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Fluorescence Quenching in Electron-Donating Solvents. 1. Influence of the SolutSolvent
Interactions on the Dynamics

Introduction

A major difficulty when investigating bimolecular photoin-
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The electron transfer (ET) quenching dynamics of excited perylene (Pe), cyanoperylene (PeCN), methanol-
perylene (PeOH), and methylperylene (PeMeNiN-dimethylaniline (DMA) has been investigated using
ultrafast fluorescence up-conversion. Measurements of the rotational dynamics of PeCN and PeMe in nonpolar
and polar inert solvents using optically heterodyned polarization spectroscopy are also presented. The
fluorescence decay in DMA is strongly nonexponential and about 10 times faster with PeCN than with the
other electron acceptors. The quenching dynamics has been analyzed with a model distinguishing three types
of donor molecules surrounding the acceptor: those with optimal orientation for ET and those requiring
orientational or translational diffusion prior to ET. According to this model, which can account for the whole
fluorescence decay, the faster quenching dynamics of PeCN is not due to a larger ET rate constant, but to a
larger number of donor molecules, typically three to four, with an optimal orientation. This is explained by
the effect of dipole-dipole interaction between PeCN and the donor molecules, which favors mutual orientations
with a large electronic coupling. With the other acceptors, this interaction is either not present or does not
lead to ET active geometries. The occurrence of this interaction is substantiated by the rotational dynamics
measurements.

diffusion coefficient of the reactants, a radius of the reaction
sphere and a rate constant for the quenching in this volume are
obtained. Although this analysis is rather straightforward, the

duced electron-transfer (ET) reactions in solution is the deter-
mination of the intrinsic ET rate constatdsr. Indeed, diffu-

sional encounter must first take place before the reaction can
occur. Therefore, as soon as ET is faster than this initial step,
the observed rate constant is that of diffusion and no information

on the actual ET dynamics can be obtained. This outcome has

been clearly demonstrated in the famous ET quenching experi-
ments of Weller and co-worketsFor example, in acetonitrile,
the quenching rate constagtbecomes equal to the diffusional
rate constantis ~ 2 x 1019M~1 s71) as soon as the ET driving
force, AGgt, becomes more negative than abet.2 eV. It is
therefore essentially impossible to test the predictions of ET

theories with these bimolecular ET reactions. There have been

mainly two approaches to circumvent this limitation and to
accesker above the diffusion limit:

(1) The analysis of the transient efféct. There is always a
fraction of the excited reactant population with a quencher
molecule at a distance where ET can occur without significant
diffusion. Therefore, this subpopulation is quenched with a time
constant essentially equal ter. The remaining population has
no neighbor quencher, and thus, diffusion is required before
quenching. As a result, the decay of the excited population is
nonexponential, and at early time, the quenching rate is time

dependent. This transient effect is very general and can be easild)}; xcitation field26-19 However, it was shown more recently that

the extraction okget from such experiments in electron-donating

observed by time-resolved fluorescence spectroscopy, provide
good time resolution and sensitivity. To extr&ef from such
data, the CollinsKimball model is used in most case$>?8
From this analysis, which requires the knowledge of the
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interpretation of the output parameters of this model, which
considers the reacting molecules as spheres and the solvent as
a continuum, is not so clear. This concerns especially the radius
of the reaction sphere, which is usually interpreted as the ET
distance. This distance has been observed to increase markedly
with the driving force and the solvent viscosity, and ET distances
as large as 14 A have been reported in acetonitfile.

(2) ET in reacting solvents. This approach has been pioneered
by Yoshihara and co-workers, who have intensively investigated

the ultrafast ET quenching dynamics of fluorescent electron

acceptors, like coumarins and ionic dyes, in electron-donating
solvents, and in particular in aniline derivativds!3 In these
systems, the fluorescence quenching was found to be ultrafast
and to occur in a time scale shorter than that of diffusional
solvation. Similar ultrafast ET quenching processes in electron-
donating solvents have then been reported by other grdups.

In these studies, the ET rate constant was assumed to be equal

to the quenching rate constant, and therefore, bimolecular ET
time constants as short a$0 fs have been reportééi!4 This

result is very important because it indicates that ET can occur
in a time scale comparable to that of vibrational relaxation and
even that of electronic dephasing. This opens a very interesting
erspective on the possible control of the ET dynamics by the

solvents might not be so straightforward. Indeed, molecular
dynamics simulations indicate that an excited acceptor of the

size of a coumarin can be surrounded by as much as 20 donor

molecules® This implies that there might be many possible
ET quenching pathways and that the measured quenching rate
constantky, may be substantially larger than the rate constant
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CHART 1 Experimental Section
Time-Resolved MeasurementsThe fluorescence lifetime
R H3C\ /CH3 of perylene and perylene derivatives in inert solvents was
. N determined by time-correlated single photon counting (TCSPC).

that excitation was performed at 395 nm with a pulsed laser
diode (Picoquant model LDH-P-C-400B). The average power
at 20 MHz was 0.5 mW, and the pulse duration around 65 ps.

O The TCSPC setup is similar to that described in ref 27, except

Pe: R=H The full width at half-maximum of the instrument response
PeCN: R=CN DMA function was less than 200 ps.

