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The fluorescence emission of a naphthalene unit attached to a polyamine chain is quenched by intramolecular
electron transfer from the deprotonated amines to the excited fluorophore. Measurements of the respective
quenching rate constants as a function of the distance, reveal an exponential dependence withâ ) 0.45 Å-1.
Identical measurements carried out in deuterated water have shown a similar dependence with the distance
â ) 0.49 Å-1 but an average reduction of the absolute values of the rate constants of ca. 1.2. The polyamine
chains seem to constitute a bridge through which the electron can find a route to its movement, more efficiently
than through space.

Introduction

Electron-transfer processes play a crucial role in biological
systems such as the respiratory chain and photosynthetic
process.1-4 Sequences of thermal and/or photoinduced electron-
transfer steps allow electron transfer from donor to acceptor
units localized at distances exceeding the sum of their respective
van der Waals radii. This is exemplified by the long-range
electron-transfer process taking place in proteins at distances
from 10 to 30 Å. Mimetic systems for these natural process are
covalently linked donor/acceptor molecules (CLDA), and by
consequence, hundreds of organic and inorganic CLDA systems
have been reported in the literature.1 Of particular interest is
the work of Gloss and co-workers who have experimentally
verified the Marcus inverted region with a system consisting
of biphenyl and naphthalene units linked through a steroid type
bridge.5-7

In previous work, carried out in systems containing a
polyamine chain bearing a terminal aromatic fluorophore, we
have shown that the most intense emission occurs for the fully
protonated form and that proton abstraction from the polyaminic
chain leads to a decrease in the emission intensity.8-11 This
quenching effect is due to the intramolecular electron transfer
process involving the lone pair of a deprotonated amine and
the excited fluorophore. Moreover, it was also observed that
the degree of quenching shows a crucial dependence, not only
with the chain length but also with the stage of protonation.

This work makes relevance to the distance dependence of
the quenching rate constants in polyamine chains bearing a
terminal naphthalene unit and to the effect of isotope substitution
(proton by deuterium), on both the quenching rate constants
(kq) and distance dependence (â).

Experimental Section

Materials. Ligands I-V were synthesized as previously
described12 and handled as their hydrochloride salts. D2O and
H2O-milliQ were used as solvents in the spectrophotometric and
spectrofluorimetric titrations.

emf Measurements. The potentiometric titrations were
carried out at 298.1( 0.1 K in NaCl 0.15 mol dm-3. The
experimental procedure (buret, potentiometer, cell, stirrer,
microcomputer, etc.) has been fully described elsewhere.12 The
acquisition of the emf data was performed with the computer
program PASAT.13 The reference electrode was an Ag/AgCl
electrode in saturated KCl solution. The glass electrode was
calibrated as an hydrogen-ion concentration probe by titration
of previously standardized amounts of HCl with CO2-free NaOH
solutions and determining the equivalent point by the Gran’s
method,14 which gives the standard potential,E°′, and the ionic
product of water (pKw ) 13.73(1)). NaCl was used as the
supporting electrolyte instead of the most usual NaClO4 be-
cause of the slightly higher solubility of the receptors in this
medium.

The computer program HYPERQUAD15 was used to calculate
the protonation and stability constants. The titration curves for
each system (ca. 100 experimental points corresponding to at
least three measurements, pH range investigated 2-10, con-
centration of metals and L ranging from 1× 10-3 to 5 × 10-3

mol dm-3) were treated either as a single set or as separated
curves without significant variations in the values of the stability
constants. Finally, the sets of data were merged together and
treated simultaneously to give the final stability constants.

