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ABSTRACT: The Stern-Volmer quenching constants (Ksv) for poly(amidoamine)- (PAMAM-) based
dendrimers (generations G0-G4) modified with (4, 8, 16, 32 and 64) pendant [Ru(bpy)3]+2 (bpy is 2,2′-
bipyridine) chromophores have been measured in the presence of three nitroaromatic quenchers (2,4,6-
trinitrotoluene ) TNT, 2,4-dinitrotoluene ) DNT, nitrotoluene ) NT), two negatively charged quenchers
(K3Fe(CN)6, Na4Fe(CN)6), and one energy transfer type quencher (Fe(C5H5)2). The quenching efficiencies
were calculated for the dendrimers (G0-G4) in the presence of TNT and were found to peak for dend-
16-Ru(bpy)3. The generation dependence of the quenching efficiency mirrors the calculated crowding factor
and the variations were attributed to changes in the 3-dimensional structure with generation (size) and
the associated changes in the accessibility of the [Ru(bpy)3]2+-pendant groups. Electrostatic attractions
between the positively charged dendrimers and the negatively charged quenchers resulted in larger Ksv

values when compared to the reference complex, [Ru(bpy)3]2+. The addition of electrolyte to an ionic
strength of 0.1 M (KCl or NaCl) caused a diminution of the Ksv values by 60%, consistent with electrostatic
interactions and charge screening effects.

Introduction

TNT is a common component in low-grade explosives.
Despite many advances in detection schemes, dogs still
provide the most effective detection. The number of
people maimed or killed by landmines provides a
compelling reason to explore the development of low
level, TNT-specific sensors. Detecting explosives at
airports and other high-risk locations is an integral
component of a larger, more comprehensive antiterrorist
strategy that is under intense scrutiny at present. The
work presented here is motivated by the possibility of
improving future sensors using fluorescence quenching
methods.

Many different classes of sensors for TNT have been
developed making use of electrochemical,1 chromato-
graphic,2 and spectroscopic methods.3-5 Fluorescence
quenching sensors are based on the decrease in fluo-
rescence intensity upon the addition of an appropriate
analyte quenching molecule. The high quantum yield
(0.046 in water), photostability, and reducing (as well
as oxidizing) power of the excited state of [Ru(bpy)3]2+

(bpy is 2,2′-bipyridine)

combine to make it a very attractive fluorescence probe.
In this work we have studied five generations (0-4)

of PAMAM (poly(amidoamine)) dendrimers with pen-
dant [Ru(bpy)3]2+ chromophores, as well as [Ru(bpy)]2+

in solution (as a reference material) in the presence of
six different quenchers, TNT, DNT, NT, ferrocene,
ferrocyanide, and ferricyanide. These were chosen for
study in an effort to understand which properties,

specific to dendrimers, are most desirable in sensor
development and applications.

Dendrimers are highly branched molecules that form
in well-defined patterns (generations) that allow control
over molecular weight, topology, cavity size, and surface
functionality.6-8 There has been a great deal of effort
in the synthesis and characterization of variously modi-
fied dendritic materials due to the numerous potential
applications that such materials present.9-12 Recently,
the study of dendrimers has moved from the develop-
ment of synthetic protocols to the application of specific
functionalities.13-17

We are particularly interested in polypyridyl transi-
tion metal complexes, especially those of ruthenium(II),
which have been extensively applied in areas such as
light harvesting18,19 and information storage20 since they
exhibit a wide range of attractive photophysical and
electrochemical properties.21-23 In this context, we have
previously reported on the spectroscopic and electro-
chemical properties of tris(bipyridyl)ruthenium(II)-
pendant PAMAM dendrimers (dend-n-[Ru(bpy)3]) and
bis(terpyridyl)ruthenium(II)-pendant PAMAM dendrim-
ers (dend-n-[Ru(tpy)2] where n ) 4, 8, 16, 32, and 64
for generations 0, 1, 2, 3, and 4 respectively).24 More
recently we have carried out an extensive study of the
photophysics of these materials including the measure-
ment of fluorescence lifetimes at room and low (77 K)
temperatures, solvent effects and others.25 Moreover,
the ability to control molecular diameter (size), diffusion
(transport), and charge without altering the nature of
the chromophore by using the dendritic architecture
may also point to properties to incorporate into the
design of sensors. For example, since larger molecules
typically diffuse at a slower rate relative to smaller
molecules, one can pose the question of what would be
the ideal ratio of size to mobility for minimizing the time
required for collision and the subsequent quenching in
diffusion-controlled quenching. The previously men-
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tioned studies of the photophysical properties,25 diffu-
sion rate constants,26 and electrochemical analysis24 of
the [Ru(bpy)3]2+-pendant PAMAM dendrimers provide
an opportunity for examining the quenching dynamics
of TNT (and other quenchers) as well as insight into
the behavior and reactivity of these dendritic materials,
especially as a function of generation.

