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Abstract
Electron transfer (ET) quenching in non-polar
media is not as well understood as in polar
environments. Here, we investigate the ef-
fect of dipole-dipole interactions between the
reactants using ultrafast broadband electronic
spectroscopy combined with molecular dynam-
ics simulations. We find that the quenching of
the S1 state of two polar dyes, coumarin 152a
and Nile red, by the polar N,N-dimethylaniline
(DMA) in cyclohexane is faster by a factor up to
3 when exciting on the red edge rather than at
the maximum of their S1←S0 absorption band.
This originates from the inhomogeneous broad-
ening of the band due to a distribution of the
number of quencher molecules around the dyes.
As a consequence, red-edge excitation photose-
lects dyes in a DMA-rich environment. Such
broadening is not present in acetonitrile and
no excitation wavelength dependence of the ET
dynamics is observed. The quenching of both
dyes is markedly faster in non-polar than polar
solvents, independently of the excitation wave-
length. According to molecular dynamics simu-
lations, this is due to the preferential solvation
of the dyes by DMA in cyclohexane. The op-
posite preferential solvation is predicted in ace-
tonitrile. Consequently, close contact between
the reactants requires partial desolvation. By
contrast, the recombination of the quenching
product is slower in non-polar than in polar sol-

vents and exhibit much smaller dependence, if
any, on the excitation wavelength.

Introduction
Bimolecular photoinduced electron transfer
(ET) reactions have been thoroughly investi-
gated both experimentally and theoretically in
polar environments.1–11 Comparatively, these
processes have been much less studied in non-
polar media. One reason for this is that one of
the main applications of these reactions is the
production of free ions, a process that requires
a sufficiently polar environment to ensure the
dissociation of the ion pairs.12 However, other
applications, such as organic photovoltaics,13–15

also rely on intermolecular photoinduced ET,
which has to occur in a rigid environment of
relatively low polarity.

ET reactions are generally assumed to be
much less efficient in non-polar solvents, mainly
because of the smaller driving force.16–18 In-
deed, intramolecular photoinduced ET in
donor-bridge-acceptor systems with a fixed dis-
tance between the electron donor and acceptor
is not often observed in apolar solvents. By
contrast, the relatively few of ET quenching
studies in non-polar solvents revealed that this
process can be diffusion controlled.19,20 Inves-
tigations of the early dynamics using models
which take the time dependence of the quench-
ing rate into account found that the intrinsic
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ET rate constant in non-polar solvents was as
large or even larger than in polar ones.21–24

These high intrinsic quenching rates, indepen-
dently of the solvent polarity, were explained
by the large electronic coupling that can be
achieved in the reactant pair, making ET an
adiabatic process. Consequently, the quench-
ing product is a highly coupled ion pair, that
can also be viewed as an exciplex.7,24 Addition-
ally, the contribution of the static quenching
to the overall fluorescence quenching of cyano-
anthracene derivatives by aromatic electron
donors was found to be significantly larger in
cyclohexane than in acetonitrile.24 This was
tentatively explained in terms of preferential
solvation of the fluorophores by the donors via
dispersion interactions. Whereas specific inter-
actions, such as hydrogen-bonding, have been
shown to significantly influence the dynamics
of intermolecular photoinduced reactions,25–31

much less is known about the effect of non-
specific interactions.

Here, we explore the influence of preferen-
tial solvation on the ET quenching dynamics,
concentrating on the effect of dipole-dipole in-
teractions between the reactants. We selected
coumarin 152a (C152a) and Nile red (NR),
which are polar in the ground state and exhibit
a large absorption solvatochromism,32–34 as
fluorophores, and N,N-dimethylaniline (DMA)
as polar donor. Photoinduced ET with the
C152a/DMA pair in non-polar solvents was pre-
viously investigated using femtosecond fluores-
cence up-conversion.35 The quenching dynam-
ics were found to be significantly faster upon
red-edge excitation than upon irradiation at the
band maximum of the fluorophore. This was
explained in terms of a inhomogeneous broad-
ening of the S1←S0 absorption band of C152a
in the presence of DMA, i.e. by considering
that dyes with nearby DMA molecules are bet-
ter solvated than those with only apolar sol-
vent around and, thus, absorb at longer wave-
length. Here, we investigate this excitation
wavelength dependence further using broad-
band fluorescence up-conversion (FLUPS) as
well as electronic transient absorption (TA)
spectroscopies. We show that not only the flu-
orescence dynamics but also the emission spec-

