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’ INTRODUCTION

Here we report a UV�vis spectroscopic study of poly-
(amidoamine) (PAMAM) dendrimers and dendrimer-encapsu-
lated nanoparticles (DENs).1,2 Particular attention is focused on
the origin of a prominent absorption band in the 280�285 nm
region that has frequently been observed during the synthesis of
DENs. Aqueous solutions of hydroxyl- and amine-terminated,
fourth- and sixth-generation PAMAM dendrimers (Gn-X, n = 4
or 6, X =�OH or�NH2) also exhibit this band. We undertook
this study because of concerns that this band could signal the
presence of dendrimer fragments or decomposition products,
which in turn could compromise the integrity of DENs.

PAMAM dendrimers have been used by our group1�5 and
others6�10 as templates for the synthesis of mono- and bimetallic
nanoparticles in the∼1�2 nm size range. The synthesis of DENs
is generally carried out in two steps. First, a metal salt is
introduced into a dendrimer-containing solution, and the result-
ing cations partition into the dendrimer interior. In some cases
this partitioning is driven by specific interactions between the
metal ions and interior functional groups,1,3 and in some cases by
differences in solubility of the metal ions in the solvent and the
dendrimer interior.11,12 Second, the encapsulated metal ions are
chemically reduced using an appropriate reducing agent, such as
BH4

�, which results in the formation of zerovalent DENs.
UV�vis spectroscopy has proven to be a useful tool for

studying both steps of the DENs synthesis. For example, the
product of the first step, the metal�ion/dendrimer precursor
complex, often exhibits a characteristic ligand-to-metal charge
transfer (LMCT) band between 200 and 400 nm. After reduction,

the LMCT band is replaced by a broad absorbance characteristic
of nanoscale metal particles.5,13 In addition, a band at 280�
285nm,which is associatedwith the reducedDENs, is also observed.1

This same band is also apparent in aqueous solutions of G4-OH,
G6-OH, G4-NH2, and G6-NH2 dendrimers, but at lower in-
tensity than in solutions of DENs. Esumi and co-workers14 also
reported the presence of this band when UV light was used for
the synthesis of Au dendrimer-stabilized nanoparticles (DSNs).15

The same band appeared when G4-NH2 was irradiated in the
absence of a metal salt.14 Dickson and co-workers have also
reported an absorption peak at 285 nm for G4-OH PAMAM
dendrimers with and without encapsulated Au nanoparticles,16

and Fu and co-workers also reported that this band arises from
aqueous solutions of G2 sectorial PAMAM dendrimers over the
pH range 3.0�8.0.17 Finally, Bard and co-workers noted a peak at
290 nm arising from an aqueous solution of G2-OH.18 On the
basis of these reports,1,2,14,16�18 we began the present study with
the hypothesis that this band originates from interior functional
groups of the dendrimer.

The structural characterizationof PAMAMdendrimers andDENs
has been an active area of research for some years.19,20 NMR
spectroscopy,21 mass spectrometry,22,23 chromatography,24,25

quasi-elastic light scattering,26 and small-angle neutron scatter-
ing27 have all been applied to this problem. Three key points have
emerged from these studies. First, DENs and empty PAMAM
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ABSTRACT:We report a UV�vis spectroscopic study of four
different types of poly(amidoamine) dendrimers. The results
indicate that the degree of protonation of the interior tertiary
amines of these dendrimers correlates directly to an absorption
band with λmax in the range of 280�285 nm. Specifically, at low
pH, the tertiary amines are protonated and the 280�285 nm
band is absent. However, at elevated pH, when these groups are
deprotonated, this band appears. Similar results were obtained
for a simple model compound. The dependence of the
280�285 nm band on the chemical state of the tertiary amines
of the dendrimers was confirmed by complexing themwith Pd2+

and Pt2+. In this case the band disappears, and it only reappears when the metal ions are decomplexed following reduction with
BH4