PeOH: R=MeOH The fluorescence up-conversion setup has been described in
PeMe: R=Me ref 28. Excitation was performed at 400 nm, using the

frequency-doubled output of a Kerr lens mode-locked Ti:

TABLE 1: Electron Acceptor Properties: Fluorescence Sapphire laser (Tsunami, Spectra-Physics). The output pulses

Lifetime without Quencher, 7;, Reduction Potential, Eeq,

Excited-State Energy,E(Sy), ET Driving Force in Polar and between 800 and 840 nm had a duration of 100 fs and a
Weakly Polar Solvents,AGgr, Calculated Using the Weller repetition rate of 82 MHz. The pump intensity on the sample
Expressiort* and with E,x(DMA) = 0.70 V vs SCE?® was around 1% photonscm~2-pulse. The polarization of the
s Ereq E(S)® AGer(e = 37.5) AGer(e = 5) pump pulses was at magic angle relative to that of the gate
acceptor (ns) (Vvs SCE) (eV) (eV) (eV) pulses at 800 nm. The full width at half-maximum (fwhm) of
Pe 4.4 —168°c 28 —0.44 013 the instrument response function was 210 fs. No significant
PeCN 4.6 —1.36 26 —0.54 —0.22 degradation of the samples was observed after the measure-
PeOH 4.2 -—-16F 2.8 —0.43 —0.13 ments.
PeMe 37 -1.66 2.8 —0.44 —0.13 For the optically heterodyned polarization spectroscopy
a|n chlorobenzene In acetonitrile.© In THF. (OHPS) measurement$a fraction of the frequency doubled
output of a standard 1 kHz amplified Ti:Sapphire system
associated with a single ET pathwalgr. Castner et al.,  (Spectra-Physics) was used. The pulses at 400 nm with a

combining fluorescence up-conversion measurements and mo-duration of 100 fs and an energy of3 were split in two parts
lecular dynamics simulations, argued that although the numberusing a 90% transmission beam splitter. The transmitted pulses
of surrounding solvent molecules is large, the number of Were used as pump pulses and were focused on the sample with
molecules having the right orientation and distance for ET is @ 90 mm achromatic lens after having passed through a
much smaller, of the order of-132! Baigar et al. have recently ~ combination of Glan-Taylor polarizer and half-waveplate. The
shown that the intramolecular ET rate constant in a covalently "eflected pulses, the probe pulses, were sent along an optical
linked donor/acceptor pair was close to the largest quenchingdelay line (Physik Instrument) before passing through a Glan-
rate constant measured in an electron-donating solvent, sug-Taylor polarizer, the 90 mm achromatic lens, the sample, and
gesting that in the latter case, the number of active surrounding@ second Glan-Taylor polarizer (the analyzer). The polarization
molecules is smaf? of the pump pulses was oriented at’4®lative to that of the

The electron donor being the solvent, a moderately polar Probe pulses. The crossing angle between the pump and probe
solvent in the case of anilines, the mutual orientation of the ET beams after the lens was arourfd Bhe transmitted light was
reactants, hence the number of active solvent molecules, carfecollimated with a 90 mm lens and its intensity was detected
be expected to depend markedly on the nature of the selute With a photomultiplier tube (Hamamatsu R928), whose output
solvent interaction. Coincidentally, all the electron acceptors Was digitized by a computer board (Axiom AX5210). The
used in the aforementioned experiments are either very polar,extinction ratio of the pair of probe polarizers W|_th sample and
like the coumaring? or ionic, like Nile blue, Oxazine 1, and lens was better than 5 107°. For heterodyning, a local
Rhodamine 6G. oscillator (LO) was realized by rotating the analyzer Byfrbm

We present here our investigation of the influence of sefute ~ the position of maximum extinctio#:*In this case, the LO is
solvent interactions on the quenching dynamics of perylene I phase with the signal originating from th_e transpntdmhrmsm
derivatives in an electron-donating solvesf\-dimethylaniline of the sample. The transmitted light contains contrlbutlgns from
(DMA). The electron acceptors are shown in Chart 1, and their the homodyne signal, the LO and the heterodyne signal. To
properties relevant to ET quenching are listed in Table 1. remove the_flrst two contributions, the measurement has to be

Perylene being nonpolar, the major interaction in DMA is "éPeated with a LO out of phase with the transient dichroism
the dispersion interaction. Cyanoperylene has a permanent3'9nal-**In general, this is realized by rotating the analyzer
electric dipole moment of about 4 D, in botl &nd S states, by —1° from the position of maximum oextmctlon. Instead, we
and therefore, dipoledipole interaction should be operative in  Préferred to keep the analyzer atl® and to rotate the

DMA. Finally, methanolperylene is also polar but can addition- Polarization of the pump pulses by 90«ith this procedure,
ally make H-bond with DMA2 the LO remains constant and the phase of the transient dichroism

field is shifted by 180. Subtraction of the out-of-phase signal
from the in-phase one results to a time profile that contains
only the temporal variation of the heterodyne intensity. A few
ps after excitation, the latter is given 8y*