trum depend on the excitation wavelength, con-
firming the inhomogeneous nature of the ab-
sorption spectrum and the possibility to photo-
select fluorophores with different environments.
We also investigate whether this photoselection
influence the dynamics of the ensuing quench-
ing product. Our results reveal that, although
the ionic product is generated faster upon red-
edge excitation, its decay by charge recombina-
tion exhibit only a weak, if present, excitation
wavelength dependence. Finally, we show that
fluorescence quenching of both fluorophores by
DMA is considerably faster in cyclohexane than
in acetonitrile. On the basis of molecular dy-
namics simulations, we explain this unexpected
solvent dependence by the preferential solvation
of the fluorophore by polar donors, which takes
place in cyclohexane but not in acetonitrile.

Methods

Sample

The fluorophores, coumarin 152A (C152, Ex-
citon) and Nile red (NR, Sigma-Aldrich) were
used as received. The solvents, cyclohex-
ane (CHX, Acros Organics), tetrahydrofuran
(THF, Carl Roth) and acetonitrile (ACN,
Acros Organics) were of spectroscopic grade
and used without further purification. N, N-
dimethylaniline (DMA, Aldrich) was vacuum
distilled and kept in the dark under argon.

Stationary spectroscopy

Stationary electronic absorption spectra were
measured with a Cary50 spectrometer. Sta-
tionary fluorescence spectra were recorded with
a Horiba FluoroMax-4 spectrofluorometer and
were subsequently corrected with a set of sec-
ondary emissive standards.36

Time-resolved spectroscopy

Broadband fluorescence up-conversion spec-
troscopy (FLUPS) measurements were car-
ried out with a setup described in ref. 37,
based on the design of Ernsting and cowork-
ers.38 The pump pulses were either at 400 or
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425 nm. In the first case, the pulses were pro-
duced by frequency doubling part of the out-
put of a Ti:Sapphire amplifier system (Spectra-
Physics, Solstice Ace, 30 fs, 800 nm, 5 kHz).
The pump pulses at 425 nm were generated
with a TOPAS-Prime combined with a NirUVis
module (LightConversion). The gate pulses at
1340 nm were produced with an optical para-
metric amplifier (TOPAS C, Light Conversion)
pumped at 800 nm. The polarization of the
pump pulses was at magic angle relative to that
of the detected fluorescence. The full width at
half maximum (FWHM) of instrument response
function (IRF), estimated from the Raman sig-
nal of the solvent, was less than 100 fs. Pho-
tometric correction of the emission spectra was
carried using secondary standards. The chirp
was corrected using the prompt rise of the flu-
orescence of BBOT solutions. The absorbance
of the samples at the excitation wavelength did
not exceed 0.2 in a 1mm quartz cuvette. The
FLUPS spectra were corrected for the reabsorp-
tion.

Electronic transient absorption (TA) mea-
surements were performed using a setup de-
scribed in ref. 39,40 and based on the same
amplified Ti:Sapphire system as above. Pump
pulses at 400 nm were produced by frequency
doubling part of the 800 nm amplifier out-
put. Pulses at other wavelengths were gen-
erated using a TOPAS-Prime combined with
a NirUVis module (Light Conversion), and
were compressed to 60–100 fs at the sample
position. The pump intensity on the sample
was ∼0.15–0.75mJ/cm2. Probing was achieved
from about 350 to 750 nm using white light
pulses produced in a 3mm CaF2 plate. The po-
larisation of the pump pulses was at magic angle
with respect to that of the probe pulses. The
sample cell was 1mm thick and the FWHM of
the IRF varied between 80 and 350 fs, depend-
ing on the probe wavelength.

