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ABSTRACT: Bimolecular photoinduced electron transfer between perylene and two
quenchers was investigated in an imidazolium room-temperature ionic liquid (RTIL) and
in a dipolar solvent mixture of the same viscosity using transient absorption on the
subpicosecond to submicrosecond time scales. Whereas charge separation dynamics were
similar in both solvents, significant differences were observed in the temporal evolution of
the ensuing radical ions: although small, the free-ion yield is significantly larger in the
RTIL, and recombination of the ion pair to the triplet state of perylene is more efficient in
the dipolar solvent. The temporal evolution of reactant, ion, and triplet state populations
could be well reproduced using unified encounter theory. This analysis reveals that the
observed differences can be explained by the strong screening of the Coulomb potential in o
the ion pair by the ionic solvent. In essence, RTILs favor free ions compared to highly

dipolar solvents of the same viscosity.

Room-temperature ionic liquids (RTILs) are attracting
considerable attention because several of their properties
make them promising solvents for a wide range of
applications.' ™ Substantial effort is being invested to under-
stand how the ionic nature of these liquids affects chemical
reactivity compared to conventional solvents.’~'* Reactions
involving charged species/intermediates could be expected to
be significantly affected when going to RTILs. Photoinduced
electron-transfer (ET) reactions are well suited to address this
question, not only because their dynamics can be monitored
with high time resolution but also because of the deep
understanding of these processes achieved so far in conven-
tional solvents."*™** The dynamics of photoinduced intra-
molecular charge-transfer processes were found not to be so
much affected by the ionic nature of the RTILs as by their high
viscosity.'®">* Because of this high viscosity, the dynamics of
bimolecular photoinduced ET in RTILs are strongly
nonexponential and dominated by static quenching and
transient effects. Several investigations, where these effects
were properly accounted for, revealed that the dynamics in
RTILs were similar to those in dipolar solvents of the same
viscosity.”> "’ Bimolecular photoinduced ET between neutral
reactants, i.e., charge separation (CS), produces ion pairs,
which either dissociate into free ions or recombine. As one of
the main applications of these reactions is the generation of
free ions, the parameters that affect their production in
conventional solvents have been thoroughly investigated.’* ™’
Addition of an inert salt was found to often enhance the free
ion yield and/or to slow down the recombination of free
ions.”*™** This was usually explained by the special salt effect,
namely, the rapid exchange between the inert salt and the ion
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pairs.”” Consequently, RTILs can be anticipated to be
favorable media for the photoproduction of ions.

Surprisingly, very little is known about ion-pair dynamics
upon bimolecular photoinduced CS in RTILs. The free-ion
yield with the pyrene/dimethylaniline pair was reported to
drop from 50% in acetonitrile to 1.5% in a 34 cP RTIL.*” More
recently, very slow escape of ion pairs to free ions was deduced
from magnetic field effect measurements in a 73 cP RTIL.*!
However, the limited time resolution did not allow monitoring
the entire temporal evolution of the ion pairs. These
investigations suggest that RTILs are poor solvents for
producing free ions upon bimolecular photoinduced CS.
However, these results in RTILs were not compared with
those in a dipolar solvent of similar viscosity. Therefore, the
effects due to the ionic nature of RTILs could not be
disentangled from those related to their high viscosity.

We investigated the photoinduced ET between perylene
(Pe) in the S, state and either an electron donor (IN,N-
dimethylaniline, DMA) or an electron acceptor (dicyano-
ethylene, DCE) in a 17 cP imidazolium-based RTIL
(EMIDCA), in a dimethyl sulfoxide (DMSO)/glycerol mixture
of the same viscosity (DG17),* and in acetonitrile (ACN,
Chart 1). By using electronic transient absorption (TA)
spectroscopy on a 0—500 ns temporal window with a 100 fs
time resolution,” the different populations involved in the
reaction could be clearly distinguished and monitored up to
the stage where the ions are free.