The ET quenching dynamics was measured using fluores-
cence up-conversion. As the dipole moment of cyanoperylene
does not vary upon excitation, the;-S5 absorption and
emission bands of this molecule do not exhibit any solvato-
chromism due to dipotedipole interaction. Therefore, to
establish that this interaction is indeed operative, the reorien- 1(t) O P(E)-r(t) 1)
tational dynamics of cyanoperylene and methylperylene was
investigated in series of nonpolar and polar nonreacting solventswhereP(t) is the time dependence of the population absorbing
using optically heterodyned polarization spectroscopy. at the probe wavelength, in the present case the ground-state
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population, and(t) is that of the polarization anisotropy. During
the first few ps,ly may also contain contributions from the
imaginary part of the third order nonlinear susceptibility of the

sample, especially of the solvent. Moreover, some uItrafast;
spectral dynamics, essentially related to solvation, may occur g

as well35:36
Steady-State MeasurementsUV—vis absorption spectra
were recorded on a Cary 50 spectrophotometer, and emissior
spectra were measured with a Cary Eclipse fluorometer.
Samples.Perylene (Pe) was recrystallized in benzene before
use. 3-Cyanoperylene (PeCN) and 3-methylperylene (PeMe)
were synthesized according to the literafimnd were purified
by column chromatography. 3-Methanolperylene (PeOH) was
purchased from MicroChemistry Ltd. and used as received.
N,N'-Dimethylaniline (DMA) was distilled at reduced pressure
(3 Torr) under N atmosphere (6€C). Its purity was controlled
by measurement of the refractive index. Proprionitrile, valero-
nitrile, octanenitrile, and decanenitrile were purified as described
in the literature®® Toluene, chlorobenzene (CB), and the alkanes
were of the highest commercially available purity and were used
as such. Unless specified, all compounds were from Fluka.

For up-conversion measurements, the samples were placed

in a rotating cell of 0.4 mm optical path length. The concentra-

tion of the samples was adjusted to obtain an absorbance at

400 nm of 0.1-0.15 on 0.4 mm. This corresponds to concentra-
tions of (2-3) x 1074 M.

For OHPS measurements, a similar concentration was used.

The sample solutions were placeda 1 mmthick quartz flow
cell (Hellma). All measurements were carried out af20All
the solutions were bubbled with Ar for £20 min before use.

The presence of oxygen had no influence on the fluorescence

dynamics in DMA. On the other hand, the fluorescence lifetimes

in inert solvents listed in Table 1 might be somewhat influenced

by imperfect deoxygenation of the solutions. However, the

remaining oxygen should not affect these values by more than
10%.

Fluorescence Data AnalysisTime-resolved fluorescence
data were analyzed by iterative reconvolution of the instrument
response function with trial functions (sum of exponentials)
using a nonlinear least-squares fitting procedure (MATLAB,
The MathWorks, Inc.). For most samples, measurements were
carried out at three different wavelengths (438, 475, and 490
nm) and over several, typically five time scales, to accurately
cover the span of the fluorescence decay. Global fits were done
with all the available data. The goodness of the fit was evaluated
by visual inspection of the residuals. A situation requiring special
treatment was the analysis of the fluorescence rise due to
vibrational relaxation processes. This ultrafast rise (1800
fs depending on the wavelength) could not be reproduced with
a sum of exponentials. Due to the difficulty to find a simple
mathematical expression to describe this rise, the fitting range
was limited to the fluorescence decay. This restriction may
introduce some additional uncertainty on the analysis of decay
components shorter than about 700 fs.

Results

Steady-State MeasurementsThe UV—vis absorption spec-
tra of the acceptors in DMA are very similar to those measured
in inert solvents. No additional band that could be ascribed to
the formation of a complex can be observed. The fluorescence
spectra of PeMe in CB and DMA are shown in Figure 1. CB
was chosen because both its static dielectric constant $.6)
and refractive indexn(= 1.524) are similar to those of DMA
(es = 5.0,n = 1.558)?13% |n CB, the spectrum is due to the

ensity
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Figure 1. Steady-state fluorescence spectrum of PeMe in CB and in
DMA. The relative intensity of the two spectra is arbitrary.
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Figure 2. Steady-state fluorescence spectra of Pe (A) and PeCN (B)
in toluene and in CB.

emission from the locally excited-state & PeMe. In DMA,
these bands have almost totally vanished and are replaced by a
broad and structureless spectrum centered at 570 nm that can
be ascribed to the PeMe/DMA exciplex emission. Similar
spectra are observed with the other acceptors. Figure 2 shows
the fluorescence spectra of Pe and PeCN in toluene and in CB.
For both molecules, a small bathochromic shift is observed by
going from toluene to CB. Pe is centrosymmetric and has thus
not permanent dipole moment. On the other hand, AM1
calculations indicate a dipole moment of 4.2 D for PeCN. This
semiempirical procedure has recently been shown to give
reliable values of permanent dipole mometitherefore, the
similar solvatochromism observed with Pe and PeCN is not
related to the dipoledipole interaction, but rather to a larger
dispersion interaction in the more polarizable &BThis
indicates that the dipole moment of PeCN is essentially the same
in both ground and Sstates. The same conclusion can be drawn
for PeOH and PeMe.