The focus of these investigations has been the quench-
ing of the [Ru(bpy)3]2+-pendant dendrimer fluorescence
probes by TNT and other quenchers. Of primary interest
was the dependence of the quenching rate on dendrimer
generation coupled with the type of quenching mecha-
nism operative. The changes in molecular size, charge
and diffusion rate constants as a function of generation

is unique to a series of dendrimer generations and
comprises a system capable of providing valuable insight
into the most important factors controlling and affecting
quenching rates.

Experimental Section
Materials. The synthesis and purification of [Ru(bpy)3]2+-

pendant PAMAM dendrimers has been described previously.24

Scheme 1 presents structures, and corresponding generation
numbers, of the dendrimers employed is this study. Molecules
employed as quenchers were purchased and used without
further purification. Solutions of the dendrimers were prepared
over a concentration range of 0.1-10 µM to maintain the same
concentration of [Ru(bpy)3]2+ chromophores for all experiments.
Here, 30% ethanol in water was used as the solvent for

Scheme 1. Structures and Corresponding Generation Number of Dendrimers Employed in This Study.
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quenching experiments with TNT (2,4,6-trinitrotoluene), DNT
(2,4-dinitrotoluene), NT (nitrotoluene), and ferrocene (Fe-
(C5H5)2). Millipore ultrapure water (18 MΩ) was used as the
solvent when employing K3Fe(CN)6 (potassium ferricyanide)
and Na4Fe(CN)6 (sodium ferrocyanide) as quenchers since they
are not soluble in ethanol. The dendrimer and [Ru(bpy)3]2+

fluorophores were dissolved in the same solvent used for the
quencher. Solutions of these were made by diluting concen-
trated acetonitrile solutions in either water or ethanol. All of
the solutions were degassed under a flow of N2 (99.99%) for
∼20 min prior to measurement and kept under a N2 atmo-
sphere to prevent quenching by O2.

The additions of quencher were made without interfering
with the N2 atmosphere by injection with a 50 µL syringe
through a rubber septum attached to the sample cuvette. The
concentration of the stock quencher solution was typically 5.0
mM. Small volume additions (typically 10-100 µL) were made
to avoid altering the initial [Ru(bpy)3]2+ concentration. Five
measurements, with approximately 2 min between each scan,
were made for each addition.

Steady-State Emission. A SPEX 1681 Minimate-2 spec-
trofluorimeter with a Spectra Acq CPU controller was used
for the steady-state emission measurements. The system
consisted of a 150 W xenon lamp, an excitation monochromator
to select the excitation wavelength (λex ) 450 nm) and an
emission monochromator to scan a range of emission wave-
lengths (575-640 nm, λ increment of 1.0 nm, 0.5 s integration
time). Slits of 1.25 and 2.50 mm width with band-passes of
4.5 and 9.0 nm were used for generations 0-2 and [Ru(bpy)3]2+

and for generations 3 and 4, respectively. The sample was
located in a sample holder designed to minimize scattered light
to the collection mirrors, positioned perpendicular to the
sample that directed the fluorescence from the sample to the
emission monochromator. The emission monochromator col-
lected fluorescence in a direction perpendicular to the incident
beam, and a Hamamatsu R928 photomultiplier tube operated
at 1000 V was employed to detect the emission.