Molecular dynamics simulations

Molecular dynamics (MD) simulations were
carried out using GROMACS 2023.1.41 The
OPLS-AA force field was used for the solvents
as well as for the solute nonbonded parame-

ters.42,43 The topology files of the fluorophores
and DMA, were generated using the Antecham-
ber Python parser interface (ACPYPE) tool,44

with as input the optimised structures ob-
tained from DFT quantum-chemical calcula-
tions (B3LYP/6-31G+d)45 as implemented in
the Gaussian 16 package.46 The atomic charges
were determined from CHELPG fits of the elec-
trostatic potential obtained from the DFT cal-
culations.47 A periodic cubic box (5x5x5 nm3)
was used for the simulations, which were per-
formed at constant pressure (1 atm)48 and tem-
perature (295K)49 with 2 fs steps for 50 ns. Fur-
ther details on the simulation parameters can
be found in the SI (section S4).

Results

Stationary spectroscopy

As illustrated in Figure 1, the S1←S0 absorp-
tion band of both C152a and NR in CHX shows
enhanced intensity on its red side upon addition
of DMA as well as a less pronounced vibronic
structure. By contrast, addition of DMA does
not affect the spectra in THF and ACN (Fig-
ures S1 and S2). This effect, already observed
previously with C152a,35 is assigned to an in-
homogeneous broadening of the S1←S0 band
due to the presence of dye populations with
different amounts of polar DMA in the vicinity
and, hence, different S1←S0 transition energies,
as expected from the strong absorption solva-
tochromism of C152a and NR.32,33 In CHX, the
presence of a DMA near a polar dye leads to a
significant increase in the solvation energy. This
is no longer the case in THF and ACN, where
the presence of DMA near a dye molecule does
not significantly change the solvation energy.

Absorption of donor-acceptor complexes as
the origin of the spectral broadening can be
excluded for at least two reasons. First, the
broadening is only present in non-polar sol-
vents, whereas donor-acceptor complex forma-
tion do not exhibit such solvent dependence.
Second, excitation in the charge-transfer band
of these complexes leads to the direct popula-
tion of an ion-pair state,4,50 whereas, as shown
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below, red-edge excitation of C152a and NR
with DMA populates the S1 state of the chro-
mophore.
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Figure 1: Stationary electronic absorption spec-
tra recorded with (A) C152a and (B) NR
in cyclohexane and different concentrations of
DMA. The arrows represent the excitation
wavelengths.

Quenching dynamics

The above results suggest that red-edge exci-
tation of C152a and NR in CHX should lead
to a photoselection of dyes in a more polar en-
vironment than pure CHX. To have a better
insight into these local environments, we per-
formed FLUPS measurements with C152a upon
red-edge excitation at 425 nm and excitation at
400 nm, near the band maximum (Figure 1).
As depicted in Figure 2, the transient emission
band upon red-edge excitation is red shifted by
about -1000 cm−1 relatively to that measured
upon 400 nm excitation. For a given excitation
wavelength, the transient spectra do not exhibit
any temporal shift during the fluorescence life-
time.

The red shift of the transient spectra can be
better appreciated by comparing the FLUPS
spectra with the stationary spectra measured
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Figure 2: Transient emission spectra recorded
at various time delays after (A) band-maximum
and (B) red-edge excitation of C152a in cyclo-
hexane with 0.5DMA.

in CHX and THF without DMA (Figure 3).
The transient spectra with DMA upon red-
edge excitation are approximately located be-
tween those in pure CHX and THF. Compar-
atively, those recorded upon 400 nm excitation
are closer to the stationary spectrum in CHX.
These shifts are less pronounced with 0.4 in-
stead of 0.5M DMA (Figure S3). These FLUPS
spectra confirm that dyes in more polar envi-
ronments can be photoselected upon red-edge
excitation. The position of the FLUPS spec-
tra with 0.5 M DMA upon red-edge excitation
is between those reported for this dye in butyl-
and diethyl-ether,51 which have a static dielec-
tric constant, ϵs, of 3.1 and 4.3, respectively.
These ϵs values should compared with those of
2.0 and 4.4 for CHX and DMA.

