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ABSTRACT: Four generations of poly(propylene imine) dendrimers have been covalently modified with
pyrene moieties and examined by fluorescence spectroscopy. Emission and excitation spectra were obtained
so that the generational dependence of the dendrimers, especially the extent of steric crowding, could be
correlated to the photophysical properties of pyrene. In particular, the effect of dendrimer concentration
and generation on pyrene-pyrene interactions was evaluated. More excimer emission was observed for
higher generation dendrimers, while little or no evidence for interdendrimer interactions was observed
over more than 2 orders of magnitude in dendrimer concentration. Excitation spectra revealed the presence
of preassociated pyrene moieties. Protonation of the tertiary amine units was shown to increase monomer
fluorescence significantly, while only slightly increasing the observed excimer fluorescence.

Introduction
In this paper, we report the photophysical properties

of poly(propylene imine) (PPI) dendrimers1 modified on
their periphery with fluorescent pyrene moieties. Specif-
ically, derivatization of the primary amine end groups
of generation 2, 3, 4, and 5 PPI dendrimers has been
achieved via amidation with an activated pyrene de-
rivative, yielding polymers peripherally modified with
8, 16, 32, and 64 pyrene moieties, respectively. The
results indicate that the extent of interaction between
terminal pyrene groups, which correlates to excimer
fluorescence, is related to the generation-dependent
dendrimer structure. Specifically, more excimer fluo-
rescence arises from higher generation dendrimers that
are more sterically crowded on their surfaces.

Dendrimers2-8 are a class of highly symmetric (in
some cases), monodisperse polymers that, relative to
their linear analogues, possess a well-defined structure.
A number of technological uses have been proposed for
dendrimers,3,5 and therefore a significant effort has been
directed toward understanding their physical and chemi-
cal properties. Chromophore-labeled dendrimers, in
particular, have proven to be an informative means for
studying the properties of dendrimers.9-23 Recent re-
ports on the peripheral modification of dendrimers with
moieties such as dansyl sulfonate,24,25 porphyrins,26

azobenzenes,27 oligo(p-phenylene vinylenes),28 and cou-
marin29,30 moieties have shed new light on the structure
and possible applications of dendrimers.

The fluorescent properties of pyrene are characterized
by long lifetimes,31 sensitive solvatochromic shifts,32,33

and easily distinguished excimer species that arise when
multiple pyrene molecules are π-stacked or in close
proximity.31 For these reasons, pyrene is an obvious
candidate to exploit in the study of polymer structure
and function. For example, previous studies have shown
that pyrene can be used to probe structure and both
intermolecular34 and intramolecular interactions for a
variety of polymers, notably (hydroxypropyl)cellulose35-38

and poly(ethylene imine),39-41 a polymer closely related
to the PPI dendrimers in this study.

Recent studies by Paleos et al. have focused on the
properties of pyrene noncovalently trapped within poly-
(amido amine) (PAMAM)42 and PPI dendrimers.43,44

These reports have shown that pyrene can be seques-
tered in the interior cavity of dendrimers and selectively
released by protonating interior tertiary amines at the
branch points. This is a consequence of the hydrophobic
nature of pyrene and the enhanced hydrophilicity of the
dendrimer interior upon protonation. Fox and co-work-
ers have modified polyether dendrons with pyrene and
naphthalene and examined the energy transfer proper-
ties between the core and these terminal groups.45

Dendrimers having aryl46 and carbosilane47,48 backbones
covalently modified with pyrene have been studied by
Adams and Vitukhnovsky, respectively. Adams et al.
selectively modified each dendron of several different
generation dendrimers with one pyrene moiety (three
pyrene moieties per dendrimer independent of genera-
tion) and studied these molecules with time-resolved
fluorescence techniques. They observed increased mobil-
ity in the end groups from generation one to three by
monitoring the magnitude of the excimer and monomer
fluorescence bands. Vitukhnovsky modified the core of
the dendrimer with a single pyrene moiety and used
time-resolved and polarized fluorescence techniques to
correlate the reorientation times of pyrene to the
dendrimer structure. Moore and Kopelman have studied
excimer formation and energy migration in pheny-
lacetylene dendrimers having perylene traps.49