NMR Measurements.The 1H and 13C NMR spectra were
recorded on Varian UNITY 300 and UNITY 400 spectrometers,
operating at 299.95 and 399.95 MHz for1H and at 75.43 and
100.58 MHz for 13C. The spectra were obtained at room
temperature in D2O or CDCl3 solutions. For the13C NMR
spectra, dioxane was used as a reference standard (δ ) 67.4
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ppm) and for the1H spectra the solvent signal. A variable
temperature accessory regulated the probe temperature. Adjust-
ments to the desired pH were made using drops of DCl or NaOD
solutions The pH was calculated from the measured pD values
using the correlation, pH) pD - 0.4.16

Spectrophotometric and Spectrofluorimetric Titrations.
Absorption spectra were recorded on a Shimadzu UV-2510 PC,
UV-vis recording spectrophotometer, and fluorescence emis-
sion was recorded on SPEX F111 Fluorolog spectrofluorimeter.
HCl and NaOH were used to adjust the pH values that were
measured on a Metrohm 713 pH meter. All of the measurements
were carried out in 0.15 mol dm-3 NaCl. Linearity for the
fluorescence emission was checked in the concentration range
used. The absorbance of the excitation wavelength was main-
tained lower than ca. 0.15. When excitation was carried out at
wavelengths different from the isobestic points, a correction for
the absorbed light was performed.

Fluorescence lifetimes were measured by time correlated
single photon counting technique (TCSPC) as described else-
where.17 The fluorescence decays were analyzed using the
method of modulating functions implemented by Striker with
automatic correction for the photomultiplier “wavelength shift”.18

All measurements were made in the presence of oxygen to
reproduce the conditions where steady-state fluorescence data
was obtained.

Results and Discussion

The fluorescence intensity dependence with the hydrogenionic
concentration, for compoundsI-V (Scheme 1), is presented in
Figure 1. The most intense emission occurs for the fully
protonated form, and the subsequent proton removal (from the
chain) leads to a decrease in the emission intensity.9-11 This
quenching effect is due to an intramolecular electron-transfer
process involving the lone pair of a deprotonated amine.

The electron-transfer quenching rate constant,kq, for each
species can be obtained from the Stern-Volmer equation,

modified according to intramolecular processes, (I0/I ) 1 + kqτ0)
where I0 and τ0 are respectively the emission intensity and
lifetime of the unquenched species (fully protonated form,τ0

) 24 ns in aerated solutions) andI is the emission intensity of
the species suffering quenching (deprotonated species). The plot
of the quenching rate constants obtained upon removal of a
single proton in compoundsI-V vs a quantity proportional to
the chain length (the bond distance between the fluorophore
and the virtual middle point of the polyamine chain) are
presented in Figure 2 (filled circles). An exponential dependency
is clearly observed and can be further correlated with our
knowledge about the deprotonation pattern presented by these
compounds.

The middle point distance, as defined above, has a particular
and critical meaning in these systems. The pH dependence of
these compounds is mainly determined by electrostatic repulsion,
which rules the proton distribution in the chains; that is, protons
choose to be as far apart as possible. The average protonation
sequence can be inferred from the shifts that the13C and1H
NMR resonances undergo with the pH. In particular, the carbon
nuclei placed inâ position and the hydrogen atoms bound to
the carbons inR with respect to the nitrogen atoms bearing
deprotonation move significantly downfield and upfield, re-
spectively. In Figure 3, as an example, we present the aliphatic
region of the13C NMR spectra of compoundI recorded at
several significant pH values.

In this compound, the chemical shifts of the carbon atoms
labeled as C2 and C5 placed in theâ position with respect to
the central nitrogen atom shift markedly downfield on going
from pH 2 to 5 in correspondence with the first deprotonation
step of the ligand (Figure 1). The same observation can be made
for carbon atom 4 above pH 8.5 where the last deprotonation
occurs suggesting that the first proton attaches mainly to the
primary amino group at the end of the chain. However, it has
be to be stressed that although this NMR change denotes the
presence of majoritary species in solution it does not discard
the presence of other prototropic isomers whose relative amounts
must be thermodynamically controlled.