Received: October 2, 2018
Accepted: November 28, 2018
Published: November 28, 2018

DOI: 10.1021/acs.jpclett.8003030
J. Phys. Chem. Lett. 2018, 9, 7015—7020


pubs.acs.org/JPCL
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.8b03030
http://dx.doi.org/10.1021/acs.jpclett.8b03030

The Journal of Physical Chemistry Letters

Chart 1. Fluorophore, Quenchers, and Solvents”
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Figure 1. Selected transient absorption spectra measured with Pe and
0.37 M DMA in DG17 and EMIDCA at different time delays after
excitation at either 400 nm (1 and S0 ps) or 355 nm (S and 100 ns).

Representative TA spectra recorded with Pe/DMA in DG17
and EMIDCA are shown in Figure 1. The earliest ones are
dominated by the excited-state absorption band of 'Pe*
around 700 nm and by the stimulated emission and ground-
state bleach below 520 nm. At intermediate times, the 580 nm
band of Pe®” is also visible. The radical cation of the quencher,
DMA®*, absorbs around 480 nm, but its absorbance is

significantly smaller than that of Pe®”.*' After a few
nanoseconds, the 'Pe* band has entirely decayed, whereas
the Pe®” band is still visible. Additionally, a new band between
520 and 450 nm due to Pe in the triplet state, 3pe*, is visible.
The same spectral features were observed in ACN (Figure S6)
and at other DMA concentrations (0.19, 0.63, and 0.87 M). In
the presence of DCE (0.23 and 0.72 M) instead of DMA, the
direction of CS is reversed and the Pe®” band is replaced by
that of Pe** at 540 nm (Figure S7). In this case, the *Pe* band
is not observed.

The contributions of 'Pe* (S), Pe** (I), and *Pe* (T) to the
TA spectra were determined using the model-free method
described in ref 44 to obtain the temporal evolution of their
relative population, P*(t) (x = S, I, T) (see the Supporting
Information for details). The time profiles at 0.63 M DMA and
0.72 M DCE in all three solvents are depicted in Figure 2,
whereas those at the other concentrations are shown in Figures
S8—13.

These figures reveal that the decays of P*(t), due mostly to
CS, are similar in both EMIDCA and DG17, as previously
observed with another donor/acceptor pair.”® As expected for
a diffusion-assisted process, it is much slower in these 17 cP
solvents than in ACN. Whereas P5(t) does not exhibit a
pronounced dependence on the nature of the quencher, the
ion population, P(t), decays faster with DCE than with DMA.
This difference can be explained by the smaller driving force
for charge recombination with DCE and by considering that
this process occurs in the Marcus inverted region.” With the
exception of Pe/DCE in DG17, P'(t) does not decay entirely
to zero within the experimental time window but levels off at a
residual value that corresponds to the free-ion population. As
their bulk recombination occurs on a longer time scale, this
residual P'(t) value is a good measure of the free-ion yield, ®,.

For Pe/DCE, ®; amounts to about 2% in ACN, as also
found previously,* and to ~1.5% in EMIDCA, whereas it is
negligibly small in DG17. For Pe/DMA, ®; is around 50% in
ACN, 3—4% in EMIDCA and 1-2% in DG17. As expected,
high viscosity impedes the escape of the ions from the pairs.
However, these results reveal that this effect is less pronounced
in an ionic liquid. Although small, the free-ion yield in
EMIDCA is twice as large as in a dipolar solvent of the same
viscosity.

The *Pe* population appears a few nanoseconds after
excitation and rises up to a maximum yield, @y, that is the
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Figure 2. Measured and simulated time evolutions of the populations of 'Pe*, Pe**, and *Pe* with 0.72 M DCE (top) and 0.63 M DMA (bottom).
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largest in ACN, around 8%, and decreases to 2—3% in DG17
and 1-2% in EMIDCA. This population is due to the
recombination of ion pairs in the triplet state, themselves
generated upon spin conversion of the singlet ion pairs
produced originally.*” For spin conversion to be operative, the
ions should be sufficiently distant for the exchange energy to
be negligible and, thus, for the singlet and triplet states to be
nearly degenerate. As a consequence, triplet recombination
occurs mostly at remote distance and/or upon reencounter of
the triplet ion pairs. The higher triplet yield in ACN can be
attributed to the low viscosity of this solvent that facilitates ion
diffusion. For a given donor/acceptor pair, ®; and @ should
correlate, because spin conversion occurs on the way to the
free ions. Such correlation was indeed observed with Pe/DMA
in a series of dipolar solvents of increasing viscosity.** Here,
however, the triplet yield is smaller in EMIDCA than in DG17,
despite a higher free-ion yield.