In agreement with the previous investiga-
tion,35 the fluorescence quenching dynamics of
C152a in CHX are strongly accelerated upon
red-edge excitation (Figure 4). The quenching
dynamics could be reproduced by the convolu-
tion of the IRF with a sum of three exponential
functions. As the resulting time constants have
no physical meaning, we use the amplitude-
averaged lifetime, τav, as well as the time after
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Figure 3: Comparison of the transient emis-
sion spectra recorded upon red-edge and band-
maximum excitation of C152a with 0.5M DMA
in cyclohexane with stationary emission spectra
in cyclohexane and tetrahydrofuran.

which the fluorescence intensity has decayed by
a factor e, τe, to discuss the effect of the excita-
tion wavelength (Table S1). We also define an
’acceleration factor’ F as F = τmax

e /τ ree , where
τmax
e and τ ree are the τe values upon band max-

imum and red-edge excitation, respectively. At
0.5M DMA, τe decreases from 40 to 15 ps cor-
responding to an acceleration factor of F = 2.7.
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Figure 4: Time profiles of the fluorescence band
area recorded after 400 and 425 nm excitation
of C152a with 0.5M DMA in cyclohexane and
acetonitrile, and best multiexponential fits.

In the polar THF and ACN, the FLUPS
spectra recorded with 0.5M DMA are at simi-
lar position than the corresponding stationary
emission spectra without quencher (Figure S4).
Contrary to CHX, no excitation wavelength
dependence of the quenching dynamics was
observed (Figure S5). Surprisingly, the over-
all quenching dynamics at the same quencher

concentration are significantly slower than in
CHX, with τe amounting to 170 and 100 ps
in THF and ACN, respectively (Figure 4, Ta-
ble S1). The same difference between CHX
and ACN can be observed when looking at the
fastest decay component, which can be consid-
ered as that associated with the static limit of
the quenching. On the other hand, the fastest
quenching component in THF is similar to that
in CHX but its relative amplitude is consider-
ably smaller.
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Figure 5: A) Transient absorption spectra
recorded at various times after 400 nm excita-
tion of C152a in cyclohexane with 0.5M DMA
and B) time dependence of the transient ab-
sorption due to C152a in the S1 state in cy-
clohexane upon 400 and 418 nm excitation and
in acetonitrile upon 400 nm excitation and best
multiexponential fits.

The quenching dynamics were also investi-
gated by TA spectroscopy upon 400 and 418 nm
excitation. The early TA spectra are similar to
those recorded without DMA (Figures 5A and
S6). They are dominated by an excited-state
absorption (ESA) band around 450 nm that can
be assigned to a Sn>1←S1 transition as well
as by negative bands that originate from stim-
ulated emission (SE) and ground-state bleach
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(GSB). Both the ESA and SE bands decay on
a timescale that depends on quencher concen-
tration and a new positive band at 425 nm rises
concurrently (Figure 5A). The same band is ob-
served when using 1,2,4-trimethoxybenzene in-
stead of DMA as electron donor (Figure S7A).
Consequently, it is assigned to the radical anion
of the dye, C152a•−. The radical cation DMA•+

also absorbs in this region, but its absorption
coefficient is probably too small relatively to
that of C152a•− to make this species visible.52,53

These data could be well reproduced by global
analysis assuming a series of three successive
steps, A → B → C →.54,55 The resulting
evolution-associated difference spectra and time
constants are shown in Figure S8.

Insight into the effect of the excitation wave-
length on the quenching dynamics was obtained
by looking at the time evolution of C152a⋆.
Figure 5 indicates that C152a⋆ has no tran-
sient absorption around 455 nm, so that the
TA profile at that wavelength reflects the time
evolution of C152a•−. The time evolution of
C152a⋆ was obtained by subtracting the TA
profile of C152a•− after proper intensity cor-
rection from that measured at the ESA band
maximum around 450 nm, which is due to both
C152a⋆ and C152a•−. As illustrated in Fig-
ure 5B and S9, the quenching dynamics with
0.2, 0.4 and 0.5 M DMA are significantly faster
upon 418 than 400 nm excitation with acceler-
ation factors F of 1.75, 3 and 2, respectively.
Such excitation wavelength dependence was
not observed in ACN, in agreement with the
FLUPS measurements. Figure 5B also reveals
that the quenching dynamics in CHX are more
than twice as fast as in ACN, independently of
the excitation wavelength.

