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We have conducted a statistical analysis of luminescence quenching of the photoexcited sensitizer [Ru(phen)3]2+

by [Co(phen)3]3+ on the surface of starburst dendrimer polyanions (SBD generations 3.5-6.5). Our analysis
is based on an extension of the random-deposition model, previously developed for the “one-dimensional”
case of DNA. Our goal is to deduce the interaction distance (L) characteristic of the photoelectron transfer
in the quenching process. The statistical analysis yields the surprising result that the electron donor and
acceptor metal complexes do not bind randomly on the SBD’s surfaces but that they tend to be found next
to one another. The energy of attraction,ε ≈ 2.9kBT, is nearly equal for all four generations of dendrimers
tested. We argue that the attraction stems from hydrophobic interactions. The clustering of sensitizers and
acceptors results in an increase of luminescence quenching which in the absence of the present analysis (and
in particular with a random binding assumption) might erroneously have been attributed to a longer range of
electron transfer.

1. Introduction

The study of microheterogeneous and heterogeneous struc-
tures through their interaction with metal complexes has been
successfully pursued for the past two decades and is today a
widely accepted and highly developed method.1 The technique
relies on the dependence of luminescence lifetimes and intensi-
ties in the3MLCT (metal to ligand charge transfer) excited states
of ruthenium(II)-polypyridyl complexes upon their local mi-
croenvironment and on the effect of quenchers such as cobalt-
(III) -polypyridyl complexes.2 Examples of (micro)heteroge-
neous structures thus studied include DNA,3 proteins,4 starburst
dendrimers,5 heterogeneous photocatalysts for water6 and CO2

reduction,7 and humic substances.8 Photophysical experiments
yield valuable information about the binding constants of the
metal complexes to (micro)heterogeneous surfaces, intercalation
into these hosts (when present), the structure and extension of
the double layer around the polyelectrolytes surfaces, and the
electron transfer rate constants.9

The body of work just alluded to represents the triumph of a
major paradigm10 in the field of photophysics and photochem-
istry.11 However, scientific conclusions depend on the underly-
ing mechanical model. Misinterpretations may arise when
experimental data are analyzed within an overly simplified or
incorrect mechanistic scheme.8 Therefore, it is imperative to

choose the underlying models carefully. This is best achieved
by analyzing the same set of experimental data according to
different paradigms and then comparing their conclusions, and
by selecting models which contain as few assumptions as
possible.

Recently, we have developed a statistical method for the
analysis of photoelectron transfer quenching in metal complexes
of sensitizers and acceptors bound to DNA.12 The analysis is
based only on the assumption that the binding of metal
complexes to DNA may be modeled by the random deposition
of segments (the complexes) on a one-dimensional lattice
(DNA). The electron-transfer range,i.e., the typical distance
within which quenching may take place, plays a central role in
this statistical analysis. Thus, the influence of the DNA medium
on the electron transfer could be deduced.12 Indeed, our analysis
afforded us new insights which in the meantime have been
corroborated by others:13 (1) The computed density of the
adsorbed metal complexes, 0.8834< F < 1.3396, was signifi-
cantly larger than the maximum density of “jamming” with
random deposition,Fjamming) 0.8083. This indicates clustering
of the metal complexes. (2) The electron-transfer range exceeds
the combined radii of the metal complexes by only 10-15%.

Starburst dendrimers (SBDs) provide an ideal system for the
development of statistical analyses of luminescence quenching
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in two dimensions. SBDs are a class of macromolecules of
known molecular composition and of well-defined size.14 The
SBDs that we employed in our experiments are PAMAMs [poly-
(amidoamine)] consisting of a nitrogen core atom with three
radiating branches of CH2CH2CONHCH2CH2N. In subsequent
generations each of these branches is attached to two similar
branches. The branches at the external surface of the SBD
macromolecules may be terminated at a carboxylic-methyl ester
stage. When hydrolysis of these esters is performed one obtains
the so-called “half generations,”n.5. As a consequence, the
n.5 generations feature a well-defined number of sodium-
carboxylate functions (-COO-Na+). In Table 1, we summarize
the molecular weights, diameters, number of carboxylate
functions, and surface areas of different SBD generations (see
also Figure 1).