Fluorescence Up-Conversion Measurement®Before in-
vestigating the quenching dynamics in DMA, the fluorescence
dynamics of Pe and PeCN was investigated in nonreacting
solvents. Figure 3 shows the early fluorescence dynamics of
Pe in toluene after 400 nm excitation. At wavelengths located
at the wings of the fluorescence band, a decay component with
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Figure 3. Early fluorescence dynamics of Pe in toluene at different
wavelengths.

fluorescence intensity (a.u.)

a time constant of 2.4 ps can be observed. After this initial decay,
the fluorescence intensity decreases exponentially with a time I I I I
constant of 4.4 ns, which corresponds to the excited-state 0 5 10 15 20
lifetime of Pe. In this region, the rise of the fluorescence time delay (ps)

intensity is limited by the instrument response. At wavelengths Eigyre 4. Time profiles of the fluorescence at 475 nm of Pe, PeCN,
located in the center of the emission band, this rise is biphasic peOH, and PeMe in DMA and best triexponential fits. For each
with a slower component, which can be reasonably reproducedfluorescer, the fit has been performed globally with several sets of data
by a single exponential function with a 2.4 ps time constant. (see text). The residuals of the global fit of the Pe data assuming two-
The faster rising component is markedly slower than the and three-exponential decay are shown in the upper panels.
instrument response anq cannot be repropluced by a ;ingle O §ABLE 2: Amplitudes, A;, and Time Constants,;,

double exponential function (see the Experimental Section). This Obtained from a Triexponential Fit to the Fluorescence

early dynamics cannot be ascribed to solvation, since Pe isTime Profiles of the Acceptors in DMA and Average

nonpolar. The 2.4 ps component, which corresponds to alLifetime, zay

narrowing of the emission band, as well as the faster rising acceptor A; 7:(ps) As  72(ps) As  73(pS) Tav(PS)

component can be attributed to vibrational energy relaxation, ~pg 011 133 066 49 023 087 49
most probably to vibrational coolirf§:** A qualitatively similar PeCN  0.01 25 013 97 0.86 0.30 0.42
behavior was observed with Pe in CB as well as with the other PeOH 024 120 056 5.4 020 1.0 6.1
acceptors, the main difference being that with PeCN the PeMe 0.68 114 032 47 - - 9.3

emission band is red-shifted. This early dynamics will be
discussed in more detail in a subsequent paper.

To minimize the interference with the quenching dynamics,
time-resolved fluorescence measurements with Pe, PeCN, PeOH,
and PeMe in DMA were carried out at wavelengths where the
effect of vibrational relaxation on the fluorescence dynamics is
the smallest. In this range, i.e., from 460 to 490 for Pe, PeOH,
and PeMe and between 470 and 500 nm for PeCN, no significant
wavelength dependence of the fluorescence decay in DMA was
observed. At longer wavelengths, the contribution of the _’_4
exciplex becomes visible. '

As shown in Figure 4, the fluorescence time profiles of the :
perylene derivatives in DMA are highly nonexponential. They fine delaybe)
can be reproduced by a sum of at least two or three exponentiaIFigure 5. Time profile of the OHPS signal measured with PeMe in
functions or by a stretched exponential functiThe param-  Nexane.
eters obtained from a triexponential fit are collected in Table 2
together with the average lifetime

I~ L I I I 1 I 1

OHPS Intensity (a.u.)

| | | | | [
0 5 10 15 20 25 30

hexane. Apart from the first few ps (vide supra), the signal
intensity decays exponentially to zero with a lifetimg. A
similar behavior is observed in series ofalkanes andn-
Tavzl j; * [(t)dt ) alkanenitriles of increasing viscosity. As the ground-state
lo recovery dynamics of PeCN and PeMe can be expected to be
exponential with a time constant equal to the fluorescence
wherel(t) is the time dependent fluorescence intensity &nd  lifetime, 4, it appears from eq 1 thaft) is exponential as well

is the maximum fluorescence intensity. with a lifetime given by
In DMA, the rise of the fluorescence and well as the
maximum intensity were similar to those in toluene and CB. o=t -ty (3
This precludes the occurrence of significant quenching com-
ponents faster than the time resolution of the setup. In the present case, the decay of the anisotropy occurs through

OHPS Measurements Figure 5 shows the time profile of  reorientational diffusion of the molecules. The reorientational
the pure heterodyne signal measured at 400 nm with PeMe intimes, 7;, measured with PeCN and PeMe in various inert
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TABLE 3: Reorientational Times, r,, of PeCN and PeMe in TABLE 4: Slopes and Intercepts Obtained from the Linear
Different Classes of Solvents (Error onz;: +4%) Fit of eq 4 to the Measured Viscosity Dependence of the
Reorientational Time of PeCN and PeMe in Different
solvent 7 (cP) 7. (PeCN) (ps) 7. (PeMe) (ps) Classes of Solvents
pentane 0.235 11.0 9.8 -
hexane 0.313 147 1.8 solute/solvent slope (ps/cP) intercept (ps) C
heptane 0.418 17.3 13.4 PeCN/alkanes 27.6 5.4 0.34
decane 0.928 315 25 PeMe/alkanes 21.3 4.8 0.28
dodecane 151 47 37 PeCN/nitriles 48.3 2.0 0.61
acetonitrile 0.35 18.8 14.5 PeMe/nitriles 22.0 8.0 0.29
propionitrile 0.41 22 17.5
valeronitrile 0.74 39 27 larger the departure of PeMe from a sphere, the la@er
octanenitrile 1.64 81 41 Essentially the same behavior is observed with PeCN in the
decanenitrile 2.66 131 68

alkanes. The situation changes substantially with PeCN in polar
solvents, where the slope, hen€s is about twice that in
nonpolar solvents. This difference can be ascribed to the effect

120

® PeCNlalcanes : ; i~ 33,5054 ik i :
0 PeGN/nitriles of dielectric friction; which is absent with the other solute/
W PeMe/alcanes solvent systems.