To check the generality of the excitation wave-
length dependence in CHX and of the faster
quenching than in ACN, similar TA measure-
ments were performed with NR upon red edge
excitation at 535 nm, and excitation at 510 nm
around the maximum of the S1←S0 band. As
depicted in Figure 6, the early TA spectra are
dominated by the negative SE and GSB bands
in the 650 and 500 nm regions as well as positive
ESA bands peaking around 460 and 350 nm.

These spectra are identical to those measured
without DMA (Figure S12) and can thus be as-
signed to the NR in the S1 state, NR*. These
spectra transform on a timescale that depends
on the DMA concentration into a spectrum con-
sisting of the GSB band surrounded by two
broad positive bands. These features are as-
signed to the radical anion of the dye, NR•−,
with a possible contribution of DMA•+.
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Figure 6: Transient absorption spectra recorded
at various times after band-maximum (A) and
red-edge (B) excitation of NR in cyclohexane
with 0.5 M DMA.

Interestingly, the shape of the SE band de-
pends markedly on both the DMA concentra-
tion and the excitation wavelength (Figures 6
and S12). At low DMA concentration, the SE
band has a maximum at about 620 nm with
a shoulder at 575 nm. As the quencher con-
centration rises, the relative intensity of these
two features changes and the shoulder becomes
dominant. At a given DMA concentration, the
shoulder is systematically more intense upon
red-edge than band-maximum excitation. For
example, the shape of the SE band with 510 nm
excitation and 0.55M DMA is the same as with
red-edge excitation and 0.2M DMA (Figure
S12). This dependence of the SE on the excita-
tion wavelength is a clear indication that dyes
with different environments are photoselected,
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like with C152a. Moreover, these data reveal
that with a bulk DMA concentration of 0.2M,
red-edge excitation selects dyes with a much
larger local DMA concentration. Consequently,
a strong excitation wavelength dependence of
the quenching dynamics can be expected.
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Figure 7: Time dependence of the transient ab-
sorption due to NR in the S1 state in cyclo-
hexane upon band-maximum and red-edge ex-
citation and in acetonitrile upon 535 nm exci-
tation with different DMA concentrations and
best multiexponential fits.

Like those with C152a, these data could be
well reproduced by global analysis assuming a
series of three successive steps (Figure S13).
The quenching dynamics were determined from
the time evolution of the TA at 452 nm, where
the ionic product has no contribution to the
transient absorption. As expected, quenching
is significantly faster upon red-edge than band-
maximum excitation (Figure 7) with an accel-
eration factors F decreasing from 2.9 to 1.5
by increasing DMA concentration from 0.2 to
0.55M. This dependence of F on the quencher
concentration is qualitatively similar to that
found with C152a. Incidently, the quenching
dynamics measured with 0.2M DMA upon red-
edge excitation are very similar to that recorded
with 0.55M DMA upon excitation at the band
maximum (Figure 7). This is a further support
of the DMA-rich environment of the dyes photo-
selected upon red-edge excitation. In this case
again, the ET quenching dynamics of NR are
faster in CHX than in ACN, independently of
the excitation wavelength (Figures 7 and S14).

Recombination dynamics

We now consider whether the different envi-
ronments that can be photoselected have an
influence on the fate of the quenching prod-
uct, i.e. on the charge recombination (CR) dy-
namics. The time evolution of C152a•− was
obtained from the TA profile around 455 nm,
where C152a* has no contribution to the sig-
nal. For NR•−, we took the TA profiles around
405 nm where this species absorbs predomi-
nantly and subtracted the TA profile at 452 nm
due to NR* only after proper intensity correc-
tion.
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Figure 8: Time profiles of the ionic product re-
sulting from the quenching of C152a and NR
by DMA in cyclohexane and best fits of eq.(1).