SBDs have been studied extensively by photophysical
methods and classic parameters such as binding and quenching
constants at the SBD’s surfaces have been obtained.5 Our
luminescence experiments involve the well-known sensitizer
ruthenium(II)-tris(phenanthroline) [Ru(phen)3]2+ and the elec-
tron acceptor [Co(phen)3]3+ (Figure 2). Both metal complexes
are nearly equal in size: their diameters are2a 12.2 Å.

The development of a two-dimensional random deposition
model should yield a quantitative description of luminescence
quenching. In that respect, the electron-transfer range between
photoexcited sensitizers [Ru(phen)3]2+ and electron acceptors
[Co(phen)3]3+ are of special interest. Another important ques-
tion is whether the binding of the metal complexes to the SBDs
takes place in a purely random fashion, or if there is preferential
binding of some species, or correlated binding of donor-acceptor
pairs, or clustering of three or more complexes, etc.

In our statistical analysis of the binding of ruthenium(II)-
and cobalt(III)-polypyridyl complexes on DNA and in the
corresponding analysis of the binding on SBDs, one must keep
in mind that the actual binding mechanisms involved are quite
different. Whereas in the interaction of metal-polypyridyl
complexes and DNA both intercalation and surface binding are

observed,3 the rigid structure of the SBD macromolecules
permits only surface binding of the relatively big metal-
polypyridyl complexes.1a Therefore, different electron transfer
ranges (L) may be observed in these two systems. However,
this does not affect the validity of the statistical tools we use,
and indeed the absence of dependence on mechanistic detail
may be considered a virtue of this statistical method.

2. Description of the Experiment

2.1. Materials. [Ru(phen)3]2+ and 1,10-phenanthroline,
Sephadex G 50, EtOH, and DMF (solvents, ACS grade) as well
as PAMAM 3.5-4.5 SBDs were purchased from Aldrich
(dissolved in MeOH). Additional starburst dendrimers were a
gift from the Michigan Molecular Institute for which we are
indebted to Prof. D. Tomalia. The chemicals were used as
received, with the exception of SBD solutions in MeOH, which
were dried in high vacuum prior to use. Deionized water
(Millipore and UHQ II) was used in all quenching experiments.

2.2. Methods. The photophysical experiments were per-
formed in air-equilibrated deionized water solutions. The pH
of the bulk solution was 8.4( 0.1, and the temperature was
held at 298( 1 K. The concentrations of the SBDs, [Ru-
(phen)3]2+, and [Co[phen)3]3+ were optimized16 in order to
ensure that all metal complexes were bound to the SBD-
polyelectrolyte particles. Indeed, photoelectron transfer rates
in our experiments were of the order ofkq ≈ 107-106 s-1. These
unimolecular rate constants are in contrast with bimolecular rates
of the order ofkq ≈ 5 × 108 mol-1 L s-1 which are typical
when a fraction of sensitizers and quenchers remains in solution.
The concentrations used and the experimental data are given in
the Appendix.

2.3. Instrumentation. The single-photon-counting setup
employed in the experiment has been described elsewhere.17

Figure 1. Schematic representation of the starburst dendrimer.

TABLE 1: SBD Parameters: Generation (G), Molecular
Weight (MW), Diameter (d), Number of Carboxylate
Functions (n), Average Separation, and Surface Area

G MW d (×109 m) n-COOH
separation
(×109 m)

surface area
(4πr2 × 1016 m2)

0.5 924 2.79 6 1.24 0.245
1.5 2173 3.62 12 1.28 0.412
2.5 4671 4.83 24 1.27 0.733
3.5 9668 6.61 48 1.26 1.367
4.5 19661 8.79 96 1.15 2.433
5.5 39648 10.39 192 1.03 3.941
6.5 79621 12.68 384 0.98 4.987

Figure 2. Chemical structure of [Ru(phen)3]2+ and [Co(phen)3]3+.
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The decay traces were analyzed by use of a computer program
generously provided by Prof. F. C. De Schryver of the
University of Leuven, Belgium. Steady-state emission spectra
were recorded on a Perkin-Elmer (LS-5) instrument. Additional
stationary and time-resolved single-photon-counting experiments
were performed using an FL900CDT and FS900CDT SPC
spectrometer from Edinburgh Analytical Instruments. We thank
Prof. A. M. Braun for the use of his facilities at the University
of Karlsruhe.