To get deeper insight into the origin of these different ®;
and @ in EMIDCA and DG17, the P*(t) (x = S, I, T) profiles
were analyzed using the unified encounter theory (UET).***®
All details of this approach have been described previously for
the Pe/DMA pair in dipolar solvents,"* and only its most
important aspects are discussed here (see also Supporting
Information). This analysis is based on reaction Scheme 1 and

Scheme 1. Reaction Scheme Used for Simulating the
Measured Population Profiles, P*(t) with x = S, I, T
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“The formation of free ions is intrinsically accounted for in the model.
Their bulk recombination is not considered, because it does not take
place within the time window of the measurements as shown
previously.**

considers the time dependence of the reactant and ion-pair
distribution functions, p5(r,t) and p'(r,t), which are solutions
of the following diffusion-reaction equations:

S(rt) .

LD 1500 p3(04) = Wes) (1) o
1

P — ) p00) B0 + £0) ) = W) 00

(2)

where L3(r) and L'(r) are diffusion operators for neutral and
ionic species, and Wgg(r) and Wy(r) are the reaction
probabilities for charge separation and recombination at
intrapair distance r. The populations are related to these pair
distribution functions as follows:
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where 7g is the lifetime of 'Pe* without quencher, ¢ is the
quencher concentration, and ¢ is the contact distance. Directly
after excitation, the reactant pair distribution is essentially
independent of r, except at close to contact distances, where it
is influenced by the molecular nature of the solvent. CS occurs
first in reactant pairs at optimal distance/orientation, i.e.,
without significant diffusion. Afterward, p°(rt) exhibits a
“hole” at short distances and CS becomes slower because it
occurs at larger distances and/or diffusion is required.
Therefore, the rate coefficient, k(t), in eq 3 is time dependent
and decreases from its static-quenching limit to its diffusion-
controlled limit. The same principles apply for the ion-pair
distribution function, with the important distinction that it
differs strongly from p°(r,t) as it is determined by the CS step
(first term of the right-hand side of eq 2). Thus, ion-pair
dynamics are intrinsically non-Markovian.

Although singlet and triplet ion pairs cannot be differ-
entiated in the TA experiments, their pair distributions, p™(r,t)
and p'"(r,t), were distinguished in the analysis and Wy(r) was
split into Wyg(r) and Wyp(r) to properly account for the
singlet and triplet charge recombination pathways (Scheme 1).
Finally, the reaction probabilities for charge separation and
recombination, W,(r) (x = CS, RS, RT), were modeled using
the semiclassical Marcus expression for nonadiabatic ET,
accounting for its distance dependence through the electronic
coupling, V,(r), the solvent reorganization energy, A,(r), and
the driving force, AG,(r) (see Supporting Information).

Figures 2 and S8—13 reveal that the temporal evolution of
the singlet excited-state, ion, and triplet excited-state
populations can be well reproduced using this UET approach
for both quenchers at all concentrations and in all three
solvents, with the parameters listed in Table S1. For a given
quencher, the data in ACN and DGI17 could be simulated
using the same set of parameters, apart from those associated
with the solvent, namely, 4,(r), and the diffusion coefficients.

For EMIDCA, the same approach allowed reproducing
P5(t), ie., the CS step. However, this was only possible
assuming a larger driving force and reorganization energy than
those calculated for a solvent with a static dielectric constant &
= 11, as measured for EMIDCA." This issue on the ability of
& to properly account for the effective polarity of RTILs is
well-known.””*°~>*> However, simulations of P'(t) and P'(t)
failed even when taking this effect into account. The profiles
were essentially the same as in DG17, ie., the free-ion yield
was too small and the triplet yield too large.