The resulting time evolutions of C152a•− and
NR•− in CHX are depicted in Figure 8. As
expected from the quenching dynamics, the
build up of the ion signal is significantly faster
upon red-edge than band-maximum excitation
for both dyes. However, the decay of the sig-
nal is apparently independent of the excitation
wavelength. To have more quantitative insight
into the CR dynamics, the time profiles of the
ion signal, ∆Aion(t), were analysed using the
following equation:56

∆Aion(t) = C ·
∫ t

0

Pion (t− t′) · ṖS1 (t
′) dt′, (1)
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where C is an adjustable normalisation con-
stant, Pion(t) is the intrinsic recombination dy-
namics that would be observed if the ions were
generated instantaneously and ṖS1(t) is the
time-derivative of the quenching dynamics, rep-
resenting the rate of ion formation. In the anal-
ysis, the time derivative of the best multiexpo-
nential fit of the quenching dynamics was taken
as ṖS1(t) and was kept constant. Pion(t) was de-
scribed as a sum of exponential functions with
adjustable amplitudes and time constants. For
both dyes and all DMA concentrations, the sum
of two exponential functions was sufficient to
properly reproduce the data with the best-fit
parameters given in Table 1. The biexponen-
tial nature of the CR dynamics can be inter-
preted as a distribution of rate constants, that
itself originates from a distribution of ion pairs
with different mutual orientations and environ-
ments.11,57,58

Table 1: Time constants, τi, and relative
amplitudes, Ai (A2=1-A1), obtained from
the fit of eq.(1) to the data shown in Fig-
ure 8.

Dye [DMA] λex τ1 A1 τ2
/ M / nm / ps / ns

C152a 0.2 400 177 0.35 ∼2.1
C152a 0.2 418 103 0.42 ∼1.6
C152a 0.4 400 94 0.30 ∼1.1
C152a 0.4 418 69 0.20 ∼1.1
C152a 0.5 400 92 0.20 0.89
C152a 0.5 418 40 0.15 0.82
NR 0.38 510 360 0.73 > 2
NR 0.38 535 305 0.74 > 2
NR 0.55 510 200 0.79 > 2
NR 0.55 535 190 0.74 > 2

Overall, both CR time constants decrease
with increasing DMA concentration. This ef-
fect can be explained by the associated polarity
increase of the environment. Indeed, contrary
to the quenching dynamics, CR is significantly
faster in ACN than in CHX. As illustrated
in Figures S10 and S14, no ion signal is visi-
ble in the TA spectra recorded with both dyes
and DMA in ACN, pointing to CR occurring
on a much shorter timescale than quenching.

Furthermore, the CR dynamics measured with
C152a in pure DMA can be reproduced using
a single exponential function with a CR time
constant of 77 ps (Figure S11). Such faster CR
in polar environments can be explained by a re-
duction of the driving force due to the stabilisa-
tion of the ionic product by solvation.59 As CR
occurs in the Marcus inverted region, it accel-
erates upon decreasing the driving force.50,60,61

The shorter CR time constant is appar-
ently systematically smaller upon red-edge than
band-maximum excitation (Table 1). Although
this difference should be considered with cau-
tion given the relatively large uncertainty on
these time constants (∼ ±25%), it is consistent
with the polarity dependence discussed just
above. Indeed, red-edge excitation photoselects
dyes in a DMA-rich environment, which is more
polar than that of dyes excited in the band max-
imum. Consequently, the resulting ion pairs
should be stabilised relatively to those pro-
duced upon shorter wavelength excitation and
should, thus, recombine faster. However, even
if this latter effect is really present, the excita-
tion wavelength dependence of CR is markedly
smaller than that observed for the quenching.