2.4. Data Collection. Not only does our statistical analysis
rely on the precision of the data collected, but the selection of
the “time window” of the experiments has significant bearing
on what sort of conclusions can be drawn. In general, when
the metal complexes are close enough to each other for a
reaction to occur, electron-transfer processes proceed in a
characteristic time much shorter than a nanosecond.2 On the
surface of a polyelectrolyte, diffusion processes are responsible
for the reaction kinetics. In a purely diffusion-controlled
photoreaction system, the luminescence decrease of a sensitizer
under continuous irradiation due to the effect of electron transfer
quenching is expressed by the classic Stern-Volmer equation:18

whereI0 is the luminescence intensity without addition of the
quencher,I luminescence intensity as a function of quencher
concentration,τ0 luminescence lifetime without addition of the
quencher, [Q] concentration of the quencher (mol L-1), andkg

bimolecular quenching constant (mol-1 L s-1).
In analogy to eq 1a, the time-resolved luminescence quench-

ing, and thus the contribution of diffusion-controlled quenching
processes to the total quenching, can be calculated using:17

whereτ is the luminescence lifetime as a function of quencher
concentration.

The luminescence lifetimes of [Ru(phen)3]2+* bound to the
surfaces of generation-n.5 SBDs is of the order of 400-700
ns, and in the absence of [Co(phen)3]3+ the luminescence decay
is monoexponential. Furthermore, no experimental evidence
has been found for the binding of two [Ru(phen)3]2+ metal
complexes next to each other at the SBDn.5 surfaces. It is
well-known that such a clustering of sensitizers would cause a
significant splitting or shift of theirπ-π* transitions.7

During the relatively long lifetime of [Ru(phen)3]2+* the
distribution of the metal complexes on the SBD surface changes,
due to diffusion. Therefore, the picture from the quenching
experiment is somewhat blurry if one uses data from intensity
quenching only. This effect is essentially the same as when
the aperture of a camera is left open for too long. However,
contributions of the diffusion process to quenching can be
accounted for by measuring (τ0/τ) and subtracting it from the
intensity quenching (I0/I). The result is the (I0/I)snapshotdata,
which can be used as reliable input data for the development
of two-dimensional random deposition methods:

Depending on the response time of the single-photon counter
used in our time-resolved experiments, all diffusion-controlled
processes, which occur at times longer than 1 ns, can be
subtracted.

Note that the concentrations of quenchers and sensitizers at
the surfaces of the SBDs are different from the concentrations
calculated for purely homogeneous systems. Therefore, bi-
molecular quenching constants in microheterogeneous and
heterogeneous systems, which are calculated by assuming a
random distribution of sensitizers and quenchers, differ from
their “true” values by several orders of magnitude.

Another interesting issue is concerned with possible deviations
of starburst dendrimer macromolecules from ideal shapes. Any
deviation of the SBDs from spherical could result in different
quenching behavior. The earlier generations of the PAMAM
dendrimers (1.5-3.5) possess in general a disklike shape,
whereas the later generations (4.5-9.5) have a more or less
globelike shape. The result of our molecular modeling simula-
tions using the commercially available program Chemdraw 3D
is shown in Figure 3. The SBDs become more globelike with
increasing generation number. Given the size of the molecular
probes employed in our experiments, we may consider genera-
tions 4.5 and larger as spherical. The driving force for the
photoelectron transfer between [Ru(phen)3]2+* and [Co-
(phen)3]3+ is 1.20 V.19

3. Theory and Results

3.1. The Random-Deposition Approach.In the following,
we use the same terminology as in our work with DNA.12

Accordingly, we term the sensitizers ([Ru(phen)3]2+) and the
quenchers ([Co(phen)3]3+) “circles” and “squares”, respectively.