Thus, the first deprotonation ofI affects mainly the central
nitrogen, and this is valid for all cases where the chain consists
of an odd number of nitrogens (e.g., compoundsI andIV ). In
the cases where the chain has an even number of nitrogens
(compoundsII , III , and V), the first deprotonation affects
mainly the methylenic groups, connected to the two central
nitrogens, and because symmetry is preserved, the interpretation
is that deprotonation leads to a species where these two nitrogens
share a single proton, or alternatively, each nitrogen is pro-
tonated “half of the time”. In summary, in all cases, the first
deprotonation occurs with the proton in the middle of the chain
but with two different outcomes: one unprotonated nitrogen in
the case of odd numbers and two-half protonated nitrogens in
the case of even numbers.

The distance (d) in Figure 2 was obtained from a direct
measurement of the bond lengths in a space-filling model. This
was taken from the distance of the naphthalene carbon atom
C(1) to the deprotonated nitrogen and is consequently inde-
pendent of any conformational assumption. For speciesIa and
IVa , see Figure 4 (the sufixes a, b, and c stand for first, second,
and third deprotonation respectively), it is likely to consider
that the most probable proton distribution results from the central
nitrogen proton free (see above).

In the case of speciesIIa , IIIa , andVa, in Figure 4, the proton
should be equally shared between the two central nitrogens. At
this stage, a model where the two central nitrogens are

SCHEME 1
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protonated only one-half of the time can be equated. In that
case, we would have, for example, with speciesIIa , a quenching
rate constant equal to the semisum of the quenching constants
for speciesIa andIVa (see Figure 2), i.e., 0.5× 108 s-1. This
value is quite different from the observed value of 0.26× 108

s-1. Actually, what we observe is that the quenching rate

constant for speciesIIa falls off, according to a general
exponential dependence with the distance, if the mean distance
between the second and third nitrogen atoms is considered
(counting the nitrogens from left to right).

This procedure was extended to the compounds whose
quenching rate constants result from a second deprotonation (and
third deprotonation for the species bearing the largest chain),
Figure 2, opened circles, and Figure 4. In the cases where two
protons have been removed, the observed quenching rate
constant,kobs, will result from the sum of two parcels: (i) the
quenching due to the first deprotonated nitrogen (kq, previously
calculated) plus (ii) the quenching from the second deprotonated
nitrogen (rate constantk′q). In the case of species Vc (see Figure
4), a third quenching rate constant was calculatedmutatis
mutandis.

The protonation sequences, here shown for the second and
third deprotonation, are not only supported by the exponential
dependence but also from our previous work.9-11 In particular,
we have observed from NMR studies, taken with the compounds
here reported and also with similar systems, containing an-
thracene (or benzene) as the emissive chromophore instead of
naphthalene, that the first proton release always takes place with
the central nitrogens.8-11 On the other hand, the protonation
sequence is mainly ruled by the existence of a minimum of

Figure 1. Fluorescence titration curves of compoundsI-V. The data points are normalized to the fluorescence of the fully protonated form (I/I0).
Molar fractions of the species are also plotted and were calculated from potentiometric constants.

Figure 2. Exponential dependence of the quenching rate constants
with the distance in water. Closed circles, monodeprotonated species;
open circles, dideprotonated (and trideprotonated) species.

ET Quenching in Polyamine Chains J. Phys. Chem. A, Vol. 106, No. 35, 20028209
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repulsion between equally charged species. The obtained
exponential dependence for the quenching rate constant, shown
in Figure 2, is of general formula,kq ) kq(0) exp(-âd), leading
to a â factor of 0.45 Å-1,1-7 suggesting that electron transfer
would occur at longer distances than expected for an aliphatic
system.

At this point, a mention of the nonrigidity of these systems
and its consequences must be made. In fact, in the present case,
the strict sense of fixed donor acceptor distances cannot apply,
perhaps with the sole exception of compoundIII , where a
piperizine ring will avoid folded conformations. With all of the
other compounds, repulsion between positively charged nitro-
gens will most probably lead to extended conformations.
However, a single conformer is not expected to occur in solution
and, as a consequence of that, several differently oriented
structures are expected to be present, their distribution de-
pending on the pH value of the media. On the basis of our
previous studies with bischromophoric analogues, where the
presence of excimer emission depends on the pH and on the
chain length, we can conclude that both factors affect chain
flexibility and that conformational changes occur upon depro-
tonation.