100 — O PeMe/nitriles . On the other hand, the intercept is different from zero but

does not change significantly. Its physical meaning has been
discussed in detail in ref 52.

. 80
=
= o Discussion
Data Analysis. The fluorescence decays of Pe and derivatives
40 in DMA are strongly nonexponential. This reflects a distribution
of quenching rate constants due to a distribution of distinct
arrangements of the DMA molecules around the acceptor. In
20 general, distributions of exponentials can be well reproduced

¥ I 1 1 ! ! with bi- or three exponential functions, but these exponentials
0.5 1.0 15 2.0 25 do not give direct physical insight.In an attempt to reproduce
1 (cP) these decays while accounting for these distributions, we have

Figure 6. Viscosity dependence of the reorientational time of PeCN elaborgted asimple mOdte This model assumes that ET occurs
and PeMe in alkanes and in nitriles. only with donors from the first solvent shell. Moreover, on the
basis of the molecular dynamics simulations of Castner ét al.,
solvents are listed in Table 3. These two molecules can beonly a few molecules of this first shell are assumed to be in an
described as oblate ellipsoids with the transition dipole moment optimal position for ET. The others need first some rotational
perpendicular to the molecular (short) axis. In this case, the and/or translational diffusion before reaching such a position.
decay of the anisotropy should in principle be biexpone#ti&. Therefore, the donor molecules can be sorted into three
However, the experimentally observed decays can in most casesglasses: donors that are in an optimal position to quench the
as here, be reproduced with a single-exponential function. The acceptor molecules @ donors that have first to rotate gD
observed time constants, are generally discussed in terms of and donors that need translational motiog)([All D , molecules

a modified StokesEinstein-Debye equatiotf-** undergo ET with a rate constant, which is certainly not unique,
but which is larger than those for rotational and translational
7= fvCy @) diffusion. Nevertheless, we assume for simplicity a single ET

r ke T rate constantker, for the D, molecules. For the other groups,

ET is rotational or translational diffusion controlled and thus
wheref is a shape facté#“5that depends on the axis ratio of proceeds with a rate constat andkr, respectively, because
the ellipsoid and can be estimated to be around 1.35 for PeCNkr < kg < ket. Hence, the rate constakt, for the fluorescence
and PeMeV is the volume of the rotating body,is the solvent decay of an acceptor with a given solvent configuratianthe
viscosity, andC is the boundary condition parameter. The latter sum of the individual ET rate constants with the donors of the
amounts to 1 for stick hydrodynamics, i.e., when molecules of first solvent shell
the first solvent shell follow the reorientational motion of the
solute. This condition is often found with polar molecules in K = Nyker + Nyikg + Ngky + Ky (5)
polar solvent$6-48i.e., in cases where dipotalipole interaction
is operative. For slip hydrodynamics, the value®fiepends whereng, N, andng are the number of B Dy, and b molecules
on the axis ratio of the rotating ellipsoid. For a spherical body, in the solvent configurationaround an acceptor arg is the
C = 0; i.e., the molecule rotates freely and independently of fluorescence rate constant without quenching. Since there are
the surrounding solvent. For molecules such as PeCN and PeMeN = (n + 2)!/(n!2!) possible arrangements afdonors, each
with an axis ratio of about 0.4% should amount to 0.% one with differentn,, n,, andng, the overall fluorescence decay

Figure 6 shows that for a given solute and a given class of consists of a distribution of exponentials, in agreement with the
solvent,z; increases linearly with viscosity. The corresponding nonexponential kinetics observed here and in other investiga-
slopes and the boundary paramet€rare listed in Table 4. It tions1011.14.1521
appears that for PeMe the viscosity dependenagistthe same All the possible arrangements of donors are not equally
in both polar and nonpolar solvents. The param€tardicates probable. The probability for a given arrangeméhtto be
slip hydrodynamics; i.e., the rotational motion of PeMe requires realized depends on the numbeof donor molecules in the
only the neighbor solvent molecules to be pushed away. Thefirst shell, n = ny + n, + n., and onP, Py, and P, the
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probabilities for a donor molecule to be a, Dy, or D, E
respectivelyp*55 — texponentisl it | ® PeinDMA
' — fit of eq. (7) .; : — fitof eq.(7)
= n— Nai OMoi PNci 3 + convolution
i nai!nbi!nci!Pa PoPe ©) A 3
wr
=
OnceP; andk; obtained for each of thil possible arrange- £r
ments, the fluorescence kinetickf), can be computed by -
summing over all the possible exponential decays weighted Eh 0 oy
according to their probability: . o 10 20 30
3 time delay (ps)
N N =
()= P, exp(—kt) with Y P, =1 (7) & I — : ‘
1= = E —— biexponential fit E ® Pshe in DMA
At this point, we have a model and the equations required to — —mokEa.(0) G | — fit of eq.(7)
simulate the data, but the parameterser, kg, kr, Ps, andPy B e Fennaiion
(Pc = 1 — P, — Py) are not known. Some of them, kg, and s f
kr, can be obtained through calculations or measurements. As s
these three parameters depend mainly on the solvent, they shouli 1§ £ F
be constant for the four acceptors investigated here. The - o
remaining parameterger, P, and Py, depend mostly on the ——
nature of the acceptor and cannot be obtained so readily. The 0 2 _20 # e
different dynamics measured with the various acceptor/DMA Ume delay.(ps)
L

systems, although very similar from the energetic point of view
(see next section and Table 1), should most probably be reflected
by differences in these three latter parameters. To check the
validity of this model and to obtain some estimatekef, P,
andPy, eq 7 was fitted to the experimental data. For therfit,
kr, and kr were kept constant whilé&er, P, and P, were
adjusted.