The variables used here are defined as follows:νc, average
number of circles on each SBD molecule;νs, average number
of squares on each SBD molecule;Fc, concentration of circles
in solution; Fs, concentration of squares in solution;FSBD,
concentration of SBDs in solution;L, photoelectron transfer
interaction range; andI, luminescence intensity.

From the rate constants and the concentrations involved, as
well as experimental evidence,20 it can be assumed that all
complexes are bound to the SBD surface. Thus, the average
number of squares,νs, and circles,νc, adsorbed on the surface
of each SBD particle is

The intensity quenching (I0/I)snapshotmay be computed given
the following assumptions:

1. The effect of a single square at distancer from a circle is
to reduce the intensity by (1- e-r/L). This is the same
assumption as for DNA.12 It is not essential and may be relaxed
without affecting our conclusions.

2. The action of a square is not limited to the nearest circle.
It can act on all circles (on the same SBD), without interference.
Also, squares do not interfere with each other. This simplifies
the model considerably and is an even safer assumption for
SBDs than it is for DNA, since in the two-dimensional geometry
the electrons can find alternate routes past intervening objects.

3. The distribution of circles and squares on the SBD surface
is random;i.e., there are no attractive or repulsive interactions.
This is the weakest assumption, and our most important
qualitative conclusion is that it turns out to be wrong!

In the experiments under consideration,νs andνc are relatively
small, so we may use Poisson statistics. With the assumption
of no interactions, the probability of havingns squares andnc

circles on the surface of a single SBD is

νs,c ) Fs,c/FSBD (3)

p(ns,nc) ) (νs
ns

ns!
e-νs)(νc

nc

nc!
e-νc) (4)

I0/I ) 1 + kqτ0[Q] (1a)

τ0/τ ) 1 + kqτ0[Q] (1b)

(I0

I )
snapshot

)
I0

I
-

τ0

τ
+ 1 (2)
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Let the average intensity emitted by a SBD carryingns squares
andnc circles beIns,nc. The effect of a square on a single circle

is to reduce the intensity by a factorR < 1; I1,1 ) RI0,1. Since
the effect of several squares is to quench emission indepen-
dently,Ins,1 ) RnsI0,1; if more than one circle is on the SBD the
intensity becomes

Given N SBDs in solution the total intensity is

I0 is obtained by substitutingνs ) 0, so

The attenuating factorR depends on the geometry of the
problem, as well as on our assumption for the quenching effect
of a single square.R represents the quenching of a single
square, averaged over all its possible locations. For example,
consider a circle and a square on a SBD of radiusR. Assume
that the quenching factor depends on the distances measured
along the surface of the SBD (Figure 4); it is therefore (1-
e-s/L). Averaging over all possible locations of the square we
get

From eq 7 we see that

and the data indeed show this linear dependence of the logarithm
of the intensity uponνs for SBDs of all the generations tested
(Figure 5).

The radiusR of n.5 SBDs is known from size-exclusion
chromatography experiments (see Table 1). These measured
radii are in good agreement with the ones obtained from
molecular modeling. Having determinedR, we are then able
to compute the electron transfer range,L, from eq 8. This
analysis yieldsL ) 65, 100, and 300 Å, for generations 6.5,
5.5, and 4.5, respectively (Table 2). The variation ofL with
SBD size indicates a flaw in this model. One could argue that
other assumptions about the quenching capacity of a square
would yield a more constantL. We have also tried a model
where the quenching lengthr is the shortest distance between
circle and square, cutting through the SBD’s bulk (Figure 4).
This gave essentially no improvement. Moreover, for generation

Figure 3. Computer simulations of SBDs configurations.

Figure 4. Diagram used for the computation of the attenuation factor,
eq 8. The electron-transfer distances between circles and squares is
measured on the surface of the SBD (heavy line). A different
computation may be based on the shortest distancer (broken line), but
it does not change the conclusions.