Fluorescence decays of the fully protonated species are always
fitted with a single exponential (decay time of 24 ns). However,
as the pH increases, new monodeprotonated, dideprotonated,
etc. species appear with the fluorescence decays translating this
fact. For example, in the case of compoundI , at pH ) 3, the
major fluorescence emission intensity still arises from the LH3

species (decay time of 24 ns), with a small contribution of the
LH2 (decay time of 9.5 ns) species, whereas at pH) 6.4 the
fluorescence is essentially from the LH2 species (Figure 1). As
a consequence of this, global analysis of the fluorescence decays
at the pH values of 6.4 and 3 (Figure 5) are fitted with the same
decay times, 24 and 9.5 ns, with the preexponential factors (ai)

translating the excited-state concentrations (proportional to
ground-state concentrations since the extinction coefficient does
not change) of LH3 and LH2 species as seen in Figure 1.

The use of the fluorescence decay times of the LH3 and LH2

species allows the determination ofkq for LH2, leading to a
quenching rate constant value of 6.4× 107 s-1. Comparison
can be established with the 8.6× 107 s-1 value, obtained from
steady-state data, see Table 1.

From the stated above, each species is described by a single-
exponential decay, and because we expect conformational
flexibility in most of the compounds, if the quenching rate
constant are to be dependent on conformation criteria, multi-
exponential decays were to be expected for each species, unless
(A) the interconversion between conformations is slow but the
donor/acceptor distances, in all the conformations present in
solution, do not appreciably change leading to an identical
quenching rate or (B) the interconversion between conformations
is fast, and in this case, we are measuring an average electron-
transfer rate constant, corresponding to an average of different
conformers.

On the other hand, the monoexponential decays for each
species could reflect the situation where the quenching rate
constant does not depend on the conformation.

The fact that the quenching rate constants and bond distances,
for all of the species, correlate within the same exponential
dependence also suggests that (i) all the species have similar
conformational distributions (or fast interconversion) or (ii) that
the mechanism of electron transfer is independent of the
conformational distribution, i.e., a through-bond mechanism.
Option (i) can be discarded based on our previous study on the
kinetics of excimer formation with the bis-chromophoric
compounds,19 because conformational changes with pH occur
and the excimer formation is slow enough to be measured in
our experimental setup.

Figure 3. 13C NMR spectra of compoundI recorded at different pH values. Representation of the13C chemical shifts of the aliphatic carbon atoms
as a function of pH.
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To account for the role-played by the proton in the electron-
transfer process, we have performed identical experiments in
deuterated water. The reported results, in Table 1 and Figure 6,
show that the quenching rate constants in deuterated water are
in average ca. 1.2 times slower than in water (τ0 is almost

identical to water; 25 ns). This result suggests isotope sensitivity
compatible with an association electron-proton (deuteron)
transfer. The dependence with the distance is, however, similar
in both media: deuterated water,â ) 0.49 Å-1, and water,â
) 0.45 Å-1.

The use of classical and quantum mechanical models to
account for the electron transfer phenomenon, in particular their
dependence with the distance, is not a simple task. This is true
essentially because the series in question lack homogeneity, in
the sense that there is no evidence to support that the driving

Figure 4. Protonation sequence and distance of the electron transferred in order to follow the exponential dependency reported in Figures 2 and
6.

Figure 5. Global analysis of the fluorescence decays of compoundI
at pH ) 3 and 6.4 withλexc ) 285 nm andλem ) 330 nm. Also
presented are the weighted residues, autocorrelation functions (A.C.),
andø-squared (ø2) values for a better judgment of the quality of the
fits.