In this paper, we describe the functionalization and
spectroscopic properties of four generations of PPI
dendrimers fully substituted with pyrene. The results
indicate that the excimer-to-monomer fluorescence ratio
increases as dendrimer generation increases. Addition-
ally, fluorescence excitation spectra confirm the pres-
ence of preaggregated pyrene moieties. Spectra obtained
at low pH indicate that monomer fluorescence is
quenched by protonated tertiary amines present in the
dendrimer backbone more strongly than excimer fluo-
rescence resulting from aggregated pyrene. Supporting
evidence for the generational dependence of dendrimer
generation on the fluorescent properties is provided by
molecular dynamics (MD) simulations. On the basis of
the results described in this paper, we propose that
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functional groups attached to dendrimer surfaces at
high density can interact with one another and thereby
exhibit new functions. Such “cooperative effects” are
closely related to the “proximity effect” demonstrated
here and might have practical applications for sensing
and catalysis. Similar observations have been made
for other multifunctional molecules, such as cyclo-
dextrins,50-52 cryptands,53 and linear and hyperbranched
polymers.54-56 Dendrimers are an especially intriguing
scaffold for controlling cooperativity between functional
groups because the average spacing between moieties
can be controlled by varying the dendrimer generation
and the length of spacer groups separating the active
functional group from the dendrimer itself. Moreover,
the number of active functional groups can be controlled
over a very wide range, which is limited only by the
maximum dendrimer generation that can be synthe-
sized.

Experimental Section
Chemicals. Second through fifth generation amine-termi-

nated poly(propylene imine) dendrimers (PPI-(NH2)X) (X )
8, 16, 32, and 64 for generations 2, 3, 4, and 5, respectively)
were used as received (DSM Fine Chemicals, The Nether-
lands). 1-Pyrenebutyric acid N-hydroxysuccinimide ester (Al-
drich 97%), anhydrous dichloromethane (Aldrich 99.8%), and
sulfuric acid (EM Scientific) were also used as received.
Triethylamine (Aldrich 99%) was stored over molecular sieves
(Aldrich, 3 Å) prior to use. Spectroscopic grade N,N-dimeth-
ylformamide (Acros 99+%) was used to prepare solutions for
all spectroscopic measurements.

Procedures. Dendrimers were functionalized by dissolving
(separately) PPI-(NH2)8 (84.5 mg ) 0.109 mmol), PPI-(NH2)16

(84.9 mg ) 0.0503 mmol), PPI-(NH2)32 (89.4 mg ) 0.0254
mmol), or PPI-(NH2)64 (147.0 mg ) 0.0205 mmol) in 10 mL
of dry dichloromethane containing 0.2 mL of dry triethylamine.
Sufficient pyrenebutyric acid N-hydroxysuccinimide ester dis-
solved in 2 mL of dry dichloromethane was added to each
dendrimer solution to yield a 30% excess relative to the
number of terminal amine groups of the dendrimers. After
stirring for 48 h, ninhydrin tests of the reaction mixture
indicated complete functionalization of the primary amines of
the dendrimers. Each solution of functionalized dendrimer
(PPI-PyX, where X ) 8, 16, 32, or 64) was then washed three
times with saturated aqueous NaCl, saturated aqueous Na2-
CO3, and 0.1 M HCl, followed by repetitive reprecipitations
from chloroform/hexane and chloroform/diethyl ether. Trans-
mission IR, 1H NMR, and 13C NMR of the PPI-PyX dendrimers
confirm 100% functionalization of the dendrimer peripheries.
Percent yields (calculated based on 100% functionalization) are
given below. MALDI-TOF data for PPI-Py8 and PPI-Py16 are
also provided.

PPI-Py8 (75.1 mg, 25% yield). 1H NMR (200 MHz, CD2-
Cl2): δ 1.40 (28H br, NCH2CH2CH2N, NCH2CH2CH2NH,
NCH2CH2CH2CH2N), 2.18 (68H br, N(CH2)3, COCH2, COCH2-
CH2), 3.12 (32H br, CH2NH, PyCH2), 6.85 (8H br, NH), 7.50-
8.30 (72H m, Py). 13C NMR (500 MHz, CDCl3): δ 27.1
(NCH2CH2CH2NHCO), 27.8 (COCH2CH2CH2), 33.0 (CH2Py),
36.2 (CH2CH2CO), 38.1 (CH2CH2NHCO), 51-53 (N(CH2)3),
123-136 (Py), 173.2 (CO). IR (NaCl plates): amide I 1650
cm-1, amide II 1540 cm-1. MS (MALDI-TOF) calculated for
C200H208N14O8: 2936; found 2958 [M + Na]+.