For the estimation oh, the molecular volumes of DMA,
Voma = 127.7 B, and of Pe,Vpe = 225.6 &, were first
determined using the van der Waals increments methoden,

Morandeira et al.

20

40 60
time delay (ps)

Figure 7. Comparison of the best fit of eq 7 with the triexponential
function reproducing the decay of Pe (A) and PeMe (B) fluorescence
in DMA (see text for details). Inset: comparison of the best fit of eq
7, after reconvolution with the instrument response function, with the
experimental data.

80

TABLE 5: Parameters Obtained from the Fit of eq 7 to the
Fluorescence Decay of the Acceptors in DMA

assuming spherical molecules with radiiya = 3.12 A and

ree = 3.78 A, a volume of 4219.3 Awas calculated for the
sphere of radius = 10.02 A enclosing one Pe molecule with
the first solvent shell. To deduce the number of DMA molecules
contained in this volume and to take the interstitial volume into
account® Pe and DMA were considered as cubes with sides
equal to 2pc and Zpya, respectively. This approach results to
a value ofn = 16. As a test of reliability, the number of DMA
molecules around coumarin 152, already determined by mo-
lecular dynamics simulatioff, was also estimated with this
method. The obtained value, about 15 molecules in the first
solvent shell, is indeed in excellent agreement with that ef 13
16 molecules from the simulation. Therefore, although rough,
this method seems quite efficient to obtain a good estimate of
n, at least for these systems.

The rate constant of rotational diffusion of the dore,was
taken as the inverse dielectric relaxation time of DMA measured
by microwave absorptiofY.

The rate constant of translational diffusiém, was calculated
using the following equatid

(8)

wherej, the distance between two equilibrium positions of a
DMA molecule, was taken aggua. The translational diffusion
coefficient, Dy, was calculated from the StokeEinstein
equation
ke T
Dy = —
6mry

wherer is the radius of the diffusing molecule.

9)

acceptor n  7er (ps) Pa Py Na Ny
Pe 11 1.2 0.025 0435 <1 5
16 11 0.016 0.303 <1 5
21 11 0.011 0.226 <1 5
PeCN 11 1.2 0.309 .655 -3 7
16 1.3 0.232 476 34 8
21 14 0.185 .368 34 8
PeOH 11 1.1 0.0175 0.381 <1 4
16 11 0.011 0.260 <1 4
21 11 0.0085 0.191 <«1 4
PeMe 11 - - 0.305 - 3
16 - - 0.200 - 3
21 - - 0.143 - 3

aNumber of molecules in the first solvent shei],time constant of
ET for optimal orientationger (=1/ker), average number of donor
molecules with optimal orientatiom,, or requiring reorientatiomy,
and related probabilitie®, and Py,

Using n, kg, and kr as constants, eq 7 was fitted to the
experimental data using a nonlinear least-squares method. To
simplify the procedure, it was more convenient to use the best
multiexponential functions obtained from the data analysis (see
Table 2) instead of the measured data. In this way, several
procedures, such as background noise correction, reconvolution,
and global analysis, that strongly slow the fit could be avoided.
To test the sensitivity of the model tp the fit was also carried
out with n £ 5 donor molecules in the first solvent shell.

The results from this fitting/simulation are surprisingly good
for such a simple model. Figure 7A shows that the best
multiexponential fit to the decay of Pe fluorescence is well
reproduced by eq 7. A similar agreement was found with PeCN
and PeOH. The best fit parameters listed in Table 5 show some
very interesting trends. The ET rate constéat, is practically
the same for Pe, PeCN, and PeOH. Their different quenching
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dynamics, especially for PeCN, is essentially due to different around Pe should be substantially smaller than around PeCN,
arrangements of donors, i.e., to their different probabilities of in agreement with the results of the above analysis.

having a donor molecule in an optimal position for Ba)( The calculated electric dipole moment of PeOH is substan-
For PeCN, P, is high, and this molecule is on average tjally smaller than that of PeCN, about 2 D, and points out of
surrounded by 34 D, molecules ifa = Pan). On the other hand,  the aromatic plane. Moreover, H bonding to the lone pair on
Pais much lower for Pe and PeOH. This implies that for more the nitrogen atom of DMA is possible. Our analysis indicates
than 70% of the acceptor molecules some diffusional motion that the number of Pmolecule around PeOH is similar to that
of the donors must occur before quenching. Repeating the fit around Pe, despite both dipeldipole and H-bonding interac-
of eq 7 to the data with PeCN by forcing eithes to be the  tions. The insensitivity of the quenching dynamics on the
same as for Pe afer to be shorter (400 fs) does not result at  H-bonding could be explained by a rather large distance of the
all to a good agreement with the data. two aromatic planes in the H-bound complex. Therefore, this
PeMe exhibits a different behavior: its best multiexponential interaction should not enhance electronic coupling. The same
decay function is not so well reproduced as in the former cases,may happen with the dipotedipole interaction. First, this
especially at long times (see Figure 7B). The best fit parametersinteraction is weaker than with PeCN and second as the electric
show that the number @, molecules is too small to affect the dipole moment is not in the aromatic plane contrarily to PeCN,
decay dynamics. This is consistent with the absence of a fastthe arrangements favoring dipetdipole interaction should not
fluorescence decay component for this acceptor (see Table 2)be those where the electronic coupling is the highest.