Time-Resolved Measurements. A Lambda Physik LPC-
205i excimer laser at 308 nm and 10 Hz was used to pump a
Lambda Physik dye laser using Coumarin 450 laser dye that
produced 300 µJ, 20 ns fwhm pulses at 390 nm. Fluorescence
was collected at 90° to the incident laser pulse by a 2 in.
collection lens. Two long pass filters (OG515, OG550) were
used to remove scattered laser light from the signal. A focusing
lens was used to direct the fluorescence signal to a monochro-
mator (Bausch and Lomb) set at 620 nm. The fluorescence was
detected with a Hamamatsu E990-07 photomultiplier tube and
the decay trace saved on a Lecroy digital oscilloscope that was
triggered by a photodiode. The curves were analyzed using
Origin 6.1 computer software.

Results

Fluorescence Quenching of [Ru(bpy)3]2+ by Ni-
troaromatics. Analysis of the steady-state emission
data using the Stern-Volmer (SV) equation yields the
SV quenching constant, Ksv:

where I0 is the emission intensity in the absence of
quencher, I is the emission intensity in the presence of
quencher, kq is the bimolecular quenching constant, kr
is the radiative decay rate in the absence of any
quencher, Ksv ) kq/kr, and [Q] is the quencher concen-
tration. Quenching data are collected and presented in
Table 1. It can be seen that Ksv values for [Ru(bpy)3]2+,
G0, and G1 are all near 2600 M-1, while for the three
largest dendrimer generations Ksv is near 1400 M-1.
Figure 1 shows SV plots of G0-G4 in the presence of
TNT. The correlations were excellent with R2 values
greater than 0.99 in all cases. The solid lines in all SV
plots in Figures 1, 3, and 4 represent the best fits of
the data to straight lines (R2 > 0.99).

To calculate the quenching rate, kq, values of the
lifetimes obtained in the presence and absence of
quencher were substituted into eq b,

where τ0 is the fluorescence lifetime in the absence of
quencher and τ is the fluorescence lifetime in the
presence of quencher. Figure 2 shows the linear plots
obtained from eq b for G0-G4. Values of kq and τï are
also presented in Table 1 where it can be noted that
the kq values were approximately the same for all of
the fluorescent probes. The values are centered near 3.0
M-1 ns-1 except for dend-16-Ru(bpy)3 which had a
measured quenching rate of 4.2 M-1 ns-1. In agreement
with previous results, τ0 decreased with increasing
dendrimer generation.25 The dependence of the fluores-
cence lifetime on generation can be seen from the inset
of Figure 2 that shows the decay profiles for G0-G4.

Table 1. Quenching Data for Six Fluorophores in the Presence of Nitroaromatic Quenchersa

fluorophore quencher Ksv (M-1)a kq (M-1 ns-1)b τï (ns)b KD (M-1)b 10-10ko (M-1 ns-1)c

[Ru(bpy)3]2+ TNT 2500 3.0 800 2400 220
[Ru(bpy)3]2+ DNT 700
[Ru(bpy)3]2+ NT 0
dend-4-Ru(bpy)3 TNT 2800 2.6 880 2250 100
dend-8-Ru(bpy)3 TNT 2500 3.0 750 2300 38
dend-16-Ru(bpy)3 TNT 1200 4.2 480 2000 39
dend-32-Ru(bpy)3 TNT 1500 3.1 465 1500 42
dend-64-Ru(bpy)3 TNT 1600 2.7 470 1250 47
a Superscripts refer to equation number in text.

Figure 1. Stern-Volmer plots for [Ru(bpy)3]2+ and dend-n-
Ru(bpy)3 (n ) 4, 8, 16, 32, 64) in the presence of TNT.

τo

τ
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The solid lines represents fits of the data to single
exponential decays. The change in fluorescence lifetime
with dendrimer generation has been attributed, at least
in part, to changes in the solvation sphere around the
[Ru(bpy)3]2+ chromophore. As the dendrimer generation
increases, the solvent around the pendant [Ru(bpy)3]2+