PPI-Py16 (35.2 mg, 12% yield). 1H NMR (200 MHz, CD2-
Cl2): δ 1.39 (60H br, NCH2CH2CH2N, NCH2CH2CH2NH,
NCH2CH2CH2CH2N), 2.14 (148H br, N(CH2)3, COCH2, COCH2-
CH2), 3.12 (64H br, CH2NH, PyCH2), 7.05 (16H br, NH), 7.40-
8.30 (144H m, Py). 13C NMR (500 MHz, CDCl3): δ 24.6
(NCH2CH2CH2CH2N, NCH2CH2CH2N), 27.1 (NCH2CH2CH2-
NHCO), 27.8 (COCH2CH2CH2), 33.0 (CH2Py), 36.2 (CH2CH2-
CO), 38.0 (CH2CH2NHCO), 51-53 (N(CH2)3), 123-136 (Py),
173.2 (CO). IR (NaCl plates): amide I 1650 cm-1, amide II
1540 cm-1. MS (MALDI-TOF) calculated for C408H432N30O16:
6012; found 6038 [M + Na]+.

PPI-Py32 (48.6 mg, 16% yield). 1H NMR (200 MHz, CD2-
Cl2): δ 1.35 (124H br, NCH2CH2CH2N, NCH2CH2CH2NH,
NCH2CH2CH2CH2N), 2.12 (308H br, N(CH2)3, COCH2, COCH2-
CH2), 3.05 (128H br, CH2NH, PyCH2), 7.20 (32H br, NH),
7.35-8.30 (576H m, Py). 13C NMR (500 MHz, CDCl3): δ 24.6
(NCH2CH2CH2CH2N, NCH2CH2CH2N), 27.2 (NCH2CH2CH2-
NHCO), 27.8 (COCH2CH2CH2), 33.0 (CH2Py), 36.2 (CH2CH2-
CO), 38.0 (CH2CH2NHCO), 51-53 (N(CH2)3), 123-136 (Py),
173.3 (CO). IR (NaCl plates): amide I 1641 cm-1, amide II
1541 cm-1.

PPI-Py64 (161.7 mg, 32% yield). 1H NMR (200 MHz, CD2-
Cl2): δ 1.35 (252H br, NCH2CH2CH2N, NCH2CH2CH2NH,
NCH2CH2CH2CH2N), 2.10 (628H br, N(CH2)3, COCH2, COCH2-
CH2), 3.02 (256H br, CH2NH, PyCH2), 7.10-8.30 (640H br,
NH, Py). 13C NMR (500 MHz, CDCl3): δ 24.7 (NCH2CH2CH2-
CH2N, NCH2CH2CH2N), 27.2 (NCH2CH2CH2NHCO), 27.8
(COCH2CH2CH2), 32.9 (CH2Py), 36.1 (CH2CH2CO), 37.9
(CH2CH2NHCO), 51-53 (N(CH2)3), 123-136 (Py), 173.4 (CO).
IR (NaCl plates): amide I 1643 cm-1, amide II 1538 cm-1.

Molecular Modeling. Modeling was performed in a man-
ner analogous to previous reports in the literature.57-60 Mo-
lecular models were created using the Cerius2 (version 4.0)
software package (Molecular Simulations, Inc.; San Diego, CA).
The DREIDING force field61 version 2.21 was used for opti-
mization and molecular dynamics simulations. Specifically,
each generation of PPI dendrimers was constructed from a
model of the previous generation by adding the appropriate
number of propylamine branches. The SMART algorithm and
standard convergence settings were used to energy minimize
each generation. Molecular dynamics (MD) simulations were
then performed by the NVT method (constant volume and
temperature) using the Nosé temperature thermostat (0.01 ps
relaxation) for 10 ps at 1000 K, followed by 250 ps at 300 K
with a step size of 1 fs. The structures were again energy
minimized. After obtaining models of each generation, all
primary amines were functionalized with pyrenebutyric acid
groups, thereby creating models of the dendrimers of interest.
Minimization and dynamics were performed again, exactly as
described for the unmodified dendrimers. Static properties
reported are calculated based on the final minimized structure.
Dynamic properties reported are calculated on the basis of the
last 50 ps of dynamics simulation, for which equilibrium had
been reached.