Ins
,nc ) ncR

nsI0,1 (5)

I ) N ∑
ns)0

∞

∑
nc)0

∞

p(ns,nc)Ins,nc
) NνcI0,1e

νs(R-1) (6)

(I0/I)snapshot) e(1-R)νs (7)

R )
∫0

πR
(1 - e-s/L)2πRsin(s/R) ds

∫0

πR
2πRsin(s/R) ds

) 1 - 1 + e-πR/L

2[1 + (R/L)2]
(8)

ln[(I0/I)snapshot] ) (1 - R)νs (9)
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3.5 we find that the slope (1- R) in eq 9 turns out to be about
1.2, significantly larger than (the maximum physical value) one!
That is, there is more quenching than our model can accom-
modate; it cannot be explained withany theory ofR, nor with
alternative forms of the quenching factor (1- e-r/L). Our
conclusion is that the least supportable assumption, that of no
interaction between squares and circles in the adsorption process,
is wrong. The extra quenching comes from the propensity of
squares to land next to circles.

We know from numerous experiments on the surfaces of
micelles and starburst dendrimers that the excited state redox
potential of [Ru(phen)3]2+* as well as the redox potential of
[Co(phen)3]3+ is almost not affected by a change of the
interacting polyanionic structure. Therefore, we are justified
in assuming that the potential difference between the metal
complexes would not vary from one SBD generation to the next
and that the electron transfer rangeL is indeed constant.
Although we have considered that possibility, experiments also
show thatn.5-PAMAM SBDs do not support electron transfer
through their interior structures.

3.2. Interactions between the Adsorbed Metal Complexes.
Having shown that a random-deposition model for the interac-
tion of sensitizers and quenchers does not yield logical results,
let us see how interactions in the adsorption process can explain
the data. Here is a simple model that works. Assume the
following:

1. There is an energetic advantage of magnitudeε for squares
to adsorb right next to a circle (as opposed to further away),
represented by the Boltzmann factorω ) eε/kBT.

2. If a square adsorbs right next to a circle it quenches
luminescence completely, but if it lands some distance away it
has no effect.

Given the size of circles and squares and the size of surface
groups on the SBD (Table 1), it is reasonable to assume that

only one circle or square may adsorb on each surface group or
in the junction between adjacent groups. Since the circles and
squares possess+2 and+3 charges, respectively, the best charge
compensation by the negative SBD headgroups (-COO-) would
be achieved when a circle and a square are bound next to each
other as shown in Figure 6. In this way, the overall+5 charge
from the adjacent metal complexes is compensated by the six
surrounding anionic carboxylate groups.

Let the number of surface groups beM, and let the number
of nearest groups to an adsorbed circle bem. Since a square is
ω times more likely to adsorb to one of them nearest sites,
rather than to one of the remainingM - m - 1 sites, the
probability that it does not adsorb to any of them nearest sites
is p ) (M - m - 1)/[mω + (M - m - 1)]. A circle will
fluoresce only in the event that there are no squares in any of
its nearest sites. Thus, ifνs squares are adsorbed, the probability
of fluorescence drops topνs, and (I0/I)snapshot) p-νs, or

This is again a linear expression inνs, except that here the
coefficient may become as large as necessary, simply by
adjusting the attractive potential,ε. With this model we can
explain the data consistently. Using the number of surface
groups in Table 1, and assumingm ) 6, we getε ≈ 2.9kBT (at
298 K) for all generations tested (Table 2). The magnitude of
the attractive potential is typical of hydrophobic interactions (1
- 10kBT). We suspect that hydrophobic interactions are indeed
responsible for the clustering effect. In particular, it seems likely
that the carboxylate groups of the dendrimer’s structure serve
as gegenions21 and therefore the positive charges of both
ruthenium(II) and cobalt(III) complexes are neutralized so that
the hydrophobic effect can take place.

4. Conclusions

Aiming at a quantitative analysis of the photoelectron transfer
between the excited sensitizer [Ru(phen)3]2+* and the electron
acceptor quencher [Co(phen)3]3+, adsorbed at the surfaces of
n.5 SBD generations (3.5-6.5), we have developed a random-
deposition model for sensitizer/quencher interactions on a two-
dimensional surface. This approach is based on the assumption
of random distributions of both types of metal complexes on
the SBDs surfaces. However, this led to a contradiction
regarding the electron-transfer rangeL: the analysis yielded
different ranges for generations 4.5, 5.5, and 6.5 and was unable
to account for the data from generation 3.5.