Discussion
Whereas differences in local polarity could ex-
plain the excitation wavelength dependence of
CR, if present, they cannot account for the
much larger one observed with the quenching
dynamics. Although the DMA concentration
around a dye affects the local polarity, it es-
pecially determines the number of quenching
pathways of the excited state. As illustrated in
Figure 9, the quenching rate constant is given
by:62,63

kq =
n∑

i=1

kCS,i, (2)

where kCS,i is the rate constant of charge sepa-
ration (CS) between the excited dye and one of
the n surrounding quencher molecules. There-
fore, molecules excited on the red-edge undergo
faster quenching because of the larger n. On the
other hand, CR is a two-body process (Figure

8



9) and its dynamics do not depend on n, apart
from the possible influence of the local polarity.

Extracting the individual CS rate constants,
kCS,i, from the quenching dynamics is not re-
ally possible because quenching depends on the
overall electronic coupling, rather than simply
on n. This coupling could be larger with a sin-
gle DMA at optimal distance/orientation than
with several quenchers with less favourable dis-
tance/orientation.

Figure 9: Schematic illustration of the differ-
ences in the excitation-wavelength dependence
of the ET quenching and charge recombination
dynamics (F: fluorophore; Q: quencher).

The above results with both dyes reveal that
the excitation wavelength-dependence of the
quenching dynamics tends to decrease above
a certain DMA concentration. This originates
from the fact that the extent of inhomogeneous
broadening of the S1←S0 absorption band of
the dye depends on the diversity of the local
environments. At high quencher concentration,
all dyes are surrounded by several quenchers.
They have, thus, similarly polar environments
and experience similar solvatochromism.

To have a better insight into the distribu-
tion of local environments at a given quencher
concentration, we performed MD simulations
of 5x5x5 nm3 boxes filled with CHX and con-
taining one C152a and 10, 20 or 40 molecules
of DMA, corresponding to quencher concentra-
tions of 0.17, 0.34 and 0.68M (see Section S4 for
details). These boxes were simulated for 50 ns

and the minimum interatomic distance between
C152a and each DMA was determined. Figure
10 presents histograms of the number of DMA
in contact with C152a, i.e. at an interatomic
distance of ≤0.3 nm, at different quencher con-
centrations, whereas snapshots from the sim-
ulations are shown in Figure S16. These his-
tograms suggest that, whereas at the lowest
concentration, the majority of dye molecules do
not have a DMA at contact distance, more than
90% of them are in contact with at least one
DMA at the highest concentration. In the lat-
ter case, more than half of the dyes have two
or more DMA in their close vicinity. This im-
plies that, even upon band-maximum excita-
tion, most dyes should undergo ultrafast static
quenching. In this case, ET upon red-edge ex-
citation should still be faster but with a smaller
acceleration factor F than at 0.17M DMA,
where quenching upon band-maximum excita-
tion should require some diffusion and thus be
significantly slower.

0

0.25

0.5

P

1086420

n

0

0.25

0.5

0

0.25

0.5 0.17 M DMA

0.34 M DMA

0.68 M DMA

 (p = 0 .033)

 (p = 0 .069)

 (p = 0.12)

Figure 10: Histograms of n, the number of
DMA in contact with C152a, obtained from
MD simulations (red) and best fits of eq.3 with
N = 18 (black)).

These histograms were analysed using the bi-
nomial distribution:64

fN,p(n) =
N !

(N − n)!n!
pn(1− p)N−n, (3)
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where N is the number of sites around the so-
lute, n the number of DMA molecules in con-
tact and p the probability for a molecule to be a
DMA rather than a solvent. A value of N = 18,
estimated from the simulations, was used and
the only adjustable parameter was p. As shown
in Figure 10, the value of p, obtained from such
analysis, is proportional to the quencher con-
centration, as expected. However, the model is
too crude to interpret the absolute value of this
parameter.

