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Abstract

The emission intensity and emissive lifetimes of "Ru(4,7-(SO;C¢H;),-phen),* ~ in solutions containing various cationic starburst dendri-
mers (SBD) in the presence and absence of potential quenchers were investigated. The binding constants of "Ru(4,7-(SO;C¢Hs),-phen),*~
to SBD were determined using changes in the probe’s excited state lifetime as a function of the SBD concentration and generation. An
observed increase in the probe’s lifetime in the presence of SBD is attributed to a lower O, concentration at the dendrimer’s surface than in
water. The quenching constants between "Ru(4,7-(SO;C¢Hs),-phen);*~ and methylviologen (MV?") and K,Fe(CN), and K;Fe(CN),

were determined by laser flash-photolysis in the presence of various generations of SBD.
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1. Introduction

During the past decades considerable research has been
devoted to systems involving the catalytic action of certain
macromolecular hosts which enhance reaction rates of bound
substrates. The binding between the reactants and the interior
or surface of the host creates a supramolecular system leading
to unimolecular reactions possessing high selectivity and
whose dynamics differ from those displayed by the random
bimolecular diffusion steps between the reactants. Under-
standing the nature of reactant/host interaction and how reac-
tions are influenced by the microheterogeneous environment
is crucial for the design of more effective catalytic systems.
Macromolecular hosts, such as micelles [ 1-9], vesicles [ 10—
13], polyelectrolytes [ 13—17] and DNA [18-23] arecapable
of binding both ionic and hydrophobic reactants and, there-
fore, provide an environment for supramolecular reactions.
In this paper, we focus on starburst dendrimers (SBD) as the
supramolecular host environment for electron transfer reac-
tions between a guest Ruthenium(II) complex and different
quenchers. The poly-(amidoamine) family of SBD repre-
sents a novel class of covalent polyelectrolytes whose struc-
tures may be compared to those of micelle systems (see
Fig. 1) [24-26]. The macromolecules in the present study
consist of an ethylenediamine initiator core with radially pro-
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jecting amidoamine units grafted in a symmetrical fashion
[26]. The branches at the external surface are terminated at
an amine stage (in which case they are called full generation
or G=n dendrimers) which are protonated in an aqueous
environment to provide a cationic surface. It has been estab-
lished from molecular simulations that the ‘earlier’ genera-
tions (G <4) possess an open, highly asymmetric shape,
whereas the later generations (G >4) are more closed and
nearly spherical [25]. In this report, the emission decay of
the triplet metal-to-ligand charge transfer (MLCT) excited
state of Ru(4,7-(SO,C¢Hs),-phen);*~ bound to the ammo-
nium salts of full-generation SBD was analyzed in the pres-
ence and absence of quencher. The increase in lifetime and
emission intensity in the presence of different SBD genera-
tions and concentrations was utilized to determine the binding
between the probe and the macromolecules. The quenching
studies provide a means of characterizing the type of quench-
ing kinetics operative in these systems.

2. Experimental

The synthesis and characterization of the SBD has been
previously reported in detail {8,9]. The polypyridine ligand,
RuCl; and methylviologen were purchased from Aldrich and
used without further purification. Synthesis of the Ru(II)
complex is described elsewhere [27]. The purity of Ru(4,7-
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Fig. 1. Schematic representation of SBD (G =2) with protonated end groups and the structure of the examined complex Ru(4,7-(SO,CeHs),-phen);* ™.

(SO,C¢Hs) ,-phen) *~ was determined by 'H NMR and
mass spectroscopy (FAB or electrospray). Solutions of
K,Fe(CN), and K;Fe(CN), were freshly prepared for each
experiment. A millipore water purification system was used.
All experiments were performed with air equilibrated solu-
tions in water at room temperature. Steady-state fluorescence
was measured on a LS-5 fluorescence spectrometer ( Perkin—
Elmer). Time-resolved emission measurements were con-
ducted with a frequency-doubled Nd-YAG laser (A, =532
nm; fiash duration, ca. 15 ns).

3. Results and discussion

3.1. Photophysical properties of Ru(4,7-(SO;C4Hs),-
phen);*~ with SBD

By the absorption of light, the singlet MLCT excited state
of Ru(4,7-(SO;CHs),-phen);*~ (Fig. 1) is produced, fol-
lowed by fast inter-system crossing to the nominal triplet
SMLCT with a reported lifetime of 3860 ns in deaerated
aqueous solutions [28]. The emission maxima, intensities
and lifetimes of Ru(4,7-(SO;C¢Hs),-phen);*~ in aerated
water and in aqueous solutions containing various genera-
tions of cationic SBD are listed in Table 1.