�. Finally, filtration experiments showed that the absorption band between 280�285 nm arises exclusively from intact, or nearly
intact, dendrimers rather than low-molecular-weight fragments.
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dendrimers generally have the same hydrodynamic radius,21,26

which supports the notion of nanoparticle encapsulation. Sec-
ond, PAMAM dendrimers undergo very slow decomposition
when stored as solutions at room temperature.28 Third, signifi-
cant levels of defects are introduced into PAMAM dendrimers
during their synthesis.22,23,25 These defects include the following:
(1) dendrimer fragments produced during dendrimer synthesis
and growth; (2) low-generation dendrimers initiated by incom-
plete removal of excess ethylenediamine (EDA) core during
later-stage growth of the target; (3) skeletal defects, including the
presence of missing branches inside the dendrimer; and (4)
branches connected by intramolecular loops.22,23,25,28

In this Article, we show that the previously unidentified
absorbance peak at 280�285 nm arises from the intact
dendrimer structure, and specifically from its interior tertiary
amine groups, rather than from structural defects. This con-
clusion is supported by detailed studies of the peak intensity as
a function of pH, complexation of interior tertiary amines to
metal ions, and purification of the dendrimer by filtration. In
addition, a model compound, which is structurally similar to
dendrimeric branches, was examined and found to have
spectroscopic characteristics similar to those of PAMAM
dendrimers.

’EXPERIMENTAL SECTION

Chemicals. G4-OH, G6-OH, G4-NH2, and G6-NH2 PAMAM
dendrimers were purchased from Dendritech, Inc. (Midland, MI) as
methanol solutions. Prior to use, the dendrimer stock solutions were
dried under vacuum and then redissolved in sufficient deionized water to
make a 100.0 μM solution. K2PdCl4, K2PtCl4, NaBH4, and 1-[bis-
[3-(dimethylamino)-propyl]amino]-2-propanol were purchased from
Sigma-Aldrich (Milwaukee, WI). NaOH and HCl were purchased from
Fisher Scientific (Pittsburgh, PA). Aqueous solutions were prepared
using 18MΩ cmMilli-Q water (Millipore, Billerica, MA). Amicon Ultra
Centrifugal Filtration devices having an Ultracel 10 kDa nominal
molecular weight limit (NMWL) membrane were purchased from
Millipore (Billerica, MA).
Synthesis of Pd DENs. Pd DENs were synthesized by our

previously reported method.1 Briefly, 0.20 mL of a 100.0 μM G6-OH
stock solution was diluted with 9.68 mL of water to yield a final
concentration of 2.0 μM. For G6-OH(Pd55) DENs, 55 equiv of a
freshly prepared 10.0 mM K2PdCl4 solution (0.11 mL) was added to
the G6-OH solution. This mixture was allowed to stir for a minimum
of 30 min to ensure complete complexation between the tertiary
amines of the dendrimer and Pd2+ ions (unless otherwise indicated, all
ionic forms of Pd are denoted here as Pd2+, but it is understood that
this includes various complexes of Pd2+ with water and Cl�). Finally, a
10-fold molar excess of an aqueous 1.0 M NaBH4 solution was added
to the resulting G6-OH(Pd2+)55 precursor complex, and reduction
was allowed to proceed for 30 min. The final volume of each solution
was 10.0 mL.
Characterization. UV�vis absorbance spectra were obtained

using a Hewlett-Packard HP8453 spectrometer and a quartz cuvette
having an optical path length of 1.00 cm. Depending on the samples,
either water (no dendrimer) or a 2.0 μM (unless otherwise noted)
aqueous solution of dendrimer was used for background subtraction.

The acid/base titrations of the dendrimers were carried out using
4.0 mL of 100.0 μM aqueous solutions of G4-OH, G6-OH, G4-NH2,
and G6-NH2 dendrimer. The initial pH of the solutions was set using
0.30 NaOH, and the titrant was 0.30 M HCl. A pH 211 Microprocessor
pH meter (HANNA instruments, Woonsocket, RI) was used to collect
the data.

’RESULTS AND DISCUSSION

Effect of pH on Absorption Spectra. We29 and others30,31

have previously reported titration data for PAMAM dendrimers.
The results of these studies have shown that the G4-OH
dendrimer has one end point,29 while G4-NH2 and G6-NH2

exhibit two end points.29,30 The pKa for the interior tertiary
amine groups of G4-OH and G4-NH2 dendrimers is ∼6.3, and
the pKa for the terminal primary amines of Gn-NH2 is ∼9.2.29

