is abbreviated as “ddm” in the labels.
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involves the tertiary amine groups, which could pro-
mote the loss of the m branch. In general, the loss of
silver alone is never observed in the CAD spectra of the
Ag�/PAMAMG1NH2 complexes, indicating it remains
bound to a portion of the dendrimer upon collisional
activation.�Figure�3�also�reveals�that�the�loss�of�NH3 is
observed�in�the�CAD�spectra�of� [ddm���H�]�� (Figure
3a),�[ddm���2���H�]2��(Figure�3b),�and�[ddm���Ag� �
H�]2��(Figure�3d).

Protonated and silver-cationized PAMAMG2OH
complexes were also subjected to CAD. Fragments that
are�lost�upon�collisional�activation�are�shown�in�Figure
1b�with�the�corresponding�masses�given�in�Table�1,�and
the structures of the fragments are consistent with the
formulas obtained from the mass spectra. The CAD
spectrum of PAMAMG2OH in the 2� charge state
(Figure� 4a)� shows� a� greater� variety� of� fragmenta-
tion routes than observed for the analogous
PAMAMG1NH2 complexes. The losses of f and d frag-
ments, which are similar to the l and a losses observed
for PAMAMG1NH2�(Figure�3),�are�present�in�Figure�4a
but the abundances of these fragments are lower than
the product ions formed after losses of g and e. The
formation of c ions is also indicated in the CAD spec-
trum.

The same losses that were observed from the
[PAMAMG2OH � 2 � H�]2� species (d, e, f, and g
pathways) are also observed for the [PAMAMG2OH �
H� � Ag�]2� complex, in addition to the formation of
the [c � H]�, [c � Ag�]�, [b � Ag�]�, and [h � Ag�]�

ions�as�shown�in�the�spectrum�in�Figure�4b.�While�these
product ions indicate that Ag� remains bound to b, c,
and h fragments, there is no evidence that the silver ions
are retained by the d, e, f, and g fragments that are lost,
suggesting that the silver ion is bound to the dendrimer
via one of the four tertiary amines closest to the initiator
core of the dendrimer. These results agree with past
studies that suggest that OH-terminated dendrimers
form metal ion complexes with interior tertiary
amines�[3].

Hydrazine Reduction of Ag�/PAMAMG1NH2

and Ag�/PAMAMG2OH Complexes

Previous UV-Vis spectroscopic studies suggest that
upon chemical reduction of Ag�-PAMAMG1NH2 com-
plexes, small zerovalent silver clusters and larger nano-
particles� are� formed� simultaneously� [32].� While� the
threshold size of the silver clusters and nanoparticles
can be determined by the UV-Vis spectra, the number of
reduced silver atoms in each cluster remains unknown.
ESI-MS experiments were undertaken on solutions con-
taining the reduced silver species to determine if clus-
ters (containing 10 silver atoms or fewer) bound to the
dendrimer can be observed in the mass spectra.

A typical mass spectrum resulting from a solution
containing 10 �M PAMAMG1NH2 and 20 �M AgNO3

(prepared by diluting a portion of a stock solution
containing 0.12 mM PAMAMG1NH2 and 0.24 mM
AgNO3)� is� shown� in� Figure� 5a.� For� visual� simplicity,
only the ions containing intact dendrimers are labeled
in�Figure�5a,�however�a�spectrum�showing�the�assign-
ment of all ions is included in Figure S-3. As expected,

Figure 3. CAD spectra for complexes PAMAMG1NH2 (a) CAD of [ddm � H�]�, (b) CAD of [ddm
� 2 � H�]�2, (c) CAD of [ddm � Ag�]�, and (d) CAD of [ddm � Ag� � H�]�2. Dendrimer is
abbreviated as “ddm” in the labels. The precursor ion is labeled with an asterisk.

Table 1. Mass (in Da) of dendrimer fragments that are lost
from the dendrimer due to incomplete synthesis and
spontaneous decomposition reactions in solution, or lost upon
collisional activated dissocation (CAD)

PAMAMG1NH
2

fragments Mass
PAMAMG2OH

fragments Mass

a 342 b 1622
l 114 c 802

m 86 d 344
e 330
f 115
g 101
h 748
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silver ion-dendrimer complexes with 1:1 and 2:1 bind-
ing stoichiometries are present in the mass spectrum.
The ESI mass spectrum of the solution after the addition
of 0.96 mM hydrazine to the stock silver/dendrimer
solution,�followed�by�dilution�for�ESI-MS�analysis�(Fig-
ure�5b)� shows� several� changes� in� ion�abundances�and
the appearance of several new product ions, including a
particularly notable one at m/z 887. The m/z of this latter
ion is consistent with a dendrimer complex containing
three silver atoms and one sodium atom in the �2
charge state. The spectral region around the new peak
(m/z� 800� to� 920)� is� enlarged� (see� inset� of� Figure� 5)� to
highlight the emergence of this new peak, which is
evidence for a complex that contains zerovalent silver
species via a small cluster of three silver atoms formed
upon the hydrazine reduction. While the abundance of
this new complex is low, the efficiency of formation of
complexes containing silver clusters in bulk solution is
expected to be low as well. The incorporation of the
sodium in the complexes suggests that the sodium ion

Figure 4. CAD spectra for complexes PAMAMG2OH: (a) CAD
of [ddm � 2 � H�]�2 and (b) CAD of [ddm � H� � Ag�]�2.
Dendrimer is abbreviated as “ddm” in the labels. The precursor
ion is labeled with an asterisk.