To find out whether these distributions of
DMA around C152a in CHX are influenced by
solute-solvent interactions, the MD simulations
were repeated with 0.34M isopropylcyclohex-
ane (IPC) and isopropylbenzene (IPB) as co-
solutes instead of DMA. Both IPC and IPB are
similar in shape and volume to DMA, but have
negligible permanent dipole moment. Compar-
ison of IPC and IPB allows for an estimation
of the effect of dispersion interactions. The his-
tograms of the number of IPC and IPB in con-
tact with C152a reveal marked difference with
that obtained with DMA at the same concen-
tration (Figure 11): about 50% of the dyes have
no IPC or IPB at contact vs. less than 30%
with DMA (Figure 10). This difference is also
reflected by the parameter p obtained from the
fit of eq.3, which is around 0.04 for IPC and
IPB, but significantly larger, around 0.07, with
DMA. These results suggest that dipole-dipole
interactions enhances the local DMA concen-
tration around the polar dyes, and thus, results
in a local dielectric enrichment. On the other
hand, only small differences can be observed
between IPC and IPB (Figure 11A,B), point-
ing to a minor role of dispersion interactions
in the preferential solvation. However, as in-
duced polarisation is not accounted for in these
MD simulations, the effect of dispersion could
be underestimated.65

Finally, the simulations were repeated with
DMA in ACN to find out whether preferen-
tial solvation by DMA is also predicted in a
highly polar environment. The histograms of
the number of DMA in contact (Figure 11C)
point to a markedly smaller local quencher con-
centration around C152a in ACN than in CHX,
p being equal to 0.026 vs 0.069. This can be

0
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0.34 M IPB in CHX

0.34 M DMA in ACN

 (p = 0 .039)

 (p = 0 .041)
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N
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Figure 11: Histograms of n, the number of co-
solutes in contact with C152a in CHX (A,B)
and in ACN (C), obtained from MD simulations
(thick bars) and best fits of eq.3 with N = 18
(black)).

easily explained by considering that the dipole-
dipole interactions with ACN are stronger than
with DMA, due to the larger dipole moment
(3.44 vs. 1.6D) and smaller size of ACN, re-
sulting in a larger solvation energy with ACN.
Consequently, the preferential solvation is now
in favour of ACN. This suggests that, whereas
close contact between the dye and DMA is
favoured in non-polar solvents, it requires par-
tial desolvation in ACN. This leads to a smaller
electronic coupling in ACN compared to that
in CHX and thus to slower quenching, as ob-
served experimentally. Because of this larger
electronic coupling in non-polar environments,
ET can, most probably, no longer be considered
as a non-adiabatic process, as already hinted by
previous investigations.7,24,66–68 In this case, ET
quenching should rather be viewed as a non-
radiative transition to a charge-transfer state
taking place in a supermolecule, comprising the
dye and one or more quenchers.

Conclusions
The results described here reveal that dipole-
dipole interactions between the reactants have
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a strong effect on the dynamics of bimolecular
photoinduced ET reactions in non-polar envi-
ronments. These interactions favour close con-
tact between the reactants and, if one reac-
tion partners is more concentrated, as it is nor-
mally the case in ET quenching experiments,
preferential solvation of the chromophore by
quenchers. By contrast, polar reactants in po-
lar solvents are preferentially surrounded by sol-
vent molecules. Consequently, close contact be-
tween the reactants requires partial desolvation
and is thus less favourable than in non-polar
media. This difference has a strong impact on
the electronic coupling and thus on the ET rate.
For this reason, ET quenching in non-polar en-
vironments occurs mostly in the static limit and
is markedly faster than in polar media, contrary
to expectations based on energetics considera-
tions.

Another consequence of the preferential solva-
tion by the quencher in non-polar media is that
the absorption solvatochromism of the chro-
mophore is correlated with the number of sur-
rounding quencher molecules. This leads to
an inhomogeneous broadening of the absorp-
tion band and opens the possibility to photos-
elect dyes with different local quencher concen-
trations by tuning the excitation wavelength.
Because of this, the ET quenching dynamics in
non-polar solvents depend strongly on the exci-
tation wavelength contrary to the polar solvents
where such inhomogeneous broadening mecha-
nism is absent. Although the contribution of
dispersion interactions to the preferential sol-
vation by the quencher could not be evidenced
here by the simulations, it can be expected to
be significant with dyes that are more soluble in
liquid aromatic quenchers than in non-polar sol-
vents like CHX. These effects, which should also
be present in solid and weakly polar media like
those used in organic photovoltaics, certainly
deserve further scrutinising.
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