We were thus compelled to consider a model of mutual
attraction between the metal complexes. In this second analysis
we have omitted the parameterL, replacing it by short-range

Figure 5. Experimental data for ln(I/I0) vs νs, for SBD generations
3.5 (*), 4.5 (+), 5.5 (×), and 6.5 (O). The solid lines represents the
best linear fit. The slopes are summarized in Table 2.

TABLE 2: Summary of Theoretical Analysis of the Dataa

SBD generation slope L (Å) ε (kBT)

3.5 1.20 undefined 2.8
4.5 0.80 300 2.9
5.5 0.47 100 2.9
6.5 0.27 65 3.0

a The slope in column 2 is the best fit to the experimental data of
Figure 5. It may be interpreted either as 1- R (eq 9) or as ln[(M - m
- 1) + mω]/[M - m - 1] (eq 10). Column 3 represents the electron-
transfer range computed fromR with the first interpretation, while
column 4 lists the energetic advantage for circles and squares to land
next to each other as computed fromω in the latter interpretation.

Figure 6. Binding of [Ru(phen)3]2+ and [Co(phen)3]3+ on the SBD
surface.

ln(I0/I)snapshot) νs ln
(M - m - 1) + mω

M - m - 1
(10)
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quenching. We have done this so that there would be only one
fitting parameter, the energetic attraction potentialε, rather than
L, in order to sharpen our conclusions. The attractive potential
of 2.9kBT that we have found for all fourn.5 generations of
SBDs studied is consistent with a hydrophobic interaction.We
clearly see here the importance of a statistical mechanical
analysis of the experimental data. Without this analysis, the
clustering of quenchers and sensitizers (and the consequent
increase in the observed luminescence quenching) might easily
have been misinterpreted as long-range photoelectron transfer.
Clustering in photoluminescence experiments in organic ligands
employing metal complexes is not unusual.
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TABLE 3

mol L-1 I0/I τ0/τ I0/I - τ0/τ + 1

SBD G 3.5 4.29× 10-4

[Ru(phen)3]2+ 3.30× 10-4

[Co(phen)3]3+ 0 1 1 1
0.75× 10-4 1.323 1.116 1.207
1.50× 10-4 1.58 1.157 1.423
2.25× 10-4 2.124 1.294 1.830
3.00× 10-4 2.83 1.413 2.417
3.75× 10-4 3.388 1.472 2.916
4.50× 10-4 4.06 1.624 3.436

SBD G 4.5 1.04× 10-4

[Ru(phen)3]2+ 1.00× 10-5

[Co(phen)3]3+ 0 1 1 1
2.50× 10-5 1.218 1.075 1.143
5.00× 10-5 1.457 1.102 1.355
7.50× 10-5 1.971 1.188 1.783
1.00× 10-4 2.521 1.168 2.352
1.50× 10-4 3.456 1.182 3.274
2.00× 10-4 4.590 1.178 4.412

SBD G 5.5 5.20× 10-5

[Ru(phen)3]2+ 1.00× 10-5

[Co(phen)3]3+ 0 1 1 1
2.50× 10-5 1.445 1.098 1.347
5.00× 10-5 1.80 1.084 1.716
6.25× 10-5 1.90 1.075 1.825
7.50× 10-5 2.01 1.048 1.962
8.75× 10-5 2.182 1.055 2.127
1.00× 10-4 2.41 1.066 2.344

SBD G 6.5 1.30× 10-5

[Ru(phen)3]2+ 1.00× 10-5

[Co(phen)3]3+ 0 1 1 1
1.25× 10-5 1.59 1.255 1.335
2.50× 10-5 1.92 1.215 1.705
3.75× 10-5 2.48 1.207 2.273
5.00× 10-5 3.06 1.191 2.869
6.25× 10-5 3.897 1.152 3.745
7.50× 10-5 4.86 1.120 4.740
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