groups is increasingly filled by the branches of the
dendrimer with the simultaneous displacement of the
bulk solvent molecules: in this case ethanol. That is,
for the larger generations, the dendrimer branches
function progressively more as the solvent.27-29 The
observed kq value of 3 M-1 ns-1 is typical for diffusion-
controlled quenching.30 If the quenching were due to the
formation of nonfluorescent ground state complexes
(static quenching) then the lifetimes would not depend
on the quencher concentration because the uncomplexed
fraction would be unperturbed regardless of the number
of complexes formed. Static quenching cannot account
for the decrease in fluorescence intensity with increas-
ing quencher concentration though a combination of
static and dynamic quenching is possible. The lifetime
measurements determined only the dynamic portion, KD
(KD ) kqτ0), of the quenching constant and agree
reasonably well, within experimental error, to Ksv,
suggesting that static quenching does not contribute in
the concentration range studied here. In addition, an
upward curvature of the SV plot is observed when static
quenching contributes as predicted by the quadratic
equation (Io/I ) (1 + KD[Q])(1 + Ks[Q]) describing
combined dynamic and static quenching. All of the
quenching data were adequately fit by a straight line,
indicating that only dynamic quenching is significant

and therefore the quenching rate depends on diffusion.
If the molecular radii and diffusion coefficients are

known, then it is a simple exercise to extract the
diffusion-controlled bimolecular rate constant, ko. This
parameter may be calculated using the Smoluchowski
equation,

where Rf and Rq are the molecular radii of the fluoro-
phore and quencher, respectively, and Df and Dq are the
respective diffusion coefficients. Using the diffusion
coefficients of the fluorophores previously determined
in this laboratory and estimating the radius of TNT to
be about 1 nm, k0 was calculated, and the results are
shown in Table 1. The two rate constants, kq and ko,
are related by the quenching efficiency, fq:

Values of the quenching efficiency are presented in
Table 2 where it can be ascertained that whereas [Ru-
(bpy)3]2+ had the lowest value at 0.014, the value
maximized at 0.18 for dend-16-Ru(bpy)3.

Quenching Mechanism for [Ru(bpy)3]2+ in the
Presence of Nitroaromatic Compounds. To under-
stand the quenching mechanism of the fluorescence
probes by not only TNT but also by two other nitroaro-
matic compounds, DNT and NT were employed as
quenchers. These materials were chosen not only be-
cause of their homology with TNT but also because of
the fact that they have well-defined reduction potentials
that are significantly shifted from that of TNT. Table 3
shows the formal potentials for the first reduction of
TNT, DNT, and NT. As can be ascertained, and as
would be anticipated, TNT is the easiest to reduce, its
formal potential being -0.30 V. Values for DNT and NT
are -0.36 and -0.50, respectively. The Stern-Volmer
analysis of the quenching data for all three nitroaro-
matic compounds is summarized in Table 1. The Ksv
constant of TNT (2500 M-1) is over three times larger
than that for DNT (700 M-1). No quenching of the
[Ru(bpy)3]2+ fluorescence was observed in the case of
NT. These results agree with the conclusion drawn by
Whitten et al., that nitroaromatics generally behave as

Figure 2. Plots of eq b for [Ru(bpy)3]2+ and dend-n-Ru(bpy)3
(n ) 4, 8, 16, 32, 64) in the presence of TNT. The slopes of the
lines were used to determine kq and the intercepts correspond
to 1/τo. Inset: Fluorescence decay spectra at 298 K of dend-
n-Ru(bpy)3 (n ) 4, 8, 16, 32, 64) in the absence of TNT. The
solid lines represent the best fits of the data to single
exponential decays and were used to calculate τo. A general
decrease in the fluorescence lifetime was observed as the
dendrimer generation increased.

Table 2. Summary of the Crowding Factors and
Quenching Efficiencies of the Fluorophores in the

Presence of TNTa

fluorophore fq
d Vtot (Å3)e Vca. (Å3)f fcr

g

[Ru(bpy)3]2+ 0.014
dend-4-Ru(bpy)3 0.026 11 680 12 250 1.39
dend-8-Ru(bpy)3 0.081 23 420 26 980 0.87
dend-16-Ru(bpy)3 0.108 46 920 50 360 0.93
dend-32-Ru(bpy)3 0.073 93 900 84 410 1.11
dend-64-Ru(bpy)3 0.056 187 900 131 100 1.43

a Superscripts refer to equation number in text.