Figure 1a is a titration curve for the G6-OH PAMAM
dendrimer. The titration began at pH 12.0 and ended at pH
2.0. The data reveal two end points at 60.0 and 360.0 μL. The
equivalents of H+ added between these end points corresponds
to the number required to fully protonate the interior tertiary
amines. A simple calculation shows there are nominally 1.0 �
10�4 equiv of tertiary amine groups present in the initial
dendrimer solution, and that these required 0.90 � 10�4 equiv
of H+ for complete titration. We conclude that, within experi-
mental error, all tertiary amines are protonated at the second end
point of the titration.
Figure 1b presents UV�vis spectra of unbuffered, aqueous

solutions containing 100.0 μM G6-OH dendrimers correspond-
ing to the pH range shown in Figure 1a. Between pH 12.0 and pH
3.4, the dendrimer solution exhibits a distinct absorption band
with λmax ranging between 280 and 285 nm.Notice that this band
nearly disappears at pHe 2.6. The inset of Figure 1b is a plot of
the uncorrected absorbance at λmax = 280 nm as a function of

Figure 1. (a) Quantitative acid/base titration of 4.00 mL of a 100.0 μM
G6-OH PAMAM dendrimer solution. (b) Representative absorption
spectra of G6-OH as a function of pH. The inset in (b) shows how the
band at 280 nm changes as a function of pH. The pH of the initial G6-
OH dendrimer solution was 9.0, but it was adjusted to pH 12 with 0.30
MNaOHprior to performing the titrations. The titrant was 0.30MHCl.
All spectra were referenced to water.
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solution pH. The data in this inset represent the complete set of
UV�vis data, while only selected spectra are shown in the main
figure. Note that the results shown in the inset are completely
reversible. The key finding is that the disappearance of the
280�285 nm absorption band is coincident with complete
protonation of the dendrimer.
UV�vis absorption spectra as a function of pH for a G4-OH

dendrimer solution, obtained under conditions identical to those
described for G6-OH, are provided in the Supporting Informa-
tion (Figure S1). The results are similar to those obtained
for G6-OH. Specifically, an absorption peak is observed in the
280�285 nm range at high pH, but it decreases at lower pHs.
Interestingly, however, this band does not completely disappear
even at pH 2.0. We also obtained UV�vis absorption spectra for
G6-NH2 and G4-NH2 dendrimers as a function of pH, and the
details are provided in the Supporting Information (Figures S2
and S3, respectively). For G6-NH2, two indistinct end points are
observed, which correspond to sequential protonation of its
tertiary and primary amines. The situation for G4-NH2 is similar
to that of G6-NH2, but it was difficult to obtain fully reproducible
results in this case. Full details are provided in the Supporting
Information.
Finally, as mentioned in the Introduction, Fu and co-workers

have also obtained UV�vis spectra as a function of pH for amine-
terminated PAMAM dendrimers.17 Specifically, they reported
that for G1�G4 sectorial PAMAMdendrimers and G2-NH2, the
absorption band at 285 nm decreases with increasing pH. This is
exactly the opposite of our findings, and we are not able to offer
an explanation for this apparent discrepancy.
UV�vis Spectroscopic Analysis during Synthesis of Pd

and Pt DENs. As discussed in the Experimental Section, the
synthesis of Pd DENs consists of two steps. First, 55 equiv of Pd2+

is mixed withG6-OH, and this results in a precursor complex (G6-
OH(Pd2+)55) in which Pd

2+ is bound to the interior tertiary amine
groups of the dendrimers.1,2 Second, the G6-OH(Pd2+)55 pre-
cursor complex is reduced with BH4

� to yield zerovalent G6-
OH(Pd55) DENs.
Figure 2 shows UV�vis spectra of G6-OH(Pd2+)55 as a function

of time after addition of the BH4
� reducing agent. Note that the

solution was stirred in a vial open to the laboratory atmosphere
during these experiments. Prior to reduction (t = 0), the UV�vis

absorption spectrum of G6-OH(Pd2+)55 displays a strong
LMCT band at 224 nm arising from the interaction between
Pd2+ and the tertiary amines of the dendrimer.1,2 However, there
is little or no absorbance apparent around 285 nm. Immediately
after addition of BH4

� (t = 1 min), the LMCT band is replaced
by a broad absorption that monotonically increases toward
higher energy. This type of spectrum is characteristic of metallic
nanoparticles: in this case, G6-OH(Pd55).