Fluorescence Measurements. Fluorescence measure-
ments were carried out at 22 °C using an SLM-AMINCO
spectrometer (Spectronic Unicam; Rochester, NY) equipped
with excitation and emission monochromators and a water-
cooled sample stage. Emission slits were set at 2 nm. The
excitation wavelength was 345 nm. Excitation spectra were
monitored at 377 and 476 nm respectively for monomer and
excimer spectra. Spectra were corrected for solvent scattering
by subtraction of an appropriate blank solution.

Results and Discussion
Molecular Models. Molecular simulations are useful

for assessing both the flexibility of the dendrimer
backbone and the possible proximity of appended moi-
eties. Accordingly, molecular models were grown in a
divergent manner for generation 2-5 amine-terminated
PPI dendrimers. Each optimized generation was then
functionalized with pyrene butyric acid, thereby mim-
icking the synthetic procedure used to prepare the
authentic materials (Figure 1). Radii of gyration derived
from optimized PPI-(NH2)x dendrimers indicate that
these models provide results consistent with previous
theoretical and experimental values reported by Scher-
renberg et al.58 for amine-terminated dendrimers (Table
1). The total energy per atom and van der Waals energy
(steric energy) changes very little as a function of
generation for both amine- and pyrene-terminated den-
drimers, which is also consistent with previous modeling
studies by Cavallo and Fraternali on phenylalanine-
modified PPI dendrimers.57
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Figure 2 shows all sp2-hybridized carbon atoms
(pyrene and amide carbonyl) in energy-minimized PPI-
Py32 models before and after the MD run. Significant
reordering of the dendritic framework to allow for
π-stacking of the pyrene moieties is obvious. In the case
of PPI-Py8 and PPI-Py16, the pyrene moieties are able
to wrap completely around the dendrimer, resulting in

a single, aggregated clump of pyrene molecules. How-
ever, due to the size of PPI-Py32 and PPI-Py64, and
the resulting steric congestion on the surface of these
materials, the lowest-energy structures are those form-
ing smaller pyrene aggregates.

Characterization and Spectroscopic Measure-
ments. Nearly 100% pyrene functionalization of the PPI

Figure 1. Molecular models of (left to right) PPI-Py8, PPI-Py16, PPI-Py32, and PPI-Py64 dendrimers (pyrenyl carbons, green;
nitrogen, blue; oxygen, red; and dendrimer carbons, gray). The hydrogens are omitted for clarity.

Table 1. Properties of Amine- and Pyrene-Teminated PPI Dendrimers Derived from Molecular Simulations; Values Are
Calculated Using the DREIDING Force Field

PPI-(NH2)8 PPI-(NH2)16 PPI-(NH2)32 PPI-(NH2)64 PPI-Py8 PPI-Py16 PPI-Py32 PPI-Py64

no. of atoms 150 326 678 1382 430 886 1798 3622
mol wt (g/mol) 773 1687 3514 7168 2935 6012 12165 24469
radius of gyration (Å) 6.77 8.23 9.70 13.00 8.54 10.80 13.84 17.00
total energy (kcal/mol) 129.40 277.77 543.30 1104.00 403.10 894.70 1968.00 4039.00
total energy per atom

(kcal/mol)
0.86 0.85 0.80 0.80 0.94 1.01 1.09 1.12

VDW energy (kcal/mol)a 67.51 131.01 226.78 575.65 329.80 628.15 1148.96 2359.00
VDW energy per atom

(kcal/mol)
0.45 0.40 0.33 0.42 0.77 0.71 0.64 0.65

a VDW ) van der Waals.