Table 3. Redox Potentials of Quenching Molecules

quencher E°′ (V)

TNT -0.30
DNT -0.36
NT -0.50
[Fe(CN)6]4- +0.36
[Fe(CN)6]3- +0.36
Fe(C5H5)2 +0.37

k0 ) 4πN
1000

(Rf + Rq)(Df + Dq) (c)

fq )
kq

ko
(d)
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reductive quenchers.31,32 Thus, as the formal potential
of the nitroaromatic compound becomes increasingly
negative, the quenching rate decreases, becoming es-
sentially zero for the case of NT.

The quenching mechanism of [Ru(bpy)3]2+ by fer-
rocene is by energy transfer, in contrast to the either
reductive/oxidative mechanisms of the nitroaromatic
compounds and ferricyanide and ferrocyanide (vide
infra). The Ksv values for quenching of [Ru(bpy)3]2+

(7025 M-1) and G4 (6300 M-1) by ferrocene (Table 4)
differ only by 10%, compared to the difference of 35%
between the same fluorophores in the presence of TNT.
These results suggest that rate of quenching via energy
transfer is somewhat less dependent on changes associ-
ated with different dendrimer generations such as
molecular charge, size and diffusion rates.

Charge Effects. The molecular charge in these
dendrimer generations ranges from +8 to +128. This
exponential increase in charge with generation affords
the opportunity to understand how to take advantage
of molecular charge in designing fluorescence sensors.
We approached the question in two ways. First, two
negatively charged quenchers were studied to under-
stand the effect of using oppositely and highly charged
quenchers. Second, electrolyte was added in several
cases to understand the effect of charge screening in the
presence of neutral and negatively charged quenchers.

The negatively charged quenchers, ferrocyanide and
ferricyanide, were chosen because they are known to be
oxidative quenchers of [Ru(bpy)3]2+. The redox poten-
tials of the compounds used as quenchers are provided

in Table 3. The Ksv values obtained from steady-state
measurements of [Ru(bpy)3]2+ in the presence of both
quenchers and G3 in the presence of ferrocyanide are
shown in Table 4. The SV quenching rates of [Ru-
(bpy)3]2+ are 26 200 and 27 400 M-1 in the presence of
ferrocyanide and ferricyanide, respectively. When G3
was the fluorophore, the Ksv increased moderately by
15% to 30 300 M-1 in the presence of ferrocyanide.
Figure 3 shows the slopes for the SV plots of [Ru-
(bpy)3]2+ and G3 in the presence of ferrocyanide. These
results indicate that the difference in charge between
the fluorophore and quencher determines, to some
extent, the magnitude of the Ksv.

Electrolyte effects were also explored for various
fluorophore/quencher combinations, and the results are
shown in Table 4. In the case of the oxidative quenchers,
the Ksv value decreased by approximately 65% when
electrolyte (0.1 M) was added. Figure 3 shows the
difference in slopes for the SV plots of G3 in the presence
of ferrocyanide with and without added electrolyte. A
less dramatic effect was observed for the neutral
quencher ferrocene where the addition of electrolyte to
the G4/ferrocene combination resulted in a 35% decrease
in the Ksv value. The effects of the electrolyte in all of
these systems could be rationalized as follows. First of
all, it needs to be recalled that the dendrimers are
highly charged species with charges that range from +8
to +128. Thus, one would, a priori, anticipate ionic
strength effects due to an increased charge screening
ability and concomitant diminution of the Debye length.
Such effects would be even stronger for highly charged
quenchers such as ferricyanide and ferrocyanide as was
indeed observed. That is, there was a significant de-
crease in quenching (Ksv) upon the addition of electro-
lyte. The charge stabilization might provide an envi-
ronment conducive to static quenching by stabilizing the
nonemissive ground-state complex, which would have
the same effect on the Ksv values. Another factor that
could be at work is the diminished attraction between
the quenching reactants and the subsequent decrease
in collision time.

Figure 4 shows the Ksv plots for [Ru(bpy)3]2+ in the
presence of ferrocyanide, ferricyanide, ferrocene, and
TNT. The significant difference between the slopes of
the two negatively charged quenchers and the two
neutral quenchers suggest that charge is influencing the

Figure 3. Stern-Volmer plots for fluorescence quenching by
ferrocyanide of [Ru(bpy)3]2+, dend-32-Ru(bpy), and dend-32-
Ru(bpy) + 0.10 M NaCl. The values of Ksv are shown above
the corresponding lines.