13

At longer times, and in the presence of air, the LMCT peak
grows back into the spectrum (its position shifts slightly due to
convolution with the baseline), the intensity of the broad feature
decreases, and an isosbestic point appears at 250 nm. All of these
observations are consistent with a time-dependent, air-induced
partial oxidation of G6-OH(Pd55) back to the G6-OH(Pd2+)55
precursor complex.1 In addition to these easily interpretable
observations, a new peak at∼280 nm is observed after 1 h. This is
the same peak observed during the previously described titration
experiments.
As discussed earlier, the height of the peak centered at

∼280 nm decreases upon protonation of the intradendrimer
tertiary amines. The results in Figure 2 suggest a similar trend
after reaction of the tertiary amines of G6-OH with Pd2+. That is,
at t = 0, the 280 nm band is not apparent in the spectrum of the
precursor complex, G6-OH(Pd2+)55, even though the pH of the
solution is sufficiently high to exhibit the peak in the absence of
Pd2+ (Figure 1b). However, within 1 h of adding BH4

�, the
280 nm peak emerges. We attribute this observation to unblock-
ing of the tertiary amine groups previously complexed to Pd2+,
which is a necessary consequence of nanoparticle formation. As
time progresses, however, this band begins to recede again, until
at t = 12 h it is nearly gone. This is likely a consequence of air-
oxidation of the encapsulated DENs and subsequent recom-
plexation of Pd2+ to the interior amine groups.1 This latter
conclusion is supported by the coincident regrowth of the
LMCT band at λmax = 224 nm.
In addition to Pd DENs, we also carried out a complete

UV�vis analysis of G6-OH(Pt55) DENs to expand the scope of
this study. These spectroscopic experiments were performed
similarly to those described for Pd. A detailed analysis of the
results is provided in the Supporting Information, but they are
briefly summarized here. Prior to reduction, the UV�vis spec-
trum of G6-OH(Pt2+)55 reveals two bands.

32 A very small peak at
λmax = 215 nm arises from Pt2+ in solution,33 and a more intense
LMCT peak at λmax = 250 nm is due to the interaction between
Pt2+ and the tertiary amines of the dendrimer.34�36 After
addition of BH4

�, however, spectra of the resulting Pt DENs
are quite different than those of the Pd DENs shown in Figure 2.
Specifically, the peak at 280 nm is very small or absent. On the
basis of our previous studies of Pt DENs, this observation is easily
explained. First, we recently showed that the reduction of the G6-
OH(Pt2+)n precursor is much slower than it is for the Pd
analogue.1,32 Hence, even after 12 h (the maximum time
represented in Figure S5), the precursor is only partially reduced.
Second, the synthesis of Pt DENs results in a bimodal distribu-
tion of fully reduced DENs and unreduced G6-OH(Pt2+)n
precursor.32 Indeed, when the synthesis is performed using a
55:1 ratio of Pt2+:G6-OH, only ∼14% of the precursor complex
is reduced to G6-OH(Pt55).

32 For these two reasons, only a small
percentage of the tertiary amines are unblocked after addition of
BH4

�, and hence the band at 280�285 nm is not observed.
Effect of Purification by Centrifugation. Figure 3 shows

UV�vis spectra before and after filtration of a 100.0 μM, pH 9.0

Figure 2. Absorption spectra of a 2.0 μM G6-OH(Pd55) solution as a
function of time after reduction of the G6-OH(Pd2+)55 precursor
complex (t = 0) with BH4

�. The inset shows an expanded view of the
spectral region of interest. All spectra were referenced to a 2.0 μM G6-
OH solution. All solutions were exposed to air throughout these
experiments.



9612 dx.doi.org/10.1021/la201882t |Langmuir 2011, 27, 9609–9613

Langmuir ARTICLE

aqueous solution of G6-OH using a spin filter having a nominal
molecular weight limit (NMWL) of 10.0 kDa. The nominal
molecular weight of the G6-OH dendrimer is 58.0 kDa. Before
centrifugation, the band associated with the tertiary amines of the
dendrimer is present at λmax = 280 nm. After centrifugation, the
residue retained by the filter was taken up in water, and the same
peak was found to be present in the spectrum. The intensity of
this peak is a little lower than it was before centrifugation, but this
is just a consequence of imperfect recovery of the dendrimer
from the filter. Importantly, the spectrum of the centrifugate
reveals almost no absorbance in the 280�285 nm range. Taken
together, these results show that the absorbance observed prior
to filtration arises exclusively from intact, or nearly intact,
dendrimers rather than fragments having molecular weights
below the 10.0 kDa cutoff of the filter. Results consistent with
those just described for G6-OH were also found for G4-OH
(Supporting Information, Figure S6).
Analysis of a Model Compound. To confirm that the