The emission maxima are only slightly shifted by the pres-
ence of SBD, however, the lifetimes are significantly
enhanced. The lifetime enhancement is attributed to binding
between the probe molecules and SBD. The monoexponential

decay of the observed lifetime 7, can be attributed to a
weighted fraction of the bound and unbound rate constants

by Eq. (1).
TO—I;SI =fFTF71+fBTl;l (1)

The factors f¢ and fg represent the fractions of free and
bound probe molecules; 7 and 7 are the corresponding life-
times [29]. According to Snyder et al. [29] the dependence
of 7,,, on the host concentration can be utilized to determine
the binding constants between cationic Ru(II') complexesand
anionic and neutral micelles.

We have used a similar approach to determine the binding
constants between Ru(4,7-(SO,C(Hs),-phen),*~ and cati-
onic SBD of generation 1, 4 and 7. By increasing the SBD
concentration, the observed lifetime 7, increases and
reaches a plateau in which all probe molecules are assumed
to be bound on the SBD surface. Thus, the lifetime in the

Table |

Lifetimes, emission maxima and relative emission intensities of 10 uM
Ru(4,7-(S0,CeHs),-phen)*~ in water and in the presence of 100 uM SBD
of varying generations

Medium Lifetime (ns) Aery {NIM) Relative intensity
Water 897 614 1

G=1 2150 615 1.21

G=4 2710 616 1.90

G=7 3290 614 2.35
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plateau region can be considered as the bound lifetime of the
complex 7g. Fig. 2 shows the observed lifetime, 7, vs. the
SBD concentration for the generations G=1, 4 and 7. Eq.
(1) may be rearranged to Eq. (2).

Toos =(7¢ ')+ (K[SBDIl7s ")/(1+K5[SBD]) (2)

with Ky the binding constant and [SBD] the respective SBD
concentration [29]. The solid lines in Fig. 2 are the best fits
of the experimental data to Eq. (2). From fits of Eq. (2) to
the [SBD] concentration dependencies of the observed life-
time, the binding constant Ky for the bound complex were
determined and are coliected in Table 2 for G=1,4 and 7.

Table 2 also shows the binding constants between the probe
and the SBD of generation G=4and 7 in 2 0.23 M and 0.47
M NaCl solution. As expected for electrostatic interactions,
the binding constant decreases as the salt concentration
increases.

In the presence of excess dendrimer the emission lifetime
and intensities are enhanced while no shift in the emission
maximum of Ru(4,7-(SO;C¢Hs),-phen);*~ could be
observed. The lifetime enhancement relative to that in pure
water is only apparent in aerated solutions and is not seen
when the sample is bubbled with argon prior to the experi-
ment. Therefore, it may be concluded that SBD surface bound
complexes are quenched less effective by oxygen than those
in the bulk solution. In deaerated solutions the measured
lifetime for Ru(4,7-(S0;C¢Hs)--phen);* ~ remains the same
in the presence and absence of SBD and was determined to
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Fig. 2. Plot of the emissive lifetime of Ru(4.7-(SO;C,Hs).-phen),*”
(1X10° M) in the presence of SBD generation 1 (®), generation 4 (A)
and generation 7 (O) at varying concentrations. The solid curves are com-
puter fits using Eq. (2) and the parameters given in the text.

Table 2

Lifetime of bound complex 7y and binding constants Ky, ( £+ 15%) in water,
in 0.23 M NaCl and 0.47 M NaCl solutions in the presence of SBD generation
G=1,4 and 7. The lifetime of the free complex 7 is 897 ns

Generation Ts Ky Kg Ky
(ps) (water) X (0.23 M) X (047 M) X
10°M~! 10°M ! 10°M '
G=1 2.15 2.4 - -~
G=4 2.71 47 0.36 0.18
G=7 329 5.0 0.84 0.60

be 3.79 us which is close to the reported value of 3.86 us
[28]. Using the Stern—Volmer relation and a concentration
of O, in pure water at room temperature of 2.6 X 10™* M
[30], we calculate the bimolecular quenching rate constant
of 3.4X10° M~ ' s~ '. Due to the decreasing solubility of
oxygen with an increasing electrolyte concentration in aque-
ous solution [31], the SBD surface concentration of O, in
the presence of different SBD generations can be calculated.
With a SBD concentration of 9 X 10> M, the bound lifetime
in the presence of O, is 2290 ns (G=1), 2720 ns (G=4)
and 3290 ns (G =7). Utilizing the Stern—Volmer treatment,
we calculated the corresponding local O, concentrations on
the SBD surfaces to 5.03X107° M, 3.03X 107> M and
1.17X107° M, respectively. The increase in lifetime of the
complex with rising SBD generation is consistent with a
greater charge density on the surface of the larger SBD so
that the oxygen concentration is expected to decrease near
the surface of the SBD as the generation increases.