Scheme 1. A pathway showing the hydrogen migration and cleavage reaction leading to the loss of
“a” and “m” moieties.
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plays a role in aiding the ionization of a complex
containing the reduced silver.

The reduction was also performed using lower molar
ratios of silver. Samples containing an initial concentra-
tion of 0.1 mM PAMAMG1NH2, 0.024 mM AgNO3, and
0.1 mM hydrazine were diluted to 10 �M dendrimer,
2.4 �M AgNO2 and 10 �M hydrazine. The ESI mass
spectra (not shown) indicate that the complex at m/z 887
was present after the hydrazine reduction, but with
lower relative abundance than it was when higher
molar ratios of AgNO3� was�used�(Figure�5b).

The CAD spectrum of the [ddm � 3 � Ag � Na� �
H�]2� complex demonstrates that the complex dissoci-
ates via the loss of an amine group and an amidoamine
branch, similar to the behavior observed for the Ag�/
PAMAMG1NH2 complexes (Figure S-4). However,
there is an additional product ion that corresponds to
the 1� charge state of the intact dendrimer, without
bound silver or sodium. This product indicates that all
three silver atoms and the sodium atom are ejected,
leaving the intact dendrimer. This type of fragmenta-
tion route was never observed in the CAD spectra of the
Ag�/dendrimer complexes. Furthermore, the silver
and sodium species are ejected with a single positive
charge, consistent with reduction of at least some of the
silver atoms to the zerovalent state. These results sug-
gest that a dendrimer complex containing three silver
atoms is formed after hydrazine reduction of a solution
containing Ag� and PAMAMG1NH2.

UV-Vis spectroscopic experiments suggest that the
formation of small silver clusters is favored by the
Ag�-PAMAMG2OH complex because Ag� is thought
to bind to the dendrimer via the interior tertiary amines
more strongly than to the terminal hydroxy groups,
thus promoting the formation of intradendrimer clus-

ters�that�are�less�prone�to�agglomeration�to�form�larger
nanoparticles�[32].�Figure�6�shows�the�full�mass�spectra
of solutions containing 10 �M PAMAMG2OH and 40
�M AgNO3� before�(Figure�6a)�and�after�(Figure�6b)�the
addition of hydrazine. There are some considerable
changes to the mass spectrum of the sample after the
hydrazine reduction; most noticeably, the abundance of
the Ag�-PAMAMG2OH complexes is significantly de-
creased. This may be due to the formation of large silver
clusters stemming from reduction and agglomeration of
the silver species that are not observable by ESI-MS. In
addition to the decreased abundance of the silver ion/
dendrimer complexes, low abundance ions emerge in
the 1800–2000 m/z range. This spectral region is en-
larged� in�Figure�6a�and�b� for� closer�examination.� Ions
are found at m/z 1916 and 1876, consistent with m/z
values of complexes of the type [PAMAMG2OH � 5 �
Ag � Na� � H�]2� and [PAMAMG2OH � 4 � Ag �
2 � Na�]2�, suggesting that the complexes contain
reduced silver ion clusters. The sodium ions are likely
present in the complexes to aid in cationizing of the
complexes containing the reduced silver species, as
observed for the complexes containing PAMAMG1NH2

(discussed above).
The CAD spectrum of the [PAMAMG2OH � 5 � Ag

� Na� � H�]2� complex (Figure S-5A) is considerably
different than the CAD spectra of the Ag�/
PAMAMG2OH� complexes� (Figure� 4).� The� primary
product ion is the intact, bare dendrimer ion in the 2�
charge state. The formation of this ion suggests that all
of the silver and sodium atoms are ejected upon colli-
sional activation. Furthermore, there is no shift in the
charge state of the product ion, indicating that the
silver/sodium atoms are ejected as neutral species. A
similar fragmentation pattern was observed for the

Figure 5. ESI mass spectra for complexes containing 10 �M PAMAMG1NH2 with 20 �M AgNO3; (a)
before hydrazine reduction and (b) after addition of 80 �M hydrazine. For visual simplicity, only the
ions containing intact dendrimers are labeled in (a) and (b).
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[PAMAMG2OH � 4 � Ag � 2 � Na�]2� complex
(Figure S-5B). The 2� charge state of the intact den-
drimer is formed after the ejection of all silver and
sodium species. In addition, an ion is formed after the
loss of an f branch from the bare dendrimer. In contrast,
the CAD spectra of the Ag�/PAMAMG2OH complexes
indicate the silver ion remains bound to fragments of
the dendrimer upon dissociation.