absorption band in the 280�285 nm range arises from naked
tertiary amines of the dendrimer, we examined the UV�vis
spectrum of a model compound. The model compound, 1-[bis-
[3-(dimethylamino)-propyl]amino]-2-propanol (inset, Figure 4a),
contains three tertiary amines and one primary hydroxyl group.
Like the PAMAM dendrimers, the primary hydroxyl group is
attached to a tertiary amine.
Figure 4a presents a quantitative titration of the model

compound starting at pH 11.4, which is the pH of an aqueous
10.0 mM solution, and ending at pH 2.0. The titration curve
reveals two end points, which likely correspond to protonation of
the tertiary amine groups. Figure 4b shows UV�vis spectra
corresponding to the titration curve in Figure 4a. The model
compound exhibits an absorption band at 280�285 nm between
pH 11.4 and 7.7. Little change in the absorption spectrum is
observed below pH 7.7. The inset of Figure 4b is a plot of
the uncorrected absorbance at 280 nm, and it clearly reveals
the relationship between protonation of the tertiary amines in the
model compound and the absorbance at 280 nm. As for the
dendrimers, the pH-dependent behavior of the model compound
is fully reversible. The important point is that the model com-
pound, which is structurally similar to part of a dendrimer branch,
exhibits similar spectroscopic behavior. Hence, its characteristics

further reinforce our interpretation of the origin of the band
at ∼280 nm.

’SUMMARY AND CONCLUSIONS

In summary, we have reported a UV�vis spectroscopic study
of PAMAM dendrimers as a function of pH. We find that the
degree of protonation of the interior tertiary amines of four
different PAMAM dendrimers correlates directly to an absorp-
tion band in the range of 280�285 nm. Specifically, at low pH,
the tertiary amines are protonated, and the 280�285 nm band is
absent. However, at elevated pH, when these groups are depro-
tonated, this band appears. Similar results were obtained for a
simple model compound. The dependence of the 280�285 nm
band on the chemical state of the tertiary amines of the
dendrimers was confirmed by complexing them with Pd2+ and
Pt2+. In this case the band disappears, and it only reappears when
the metal ions are decomplexed following reduction with
BH4

�. Finally, filtration experiments showed that the absorp-
tion band between 280 and 285 nm arises exclusively from
intact, or nearly intact, dendrimers rather than low-molecular-
weight fragments.

The results reported in this Article are important for studies
involving the synthesis of metal nanoparticles, or other objects,
within the dendrimer interior. This is because the peak between

Figure 3. Absorption spectra obtained from an aqueous G6-OH
dendrimer solution before and after filtration through a spin filter having
a nominal molecular weight limit (NMWL) of 10.0 kDa. The centrifuga-
tion rate and time were 5000 g (ms�2) and 30.0min, respectively. Before
filtration, the G6-OH concentration was 100.0 μM. All spectra were
referenced to water.

Figure 4. (a) Quantitative acid/base titration of the model compound
shown in the inset. (b) Absorption spectra of the model compound as a
function of pH. The inset shows how the absorbance at 280 nm changes
as a function of pH. In all cases, the concentration of the model
compound was 10.0 mM, which results in an initial pH of 11.4. The
titrant was 0.30 M HCl, and the titrated volume was 4.0 mL. All spectra
were referenced to water.
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280�285 nm interferes strongly with other characteristic bands
in this region. However, it can be rendered silent simply by
lowering the pH of the dendrimer solution.

’ASSOCIATED CONTENT

bS Supporting Information. Quantitative acid/base titrations
and pH-dependent spectroscopic studies of G4-OH, G6-NH2,
and G4-NH2 PAMAM dendrimers, a time-dependent UV�vis
study of Pt DENs, and absorption spectra of a G4-OH dendrimer
solution before and after centrifugation. This material is available
free of charge via the Internet at http://pubs.acs.org.
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