3.2. Quenching of Ru(4,7-(50 ;C,Hs),-phen);*~ by MV?"
in the presence of positively charged SBD

The bimolecular quenching rate constant, k,, for the
electron transfer reaction between Ru(4,7-(SO;C¢Hs),-
phen);*~ and Methylviologen MV?* has been measured
using the Stern—Volmer treatment, where from the slope of
plots 7,/7 vs. [Q]g, the initial quencher concentrations, a
valueof 1.6 X 10'“M ™ 's ™' for k, was obtained. This quench-
ing rate constant is close to the diffusion limit for two small
ions with opposite charges (4— and 2+ ) in water in the
absence of electrolyte [32]. For instance, Harriman et al.
{33] and Richoux and Harriman [34] found, for a series of
Zn porphyrins with different peripheral water solubilizing
groups, quenching rate constants k, in the range of 1.0-
1.4>10" M~ s~ between the 4 — charged metal com-
plexes and methylviologen in water.

In the case of negatively charged SBD and micelles, it was
found that quenching of the luminescence of Ru{phen),**
by [Fe(CN) 1%~ is diffusion-controlled and dependent on
the size of the micelles and the generation of the dendrimers,
respectively [35]. Ferrocyanide ions, being negatively
charged, are expected to be strongly repelled from the mac-
romolecules by electrostatic forces. Therefore, effective
quenching only takes place when the probe molecules are
capable of exit from the host molecules during their lifetime
and are quenched in the bulk aqueous phase.

The same scheme is applicable for the reaction between
Ru(4,7-(SO,CHs),-phen)s*~ and MV?* in the presence of
positively charged SBD. Due to the electrostatic repulsion
between similar charges, the quencheris repelled by the exter-
nal surface of the starburst molecule and only those probe
molecules that exit the dendrimer during their lifetime are
quenched. Since the quenching rate constant k, between
Ru(4,7-(SO,CHs),-phen);*~ and MV in the bulk aque-
ous phase is not affected by the presence of SBD, the different
quenching rate constants measured for different dendrimer
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Fig. 3. Fluorescence quenching of Ru(4,7-(SO,C4Hs).-phen);* ™ at differ-
ent MV?* concentrations and with different SBD generations.

generations mirror the capability of the probe molecules to
exit from the macromolecules and in this way they are pro-
portional to the dissociation rate constant & _.

We have measured the quenching rate constants &, for
Ru(4,7-(S0,C¢Hs),-phen);*~ (1 X107 ° M)with MVZ™ in
the presence of starburst G=1-4 dendrimers (1 X107° M
SBD, see Fig. 3).

The bimolecular quenching rate constant &, decreases from
99x108M™'s "forG=11t0 1.8X10* M~ 's™' (G=2)
06 8X10'M 's ' (G=3)104.2x10"M 's™ ' for SBD
generation 4. This result clearly indicates that the exit rate
decreases with an increasing size of the macromolecule. If
we consider the exit rate and the dissociation rate constant
k_ as inversely proportional to the interaction that holds the
probe on the surface of the SBD, then the quenching reaction
with MV?* indicates that the interaction of the probe
increases with the size and the surface charge density of the
host molecule.

3.3. Quenching of Ru(4,7-(SO;C.H;),-phen);* ™ by
Fe(CN)s /Fe(CN)s*~ in the presence of positively charged
SBD

We have measured the bimolecular quenching rate con-
stant for the reaction between Ru(4,7-(SO,C¢Hs ) ,-phen) ;* =
and Fe(CN)¢* ™ in pure water to be 1.7 < 10* M "' s~ ', This
is likely to be near the diffusion limit for two small highly
negatively charged ions in the absence of electrolyte. Accord-
ing to Brown and Sutin [36], a theoretical approach to esti-
mate the quenching constant k, can be derived from Eq. (3).

kq=K0kc| (3)

where k., is the unimolecular rate constant for the electron
transfer step. K, represents the ion-pair equilibrium constant
and can be calculated from Eq. (4).