Finally, Table 5 shows that the value nfhas no marked The slowest quenching dynamics was found with PeMe. As
influence onkg, Ny, andny,. shown in Table 2, the ultrafast decay component observed with
Influence of the Solute-Solvent Interactions on the the other acceptors is absent with PeMe. The analysis according

Quenching Dynamics According to the model described above, 1o the three-donor types model indicates a number gf D
the much faster quenching dynamics measured with PeCNMmolecules close to zero. As first sight, one would have predicted
compared to the other acceptors is not due to a larger ET rate@ behavior very similar to that of Pe. One could nevertheless
constant for the PeCN/DMA system, but essentially to a larger invoke two effects that, if really operative, could only lead to
number of donor molecules with an optimal position for ET. a deterioration of the electronic coupling. The first one is the
This result is totally consistent with the rather similar ET driving ~ Steric hindrance by the methyl groé,®? and the second one
force for these systems. Indeed, according to ET theories, a 0.1iS the presence of a permanent dipole moment of about 0.5 D
eV increase in driving force in the exergonic region could at Pointing from the methyl group toward the aromatic system,
most account for a23-fold increase of the ET rate constant. 1-€., in the opposite direction to that of PeCN. Therefore, contrary
As mentioned in the Introduction, the major difference to PeCN, the interaction of this dipole with that of DMA should
between Pe and PeCN is the polarity. The dipole moment of favor a mutual geometry where the aromatic planes of the two

PeCN in the ground state determined by AM1 calculations "€actants are not face-to-face.

amounts to 4.2 D. This dipole points from the aromatic ring It is interesting to note that although the driving force for
toward the cyano group. As neither absorption nor fluorescenceET is essentially the same for Pe and PeMe, the energy
bands of PeCN shift with solvent polarity, the dipole moment difference between the local and exciplex fluorescence band

does not change significantly in size and direction upon Maxima is larger by about 0.07 eV with Pe. The origin of this
excitation. Because of this, the occurrence of dipalole difference might be related to structural differences of the Pe/

interaction of PeCN with the environment is not visible in the DMA and PeMe/DMA exciplexes, which may reflect different

spectra. On the other hand, the electric dipole of DMA amounts mutual orientations of the reactants. Computer modeling of the
to 1.61 ¥ and points from the amino-group toward the benzene influence of substitution on the perylene/DMA geometry is
ring. Therefore, dipoledipole interaction should favor a mutual ~ pPlanned.
geometry where the aromatic planes of PeCN and DMA are Figure 7B shows that the three-donor types model does not
face to face. As shown by the calculations of Castner étal., reproduce the observed fluorescence decay of PeMe as well as
such a geometry can be expected to lead to a large electroniovith the other acceptors. This discrepancy most probably
coupling constant and, hence, to a fast ET. Of course, at roomoriginates from the crude description of the translational
temperature the solutesolvent orientations fluctuate very diffusion process. For Pe, PeCN, and PeOH, a poor estimation
rapidly, but the dipole-dipole interaction should limit the degree  of kr has essentially no effect on the quality of the fit to the
of freedom of the donor molecules surrounding PeCN. In other data. Indeed, with these acceptors, essentially the whole
words, this interaction should lead to an enhancement of the quenching is due to Pand O, molecules, and therefore, the D
number of @ molecules. This is supported by the measurement molecules are essentially inactive. This is no longer the case
of the reorientational dynamics of PeCN and PeMe presentedwith PeMe, whose quenching seems to involveniblecules
above. The markedly larger boundary val@emeasured with as well. If the fit is performed by lettingr (= k%) free, the
PeCN in polar solvents compared to nonpolar solvents and todata can be well reproduced withraof about 300 ps instead
the very weakly polar PeMe, is a direct manifestation of the of the 800 ps obtained from eqs 8 and 9. Equation 9 is known
dipole—dipole interaction, leading to an additional frictional term  to underestimate the translational diffusion coefficidnt56 If
between the solute and the solvent. the latter is calculated with the semiempirical expression of
The main interactions between the nonpolar Pe and DMA Spernol and Wirt23 a7 value of 410 ps is obtained, in much
aresr—x interactions. They have been shown to favor several better agreement with the best fit value.
mutual orientations, such as those where the aromatic planes Comparison between Tables 2 and 5 shows that for Pe and
are edge-to-face or are parallel but shiftédin these orienta- PeOH, the time constant of the fast decay componentis
tions, the electronic coupling can be expected to be substantiallyclose to thergr value obtained from the above model. This is
smaller than in the face-to-face one. However, the latter due to the fact that, for these two acceptors, the probability of
geometry is not favored hy— interactions because of a larger having more than one Inolecule is essentially zero. Therefore,
electrostatic repulsion. Therefore, the number ghidlecules the fastest decay component of Pe and PeOH fluorescence is
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due to the arrangements with ongmolecule. For those cases, cally corresponds a solvent configuration partially oriented for
the faster quenching component gives a good estimate of theET. In the ET time scale found here, diffusive solvent motion
ET time constant. This is no longer the case with PeCN, for is frozen and there is a large distribution of solvent configura-
which the faster quenching component is due to arrangementstions around the excited acceptors. Statistically, these distribu-
with typically four D, molecules. For these arrangements, tions are centered on atvalue of 1. However, some of these
TeT ~ 4713, and thus, the ET time constant cannot be directly configurations must correspond ¥ < 1. Consequently, the
deduced from the faster quenching component. ultrafast quenching component measured in this investigation