Figure 2. Distribution and ordering of sp2 carbon atoms (aromatic pyrene and amide carbonyl) in PPI-Py32 (a) prior to molecular
dynamics run and (b) after molecular dynamics run.
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periphery is required for meaningful interpretation of
our results and for comparison to the just-described MD
simulations. As discussed in the Experimental Section,
the synthetic chemistry required to prepare these
materials is relatively straightforward and proceeds
with yields of up to 30%. Purification by repetitive
reprecipitations is time-consuming and results in sig-
nificant loss of product (particularly from diethyl ether)
but does provide pure material. Ninhydrin tests spotted
on TLC plates of the reaction mixture showed no
indication of unreacted primary amines. 1H NMR is
informative for verifying coupling between the den-
drimer and pyrene moiety, because a peak correspond-
ing to bond formation arises from the amide proton. As
previously reported, this peak shifts downfield with
increasing dendrimer generation because of enhanced
intramolecular hydrogen bonding in these more steri-
cally crowded materials.62 1H NMR also indicates the
absence of residual starting materials. Confirmation of
complete amidation of primary amines is observed in
the 13C NMR by a shift from ca. 40 to ca. 38 ppm of the
carbon at the position R to the newly created amide
bond, in good agreement with previous literature
reports.63-65 Additionally, the lone carbonyl signal aris-
ing from the amide at ca. 173 ppm indicates the absence
of residual starting materials. MALDI-TOF spectra for
PPI-Py8 and PPI-Py16 reveal M-Na+ ions but no
evidence of dendrimers missing one or more pyrene
groups (see Supporting Information). These findings
confirm quantitative functionalization of the dendrimers
with pyrene. We were unable to obtain meaningful
MALDI-TOF data for PPI-PY32 and PPI-Py64.

PPI dendrimers functionalized with pyrene afford a
convenient means for studying intramolecular terminal-
group interactions using fluorescence spectroscopy.
Figure 3 presents fluorescence emission spectra, nor-
malized to the intensity at 377 nm, for four generations
of pyrene-modified dendrimers in dimethylformamide
(DMF).66 Peaks due to monomeric pyrene emission are
evident at 377 and 398 nm (labeled M1 and M2,
respectively, in the figure), and a broad excimer emis-
sion is centered at 476 nm (labeled E in the figure). The
excimer fluorescence arises from the close proximity of
pyrene functional groups on individual dendrimers. As

suggested by the previously described modeling studies,
these results indicate that the pyrene groups are in
electronic communication with one another.

Dilutions over 2 orders of magnitude (10-6-10-8 M)
demonstrate that the excimer-to-monomer ratio (IE/IM1)
is independent of dendrimer concentration (see Sup-
porting Information). This indicates that intermolecular
processes do not play a significant role in excimer
formation but rather arise principally from intraden-
drimer processes. The IE/IM1 peak height ratio for PPI-
Py64 is highest, followed by PPI-Py32 and PPI-Py16,
which have similar ratios, and finally by PPI-Py8,
which has the lowest IE/IM1 ratio (see Supporting
Information). For example, considering dendrimer solu-
tions that contain a nominal pyrene concentration of 1.5
× 10-6 M, the IE/IM1 ratios are 1.56, 1.95, 1.99, and 2.19
for PPI-Py8, PPI-Py16, PPI-Py32, and PPI-Py64, re-
spectively. We suggest that this increase is correlated
to the increase in the density of pyrene groups on the
dendrimer periphery as a function of generation. Specif-
ically, the surface density of terminal amine groups on
these dendrimers ranges from 1.4 NH2 groups/nm2 for
PPI-(NH2)8 to 3.0 NH2 groups/nm2 for PPI-(NH2)64. On
the basis of their larger diameter, the corresponding
surface densities for the pyrene-functionalized dendrim-
ers range from 0.9 Py groups/nm2 for PPI-Py8 to 1.8
Py groups/nm2 for PPI-Py64.67

In addition to dynamic excimers, it is well-established
that pyrene can form ground-state dimers, or so-called
“static excimers”.31 The existence of such dimers can be
probed using excitation spectra.38 Excitation spectra
monitored at the monomer emission wavelength (377
nm) were similar for all PPI-Pyn generations. By way
of example, the monomer excitation spectrum for PPI-
Py64 is shown over the entire wavelength range studied
in the inset of Figure 4; a more detailed view is shown
in the main body of the figure. Excitation spectra
monitored at the excimer emission wavelength (476 nm)
for all dendrimer generations are also shown in Figure
4. Two facts are clearly evident by inspection of the
excimer excitation spectrum. First, there is a slight red
shift with increasing dendrimer generation in the peak
near 345 nm. The magnitude of this shift (1-2 nm) is
in accord with that previously reported for aggregated,

Figure 3. Emission spectra of PPI-Py8, PPI-Py16, PPI-Py32,
and PPI-Py64 pyrene-terminated dendrimers. The spectra
were normalized at 377 nm, obtained in DMF, and λexc ) 345
nm. Peaks present at 377 nm (M1) and 398 nm (M2) arise from
monomer fluorescence and the broad peak at 476 nm (E) arises
from excimer emission.