Table 4. Quenching Data for Six Fluorophores in the
Presence of One Neutral and Two Negatively Charged

Quenchersa

fluorophore quencher KI
sv (M-1)a

[Ru(bpy)3]2+ Fe(C5H5)2 7000
dend-64-Ru(bpy)3 Fe(C5H5)2 5500
dend-64-Ru(bpy)3 + 0.10 M NaCl Fe(C5H5)2 3600
[Ru(bpy)3]2+ [Fe(CN)6]4- 26 200
dend-32-Ru(bpy)3 [Fe(CN)6]4- 30 300
dend-32-Ru(bpy)3 + 0.10 M NaCl [Fe(CN)6]4- 10 600
[Ru(bpy)3]2+ [Fe(CN)6]3- 27 400
[Ru(bpy)3]2+ + 0.10 M KCl [Fe(CN)6]3- 10 500

a Superscript refers to eq in the text.

Figure 4. Stern-Volmer plots for [Ru(bpy)3]2+ in the presence
of ferricyanide, ferrocyanide, ferrocene, and TNT.
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quenching rate. This is also consistent with the ionic
strength effects mentioned above.

Discussion
The architecture of starburst dendrimers provokes

inquiry into the dynamic conformation and changes that
accompany different generations. Of note is the so-called
crowding factor, fcr, which is a measure of the density
and steric crowding and is used to describe the change
in conformation with generation.14 Equation e gives the
total molecular volume obtained by adding the volumes
of the denrimer’s various components. The terms are
defined in Table 5.

The conformationally available space, Vca. (eq f), is a
sphere defined by the dendrimer’s core-to surface dis-
tance.

The crowding factor is defined as Vca./Vtot and can be
reduced to eq g.

The accessibility of the [Ru(bpy)3]2+-pendant groups
plays a central role in affecting fq from eq d. Plots of fq
and fcr as a function of dendrimer generation are
presented in Figure 5. The peak of the quantum
efficiency curve is at fq ) 0.108 for G2 and is reminiscent
of the result that G2 is the least crowded dendrimer
generation. The mirror relationship between the fq and
fcr curves as a function of dendrimer generation is not
surprising considering the significant role that chro-
mophore accessibility plays in quenching efficiency. If
one assumes that the more densely packed dendrimer
generations have less accessible pendant groups, then
the correspondence with quenching efficiency is reason-
able. N. J. Turro et al. considered the effects of surface
charge by measuring fluorescence quenching of donor
and acceptor pairs adsorbed to the surfaces of ethyl-
enediamine core starburst dendrimers and found a
change in surface properties associated with the trans-
formation from an open to a closed structure at ap-
proximately generation 3.33,34 The result that the fq is
maximized at G2 could also represent a balance of

molecular size, charge and diffusion rate. However
accessibility appears to be the dominant factor.

Conclusions

Measurement of the quenching rates of [Ru(bpy)3]2+-
pendant dendrimers in the presence of TNT, combined
with the diffusion rates of the dendrimers, yielded the
quenching efficiencies for generations 0-4. The most
efficient quenching occurred for dend-16-[Ru(bpy)3],
which was also distinguished by possessing a more open
structure as evidenced by the mirror relationship be-
tween the generation dependence of the quenching
efficiency and the calculated crowding factor. The
observed relationship was reasonable considering that
the accessibility of the [Ru(bpy)3]2+-pendant groups
should depend on the steric and geometric constraints
accounted for by the crowding factor and that quenching
efficiency depends on the accessibility of the chro-
mophore. In addition to structural effects of the den-
drimers, electrostatic attractions between the positively
charged dendrimers and negatively charged quenchers
resulted in larger Ksv values when compared to the
reference complex, [Ru(bpy)3]2+. Also, the addition of 0.1
M electrolyte caused a diminution of the Ksv values by
over 60% consistent with charge screening effects. These
results show that this family of dendrimers would make
excellent candidates for fluorescent probes for negatively
charged quenchers.
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(18) Adronov, A.; Fréchet, J. M. J. Chem. Commun. 2000, 18,

1701-1710.
(19) Gilat, S. L.; Adronov, A.; Fréchet, J. M. J. Angew. Chem., Int.
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