K4 Nr/3000 exp{—wr/RT) (4)

In the above expression, N is Avogadro’s number, r is the
sum of radii of the two reactants, and w is the work term
required to bring the two reactants together. Furthermore, the

diffusion controlled nature of this quenching reaction is evi-
dent when it is performed in the presence of electrolyte, since
k, increases in value to k,=6.9x 10* M~'s7'ina 047 M
NaCl solution. Such an increase in the value of the quenching
rate constant reflects the decrease in repulsion between two
like-charged ions as the ionic strength increases and the elec-
trostatic repulsion of like-charges are screened from one
another.

A similar result was found for the reaction between
Ru(4,7-(SO;C¢Hs),-phen)s*~ and Fe(CN)¢’~. In the
absence of any electrolyte, the quenching rate constant is
k,=4.8x10° M™" s~ and, as expected, is slightly faster
than in the case for Fe(CN)¢*~ as quencher. In a 0.47 M
NaCl solution, we found a slight acceleration giving a value
k,=83X10°* M™' s™" due to the diminished repulsion. In
both cases, the increase of the rate constant k, by adding
sodium chloride is smaller than expected. In the case of
Ru(phen);>* and MV** as quenchers, the quenching con-
stant k, was determined to be k, = 4.6 X 10°M ~'s ™' in water.
In 0.5 M NaCl &, increases in value to k,=2.0X 10" M~
s™' [37].

A similar influence of increasing ionic strength towards
the quenching reaction between two ions with the same
charge in the presence of oppositely charged macromolecules
has been observed [35]. For a system containing
Ru(phen);** as a probe and MV>" as quencher it was found
that the electron transfer reaction is bimolecular in the pres-
ence of negatively charged SBD (G =0.5-2.5) and unimo-
lecular or ‘intrastarburst’ at higher SBD generations [35].
This supports the idea that quenching reactions in such sys-
tems occur mainly on the surface of the dendrimer and not in
the aqueous phase, when the external surface is ‘closed’ as
the result of close packing of the charged head-groups. Under
these conditions, the excited probe does not exit the host
during the complexes’ excited state lifetime and the quench-
ing probability is proportional to the number of quencher
molecules which exist on the same dendrimer. However, it
should be noted that in this case the ratio between the [ probe]
and {SBD] <0.1 and in this way each probe molecule is
bound to a host.

We have examined the influence of positively charged
SBD on the quenching reaction between Ru(4,7-
(SO;C¢Hs),-phen);*~ and Fe(CN),*~. In contrast to the
experimental conditions mentioned above, we have chosen a
[probe] to [SBD] ratio of approximately one. In this case,
we have to consider the fact that the average occupancy of
the host vs. probe molecules is > 1 and a certain fraction of
probe molecules can exit from the SBD and be deactivated
in solution. The reaction rates between probes and macroca-
tions were estimated from reaction scheme I from which Eq.
(5) may be derived [38,39].
Tons =k_+k,+k' [Fe(CN) ¢ ] (5)
—k, k_[SBD]/(k,[SBD]+k, +k, [Fe(CN) ¢ )

In Eq. (5), k, and k_ are association and dissociation
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Table 3

Kinetic parameters of quenching of Ru(4,7-(S0;C¢Hs)2-phen);*~ (1 X 107° M) by Fe(CN)¢* ™ in the presence of different SBD generations (1 X 107> M)

SBD 0%k (s7h) 107k, (s™") 10k, (M7 1s7") 10k, (M~'s™h) 10°k, (s™") 108k, (M™'s™ ")
G=2 1.9 45 6.0 6.8 1.1 1.6
G=3 1.1 39 6.2 8.1 1.1 1.6
G=4 2.5 3.8 5.8 8.8 1.1 1.7
G=5 33 3.7 6.7 9.0 1.1 1.7
G=6 2.4 37 6.9 11 1.1 1.7
G=17 33 3.6 22 12 1.1 1.7

The estimated uncertainties are: +20% (k_) and +15% (k).