The ionic nature of EMIDCA had to be accounted for to
reproduce the data in this solvent. This was done by including
in the model the screening of the Coulombic interaction
between the photoproduced ions by the ionic solvent. The
goulombic interaction energy, C, enters the diffusion operator
L'(r) in eq 2 as well as the driving force for charge separation
and recombination calculated with the Weller equation (eq
§2).>° It can be expressed using the Onsager radius, rc:
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C= kBTr—C with fe = 7Hi i
r 4regekyT (5)
where ze is the electric charge of the constituent i of the pair
and the other symbols have their usual meaning. The Onsager
radius corresponds to the intrapair distance at which the
Coulombic interaction is equal to thermal energy. The
presence of a salt leads to a screening of the Coulomb
potential and, on the basis of the Del}zre—Hiickel theory, the
Onsager radius can be expressed as**’

c

. (a—r)
(1 +o/n) A ©)

where the Debye screening length, A, scales with the inverse
square root of the ionic strength (eq S10).

Although Debye—Hiickel theory is not strictly valid at high
ionic concentrations, this modified Onsager radius, r¢, allows
for a qualitative estimate of the effect of the screening on the
ion-pair dynamics. Increasing ionic strength decreases A and,
thus, the Onsager radius. High salt concentrations, >1 M, lead
to Onsager radii of a few angstroms only. Therefore, this
suggests a quasi suppression of the Coulombic interaction
within the ion pair in RTILs. In this respect, the ions behave as
if they were neutral species. Although the Coulombic
interaction is negligible, the ions should still be considered
as paired as long as their recombination is geminate, namely, as
long as the probability of reencounter is larger than that of
encountering an ion born from another pair. According to our
results, this is the case up to several hundreds of nanoseconds
in EMIDCA (Figure 2).

This screening also affects the driving forces for charge
separation and recombination. However, as mentioned above,
the Weller equation seems not to properly account for the
effective driving force in RTILs. Despite this, the screening
should almost suppress the distance dependence of the driving
force, as shown in Figure S16. In the case of charge
recombination, Coulomb stabilization results in a smaller
driving force at short distance. As charge recombination to the
ground state occurs in the inverted region, this should
accelerate recombination. Because of the screening, this effect
is expected to be much less pronounced in RTILs than in
conventional solvents.

The good agreement between the measured population
dynamics and those simulated with UET including the
modified Onsager radius, r¢, suggests that the differences
observed between EMIDCA and DG17 arises from the
screening of the electrostatic interaction in the ion pair by
the ionic solvent. In EMIDCA, the ions have to overcome a
significantly smaller barrier for escaping than in DG17 and,
thus, ®@; is larger. Similarly, the smaller @ is also consistent
with a smaller Coulomb potential, because triplet charge
recombination requires the reencounter of ions after their
diffusion to a distance where spin conversion is operative.
Although escape and, thus, spin conversion are facilitated in
EMIDCA, triplet recombination is less efficient than in DG17
because of the weaker attractive forces.

In conclusion, our investigation reveals that, whereas the
ionic nature of RTILs has a minor effect on the dynamics of
photoinduced charge separation, it has a significant impact on
the dynamics of the ensuing ions. Indeed, it enhances the
generation of free ions, contrary to what could be concluded
from previous investigations where the RTILs were not

’
c
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compared with dipolar solvents of the same viscosity. Our
analysis, based on a diffusion-reaction model, suggests that this
arises mostly from the screening of the electrostatic potential
within the photogenerated ion pair by the solvent ions. As a
consequence, the escape from the ion pair is facilitated. In this
respect, this is similar to the special salt effect observed in
conventional solvents.”* ™ Unfortunately, this advantageous
feature of RTILs is counterbalanced by their high viscosity,
which inhibits high free ion yields. However, working at higher
temperatures, where viscosity is significantly lower, could
circumvent, at least partially, this limitation.
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