Hydrazine Reduction of PAMAMG1NH2

and PAMAMG2OH

Hydrazine reductions of solutions containing the den-
drimers without AgNO3 were performed to assess the
effect of the reduction process on the metal-free den-
drimers. The ESI mass spectra of the samples containing
10 �M PAMAMG1NH2 and 10 �M PAMAMG2OH
before and after the addition of 80 �M hydrazine
(spectra not shown) indicate that there are no changes
to the spectra upon the addition of hydrazine. The ions
produced upon the reduction of the Ag�/dendrimer
solutions are not observed after the hydrazine reduc-
tion of solutions containing the dendrimers without
silver.

PAMAMG2OH Binding to Other Metals

To further demonstrate the scope of this technique,
solutions containing PAMAMG2OH with Cu2�, Cu�,
and Pt2� were also analyzed by ESI-MS using the same
instrument and solution conditions used in the experi-
ments with Ag� (spectra not shown). At equimolar
concentrations (10 �M) of PAMAMG2OH and Cu2�,
ions corresponding to the [PAMAMG2OH � Cu2�]2�

and [PAMAMG2OH � 2 � Cu2� � 2 � H�]2� com-
plexes are present in the full scan mass spectrum. When
the Cu2�/PAMAMG2OH molar ratio is increased to 40
�M : 10 �M, the abundance of the [PAMAMG2OH � 2

� Cu2� � 2 � H�]2� significantly increases, and the
[PAMAMG2OH � 3 � Cu2� � 4 � H�]2� ion emerges.

Cu� was also found to form complexes with
PAMAMG2OH, however the Cu�/PAMAMG2OH
binding stoichiometries were lower than those ob-
served with Cu2�. As the Cu�/PAMAMG2OH molar
ratio is increased from 10 �M:10 �M to 20 �M: 10 �M,
the [PAMAMG2OH � Cu� � H�]2� is present but with
low relative abundance. When the concentration of Cu�

is raised to 40 �M, the abundance of the
[PAMAMG2OH � Cu� � H�]2� increases, and a low
abundance 2:1 ion is also present. No metal-containing
complexes were observed in the spectra of solutions
containing Pt2� with PAMAMG2OH.

The mass spectra for a solution containing Cu2�/
PAMAMG2OH after the addition of hydrazine were
also obtained (spectra not shown) using the same
procedure discussed above for experiments involving
Ag�. The most dramatic change to the spectra was the
diminishment of the Cu2�/PAMAMG2OH complexes
as was observed for the silver complexes. Unlike the
experiments with Ag(I), new species containing copper
clusters were not detected. Similar results were ob-
served for samples containing Cu2�. While these results
demonstrate that other types of metal ion/dendrimer
complexes can be observed by ESI-MS, only those
complexes containing Ag(I) resulted in the formation of
reduced metal clusters.

Conclusions

ESI mass spectrometry was used to examine the bind-
ing of silver ions and reduced silver species to PAMAM
dendrimers. At equimolar concentrations of
PAMAMG2OH and AgNO3, complexes with Ag�/
dendrimer binding stoichiometries of 1:1 are present in
the ESI mass spectra. The 1:1 complexes are also present
at lower silver/dendrimer molar ratios, while 2:1 and

Figure 6. ESI mass spectra for complexes containing 10 �M PAMAMG2OH with 40 �M AgNO3; (a)
before hydrazine reduction and (b) after addition of 80 �M hydrazine. For visual simplicity, only the
ions containing intact dendrimers are labeled in (a) and (b).
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very low abundance 3:1 complexes emerge when the
molar ratio is increased to greater than 1:1. Similar
results were observed with PAMAMG1NH2. These
results agree with recent electrochemical studies of Ag�

binding� to� PAMAM� dendrimers� [32]� that� show� 1:1
complexes are present when the silver to dendrimer
molar ratio is �1, while 2:1 complexes can form with an
excess of Ag�. The fragmentation patterns of the Ag�/
dendrimer complexes are characterized by the loss of a
dendrimer branch from the complex, with the silver ion
remaining bound to a dendrimer fragment. The frag-
ments lost upon dissociation of the Ag�/
PAMAMG2OH complexes suggest that the silver ions
bind to the interior tertiary amines. Upon reduction of
solutions containing Ag�/dendrimer complexes by hy-
drazine, complexes containing three silver atoms are
observed for solutions containing PAMAMG1NH2,
while ions corresponding to complexes with four and
five silver atoms are observed in the mass spectra of
solutions containing PAMAMG2OH. The CAD spectra
of the complexes formed after reduction of the silver
ions further suggest the presence of a silver clusters
because the ejection of all of the silver atoms occurs in
a single CAD step, leaving the intact dendrimer.
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