These results agree well with the conclusion of the molecular may be due to the fraction of the acceptor population with a
dynamics investigation of Castner et?athat at a given instant ~ donor molecule at the right position for large electronic coupling
there are 25 DMA molecules with a large electronic coupling  but with additionallyan appropriate solvent configuration. This
around coumarin 152. The coumarins that have been intensivelyconstraint on “presolvation” may be larger with Pe, PeOH, and
used as acceptors in electron donating solvents are characterizeBeMe, for which the ET driving force is the smallest. This could
by a large permanent dipole moment in the electronic ground be an additional reason for the much smatigvalue with these
state?® and therefore, dipoledipole interaction can be expected acceptors. The rate constd@tmay account for an ET limited
to influence the mutual donefacceptor orientation as found by the reorientation of the donor molecules not only for a better
here with PeCN. The ET quenching dynamics in DMA has also coupling but also for a better solvation, i.e., a smaKer
been investigated with ionic acceptors, such as Nile Blue, Finally, exciplex emission has been observed with all the
Oxazine 1, and Rhodamine 6G, in DMA. In these cases as well, acceptors investigated here. The dynamics of the quenching
the donor-acceptor mutual orientation, hence the electronic product will be discussed in detail in a forthcoming paper. This
coupling, must be influenced by the electrostatic interactions. observation implies that the degree of charge transfer, although

Absolute Value ofzer. Although therer value found using  large, is not full. Moreover, the effective driving force for
the above model is substantially larger than that reported for quenching might be larger than that for full ET, due to an
Oxazine 1 in DMAM it is astonishingly small for a such a  additional stabilization energy of the excipConsequently,
weakly exergonic ET. The solvation dynamics of DMA is rather one should be cautious when using nonadiabatic ET theory for
complex as reported by Yoshihara, Meech, and co-wofkefs. discussing such systems.

Solvation occurs essentially by diffusional motion with time
constants of 3.8 ps (35%) and 22.6 ps (65%). Optical Kerr effect Concluding Remarks
measurements indicate that 420% of the total solvent ) ) )
response occur during the first 200 fs via inertial mofibn. A major advantage of the acceptors investigated here over
However, this contribution was not found in fluorescence those used inother studies in electron-donating solvents is their
dynamic Stokes shift measuremefft@herefore, the ET time  Structural simplicity and the possibility to tune the sotite
constants found here with Pe, PeCN, and PeOH are substantiallys°lvent interactions without affecting too much the other
smaller than the time scales of diffusive solvation. Theoretically, ProPerties. This has given the possibility to emphasize the effect
this situation can be discussed in terms of the classical two- Of these interactions on the quen(_:hmg dynamics. The three-
dimensional SumiMarcus mode$&-7° In this model, one can donor types model proposed here is crude but accounts for the
define, for each position of the system along the solvent Whol€, strongly nonexponential, decay of the excited acceptor
coordinateX, an ET rate constanker(X), X decreasing from 1 Population. The values of the resulting parameters must not be
to zero in time scales specific to the solvent. Therefore, the t@ken too literally, but must be considered as indicative. This
effective driving force and solvent reorganization energy for Model can of course be refined with better descriptions of the
ET are functions oX diffusional motion. However, we think that a significant
improvement can only be achieved by a combination of
AGg(X) = AGgr + XA and A(X) = (1 — X)4; (10) molecular-dynamics simulations and ET rate calculations/fit
performed on a large ensemble of excited acceptors.
whereAGgr and/s are the equilibrium driving force and solvent According to our investigation, one should be very careful
reorganization energy. These two equations can be inserted intovhen identifying the quenching rate constant measured in pure
the Marcus expression for nonadiabatic ET reaction to obtain donating solvents or at high quencher concentration with the
ker(X).71.72 rate constant of bimolecular ET. This assumption was found to

The time evolution of the excited-state population was be valid with Pe and PeOH but not with PeCN.
calculated as described in ref 73, using a biexponential decay This investigation shows that the dipeldipole interaction
with the solvation time constants mentioned above to model between the reactants can affect the dynamics of a bimolecular
the evolution alongX for DMA, with 1s = 0.45 eV,AGgr = ET reaction. Until now, this effect has been largely neglected.
—0.18 eV and an intramolecular reorganization energy; of Preliminary measurements in a nonpolar solvent indicate that
0.28 eV74 To reproduce an effective time constant of 1 ps, an this interaction can lead to an enrichment of a polar quencher
electronic coupling constant & = 800 cnT?! had to be used.  concentration around a polar excited reactant. This results to
This value is very large, and certainly above the limit of validity an enhancement of the so-called transient effect. In this case, a
of the nonadiabatic ET theor.’”>Nevertheless, it is not totally ~ Collins—Kimball analysis results to an overestimation of the
inconsistent with those calculated by Castner et al. for coumarin critical distance and of the reaction rate constant. Further
152 in DMA. Among the 15 DMA molecules surrounding an measurements on this effect are in progress.
acceptor, three donors were found to have a coupling constant
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