Figure 4. Normalized excitation spectra for PPI-Py8, PPI-
Py16, PPI-Py32, and PPI-Py64 monitored at the excimer
emission wavelength (476 nm). Excitation spectra recorded at
the monomer emission wavelength (377 nm) were identical to
one another, and an example is also shown in the figure for
PPI-Py64. The inset shows the full spectral region examined
for PPI-Py64 (excitation monitored at 377 nm).
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ground-state pyrene moieties present in solutions of
pyrene-modified (hydroxypropyl)cellulose35-38 and poly-
(ethylene imine).39 Second, there is a decrease in the
ratio of the peak height at 345 nm to the valley height
at 336 nm. This indicates that the peaks become broader
with increasing generation as a result of more ag-
gregated pyrene molecules.39 It should be noted, how-
ever, that excitation spectra cannot be used to distin-
guish between intra- and interdendrimer pyrene ag-
gregates, nor can excitation spectra be used to deter-
mine sizes of the aggregates. Because aggregated pyrene
was observed at all concentrations and for all genera-
tions studied, however, we expect they arise from
intramolecular processes.

Thus far we have discussed interactions between
pyrene terminal groups, but it is also interesting from
a structural perspective to consider interactions between
the pyrene terminal groups and the dendrimer branches.
Pyrene is a good probe of such interactions, because
tertiary amines (much more so than secondary or
primary amines) have previously been shown to ef-
fectively quench monomeric pyrene fluorescence.39,68 For
example, the interior branch points of PPI dendrimers
are tertiary amines, which have previously been dem-
onstrated to quench the fluorescence of free pyrene
contained within PPI dendrimers14,42,44 and to quench
fluorescence from pyrene covalently attached to the
exterior of hyperbranched poly(ethylene imine).39 In the
case of pyrene-modified dendrimers, changing the ap-
parent pH of the solution by the addition of acid allows
the interaction between the dendrimer backbone and
pendant pyrene groups to be examined. (It has been
shown that protonation prevents quenching by the
tertiary amines, presumably by tying up the nitrogen
lone pair of electrons.39,68) Figure 5 shows the effect of
the addition of H2SO4 (10 vol % final solution concentra-
tion) on the tertiary amines and the resulting fluores-
cence emission spectra for PPI-Py8 and PPI-Py64. Very
little change is observed in the excimer fluorescence,
while the monomer fluorescence increases for both

generations.69 From these results we conclude that
unprotonated tertiary amines present in the dendrimer
backbone selectively quench monomeric pyrene fluores-
cence. Furthermore, pyrene, and possibly other terminal-
group modifiers, exhibit substantial interactions with
the tertiary amines present in the backbone of PPI
dendrimers. This finding may be applicable to the use
of dendrimers as catalysts or chemical sensors.

Summary and Conclusions
We have examined the fluorescence arising from four

generations of pyrene-terminated PPI dendrimers in
DMF. Three trends are clearly evident. First, as den-
drimer generation increases, so does the excimer-to-
monomer ratio for pyrene emission. That is, with
increasing generation the pyrene molecules are increas-
ingly aggregated on the dendrimer periphery in such a
way that excimer formation is enhanced. Second, inter-
actions between the pyrene moieties prior to excitation
(preaggregation) is present, as shown by the excitation
spectra. Third, interactions between the pyrene pendant
groups and the dendrimer backbone is also evident on
the basis of the relative quenching as a function of pH.
Specifically, protonation of the dendrimer gives rise to
enhanced monomer emission.

We envision that the ability to tailor the proximity
and interaction of functional groups by grafting moieties
to the terminal groups of dendrimers will result in
innovative applications for these unique polymers. In
future studies we plan to exploit such interactions for
catalysis and sensing applications.
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