The parameters &, k., k,, and k, were directly derived from measurements with estimated uncertainties about + 10%.
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Fig. 4. 7., vs. [FeCN,]*~ plots in the presence of SBD generation 3 ({)},
generation 5 (V) and generation 7 (O); [Ru(4,7-(SOsCHs)»-
phen);*~ 1 =1x10""M, [SBD] =1x10"° M. The solid curves are based
on Eq. (5) and the parameters are given in Table 3.

rates between the SBD and the probe ions. k,, and &, represent
the probe’s deactivation rate constants in the water phase and
bound to the SBD, respectively, and can directly be derived
from the measurement of the probe’s lifetime in water and in
the presence of the different SBD. Since the anionic quencher
Fe(CN)¢*~ has acharge of 4 —, it is attracted by the cationic
host surface in the same way as the probe molecules. There-
fore, the kq[Fe(CN)(f’] term in Eq. (5) is expected to be
smaller than k' [Fe(CN)¢*~ ] term if binding is significant
[36]. This was proven by measuring the quenching rate con-
stants k, in water and k,’, in the presence of the SBD (see
Table 3). The remaining parameters k_ and k£, of Eq. (5)
were determined by computer simulation of experimental
data. In Fig. 4, examples of such plots are given with the solid
curves representing the results from Eq. (5). The kinetic
parameters utilized for the computer fits are displayed in
Table 3.

The &, values obtained for the bimolecular binding reac-
tion from Eq. (5) are of the order of 10° M~ ' s~ ! and close
to that expected for diffusion-controlled reactions. They are
slightly higher than the k, values reported for Ru(phen),**
with negatively charged SBD [35] with the difference being
attributed to the stronger electrostatic attraction between
Ru(4,7-(SO;C4¢Hs),-phen);*~ and the dendrimers based on
a higher charge of the probe molecule. The data in Table 3
show that the quenching rate constants k" are bimolecular

for all SBD generations examined. This result is in contrast
to the findings for the quenching reaction of Ru(phen),**
with MV?* or Co(phen);** in the presence of negatively
charged SBD [35-37]. Here, the quenching rate constant is
bimolecular for early generations (0.5 <G <3.5) and turns
unimolecular or ‘intrastarburst’ in the case of higher gener-
ations (4.5<G). To explain these results we must focus
on the different ratios between probe, quencher and SBD
used for the experiments. In the case of Ru(phen);>”"
with Co(phen);*" as quencher, the ratio between
[Ru(phen);** 1/[SBD] and [Co(phen);**]/[SBD] was
kept low ( <0.1) giving certain amounts of dendrimers con-
taining only probe molecules [Ru-SBD] and certain
amounts containing both probe and quencher molecules [ Ru—
SBD—Co] [37]. Therefore, the decay of the lifetime of the
excited probe molecules is biexponential due to the different
environments and can be expressed as:

I()=F,exp(—t/m)+ F,exp(—t/15) (6)
where

F,=[Ru-SBD]/([Ru-SBD]+[Ru~SBD-Co}) (7)
and

F,=[Ru-SBD-Co}/([Ru-SBD]+[Ru-SBD-Co])  (8)

In our case, the ratio [Ru(4,7-(SO;C¢Hs),-phen);* 1/
[SBD] = 1and [FeCN.*~]/[SBD] > 1. Based on these con-
ditions, the decay of the lifetime is expected to be monoex-
ponential, since in Eq. (6) the pre-exponential factor F, = 0.
This was proven by measuring the lifetime of "Ru(4,7-
(SO,C¢Hs),-phen);*~ [1X 107> M] in the presence of
FeCN,*~ [1 X 107°M] and varying the SBD concentration.
Increasing the concentration of SBD (G=4) from 1.3 X
107¢ M t0 6.25 X 107> M, the measured lifetime increases
from 1.72 ps to 2.43 us but the decay remains monoexpo-
nential. Assuming that a quencher molecule binds similarly
to a SBD containing a probe to one which does not, we can
exclude dendrimers with only probe molecules attached when
the quencher concentration increases. Therefore, the decay
of the observed lifetime 7, is due to the quenching reaction
on the surface of a SBD containing both probe and quencher
molecules and can be expressed by Eq. (5), which describes
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the dependence of the quenched lifetime from the quencher
concentration.

4. Conclusion

The anionic Ru(4,7-(SO;C¢Hs),-phen);* ~ binds strongly
to the positive surface of full generation SBD, in an electro-
static manner. When bound to SBD, the lifetime and emission
intensity of the probe are enhanced due to the decreased O,
concentration on the dendrimers surface, which reduces
quenching of the triplet excited state. By quenching experi-
ments with MV*", which is strongly repelled from the sim-
ilarly charged SBD, it could be shown that with an increasing
size of the dendrimer the exit rate for an excited probe mol-
ecule from the surface of the host decreases. For like-charged
probe and quencher molecules it was shown that the kind of
quenching reaction depends on the SBD concentration. Using
ratios > 1 for {probe]/[SBD] and [quencher]/[SBD] the
quenching rate constant, which is unimolecular at Jow ratios,
remains bimolecular.
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