TABLE 1: Quenching Rate Constants in Water and
d-Water

compounda
distance

(Å)
kq (s-1)/107

(H2O)
kq (s-1)/107

(D2O)

Ia 8.2 8.6 6.7
IIa 10.2 2.6 1.8
IIIa 11.5 1.7 1.0
IVa 12.2 1.3 0.87
Va 14.1 0.6 0.27
Ib b 35 50
IIb 6.25 19 8.1
IIIb 6.9 17 12
IVb 8.2 7 4.2
Vb 10.2 3.8 2.8
Vc 6.25 20 14

a See Figure 2 for the protonation sequence.b In this compound, the
distance lies between the first nitrogen 4.3 Å and the middle distance
between the N(1) and N(2) nitrogens, 6.25 Å.

ET Quenching in Polyamine Chains J. Phys. Chem. A, Vol. 106, No. 35, 20028211
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force for the electron-transfer process,∆G°, and the energy
required to reorganize nuclear coordinates upon electron transfer,
λ, is the same when the nitrogen is completely deprotonated
(as in the case of species 2 and 5 or 9 in Figure 4) or when it
shares a proton with an adjacent nitrogen (as in the other cases).
At this point in our studies, we can only look to the observed
exponential dependence as a trend here expressed by an
empirical law. However, despite these limitations, some aspects
merit our attention. Independently of the exact meaning of the
â factor, it should reflect how the electron-transfer process falls
off with the distance. Some comparisons can be made with other
covalently linked bridged redox centers. Typical values for this
parameter are found to beâ ) 0.9,20 1.01,7 0.85,21 and 0.522

Å-1 and tunneling through vacuum (â ) from 2.8 to 3.5
Å-1).23,24According to Page and co-workers in the case of the
electron tunneling in biological oxidation-reduction systems,
a â value of 0.9 Å-1 corresponds to a fully packed medium,
whereasâ ) 2.8 Å-1 corresponds to the interstitial space in
the protein structure outside the united van der Waals atomic
radii.25 These authors have also suggested an intermediate value
(â ) 1.4 Å-1), for the electron-transfer process occurring in
proteins.

The values ofâ, reported in the present work, are quite low
and very similar to those found by Michel-Beyerle and
co-workers, for the preexponential factors of the rate constants
in CLDA systems where a pyrene electron acceptor is linked
to a dimethylaniline electron donor through a bridge consisting
in two terminal methylene groups and different central aromatic
fragments.21 In their case, the small value of theâ factor was
attributed to the presence of aromatic groups in the bridge unit.

In our case, the dependence of the quenching rate constants
on isotopic substitution suggest that proton movement is
involved in the controlling step of electron transfer. In that case,
a possible interpretation for the distance dependence is that the
quenching rate constant is reflecting the time it takes to
deprotonate the nitrogen nearest to the naphthalene moiety, i.e.,
proton migration through bond. This would also account the
fact that conformational changes upon deprotonation are not
reflected on the quenching mechanism.

Summary/Conclusions

Electron transfer processes occurring in a new family of
compounds have been discussed. This is shown to be distance
and pH dependent. The acceptor unit consists of a naphthalene
chromophore, and the donor unit consists of a polyaminic chain.
Different size chains were considered. An exponential depend-
ence of the chain distance (measured from the electron donor
site in the polyamine chain to the closest carbon of the
naphthalene unit) with the quenching rate constant was found.

In the present case, the particularity of depending on the
hydrogenionic concentration of the media is merely a conse-
quence of the deprotonation site in the polyamine chain from
where electron transfer takes place. In these systems, the role
of the proton, in the electron-transfer process, cannot be
neglected as attested by the different values obtained for the
electron-transfer quenching rate constant in water and deuterated
water.
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Figure 6. Exponential dependence of the quenching rate constants
with the distance in deuterated water. Closed circles, monodeprotonated
species; open circles, dideprotonated (and trideprotonated) species.
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